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The development of the neurokinin-1 receptor-deficient (NK1R�/�) mouse permitted inquiry into the
regulation of secretory immunoglobulin A (S-IgA) responses by substance P (SP) after oral immunization with
a Salmonella enterica serovar Typhimurium vector expressing colonization factor antigen I (CFA/I) from
enterotoxigenic Escherichia coli. In NK1R�/� mice, mucosal and serum IgA anti-CFA/I fimbrial responses were
augmented, while secreted IgG anti-CFA/I fimbrial responses remained unaffected compared to those of
BALB/c (NK1R�/�) mice. Supportive antibody-forming cells were present in the small intestinal lamina
propria and spleen. To gain insight as to why the augmented S-IgA responses occurred, minimally, the
responses were not attributed to differences in vaccine colonization of Peyer’s patch (PP) and spleen or in their
respective tissue weights. However, these S-IgA responses were supported by increased numbers of PP CD4�

T helper (Th) cells secreting interleukin-5 (IL-5) and IL-6 and splenic CD4� Th cells secreting IL-6 compared
to NK1R�/� mice. Challenge of naive NK1R�/� mice with wild-type Salmonella showed improved median
survival compared to naive NK1R�/� mice. Data from peritoneal macrophage infection studies suggest that
this survival is in part contributed by increased IL-10 production. Oral vaccination with Salmonella CFA/I or
Salmonella vector showed no significant differences in conferred protection against wild-type challenge for
either NK1R�/� or NK1R�/� mice. Thus, these studies suggest that SP mediation contributes to proinflam-
matory responses to Salmonella infections.

Salmonella enterica serovar Typhimurium has been manipu-
lated as a live vaccine vector (1, 9, 10, 34, 41) and offers the
advantage of efficient presentation of protein or DNA vac-
cines, and it is particularly as well adept as other bacterial (13,
30, 42, 43) and viral (29) vectors at targeting mucosal inductive
sites. Generally, these vectors tend to bias host immunity along
T helper type 1 (Th1)-cell-dependent pathways because of
their invasive properties or intracellular requirement. Yet we
(34, 35) and others (7, 19) have shown that Salmonella vectors
can convert Th1-type biases to Th2-type biases by mode of
passenger antigen expression (1, 34). It has been established
that the extracellular secretion of enterotoxigenic Escherichia
coli fimbrial adhesin colonization factor antigen I (CFA/I) pro-
duces a biphasic Th cell response supporting enhanced pro-
duction of secretory immunoglobulin A (S-IgA) antibodies
(Abs) (34). This production is evidenced by an early, rapid
induction of interleukin-4 (IL-4)- and IL-5-dependent re-
sponses followed by an incremental induction of Th1-cell
(gamma interferon [IFN-�])-dependent responses. These Th2-
cell cytokines are believed to be responsible for the enhanced
S-IgA responses obtained with this vaccine (34) as opposed to
Th1-cell-dependent mechanisms induced by conventional Sal-
monella vaccines (27, 40, 45). How S-IgA responses are sup-
ported in the absence of potent Th2-type cytokines remains to
be resolved, but one study (31) suggests that IL-6 and IL-10
may contribute to S-IgA responses against tetanus toxoid in
IL-4-deficient mice.

Substance P (SP) is an 11-amino-acid neuropeptide with an
amidated C terminus (16). While generally recognized for its
ability to contract smooth muscle cells or as a pain signal
neurotransmitter (16), SP has been shown to augment IgA
responses (6, 32, 33, 44). Interestingly, leukocytes express na-
tive SP or neurokinin-1 receptor (NK1R) (24, 32, 38). With the
availability of NK1R on mononuclear cells, this evidence sug-
gests that SP should influence lymphocytes. Related to IgA
production, SP was found to enhance IgA secretion either
directly (6, 32) or indirectly via T cells (33, 44).

We pose the question of whether a deficiency in NK1R
expression impacts mucosal immunity. To address this ques-
tion, studies focused on our Salmonella-CFA/I vaccine, show-
ing a biphasic CD4�-Th-cell response with concomitant stim-
ulation of elevated S-IgA Abs as a means to probe mucosal
responses. Our results from oral immunization of NK1R�/�

mice with Salmonella-CFA/I vaccine show enhanced mucosal
and systemic IgA responses to CFA/I fimbriae. These increases
in IgA were supported by increased numbers of IL-5- and
IL-6-producing CD4� Th2 cells. Examination of the ability of
these vaccines to protect NK1R�/� mice showed no significant
differences in levels of protection in NK1R-competent mice.
However, innate resistance to wild-type Salmonella was signif-
icantly enhanced in naive NK1R�/� mice, suggesting that in
the absence of SP, mediation or amplification of proinflamma-
tory responses (21, 22) may be subdued.

