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Oral infection of mice with Salmonella enterica serovar Typhimurium results in the colonization of Peyer’s
patches, triggering a vigorous inflammatory response and immunopathology at these sites. Here we demon-
strate that in parallel to Peyer’s patches a strong inflammatory response occurs in the intestine, resulting in
the appearance of numerous inflammatory foci in the intestinal mucosa. These foci surround small lymphoid
cell clusters termed solitary intestinal lymphoid tissue (SILT). Salmonella can be observed inside SILT at early
stages of infection, and the number of infected structures matches the number of inflammatory foci arising at
later time points. Infection leads to enlargement and morphological destruction of SILT but does not trigger
de novo formation of lymphoid tissue. In conclusion, SILT, a lymphoid compartment mostly neglected in
earlier studies, represents a major site for Salmonella invasion and ensuing mucosal pathology.

Although the epithelia lining the intestine provide a tight
barrier against potentially harmful antigens and microbes, ho-
meostasis of intestinal immune functions requires monitoring
of the intestinal microflora. This is achieved by a controlled
uptake of luminal microbiota into mucosal tissues by special-
ized microfold (M) cells and lamina propria dendritic cells (11,
20). This gateway into the host is exploited by various entero-
pathogens such as Salmonella, Yersinia, and Shigella spp. These
bacteria express genes that allow them to adhere to and invade
M cells and thereby infect host tissues (7, 14, 26). It is well
known that M cells are present in the follicle-associated epi-
thelium (FAE) overlying Peyer’s patches (PP) (19), and con-
sequently PP are considered to represent important mediators
of mucosal pathogenicity displayed by these bacteria.

However, M cells are also sporadically present in morpho-
logically inconspicuous villi (intravillus M cells) (12). Although
the frequency of M-cell-containing villi is low, their number
might increase upon stimulation, and intravillus M cells have
been suggested to support Salmonella invasion in lymphotoxin
� mutants which lack any organized lymphoid tissue in the
intestine (12). Another gateway into the organism might be
provided by dendritic cells residing in the intestinal lamina
propria. These cells have been shown to extend dendrites
through the epithelial lining into the intestinal lumen, which
might allow such cells to directly sample antigens as well as
pathogens (21, 27, 28). Indeed, there is solid evidence showing
that the ability to target M cells and colonize PP is not man-
datory for the development of systemic disease caused by Sal-
monella enterica. Vasquez-Torrez et al. demonstrated that sal-
monellae that are unable to target M cells can penetrate the
intestinal barrier and disseminate in a �2-integrin-dependent

mechanism (34). Similarly, Yersinia enterocolitica utilizes inva-
sin-dependent and invasin-independent routes for systemic
dissemination (9). Furthermore, hepatosplenic infection by
Yersinia pseudotuberculosis has been suggested to be indepen-
dent of prior colonization of lymphoid organs, but to result
from direct dissemination of bacteria replicating in the intes-
tinal lumen into the circulation (2).

Despite these alternative infection pathways that appear to
contribute to the systemic dissemination of Salmonella, M-cell
penetration, along with the subsequent infection of the under-
lying lymphoid tissue, is considered the main route of Salmo-
nella infection of the intestinal mucosa (29). Besides PP, M
cells have been described in the FAE of small lymphoid ag-
gregations, termed isolated lymphoid follicles (ILF), that exist
in the small intestine of numerous species, including mice and
humans (8, 18, 24). ILF share many architectural features with
PP, including a compact B-cell rich follicle covered by the
subepithelial dome region consisting of dendritic cells and an
overlying FAE including M cells. Consistent with such archi-
tectural features, ILF are capable of supporting immunoglob-
ulin production in response to Salmonella infection (16), as
well as to oral immunization (35). We have recently suggested
that ILF do not constitute a separate type of lymphoid organ
but merely represent a particularly well-organized manifesta-
tion of a common lymphoid structure that we termed solitary
intestinal lymphoid tissue (SILT) (24). The entire spectrum of
SILTs ranges from small lymphoid aggregations mostly filled
with stem cell-like cells, also referred to as cryptopatches (CP),
to larger ILF that resemble a single dome of PP. SILT struc-
tures are interconvertible; thus, CP can develop into ILF, and
ILF might revert into CP (see Fig. 2E). Conversion of small
SILT into fully developed SILT can be triggered by external
influences, including microbial stimulation (23). Consequently,
the spectrum of SILTs observed in germfree mice is predom-
inated by particularly small structures resembling CP, whereas
ILF are absent in such mice. In response to microbial coloni-
zation of germfree mice, the spectrum of SILTs adapts to
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encompass a broad spectrum of differently sized structures,
now including ILF (23). Thus, the entire array of differently
organized SILT structures is subject to environmental influ-
ences and will frequently contain numerous SILTs that display
intermediate phenotypes between CP and ILF. In contrast to
its dynamic phenotype, the frequency of SILTs invariantly
ranges from 40 to 60 structures per square centimeter through-
out the murine small intestine, resulting in more than 1,000
SILT structures in the intestine (24). Thus, usually the overall
number of SILTs by far exceeds that of ILF. Consequently,
SILT provides a prominent source of M cells and might sub-
stantially contribute to invasion of pathogens with M-cell tro-
pism.

