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The release of antimicrobial peptides and growth fac-
tors by Paneth cells is thought to play an important
role in protecting the small intestine, but the mecha-
nisms involved have remained obscure. Immunohis-
tochemistry and immunofluorescence showed that
Paneth cells express Toll-like receptor 9 (TLR9) in the
granules. Injection of mice with oligonucleotides con-
taining CpG sequence (CpG-ODNs) led to a down-
modulation of TLR9 and a striking decrease in the
number of large secretory granules, consistent with
degranulation. Moreover CpG-ODN treatment in-
creased resistance to oral challenge with virulent Sal-
monella typhimurium. Moreover, our findings dem-
onstrate a sentinel role for Paneth cells through TLR9.
(Am J Pathol 2004, 165:373–381)

The primary role of the small intestine is the digestion of
food into low-molecular mass components, followed by
their absorption. The absorptive surface of the intestine is
covered with a carpet of villi, surrounded by very narrow
pits, or crypts. At the bottom of each small intestinal crypt
is a cluster of 5 to 15 Paneth cells. These are pyramidally
shaped epithelial cells filled with numerous cytoplasmic
granules1–4 containing an array of antimicrobial molecules
such as defensins5,6 (termed cryptdins), lysozyme,7,8 and
type II phospholipase A2.9 Electron microscopic observa-
tions have localized secretory granules and smooth-sur-
faced vesicles in the apical cytoplasm, while an oval nu-
cleus is located in the basal cytoplasm.10 The presence of
multiple antibacterial proteins in the secretory granules of
Paneth cells has led to the hypothesis that these cells sense
bacteria entering the crypt, and respond by releasing anti-
microbial substances. The resulting increased concentra-
tion of antimicrobial molecules in the intestinal lumen may
be important in controlling microbial density in the small
intestine where microbial nutrients in the form of digests are
plentiful. Moreover, the vital processes of small intestinal
epithelial cell renewal take place in the crypts, and Paneth
cells located at the base of these crypts have been impli-

cated in these processes because the cells produce intes-
tinal trefoil factor11 that promotes cell migration; epidermal
growth factor12 that stimulates the growth of epithelial cells;
and osteopontin, a regulator of cell-matrix interaction, cell
polarization, and cell migration.13 Thus, current evidence
supports an important role for Paneth cells in the defense
against pathogens, in the regulation of microbial density in
the small intestine, and in the protection and regulation of
nearby stem cells. Paneth cell granule release in response
to microbial products10,14–19 has been recently confirmed
by Ayabe and colleagues20 using in vitro isolated intact
crypts. However the receptors that allow Paneth cells to
sense bacteria have remained unknown. The simplest sce-
nario would place the receptors directly on the Paneth cells,
but it is also possible that other crypt cells sense bacteria
and relay the signal to the bottom of the crypt by cell-to-cell
communication or via soluble mediators.

Toll-like receptors (TLRs), which are mammalian ho-
mologs of the Drosophila protein Toll21 involved in anti-
fungal defense,22 are part of the innate immune response
to microbial pathogens.23 Recent studies had provided
evidence that TLR9 recognizes bacterial DNA, in partic-
ular sequences containing unmethylated CpG dinucleoti-
des. Indeed bacterial DNA or synthetic CpG-motif-con-
taining oligodeoxynucleotides (CpG-ODNs) applied
directly to B cells, macrophages, and dendritic cells re-
sult in the release of a plethora of predominantly Th-1-
associated cytokines.24,25 Very recently, human colonic
epithelial cell lines were shown to express TLR9 and to
respond to Escherichia coli DNA or CpG-ODNs by in-
creased interleukin-8 production.26

Here, we report the expression of TLR9 in Paneth cells
of mouse and human small intestine and the down-mod-
ulation of TLR9 in these cells, accompanied by a striking
decrease in the number of large secretory granules and
the formation of large vacuoles, after in vivo exposure to
CpG-ODNs. Moreover, pretreatment of mice with CpG-
ODNs increases resistance to oral challenge with virulent
Salmonella typhimurium.
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Materials and Methods

Reagents

Purified single-stranded 1668 CpG-ODN (5�-TCCAT-
GACGTTC CTGATGCT-3�) containing a CpG motif and
control AP1-ODN (5�-GCTTGATGACTCAGCCGGAA)
lacking a CpG motif were synthesized by M-Medical-
Genenco (Firenze, Italy) under endotoxin-free conditions
and dissolved in sterile water. Both ODNs were phospho-
rothioated to reduce the susceptibility of the ODNs to
DNase digestion, thereby significantly prolonging their
half-life in vivo. Goat anti-human TLR9 N-15 was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
Murine biotinylated anti-murine TLR9 monoclonal anti-
body (mAb) 5G5 was purchased from Hycult Biotechnol-
ogy b.v. (Uden, The Netherlands).