MATERIALS AND METHODS

Mice. Breeder pairs of homozygous NK1R�/� mice on a BALB/c background
were kindly provided by Craig Gerard, Children’s Hospital, Boston, Mass. (5)
and were bred and maintained at the Montana State University Animal Re-
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source Center. BALB/c (NK1R�/�) mice were obtained from Frederick Cancer
Research Facility, National Cancer Institute (Frederick, Md.). All mice were
maintained in horizontal laminar flow cabinets; sterile food and water were
provided ad libitum. All animal care and procedures were in accordance with
institutional policies for animal health and well-being.

Oral immunization with Salmonella vaccines. The S. enterica serovar Typhi-
murium-CFA/I vector vaccine strain H696 expresses functional CFA/I fimbriae
on the vector’s cell surface (14). This expression is maintained by a plasmid with
a functional asd gene to complement the lethal chromosomal �asd mutation in
the parent Salmonella strain allowing stabilized CFA/I expression in the absence
of antibiotic selection (47). NK1R�/� and NK1R�/� mice (10 mice per group)
pretreated with an oral 50% saturated sodium bicarbonate solution received a
single oral dose of 5 � 109 CFU of the Salmonella-CFA/I construct or its isogenic
control strain H647, which lacks the CFA/I operon. Confirmation of dose ad-
ministered was accomplished by plating serial dilutions of the vaccines onto
Luria-Bertani agar plates.

Ab ELISA. CFA/I-specific endpoint titers from dilutions of immune sera or
fecal extracts (34) were determined by an enzyme-linked immunosorbent assay
(ELISA), as previously described, using purified CFA/I fimbriae antigen (15).
Endpoint titers were expressed as the reciprocal dilution of the last sample
dilution giving an absorbance of �0.1 optical density units above the optical
density at 415 nm of negative controls after a 1-h incubation.

Lymphoid cell isolation. Groups of mice (5 to 10 mice per group) were
euthanized 4 weeks after oral immunization to collect lymphoid tissues. Splenic
and Peyer’s patch (PP) lymphocytes were isolated by conventional methods using
Dounce homogenization (8, 34), yielding �95% viability using trypan blue ex-
clusion. Enriched CD4�-T-cell fractions were isolated by a negative selection
procedure (34).

Lymphocyte isolation from small intestinal lamina propria (iLP) was per-
formed as previously described (8). Briefly, intestines were extracted from the
mouse, the PP were carefully removed, and fecal material and mucous were
flushed from the intestine by using RPMI 1640 medium. Intestines were minced
into �1-mm pieces, shaken vigorously in complete medium (CM) (RPMI 1640,
10% fetal bovine serum [HyClone, Logan, Utah], 10 mM HEPES buffer, 10 mM
nonessential amino acids, 10 mM sodium pyruvate, 10 U of penicillin-strepto-
mycin/ml) to remove remaining mucous and fecal material, and the waste was
filtered through a mesh screen. Intestinal tissues were then placed in RPMI 1640
medium containing 5% fetal bovine serum (HyClone) and 2 mM dithiothreitol
(Sigma-Aldrich) in a 50-ml Teflon flask containing a magnetic stir bar and gently
agitated on a stir plate at room temperature for 5 to 10 min. The supernatant was
discarded, and dithiothreitol was rinsed from the intestinal pieces with RPMI
1640 medium. Intestinal tissues were returned to the Teflon flask, 50 U of
collagenase type IV solution/ml containing 0.08 U of DNase/ml, as previously
described (8), was added, and the suspension was agitated at 37°C. After 10 min,
the supernatant containing iLP cells was removed and washed, and fresh colla-
genase was added to the remaining intestine. The process was repeated two more
times, and isolated cells were washed in CM and resuspended in a 40% Percoll
solution (Pharmacia, Uppsala, Sweden) and then layered over a 60% Percoll
solution and subjected to gradient centrifugation. Lymphocytes at the interface
layer were washed and resuspended in CM.

Ab ELISPOT assays. Antibody-forming cells (AFC) were enumerated by
using IgA and IgG CFA/I-specific ELISPOT assays (8, 34, 35). Mixed cellulose
ester membrane-bottomed microtiter plates (Multi-Screen-HA; Millipore Corp.,
Bedford, Mass.) were coated with 1.0 �g of purified CFA/I fimbriae/ml in sterile
phosphate-buffered saline (PBS). For total IgA or IgG AFC determinations,
wells were coated with 5 �g of goat anti-mouse IgA or IgG (H chain specific) Abs
(Southern Biotechnology Associates, Birmingham, Ala.)/ml in sterile PBS over-
night at room temperature. The plates were blocked at 37°C for 2 h with CM. A
total of 100 �l of cells from each tissue at varying concentrations (2 � 106 to 1.25
� 105 lymphocytes/ml) was added to the wells, and the plates were incubated at
37°C overnight. Cells were removed, and the plates were washed as previously
described (34, 35). For detection of AFC responses, 100 �l of 1.0 �g of goat
anti-mouse IgG and IgA-horseradish peroxidase conjugates (Southern Biotech-
nology Associates)/ml was added to the wells, and the plates were incubated
overnight at 4°C. After washing, the wells were developed with 100 �l of AEC
(Moss, Inc., Pasadena, Calif.), and the reaction was allowed to continue until
spots developed (�30 min). The reaction was stopped with H2O, the plates were
allowed to dry overnight, and AFC were enumerated by counting under a
low-power dissecting microscope (Leica, Buffalo, N.Y.).