We report here that SILT can be targeted by Salmonella for
tissue entry, causing a local inflammation and immunopathol-
ogy in these structures. Quantification of inflammatory foci in
the intestinal mucosa suggests that, in addition to PP, SILT
substantially contributes to Salmonella-induced mucosal pa-
thology.

MATERIALS AND METHODS

Preparation of sections and microscopy. C57BL/6 and BALB/c mice were
bred at the central animal facility of Hannover Medical School under specific-
pathogen-free conditions or purchased from Charles River (Germany). Adult
mice were sacrificed by CO2 inhalation. The small intestine was excised, flushed
with phosphate-buffered saline (PBS), and opened along the mesenteric side. For
horizontal sections fragments about 20 mm in length were flattened with the
mucosal side downward on filter paper, embedded in OCT compound, and
frozen on dry ice. For vertical sections gut fragments approximately 5 cm in
length were washed in PBS, followed by a 50% mixture of OCT and PBS, and
transferred to OCT before Swiss rolls with the luminal side facing outward and
the proximal end located at the center of the roll were prepared. Cryosections (8
�m) were air dried and fixed for 10 min in ice-cold acetone.

Salmonella infections. All Salmonella strains used in the present study were
derivatives of S. enterica serovar Typhimurium strain SL1344 (10). Mutations
were introduced by using red recombinase-mediated homologous recombination
(5) with the primers described at http://falkow.stanford.edu/whatwedo/wanner/.
First, we exchanged the aroA gene against a kanamycin resistance cassette that
was subsequently cured by recombination using plasmid pCP20 as described
previously (5). Unless indicated otherwise, all experiments were performed with
this strain. For the experiments shown in Fig. 3A the double mutants SL1344
aroA sipB and SL1344 aroA ssrB were also used. The kanamycin resistance
cassette in sipB was again cured to avoid polar effects on the expression of
downstream genes. For detection of live Salmonella in tissues (see Fig. 3C), a red
fluorescent variant was generated. SL1344 aroA was engineered to carry plasmid
pDsRed in which a bright DsRed variant (32), which was destabilized by fusing
a recognition site for the tail-specific protease to its C terminus (1), was ex-
pressed from the PpagC promoter. Salmonella strains were grown in LB broth
containing 90 �g of streptomycin/ml and either 100 �g of ampicillin/ml or 30 �g
of kanamycin/ml when appropriate. For oral infection Salmonella strains were
grown to a density of 108 bacteria/ml. Bacteria were washed twice with LB broth
and resuspended at 108 bacteria in 200 �l of LB broth containing 3% NaHCO3.
Mice had free access to water and food and were inoculated orally with 200 �l
of suspension with a feeding needle. The number of inoculated bacteria and of
salmonellae present in tissues was determined by plating. The PP and mesenteric
lymph nodes were disrupted as described for flow cytometry. In order to deter-
mine the number of salmonellae in non-PP-bearing intestines, intestinal tubes
were vigorously washed with PBS containing 50 �g of gentamicin/ml, followed by
PBS alone, and homogenized by using an Ultra Turrax. Triton X-100 was added
to a final concentration of 0.1%, and tissue suspensions were vortexed for 30 s
before plating serial dilutions.

Antibodies. The following antibodies and conjugates were used in the present
study: anti-CD11b-fluorescein isothiocyanate (FITC; Caltag), anti-CD11c-bio,
anti-GR1-phycoerythrin, anti-L6G-FITC, anti-Ly6G-bio (BD Biosciences), anti-
CD117 (cKit, clone ACK2; Natutec) and anti-B220 (clone TIB146, provided by
Elisabeth Kremmer, GSF München). Cy5 conjugate of anti-B220 was prepared
as recommended by the manufacturer (Amersham). Biotinylated antibodies
were recognized by streptavidin-coupled to Alexa488, Cy3, or Cy5 (Molecular

Probes). Unconjugated anti-cKit was recognized by mouse anti-rat-Cy3 conju-
gate (Jackson Laboratories). Salmonellae were detected using a polyclonal anti-
Salmonella serum raised in rabbits (SIFIN, Germany), followed by goat anti-
rabbit-FITC conjugate (Jackson Laboratories).