Western Blot Analysis

Cell extracts were prepared from human colorectal ade-
nocarcinoma HT-29 [American Type Culture Collection
(ATCC), Rockville, MD], human embryonic kidney
HEK293 (ATCC), murine T lymphoma EL-4 (ATCC), and
B lymphocytes, obtained from freshly isolated spleno-
cytes by magnetic cell sorting using anti-CD19 mi-
crobeads (Miltenyi Biotec, Bologna, Italy), by lysis in 50
mmol/L Tris-HCl, 150 mmol/L NaCl, 1% Nonidet P-40, 10
�g/ml aprotinin, 10 �g/ml leupeptin, and 10 mmol/L phe-
nylmethyl sulfonyl fluoride for 1 hour at 4°C, followed by
centrifugation. Samples were mixed with NuPage LDS
sample buffer and NuPage sample reducing agent (both
from Invitrogen Italia, Milan, Italy) and boiled for 10 min-
utes at 70°C. Total cell lysates (50 �g/lane) were sub-
jected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Invitrogen) and transferred to nitrocellu-
lose membranes. After blocking, membranes loaded with
human and murine cell extracts were exposed to the
respective anti-human and anti-murine TLR9 reagents,
washed, and incubated with peroxidase-conjugated rab-
bit anti-goat IgG and peroxidase-conjugated streptavi-
din, respectively. Membranes were washed and devel-
oped by enhanced chemiluminescence (Amersham
Bioscience, Milan, Italy) according to the manufacturer’s
instructions.

Bacteria

S. typhimurium, strain ATCC 14028, was grown in BHI
broth (Becton Dickinson, Palo Alto, CA), supplemented
with 10% fetal calf serum (Seromed, Berlin, Germany). S.
typhimurium was passaged twice in C57BL/6 mice by oral
inoculation to enhance virulence. Bacteria were isolated
from the orally infected mice by washing the peritoneum
with 1 ml of saline. The collected liquid was plated on
selective agar (Becton Dickinson). Bacterial stocks were
stored in aliquots at �70°C. Bacteria used for inoculation
were grown to log phase in brain heart infusion (BHI)
broth and diluted to obtain the appropriate concentration
of bacteria, determined by optical density at 600 nm. The

actual inoculation titer [number of colony-forming units
(CFU)] was measured by plating serial dilutions.

Mice

FVB and C57BL/6 mice were purchased from Charles
River (Calco, Italy) and used at 8 to 12 and 4 to 6 weeks of
age, respectively. C57BL/6 mice used for S. typhimurium
infection were maintained under specific pathogen-free
conditions. Experimental protocols were approved by the
Ethics Committee for Animal Experimentation of the Istituto
Nazionale Tumori of Milan, according to United Kingdom
Co-ordinating Committee on Cancer Research guide-
lines.27

Preparation of Small Intestine Crypts and
Northern Blot Analysis

Intestinal crypts from mice injected intraperitoneally 3
hours previously with 40 �g of CpG-ODN or saline were
isolated by ethylenediaminetetraacetic acid dissociation
of small intestine segments as described by Arabe and
colleagues.20 Briefly, segments of second half of mouse
small intestine were averted and shaken in Ca��-Mg��-
free phosphate-buffered saline (PBS) buffer containing
30 mmol/L ethylenediaminetetraacetic acid to elute
crypts. Villi and crypts eluted during 5-minute intervals
were deposited by centrifugation at 700 � g and resus-
pended in PBS buffer. Total RNA was extracted from
isolated crypts and 5 �g of RNA from each mouse was
fractionated by formaldehyde-agarose gel electrophore-
sis and then blotted onto a nylon membrane (Hybond
N�, Amersham Bioscience). Northern blots were sequen-
tially hybridized to cryptdin 1 (CAGCCTGGACCTGGAA-
GGCCAGCAGGACAAGGGCAGAGAGGAGGACTA) and
GAPDH (full-length coding sequence) 32P-labeled
probes. Hybridizations were done overnight at 37°C in
50% formamide and washed at room temperature for 1
hour, followed by washing at 55°C in 2� standard saline
citrate (1� standard saline citrate is 0.15 mol/L NaCl plus
0.015 mol/L sodium citrate)-0.1% sodium dodecyl sul-
fate. Northern blots were scanned and the band intensity
was determined by the ImageQuant program (Molecular
Dynamics, Sunnyvale, CA). Band intensity for cryptdin 1
was expressed as a proportion of the GAPDH value.