Cytokine ELISPOT assays. Cytokine secretion by stimulated lymphocytes was
detected by using cytokine-specific ELISPOT assays (34, 35, 45). Splenic and PP
CD4� T cells were cultured at 5 � 106 cells/ml with equal numbers of feeder cells
(T-cell-depleted splenic mononuclear cells used as a source of antigen-present-

ing cells) treated with mitomycin C (50 �g/ml; Sigma-Aldrich Chemical Co., St.
Louis, Mo.) (35) either in medium only or with 10 �g of CFA/I fimbriae or
alkaline-treated Salmonella nonlipopolysaccharide (non-LPS) extracts/ml (28)
for 2 to 3 days at 37°C. The Salmonella non-LPS extracts were prepared as
previously described (28, 35). Subsequently, the cells were analyzed by cytokine-
specific ELISPOT assays.

Macrophage isolation and infection with Salmonella. BALB/c mice were given
a single 1.0-ml intraperitoneal injection of expired thioglycolate medium (Difco,
Detroit, Mich.), and 3 days later, the peritoneum of each mouse was washed with
RPMI 1640 (Gibco BRL-Life Technologies, Grand Island, N.Y.) containing 2%
fetal calf serum without antibiotics. Peritoneal cells were washed twice in the
same medium without antibiotics. Macrophage infection with the attenuated
Salmonella H647 strain or with the wild-type H71 strain was performed as
previously described (36) with varying bacilli-to-macrophage ratios (0.01 to 1.0)
for 1 h at 37°C. Wells were washed twice with complete medium without anti-
biotics and then incubated with 50 �g of gentamicin (Life Technologies)/ml for
30 min at 37°C. After the wells were washed twice as described above, fresh
complete medium without antibiotics (1.0 ml/well) was added, and cells were
incubated for an additional 8 h. Supernatants were collected and frozen until
analysis by cytokine ELISA.

Cytokine ELISA. To detect IL-18 production, microtiter wells were coated
with 2.0 �g of rat anti-mouse IL-18 (clone 74; MBL Co., Ltd., Woburn, Mass.)/ml
in PBS overnight at room temperature. After blocking was done as described
above, culture supernatants or dilutions of recombinant IL-18 (MBL) were
added and incubated overnight at 4°C. After washing was done as described
above, a 1:2,000 dilution of biotinylated rat anti-mouse IL-18 (clone 93-10C;
MBL) was incubated for 2 h at 37°C. After washing, a 1:1,000 dilution of
horseradish peroxidase-goat anti-biotin (Vector Laboratories, Burlingame,
Calif.) was added for 1 h at 37°C. After washing, wells were developed with the
substrate 2,2	-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)diammonium (Moss),
and values for the test samples were extrapolated from an IL-18 standard curve.
ELISAs specific for tumor necrosis factor alpha (TNF-
), IL-12p70, IL-12p40,
and IL-10 were conducted as previously described (36).

Serovar Typhimurium colonization. NK1R�/� and NK1R�/� mice were orally
immunized with the Salmonella-CFA/I construct or its isogenic Salmonella vec-
tor. Two weeks after infection, spleens and PP were removed aseptically and
weighed. Tissues were stroke homogenized 10 times in 1.0 ml of sterile deionized
water for complete cell lysis. Prior to serial log dilutions, samples were com-
pletely mixed by vortexing. Diluted tissue samples were plated onto MacCon-
key’s agar (Difco) and incubated overnight at 37°C, and colonies were subse-
quently counted.

Serovar Typhimurium challenge studies. Wild-type serovar Typhimurium
strain H71 was used as previously described (11, 35). Groups of NK1R�/� and
NK1R�/� mice were given sterile PBS (vehicle) orally or immunized orally with
either Salmonella-CFA/I or Salmonella vector only. Four weeks after immuniza-
tion, mice were pretreated with 50% saturated sodium bicarbonate solution and
then infected with the H71 strain (5 � 107 CFU/0.2 ml) (50% lethal dose, 5 �
104 CFU). The amount of bacteria given was confirmed by plating serial dilutions
of bacterial suspensions onto Luria-Bertani agar plates. Mice were observed
twice daily, and the extent of survival was recorded for 3 weeks.