Immunohistochemistry. Sections were rehydrated in TBS (0.1 M Tris [pH 7.5],
0.15 M NaCl) supplemented with 0.1% Tween 20 (TBST) and transferred into a
vertical flow staining chamber (Thermo Life Sciences). Sections were preincu-
bated twice with TBST containing 5% rat or mouse serum, depending on the
antibodies to be used. Sections were incubated with a mixture of appropriately
diluted biotinylated or fluorescent dye-coupled antibodies in 2.5% serum–TBST
for 1.5 h and washed three times with TBST. If required sections were subse-
quently incubated with a streptavidin conjugate in 2.5% serum in TBST for 1 h.
Sections were washed three times with TBST and stained twice for 2 min with 1
�g of DAPI-TBST/ml to visualize nuclei. Sections were washed three times with
TBST and mounted with Mowiol. Staining with unconjugated antibodies (anti-
Salmonella and anti-cKit) was performed for 45 min in TBST containing 2.5%
mouse serum, followed by detection with Cy3- or FITC-conjugated secondary
reagents (mouse anti-rat-Cy3 or goat anti-rabbit-FITC). For analysis of the
distribution and cellular composition of lymphoid aggregations, composite im-
ages were automatically assembled by using a motorized Axiovert 200M micro-
scope (Carl Zeiss) with autofocus module Axiovision 4.0 software (Carl Zeiss).

Flow cytometry. To obtain single cell suspensions of mesenteric lymph nodes
and PP, organs were minced between two rough glass slides and washed with PBS
supplemented with 2% fetal calf serum (FCS). For isolation of cells from the
lamina propria, gut content and PP were removed before the intestines were
opened longitudinally. Intestines were washed twice in cold PBS and incubated
for 10 min in 10 ml of Hanks balanced salt solution supplemented with 10% FCS
and 2 mM EDTA at 37°C in a water bath. Subsequently, the tubes were shaken
vigorously for 10 s, and the supernatant containing epithelial cells was discarded.
This incubation was repeated twice, the remaining tissue washed in PBS and
incubated at 37°C for 45 min in RPMI with 20% FCS and 0.5 mg of collagenase
A (Roche)/ml. Cells were liberated from the digested tissue by shaking the tubes
for 10 s, and the supernatants were filtered through a nylon mesh. After centrif-
ugation the cell pellet was resuspended in isotonic 40% Percoll (Amersham) in
RPMI with 5% FCS. This cell suspension was overlaid onto 70% Percoll in
RPMI with 5% FCS and centrifuged at 800 � g for 20 min. Cells were recovered
from the interphase, washed twice in PBS with 2% FCS, and stained using the
antibodies described above.

Statistical analysis. Statistical analysis was performed by using GraphPad
Prism 4.0 software and applying anonparametric two-tailed Mann-Whitney test.
Statistical differences are indicated as follows: ns, not significant; ***, P � 0.001.

RESULTS

Salmonella infection results in mucosal inflammation in and
outside PP. M cells present in the epithelium overlying PP are
well known to be targeted by different enteropathogens,
thereby enabling their uptake into the intestinal mucosa (7, 14,
26). In addition, alternative routes of entry via M cells outside
of PP (12, 16), via lamina propria dendritic cells (21, 27), or by
direct invasion of absorptive enterocytes have been proposed.
However, the relevance of these different mechanisms for Sal-
monella mucosal pathogenicity has not yet been explored. In
order to quantitatively compare PP-dependent and -indepen-
dent routes of mucosal infection, BALB/c and C57BL/6 mice
were infected orally with an attenuated aroA-deficient S. en-
terica serotype Typhimurium strain (see Materials and Meth-
ods). This strain does not cause fatal disease and thus allows
analysis at late stages of infection. Mice were sacrificed 2, 5, 7,
and 13 days postinfection, and the bacterial load in mesenteric
lymph nodes and individual PP was determined (Fig. 1A and
data not shown). Salmonella could be detected in all individual
PP and in the mesenteric lymph nodes of both mouse strains.
In agreement with previous observations, the number of sal-
monellae present in the PP increased until 7 days postinfec-
tion. Subsequently, it decreased until 13 days postinfection to
roughly the bacterial load observed at day 2 postinfection,
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indicating the efficient clearance of most bacteria from the
tissue. Similarly, the number of salmonellae present in the
mesenteric lymph nodes increased until 7 days postinfection
but, compared to the PP, declined more slowly and at day 13
postinfection the number of salmonellae was still similar to the
bacterial load observed at 5 days postinfection (data not
shown). Moreover, we determined the number of salmonellae
present in the entire small intestine outside the PP at 2 days
after infection. We observed that Salmonella could be culti-
vated from small intestinal tissue even after all the PP had been
carefully removed (Fig. 1A). The number of bacteria recovered
from the small intestines without PP was higher compared to
the number of salmonellae cultivated from individual PP but
did not reach the number of bacteria cultivated from pooled
PP (Fig. 1A and data not shown). However, the recovery effi-
cacy of Salmonella might depend on the amount of tissue used.