Statistical analysis. The Student’s t test was used to evaluate differences
between variations in Ab titers, cytokine production levels, tissue weights, and
extent of colonization. The Kaplan-Meier method (GraphPad Prism; GraphPad
Software, Inc., San Diego, Calif.) was applied to obtain the survival fractions
following infection with a lethal dose of wild-type serovar Typhimurium. Using
the Mantel-Haenszel log-rank test, the P value for statistical differences between
vehicle and vaccines and the performance of these vaccines between NK1R�/�

and NK1R�/� mice were discerned at the 95% confidence interval.

RESULTS

Oral immunization of NK1R�/� mice with Salmonella-CFA/I
results in enhanced antigen-specific mucosal and serum IgA
responses. Since SP has been previously shown to augment IgA
Ab responses (6, 32, 33, 44), the role of NK1R in intestinal
immunity was tested. NK1R�/� and NK1R�/� mice were
orally immunized with either an attenuated Salmonella con-
struct expressing CFA/I (strain H696) or the Salmonella vector
only (strain H647). Four weeks after immunization, coproan-
tibody and serum IgA titers were measured by using a CFA/
I-specific ELISA. Both the coproantibody and serum IgA re-
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sponses were significantly increased compared to those
obtained for NK1R�/� mice (5.8-fold [P � 0.001] and 2.6-fold
[P � 0.007], respectively) (Fig. 1A). This augmentation in IgA
responses was more apparent than the augmentation in the
serum IgG, IgG1, IgG2a, and IgG2b responses since these
responses did not vary as a consequence of NK1R expression
(Fig. 1B).

The observed mucosal IgA responses were supported by
increases in iLP anti-CFA/I AFC as assessed by Ab ELISPOT.
Significant increases in the number of IgA anti-CFA/I and total
IgA AFC were detected in the iLP by �60% (P � 0.001) and
by �5-fold (P � 0.001), respectively (Fig. 2A), and in the
spleen by �2.6-fold (P � 0.001) and �4.7-fold (P � 0.034),
respectively. CFA/I-specific and total IgG AFC were moder-
ately enhanced in the PP by �2.8-fold (P � 0.005) and �2.6-
fold (P � 0.001), respectively, and in the spleen by �7.3-fold (P
� 0.001) and �14.5-fold (P � 0.019), respectively.

Oral immunization of NK1R�/� mice with the Salmonella
CFA/I vaccine induces increases in IL-5 and IL-6 CFA/I fim-
briae-specific CD4�-Th-cell responses. To determine why the
mucosal IgA responses were enhanced, CD4�-Th-cell re-
sponses from NK1R�/� and NK1R�/� mice orally immunized
with the Salmonella-CFA/I vaccine were evaluated. To deter-
mine the source of the CFA/I-specific CD4� Th cells, both PP
and splenic CD4� T cells were enriched and assayed for in
vitro antigen restimulation for the production of Th1 and Th2
cell cytokines. These cells were cultured by conventional
means (34) and restimulated in vitro with purified CFA/I fim-
briae. After 2 to 3 days of in vitro antigen restimulation, CD4�

Th cells were analyzed by cytokine ELISPOT assays to quan-
tify CFA/I-specific cytokine responses (Fig. 3 and 4). Immune
NK1R�/� PP CD4� T cells showed elevated numbers of IL-5

and IL-6 cytokine-forming cells (CFC), representing increases
of �20-fold (P � 0.014) and 2.3-fold (P � 0.034), respectively,
compared to those induced by CFA/I-restimulated NK1R�/�

PP CD4� T cells (Fig. 3). NK1R�/� IL-4 and IL-10 CFC were
evaluated and showed no significant differences from
NK1R�/� mice as did the IFN-� CFC. No differences in PP
CFC responses to intracellular Salmonella antigens were ob-
served (Fig. 3). Likewise, splenic CD4�-T-cell responses were
evaluated, and the IL-6 CFC responses to CFA/I fimbriae were
augmented in NK1R�/� mice by twofold (P � 0.05) (Fig. 4).
No differences between NK1R�/� and NK1R�/� splenic IL-4,
IL-5, IL-10, or IFN-� CFC were observed when CD4� T cells
were restimulated with CFA/I fimbriae by using non-LPS Sal-
monella antigens (Fig. 4). Thus, the observed augmentation of
CFA/I-specific IgA responses was supported by increases in
Th2-type cytokine production.

Increased S-IgA responses are not attributed to enhanced
colonization of NK1R�/� mice by Salmonella-CFA/I. To assess
whether the observed increases in S-IgA responses were attrib-
uted to enhanced colonization of NK1R�/� mice by Salmonel-
la-CFA/I, tissue weights of PP and spleens were measured
from Salmonella vector-infected and Salmonella-CFA/I-in-
fected NK1R�/� and NK1R�/� mice. These evaluations were
conducted to assess whether NK1R�/� mice showed increased
susceptibility to infection with our Salmonella vaccine. Evalu-
ation of weights at 2 weeks after immunization with Salmonel-
la-CFA/I showed no significant increases in PP or spleens in
either mouse (Fig. 5A). Likewise, no significant differences in
the extent of vaccine colonization were observed 2 weeks
postimmunization (Fig. 5B). PP and spleens were procured,
and serial dilutions of homogenates were examined on Mac-

FIG. 1. Oral immunization of NK1R�/� mice with the Salmonella-
CFA/I construct elicits increased mucosal and serum IgA responses
but no change in serum IgG or IgG subclass antibody responses to
CFA/I fimbriae. NK1R�/� and NK1R�/� mice were vaccinated with a
single dose of Salmonella vector with the cfaABCE insert strain H696.
Fecal and serum IgA (A) and serum IgG anti-CFA/I (B) Ab titers
(log2) were measured by standard CFA/I-specific ELISA. Each value
represents the means of data from 10 mice  standard deviations. �P
� 0.001, which represents the statistical difference in mucosal IgA
anti-CFA/I fimbriae levels; ��, P � 0.007, which represents the statis-
tical difference in serum IgA anti-CFA/I fimbriae levels between
NK1R�/� and NK1R�/� mice orally immunized with the Salmonella-
CFA/I construct.

FIG. 2. Oral immunization of NK1R�/� mice with the Salmonella-
CFA/I vaccine shows enhanced numbers of IgA AFC in the iLP and
spleen and IgG AFC in PP and spleen. iLP (A), PP (B, D), and splenic
(C, E) IgA (A to C) and IgG (D, E) AFC were harvested 4 weeks after
oral immunization and evaluated for antigen-specific and total anti-
body responses by the ELISPOT method. No significant differences in
PP IgA AFC were observed between NK1R�/� and NK1R�/� mice.
Values are expressed as the means  standard errors of the means
(SEM) of three experiments (AFC/106 lymphocytes). �P � 0.001; ��P
� 0.005; ���P � 0.034.
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Conkey’s agar to determine CFU levels. NK1R�/� mice orally
immunized with the Salmonella-CFA/I vaccine failed to show a
significant difference in the extent of colonization compared to
similarly immunized NK1R�/� mice. This evidence suggests
that NK1R�/� mice show no preferential bias or increased
susceptibility to infection by Salmonella-CFA/I, indicating that
the observed increased S-IgA responses were not attributed to
increased vaccine colonization.

Orally immunized NK1R�/� mice show increased resis-
tance to wild-type Salmonella challenge. To test the importance
of NK1R in protection against wild-type Salmonella challenge,
Salmonella-CFA/I-immunized, Salmonella vector-immunized,
and unimmunized NK1R�/� and NK1R�/� mice were orally
challenged with a lethal dose of wild-type Salmonella strain
H71 (11, 35). Mice that were vaccinated were given the chal-
lenge dose 4 weeks after the oral immunization. None of the
unimmunized NK1R�/� (n � 10) and NK1R�/� mice (n � 10)
survived, as expected; however, the attrition rate between the
two mouse groups was significantly different (P � 0.002). All of
the nonvaccinated NK1R�/� mice succumbed to the challenge
by day 7. In contrast, nonvaccinated NK1R�/� mice survived
longer, succumbing to challenge with a median survival time of
9 days as opposed to 7 days for the NK1R�/� mice; however,
none of the NK1R�/� mice survived beyond day 13 (Fig. 6).
Salmonella vector-vaccinated or Salmonella-CFA/I-vaccinated
NK1R�/� mice (n � 11) showed no significant differences in
survival compared to similarly vaccinated NK1R�/� mice (n �
10). Likewise, both the Salmonella vector and Salmonella-

CFA/I vaccine were equally efficacious in NK1R�/� mice. In
contrast, the Salmonella vector was slightly more efficacious
than the Salmonella-CFA/I vaccine (P � 0.029) in NK1R�/�

mice (Fig. 6). For both vaccines in NK1R�/� and NK1R�/�

mice, vaccination significantly improved survival compared to
unvaccinated control mice (P � 0.001). Thus, these studies
suggest that SP contributes to proinflammatory responses and
that survival is delayed in the absence of the NK1R.