In particular, plating of tissue homogenates derived from large
amounts of tissue, such as the non-PP-bearing intestines, might
underestimate the actual number of salmonellae.

In order to determine the degree of inflammation in the
intestinal mucosa, we quantified the number of inflammatory
cells present in PP and in the PP-free small intestine at the
peak of infection, i.e., at 7 days postinfection, by flow cytom-
etry. The markers used included CD45.2, which allows the
identification of all immune cells in combination with Ly6C�,
Ly6G�, and CD11b� cells, allowing the detection of neutro-
phils and macrophages. We observed that the number of in-
flammatory cells present in both the PP and the intestinal
mucosa outside the PP increased dramatically after infection
(Fig. 1B), thus indicating the existence of inflammatory infil-
trates outside PP. Infiltrating cells were mostly Ly6C� Ly6G�

CD11b� and displayed a high side-scatter profile, suggesting

FIG. 1. Oral Salmonella infection results in inflammatory responses in PP and in non-PP-bearing intestines. BALB/c mice were inoculated
orally with 108 live salmonellae. (A) On days 2, 7, and 13 postinfection the bacterial load in individual PP was determined by plating serial dilutions
of disintegrated PP cell suspensions. In addition, the bacterial load in non-PP-bearing small intestinal tissue (SI) was determined on day 2
postinfection. The open circles represent the numbers of salmonellae cultivated from individual PP and the small intestine after all PP had been
removed. The median is indicated by horizontal bars. (B) On day 7 postinfection the cells were isolated from pooled PP and the entire small
intestinal lamina propria and analyzed by flow cytometry. Contour plots display live (DAPI�) immune cells (Ly5.2�) analyzed for Ly6G, CD11b,
and Ly6C expression. The numbers indicate the percentages of cells in the boxed regions that display a Ly6Ghi Ly6Cintermediate CD11bhi phenotype,
which is indicative for activated neutrophils. (C) Absolute cell numbers of inflammatory cells present in pooled PP and entire small intestinal
lamina propria of uninfected mice (�) and 7 days postinfection (■ ). The results for one representative experiment of three experiments performed
with four animals per group each is depicted. Bars represent the medians, and error bars indicate the standard deviations.
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FIG. 2. Inflammatory cell infiltrates localize to PP and SILT in the intestinal mucosa. At 7 days after Salmonella infection the localization of
inflammatory cells in the intestinal mucosa was analyzed. (A) Vertical sections through small intestinal rolls were stained for nuclei (blue) and with
anti-GR-1 antibody (red), which is indicative for inflammatory cells. Overview images that allow the assessment of large coherent areas of the
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that the majority of these cells were neutrophils (Fig. 1B).
CD11b� cells that are constitutively present in the lamina
propria (Fig. 1B) were almost exclusively CD11c�, indicating
that these cells are lamina propria dendritic cells (data not
shown). Quantification of the absolute cell numbers of Ly6G�

CD11b� and Ly6G� Ly6C� cells in uninfected BALB/c mice
compared to animals at 7 days postinfection revealed that the
overall number of inflammatory cells present in the infected,
PP-free lamina propria was similar to that identified in all
pooled PP (Fig. 1C). No major differences were observed in
the frequency of inflammatory cells or the number of cultivat-
able Salmonella organisms between proximal and distal seg-
ments of the small intestine (data not shown). In conclusion,
these observations indicate that a major part of the overall
inflammatory response occurs outside PP.

Mucosal inflammatory foci are invariantly associated with
SILT. In order to localize the inflammatory cells outside PP,
we analyzed vertical and horizontal sections through the intes-
tine 7 days after Salmonella infection by automated multicolor
fluorescence microscopy. Vertical sections were cut along the
crypt villus axis, whereas horizontal sections were cut through
the “crypt zone” (see Fig. 2E for a schematic illustration of
cutting planes). Sections were stained for nuclei and with an
anti-GR-1 antibody, detecting the epitopes recognized by anti-
Ly6C and anti-Ly6G antibodies and thereby highlighting in-
flammatory infiltrates. As expected, we observed massive infil-
tration of GR-1� cells within the PP (Fig. 2A and B). Whereas
both vertical and horizontal sections (Fig. 2A and B) may be
helpful in detecting inflammatory foci outside PP, the use of
horizontal sections through the “crypt zone” was especially
suited to systematically identify all inflammatory foci present in
a given area of the intestine. By this means multiple additional
foci of GR1� inflammatory cells were identified outside the PP
(Fig. 2A, B, and C). This finding confirms our results obtained
by flow cytometry that Salmonella infection results in consid-
erable inflammation outside the PP. Such sites were scattered
throughout the intestinal wall in both the proximal and the
distal small intestine, and their localization was independent of
the distance to the nearest-neighbor PP. No additional sites of
inflammation could be detected on serial horizontal sections at
the level of the villi compared to “crypt zone” sections, indi-
cating that the method of using these horizontal sections was
appropriate to record all inflammatory foci. We never ob-
served inflammatory foci in uninfected wild-type mice, con-
firming that the detected mucosal inflammation is caused by
Salmonella infection.

Inflammatory cells generally accumulated in close proximity
to dense aggregations of lymphoid cells (Fig. 2A, B, and C). In
order to characterize such sites in more detail, we stained serial
sections with anti-B220, anti-CD11c (Fig. 2D), anti-CD3, and
anti-cKit antibodies (data not shown). We observed that these
structures are distinguished by a typical spatial arrangement of
CD11c� cells fringing a core composed of cKit� and B220�

cells and some interspersed CD3� T cells (Fig. 2D and E and
data not shown). The spatial distribution, as well as the cellular
composition and architecture of the accompanying aggregates,
identifies these sites as SILT (see above and Fig. 2E). Notably,
inflammatory infiltrates could be observed in SILTs displaying
a broad spectrum of phenotypes (see also Fig. 2E). We ob-
served both small SILTs that did not contain a prominent
B-cell follicle and large SILTs with a dense B-cell follicle that
were associated with inflammatory infiltrates (e.g., compare
the SILTs designated “a” and “b” in Fig. 2C and D). Accord-
ingly, the presence of B-cell follicles in SILT did not closely
correlate with the presence of infiltrates in these structures
(e.g., the SILTs designated “c” and “d” in Fig. 2C and D).
Despite this finding, the strict physical association of inflam-
matory foci with SILT suggests that, similar to PP, SILT sup-
ports productive Salmonella infection.

Salmonella efficiently utilizes large SILTs for mucosal infec-
tion. To show that Salmonella efficiently uses large SILTs for
mucosal infection, we applied anti-Salmonella antibody stain-
ing in order to detect Salmonella in SILT at different time
points after infection. Such analysis revealed that in BALB/c
mice Salmonella could be detected in roughly 40% of all SILTs
at days 2, 5, and 7 postinfection (Fig. 3A and data not shown).
At 13 days postinfection, similar to the situation observed in
PP, the frequency of Salmonella-bearing SILTs dropped, indi-
cating a clearance of bacteria (Fig. 3A). Thus, the percentage
of Salmonella-bearing SILTs observed 13 days postinfection is
not representative for the frequency of SILTs originally in-
fected. Even though the frequency of Salmonella-bearing
SILTs was generally lower in C57BL/6 mice, salmonellae could
be detected in 17% � 8% of all SILTs at day 7 postinfection
(n 	 4 mice, 138 SILTs were analyzed), demonstrating that in
both strains SILT constitutes a site of Salmonella infection.

In order to delineate the molecular requirements of Salmo-
nella to infect SILT, Salmonella strains carrying mutations in
either sipB or ssrB, in addition to aroA, were used (see Mate-
rials and Methods). Mutation of sipB functionally disrupts the
type 3 secretion system encoded by Salmonella pathogenicity
island 1 (SPI-1), whereas a mutation of ssrB inactivates the

section were automatically assembled. PP infiltrated by GR-1� cells are designated PP, lymphoid aggregations devoid of GR-1-expressing
infiltrating cells are indicated by white arrows, and lymphoid aggregation infiltrated by GR-1� cells are indicated by red arrows. The boxed area
is shown in a magnification in the inset image in panel A. (B) Horizontal sections through the intestinal wall were stained, analyzed, and annotated
as described for panel A. Magnifications of the boxed regions illustrating two infiltrated lymphoid aggregations (a and b) and two structures that
do not shown signs of inflammation (c and d) are shown in panel C. Nuclei are white, GR1� cells are red, and CD11b� cells are green.
Double-positive cells expressing GR-1 and CD11b appear yellow. (D) On serial sections the area corresponding to the boxed regions was analyzed
for CD11c� dendritic cells (green) and B220� B cells (red). (E) Schematic illustration of SILT as seen in vertical and horizontal sections. B220�

B cells, cKit� cells, and CD11c� dendritic cells constitute the major cellular components of such aggregates and localize in typical patterns. Small
structures dominated by cKit� cells are also designated CP. CP can develop into ILF in which a distinct B-cell follicle is predominant. However,
the majority of all lymphoid structures display intermediate phenotypes that represent transitional phenotypes between CP and ILF. The entire
spectrum of small lymphoid aggregation is referred to as SILT encompassing CP, ILF, and structures of intermediate phenotypes. Scale bars: 2
mm in panels A and B and 100 �m in panels C and D.
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secretion system encoded by SPI-2. We observed, in line with
published observations, that 2 days after oral infection both of
these Salmonella mutant strains were reduced in number in PP
compared to the parental strain expressing intact SPI-1 and
SPI-2 genes (data not shown). However, the capacity of both
mutant strains to infect SILT was comparable to the parental
strain. These observations argue that infection of SILT in a
high-dose infection model does not essentially depend on these
SPI-1- or SPI-2-encoded factors (Fig. 3A).

Subsequently, we compared the sizes of infected and unin-
fected individual SILTs 2 and 7 days postinfection. SILTs were
scored on consecutive vertical sections along the crypt villus
axis for the presence of Salmonella by antibody staining, and
the sizes of all individual SILTs were measured at their max-
imum dilatation as the SILT area given in square micrometers.
At both time points infected SILTs were on average signifi-
cantly larger than uninfected SILT in BALB/c (Fig. 3B) and
C57BL/6 (data not shown) mice. Furthermore, we noted that
the size spectrum of infected SILTs encompassed structures
occupying more than 60,000 �m2 in the section area, an order
of magnitude which we had never observed in uninfected mice,

suggesting that SILTs increase in size as a result of infection.
Despite this observation, salmonellae could also be detected in
some small SILTs that did not contain a distinct B-cell follicle
(Fig. 2B and 3B). No major difference could be detected be-
tween the sizes of infected SILTs at days 2 and 7 postinfec-
tion. Thus, the increase in SILT size occurs before there is a
significant influx of inflammatory cells into infected structures,
indicating that additional factors contribute to the overall phe-
nomenon.

Anti-Salmonella antibody staining reliably identified Salmo-
nella in virtually all SILTs that showed signs of inflammation as
judged by the presence of GR-1� cells in these structures (data
not shown). Conversely, very few uninflamed GR-1� SILTs
displayed anti-Salmonella antibody-positive signals, and such
signals were virtually absent in uninfected intestines (data not
shown). In order to extend our analysis of salmonellae present
in intestinal tissues to the normal mucosa, we used a Salmo-
nella mutant expressing the red fluorescent protein DsRed (see
Materials and Methods). This method only detects live intra-
cellular bacteria and thus provides a more restrictive tool that
avoids even the low level of nonspecific signals obtained by

FIG. 3. The presence of Salmonella in SILT was analyzed by immunofluorescence microscopy. (A) The percentage of infected SILT was
determined by anti-Salmonella antibody staining at days 2, 7, and 13 postinfection in BALB/c mice. In addition, the percentage of infected SILTs
was determined 2 days after infection by SL1344 aroA sipB and SL1344 aroA ssrB double-deficient Salmonella strains. Columns and error bars
depict the means and standard deviations of the fraction of Salmonella-positive SILTs observed in individual mice. (B) The sizes of Salmonella-
positive (�) and negative (�) SILTs before (day 0) and after Salmonella infection (day 2 and day 7) are displayed. Dots depict individual SILTs,
and horizontal bars depict the mean. Salmonella-positive SILTs were significantly larger than Salmonella-negative SILTs. ***, P � 0.001.
(C) Representative fluorescence microscopy images illustrating the presence of Salmonella in PP and SILT at 7 days after infection. The nuclei
have been stained with DAPI (blue). Anti-Salmonella antibody staining is indicated in green, and live intracellular Salmonella expressing the red
fluorescent protein DsRed are shown in red. Note that all salmonellae expressing the DsRed protein are detected by anti-Salmonella antibody
staining and thus appear yellow. The dashed line delineates the follicle associated epithelium. Boxed areas are shown at a higher magnification
as indicated.
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antibody staining. Importantly, all live Salmonella strains iden-
tified by their red fluorescence also stained with the anti-
Salmonella antibody, whereas only a fraction of all Salmonella
strains identified by the antibody also showed a red fluorescent
DsRed signal (Fig. 3C). Corroborating our results obtained by
antibody staining (Fig. 3A), red fluorescent Salmonella strains
were readily detectable in both PP and SILT 2 and 7 days after
infection.