Increased IL-10 production by Salmonella-infected perito-
neal macrophages. To address the increased resistance to Sal-
monella infection by NK1R�/� mice, infection of peritoneal
macrophages with Salmonella was performed to assess whether
TNF-
, IL-12, and IL-18 were differentially expressed in
NK1R�/� and NK1R�/� mice. Various infection ratios of less
than one bacillus per macrophage were used as previously
described for 8 h (36), since ratios of �1.0 bacillus per mac-
rophage cause cell death. No or minimal differences in TNF-
,
IL-12p70, and IL-18 were observed when macrophages were
infected with the attenuated Salmonella vector strain H647 or
with wild-type Salmonella strain H71 (Table 1). However, sig-
nificant increases (P � 0.05) in IL-10 production by peritoneal
macrophages derived from NK1R�/� mice, but not NK1R�/�

mice, were observed (Table 1). In addition, increased levels of
IL-12p40 were also observed. Thus, the increased anti-inflam-
matory cytokine IL-10 may account for the increased protec-
tion against wild-type Salmonella challenge.

FIG. 3. Mucosal CD4�-Th2-cell anti-CFA/I responses are en-
hanced in NK1R�/� mice orally immunized with the Salmonella-CFA/I
vaccine. Four weeks after oral immunization, NK1R�/� and NK1R�/�

mice were evaluated for their CD4�-Th-cell responses by the cytokine
ELISPOT method. Immune PP CD4� Th cells were isolated and
cocultured with mitomycin C-treated feeder cells for 2 days with me-
dium only, with 10 �g of purified CFA/I fimbriae/ml, or with 10 �g of
NaOH Salmonella (non-LPS) extracts/ml. CD4� T cells were then
evaluated for IFN-�, IL-4, IL-5, IL-6, and IL-10 responses and com-
pared to similarly restimulated NK1R�/� murine responses. The num-
ber of IL-5 and IL-6 CFC were significantly increased in NK1R�/�

mice. Depicted are the means  SEM of CFC/106 CD4� T cells from
a total of three experiments. ��P � 0.014; ���P � 0.037. Sal. Ag,
Salmonella antigen.

FIG. 4. Splenic IL-6 anti-CFA/I responses are enhanced in
NK1R�/� mice orally immunized with the Salmonella-CFA/I vaccine.
As described in the legend of Fig. 3, NK1R�/� and NK1R�/� mice
were evaluated for their CD4�-Th-cell responses by the cytokine
ELISPOT method. Immune splenic CD4� Th cells were isolated and
cocultured with mitomycin C-treated feeder cells for 2 days with me-
dium only, with 10 �g of purified CFA/I fimbriae/ml, or with 10 �g of
NaOH Salmonella (non-LPS) extracts/ml. CD4� T cells were then
evaluated for IFN-�, IL-4, IL-5, IL-6, and IL-10 responses and com-
pared to similarly restimulated NK1R�/� murine responses. The num-
ber of IL-6 CFC in response to CFA/I fimbrial stimulation was signif-
icantly increased in NK1R�/� mice. Depicted are the means  SEM of
CFC/106 CD4� T cells from a total of three experiments. ���P � 0.05.
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DISCUSSION

SP is primarily thought of in its neurological context (re-
viewed in reference 16) rather than for its ability to augment
host immune responses (reviewed in reference 37). As such, SP
has been found to be associated with a number of inflamma-
tory diseases (20, 26, 39, 46). In support of these findings, SP
induces production of proinflammatory cytokines TNF-
, IL-1,
IL-6, and IL-12 by macrophages (22, 25). Such findings lead us
to suspect that SP may play an important role in bacterial
infections. At least for Salmonella infections, it was shown that
increases in NK1R expression do occur (21), suggesting that
SP may be important for protection against Salmonella (21).
Mice treated with the SP receptor antagonist spantide II
showed increased susceptibility to infection by Salmonella (21).
While it may initially appear that our results obtained with the
NK1R�/� mice may contradict these findings, these mice
showed an increased time of median survival to Salmonella
infection. Aside from the possible differences in the Salmonella
serovars used in these two studies, the innate cells in the
NK1R�/� mice are not capable of expressing NK1R and thus
may have enhanced compensatory mechanisms in place to
address this deficiency. As found with our macrophage studies
of Salmonella infection, no or minimal differences in TNF-

and IL-18 were observed, suggesting that NK1R�/� macro-
phages are capable of eliciting proinflammatory cytokines.
Neither source of macrophages was able to produce IL-12p70
in response to low infection ratios, consistent with previous
reports (4, 36). However, increased IL-10 and IL-12p40 pro-
duction by NK1R�/� macrophages was observed, which may
account for the improved median survival time by dampening
the inflammatory response. Increases in IL-10 production were
also observed in gammaherpesvirus 68-infected NK1R�/�

mice (12). In contrast, treatment with the SP antagonist may
impact a number of physiological systems simultaneously and
may not be able to induce the compensatory mechanisms in the
presence of this antagonist. Nonetheless, in both studies, it was
shown that SP and its receptor play an important role in pro-
tection against this enteric bacterium. This concept of lessened
inflammation was also suggested in previous studies examining
the role of L-selectin upon gut innate immunity to oral Salmo-
nella challenge (36).