In evaluating more than 250 cryosections of intestinal rolls
obtained from 10 individual infected mice, we detected a total
of 13 single red fluorescent salmonellae inside normal villi
(data not shown). In each of these sections roughly 4 cm of
intestinal tissue was examined. Based on a section thickness of
8 �m and a circumference of roughly 8 mm for the intestinal
tubes, we estimated that the 250 sections examined are equiv-
alent to a complete set of serial sections through a 10-cm-long
fragment of the murine intestine. This indicates that in the
entire small intestines of Salmonella-infected mice fewer than
50 live intracellular salmonellae are present in the non-PP
non-SILT mucosa. In contrast, we detected a total of 460
SILTs in this set of sections, which allows estimating that 1,000
to 1,500 SILTs are present in the entire small intestine, which
is in good agreement with previous observations (24). This
indicates that the number of salmonellae present in SILT is
much higher than in normal villi. This demonstrates that, al-
though salmonellae might enter intestinal tissue outside the PP
and the SILT, this process is very inefficient compared to
salmonellae entering the PP and SILT.

In order to link the presence of Salmonella in SILT in the
early stages of infection with the appearance of inflammatory
sites at late stages of infection, the next step was to determine
the frequency of SILTs in the small intestine of infected and
uninfected mice. We found, in agreement with our previously
reported observations, that in uninfected BALB/c mice SILTs
are present at a frequency of 42 � 6 SILTs/cm2 of intestinal
wall. This frequency of SILTs remained unchanged in Salmo-
nella-infected mice (Fig. 4A), demonstrating that Salmonella
infection neither induces the de novo formation of SILT nor
diminishes its presence significantly. However, we noted a non-
significant trend toward less SILT at day 13 postinfection,
which might result from severe tissue destruction of infected
SILT, thereby complicating proper assessment of these struc-
tures. We finally determined the frequency of GR1� inflam-
matory foci using horizontal sections. Counting the number of
inflammatory foci and measuring the total area analyzed, we
estimated that at day 13 postinfection such foci occur at a mean
frequency of 18 � 6 foci/cm2 of the intestinal wall in BALB/c
mice (n 	 8, 1 to 3 cm2 of the intestinal wall was analyzed for
each animal). Collectively, a total of several hundred inflam-
matory foci are present in the entire intestinal mucosa of
Salmonella-infected mice outside the PP. Notably, the percent-
age of infected SILTs determined early after infection by anti-
Salmonella antibody staining (40% of all SILTs bear Salmo-
nella by 2 days postinfection, Fig. 3A) and the frequency of
SILTs (42 SILTs/cm2 of intestinal wall, Fig. 4A) allowed us to
estimate that Salmonella invasion of SILT occurs at a fre-
quency of 18 foci/cm2, thereby strikingly matching the number
of inflammatory sites observed during late stages of infection
(13 days postinfection, Fig. 4B).

DISCUSSION

Many enteropathogens are able to actively invade host tis-
sues, where they proliferate locally and/or disseminate to dis-
tant body sites (4). It is well known that in susceptible mouse
strains S. enterica serovar Typhimurium can penetrate the in-
testinal barrier and colonize the spleen and liver, resulting in a
typhoid fever-like lethal disease (30). Important virulence de-
terminants of Salmonella are encoded by two major chromo-
somal regions known as SPI-1 and SPI-2 (6, 22), mediating
predominantly the uptake of bacteria and intracellular propa-
gation, respectively. In particular, the type 3 secretion system
encoded by SPI-1 genes facilitates the entry of Salmonella via
M cells and contributes to its invasiveness (13). Invasion of PP
by Salmonella results in a massive inflammatory response, in-
cluding the recruitment of neutrophils and macrophages into
the infected organ. However, several PP-independent mecha-
nisms of Salmonella entry into the host have been suggested,
most importantly via M cells in the FAE of isolated lymphoid
follicles, by intravillus M cells, by lamina propria dendritic
cells, and via uptake by enterocytes (see above). Notably, de-
spite the evidence that these mechanisms are able to support
Salmonella uptake into mucosal tissue the biological signifi-
cance of these mechanisms has not yet been evaluated.

In the present study we investigated the concept that pro-
ductive infection of host tissue would manifest itself by local
inflammation at the sites of primary invasion. We observed, in
line with this idea, that Salmonella is present in all PP at 2 days
postinfection and that in all PP an ensuing inflammatory re-
sponse occurs. Consequently, additional sites of Salmonella
invasion might also induce a local inflammation. Indeed, we
observed numerous inflammatory foci in the intestinal mucosa
outside PP in infected mice but not in uninfected mice. Since
such foci are found scattered throughout the intestinal wall in
a pattern independent of PP localization, this finding clearly
indicates that Salmonella entry into the tissue does not strictly
depend on the PP. A detailed analysis of these inflammatory

FIG. 4. Salmonella infection does not affect the frequency of SILTs
but results in the appearance of inflammatory foci in the intestinal
mucosa. Before and 2, 7, and 13 days after Salmonella infection the
frequency of SILTs (A) and the frequency of GR1� inflammatory foci
(B) were determined by immunofluorescence microscopy of horizontal
sections through the crypt zone. Bars and error bars depict the means
and standard deviations of �4 mice analyzed. ns, not significant.
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sites revealed that such foci are infiltrated SILTs, as judged by
morphological criteria and antibody immunostaining of all ma-
jor cellular constituents of SILT. SILT constitutes a heteroge-
neous spectrum of lymphoid aggregations that frequently pos-
sess M cells that might mediate invasion by Salmonella.

Salmonella could be detected 2 days after infection in
roughly 40% of all SILTs in BALB/c mice. Strikingly, in
BALB/c mice the number of Salmonella-positive SILTs ob-
served at day 2 postinfection matches the number of inflam-
matory foci at 7 and 13 days postinfection, suggesting that all
infected SILTs develop immunopathology. Similarly, a lower
frequency of Salmonella-bearing SILTs in C57BL/6 mice cor-
relates with a lower frequency of inflammatory foci in these
mice (data not shown), further emphasizing that local influx of
inflammatory cells is a general hallmark of productive Salmo-
nella invasion. Importantly, such a view would exclude that the
overall number of initial sites of Salmonella invasion would
considerably exceed the number of inflammatory foci observed
later during infection. In line with this, we observed that live
DsRed-expressing salmonellae were readily identified in PP
and SILT but extremely rare outside organized lymphoid tis-
sues. Thus, the uptake of bacteria via intravillus M cells (12)
and lamina propria dendritic cells (21) might represent a rare
event. In line with this observation, direct evidence for efficient
pathogen uptake by lamina propria dendritic cells has not been
provided thus far and might be restricted to the terminal ileum
in some mouse strains (17, 33). Interestingly, targeting of SILT
by Salmonella did not depend on functional SPI-1- or SPI-2-
encoded type 3 secretion systems. This supports the idea that
infection of SILT by Salmonella is an M-cell-mediated event
and might not strictly depend on Salmonella-expressed viru-
lence factors. M cells are specialized cells that transport par-
ticulate antigens including pathogens but also innocuous par-
ticles such as latex beads from the gut lumen into the PP and
SILT (19, 31). Thus, although SPI-1 facilitates M-cell targeting
it is not essential for Salmonella targeting PP and SILT.

Although it is evident that systemic dissemination of entero-
pathogens does not strictly depend on their ability to colonize
local lymphoid tissue at their site of entry (2, 3, 9), we dem-
onstrate here that local mucosal inflammation is mostly re-
stricted to M-cell-containing structures, i.e., PP and SILT. No-
tably, the presence of SILT is a general feature of many
species, including mice, rats, and humans (24), and in human
typhoid fever inflammation it is observed in PP and solitary
lymphoid follicles (15). This suggests that the prominent role
of SILT during Salmonella infection described here is not re-
stricted to the mouse model.

Uncoupling the processes of Salmonella-induced pathogen-
esis at systemic and mucosal sites allows us to reconcile various
studies discussing different mechanisms for the uptake of en-
teropathogens into mucosal tissues and the apparent lack of
protection against fatal systemic bacteremia once such mech-
anisms are disrupted. This does not rule out after all that local
tissue injury caused by mucosal inflammation could propagate
subsequent systemic spreading of enteropathogens or more
dramatically result in intestinal perforation, one of the most
serious complications of severe human typhoid fever (25).

In conclusion, we suggest that in mice SILT and PP support
infection by Salmonella, resulting in severe immunopathology
at both sites. Infection of SILT leads to enlargement of in-

fected structures and to local tissue destruction but does not
trigger neogenesis of intestinal lymphoid tissue.
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