Regarding the adaptive immune response to Salmonella

challenge, oral immunization of NK1R�/� or NK1R�/� mice
with the attenuated Salmonella vector did not show significant
differences in protection against wild-type Salmonella chal-
lenge. Likewise, oral immunization with the Salmonella-CFA/I
vaccine showed similar level of protection in both NK1R�/�

and NK1R�/� mice when subjected to wild-type challenge.
Significant differences in the extent of protection conferred by
oral immunization of NK1R�/� mice were noted only when
the mice were immunized with the Salmonella vector rather
than Salmonella-CFA/I vaccine. Perhaps the anti-inflammatory
attributes of this vaccine were insufficient for protection
against wild-type challenge.

To understand the heightened S-IgA responses in NK1R�/�

mice, cytokine analysis was performed to determine whether
Th2-type cytokines may be induced after oral immunization
with Salmonella-CFA/I. Cytokine profiling studies revealed
that in the PP, IL-5 CFC were particularly enhanced in the
NK1R�/� mice compared to NK1R�/� PP showing no IL-5
production 4 weeks after oral immunization. Moreover, IL-6
production by NK1R�/� PP and splenic CD4� T cells was
increased compared to that of NK1R�/� mice. While IL-4
CFC levels were not different in response to vaccination in
these mice, the production of these other anti-inflammatory
cytokines suggests that the proinflammatory responses would
be lessened. The IFN-� CFC levels in response to purified

FIG. 5. Differences in S-IgA responses are not attributed to the
extent of H696 vaccine colonization in the PP or spleen. Determina-
tion of tissue weights (A) and tissue colonization studies (B) were
performed to determine whether the NK1R�/� mice (n � 8) showed
increased susceptibility to vaccine colonization. No differences in tissue
weights and extent of colonization were observed 2 weeks after oral
immunization compared to those of orally immunized NK1R�/� mice
(n � 8).

FIG. 6. NK1R�/� mice show increased resistance to wild-type se-
rovar Typhimurium challenge. NK1R�/� (n � 11) and NK1R�/� (n �
10) mice were orally immunized with PBS, Salmonella vaccine vector,
strain H647, or Salmonella-CFA/I vector vaccine strain H696, and 4
weeks later, they were lethally challenged with 1,000 50% lethal doses
of wild-type serovar Typhimurium strain H71. NK1R�/� mice (PBS
vaccinated) showed increased resistance to wild-type Salmonella chal-
lenge compared to similarly challenged NK1R�/� mice (P � 0.002).
NK1R�/� mice orally immunized with the Salmonella-CFA/I vaccine
or the Salmonella vector had equally protective capacities compared to
that of similarly immunized NK1R�/� mice; however, NK1R�/� mice
orally vaccinated with the Salmonella vector had slightly more protec-
tive capacity against wild-type Salmonella challenge than NK1R�/�

mice orally immunized with Salmonella-CFA/I (P � 0.029). Overall,
both NK1R�/� and NK1R�/� mice orally vaccinated with either Sal-
monella vaccine showed improved median survival compared to chal-
lenged, naive mice (P � 0.001).
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CFA/I fimbriae were not significantly different between the
Salmonella-CFA/I-vaccinated mouse groups, but as a whole,
the IFN-� CFC were not particularly elevated compared to the
results obtained from mice orally vaccinated with the Salmo-
nella vector as evidenced in previous studies (34, 35). These
increases in IL-5 and IL-6 CFC also suggest that these cyto-
kines accounted for the improved S-IgA anti-CFA/I fimbriae
responses, since it is well established that IL-5 and IL-6 are
known to enhance IgA production (2, 3).

A particularly interesting finding from this work was that in
the absence of the NK1R, IgA responses were increased. As
stated above, the observed increases in IL-5 and IL-6 produc-
tion must have enhanced the CFA/I-specific IgA responses;
however, it was previously shown that B-cell expression of
NK1R supported increases in IgA production (32). While the
latter studies were conducted in vitro in the absence of T cells,
at least in vivo, SP alteration of B cells may be minimal, as

those studies suggested. In fact, in the PP, SP-containing nerve
fibers avoided B-cell areas and infiltrated T-cell zones (17, 23).
Moreover, IgG responses to CFA/I fimbriae were not affected
by the absence of NK1R. If the majority of IgG is derived from
the systemic compartment, this finding is not out of the ordi-
nary. Given that SP is believed to influence Ab responses at a
more regional or compartmentalized level, the lack of a sys-
temic influence is in agreement with the notion that SP influ-
ences the mucosal compartments more. The levels of SP in the
gut are found to be second in concentration only to those of
the brain (16) and are also elevated in the lungs (18). Thus, our
findings are consistent with the notion that SP can influence
mucosal IgA responses, and the observed changes in this study
suggest that SP contributes to the proinflammatory responses
which generally downregulate anti-inflammatory cytokines in
the absence of a functional NK1R.

In agreement with previous studies, oral vaccination with

TABLE 1. Infection of NK-1R�/� peritoneal-macrophages with an attenuated or wild-type Salmonella strain induces IL-10 and IL-12p40

Salmonella
straina

Infection ratio
(Salmonella:macrophage)b Cytokine

Cytokine production (ng/ml) (mean  SD) in
P valuec

NK1R�/� mice NK1R�/� mice

H647 0.85:1 TNF-
 2.42  1.02 2.31  0.7 –
0.17:1 0.47  0.052 0.494  0.281 –
0.085:1 0 0 –

– 0 0 –
0.85:1 IL-12p70 0 0 –
0.17:1 0 0 –
0.085:1 0 0 –

– 0 0 –
0.85:1 IL-12p40 0.44  0.228 1.2  0.21 –
0.17:1 0.45  0.174 1.2  0.151 0.013
0.085:1 0.196  0.017 0.424  0.331 0.005

– 0 0 –
0.85:1 IL-18 0.169  0.136 0.184  0.01 –
0.17:1 0 0 –
0.085:1 0 0 –

– 0 0 –
0.85:1 IL-10 0.118  0.01 0.332  0.132 �0.05
0.17:1 0 0.263  0.071 0.003
0.085:1 0 0.336  0.146 0.016

– 0 0 –

H71 0.83:1 TNF-
 15.4  1.28 13.3  2.75 –
0.083:1 14.1  1.16 10.1  0.527 0.006
0.010:1 1.02  0.663 0 –

– 0 0 –
0.83:1 IL-12p70 0 0 –
0.083:1 0 0 –
0.010:1 0 0 –

– 0 0 –
0.83:1 IL-12p40 0.583  0.145 0.980  0.058 0.012
0.083:1 0.544  0.031 0.424  0.050 0.024
0.010:1 0.088  0.027 0.073  0.031 –

– 0 0 –
0.83:1 IL-18 0.340  0.102 0.254  0.094 –
0.083:1 0.184  0.039 0.205  0.042 –
0.010:1 0.200  0.035 0.210  0.096 –

– 0 0 –
0.83:1 IL-10 0 0.180  0.167 �0.05
0.083:1 0.030  0.040 0.119  0.023 0.029
0.010:1 0 0 –

– 0 0 –

a Strain H647 is �aroD S. enterica serovar Typhimurium; strain H71 is wild-type S. enterica serovar Typhimurium.
b Infection ratio confirmed by plate count. –, no infection.
c –, not significant.
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Salmonella-CFA/I elicits elevated S-IgA Abs supported by spe-
cific increases in Th2-type cytokines (34, 35, 47). This result
may be attributed to the repetitive nature of enterotoxigenic E.
coli fimbrial antigens in provoking Th2 cell development (1,
34) in that it resembles soluble immunization with adjuvant.
Why this Salmonella vaccine does not behave as traditional
Salmonella vaccines do remains unclear, but it is obvious that
the presence of the CFA/I fimbriae does alter the course of
host recognition. Perhaps the fimbria can stimulate anti-in-
flammatory responses or simply fails to stimulate inflammatory
cytokines as previously observed (36), whereby as little as 1
bacillus of Salmonella vector per 80 macrophages is sufficient
to stimulate elevated levels of IL-1 and TNF-
. In contrast,
infection ratios in excess of 10 to 1 are necessary to substan-
tially induce such cytokine responses by Salmonella-CFA/I.
Studies are continuing to address why Salmonella-CFA/I vac-
cine behaves as it does.

In summary, the results from this study support the notion that
SP contributes to intestinal immunity. The observed increases in
S-IgA are linked to increases in CFA/I-specific CD4� Th2 cells
producing IL-5 and IL-6. While Salmonella-CFA/I generally in-
duces elevated Th2-type cytokines, the absence of NK1R
showed increased production of the anti-inflammatory cyto-
kine IL-10. Thus, augmentation of anti-inflammatory input
would be expected to enhance Th2-type responses as observed.
While it is interesting that IL-4 was not specifically altered,
other S-IgA-promoting cytokines, IL-5 and IL-6, were ob-
served. This increase in IL-10 also appears to influence the
resistance to infection with wild-type Salmonella, as shown by
the increased median survival, but had no significant impact
upon challenged mice vaccinated with either Salmonella-
CFA/I or its isogenic Salmonella vector strain.
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