Immunohistochemistry and
Immunofluorescence

TLR9 expression was assessed on normal intestine spec-
imens obtained from surgical cancer patients of Istituto
Nazionale Tumori and from FVB mice. Samples were
fixed immediately in 10% neutral buffered formalin for 4
hours and embedded in paraffin. For immunohistochem-
istry, paraffin specimens were sectioned at 5 �m and
collected on silanizated slides, deparaffinized, and
rinsed in Tris-HCl. After antigen retrieval by autoclaving in
0.01 mol/L (pH 6) sodium citrate and after quenching of
endogenous peroxidase in 0.3% H2O2 in 0.1 mol/L Tris-
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HCl for 20 minutes, nonspecific sites were blocked with
following solution, 0.05 mol/L Tris-HCl, 0.15 mol/L NaCl,
0.5% ovalbumin, 0.1% gelatin, 0.05% Tween 20, and
0.2% fish gelatin for 20 minutes at room temperature.
Murine and human sections were incubated with anti-
mouse TLR9 5G5 and with anti-human TLR9 N-15 anti-
bodies, respectively, for 1 hour at 37°C. TLR9 5G5 was
detected by ABC Elite Vectastain (Vector Laboratories,
Burlingame, CA) and TLR9 N-15 was detected by biotin-
ylated rabbit anti-goat immunoglobulins and peroxidase-
conjugated streptavidin (DAKO, Carpinteria, CA) (diluted
1:100 and 1:300 in PBS). Sections were then mounted in
entellan.

For immunofluorescence, antigen retrieval was per-
formed and murine sections were incubated with 0.1
mol/L glycine buffer for 5 minutes at room temperature.
Nonspecific sites were blocked with a solution of 0.05
mol/L Tris-HCl, 0.15 mol/L NaCl, 0.5% ovalbumin, 0.1%
gelatin, 0.05% Tween 20, and 0.2% fish gelatin for 20
minutes at room temperature, and slides were incubated
with anti-TLR9 5G5 antibody for 1 hour at 37°C. After
rinsing, sections were incubated with tetramethyl-rhoda-
mine isothiocyanate-conjugated streptavidin (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) at
a 1:1000 dilution in Tris-HCl for 30 minutes at 37°C.
Nuclei were counterstained with YoPro-1 (Molecular
Probes, Eugene, OR) and slides were mounted with
Mowiol mounting medium. TLR9 immunofluorescence
was observed under a confocal laser-scanning micro-
scope (MicroRadiance 2100; Bio-Rad) mounted on an
inverted microscope (Nikon Eclipse 300). Illumination
sources were an argon laser (488 nm) to excite YoPro-1
and He-Ne (543 nm) for tetramethyl-rhodamine isothio-
cyanate. Single channels were collected sequentially us-
ing a selective barrier filter detecting green fluorescence
to cut off the possible emission of the second peak of
tetramethyl-rhodamine isothiocyanate at 514 nm. All im-
ages were collected using a PlanApo 60 � 1.4 NA oil
immersion lens, at 512 � 512 pixels and a scanning time
of 1 second. Projection images were obtained from serial
optical sections using LaserSharp software (Bio-Rad).

In Vivo Studies

Intestinal expression of TLR9 was analyzed in mice (four
animals/group) either untreated or injected intraperitone-
ally 24 hours before with 1668 CpG-ODN or control AP1-
ODN at a dose of 40 �g/mouse. TLR9-stained granules in
Paneth cells were quantitated only in crypts sectioned
through the center and revealing a clear lumen. Five
crypts were analyzed for each mouse. For each crypt, the
ratio of number of TLR9-stained granules to number of
Paneth cells was calculated. From the five measurements
of the four mice of each group, mean values of TLR9-
positive granules per cell were compared using Student’s
t-test.

Depletion of secretory granules from Paneth cells after
CpG-ODN treatment was analyzed by optic and electron
microscopy of crypts obtained from mice (two animals/
group) either untreated or injected intraperitoneally 24

hours, 12 hours, and 3 hours previously with 1668 CpG-
or control AP1-ODNs at a dose of 40 �g/mouse. Jejunum
fragments were removed and processed as above. For
each mouse five to six microislets were fixed in 3.3%
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4) for
2 hours at 4°C, washed in 0.1 mol/L phosphate buffer,
postfixed in 1% osmium tetroxide in 0.1 mol/L phosphate
buffer, dehydrated through an ascending series of eth-
anols, and embedded in Araldite. Ultra-thin sections were
cut on a diamond knife with a Reichert Ultracut R ultra-
microtome (Leica, Wien, Austria), stained with uranyl ac-
etate and lead citrate, and observed with a Jeol CX100
transmission electron microscope (Jeol, Tokyo, Japan).
Semithin sections from the some samples were analyzed
by an optical microscopy Nikon 600 equipped with a
digital camera Nikon DXR 1200 (Nikon, Tokyo, Japan).

Bacterial infection was analyzed in C57BL/6 mice
maintained under specific pathogen-free conditions.
Mice were treated with 1668 CpG-ODN intraperitoneally
at a dose of 40 �g/200 �l saline (20 animals) or with
saline alone (10 animals). Three days after, mice of each
treatment were randomly divided in two groups and 1.6 �
105 or 1.6 � 107 CFU of S. typhimurium in 0.3 ml was
orally inoculated using a syringe fitted with a feeding
needle. The number of dead animals was recorded daily.

Results

Expression of TLR9 in Murine and Human
Intestine

Western immunoblotting confirmed the specificity of two
commercially available anti-murine and anti-human TLR9
antibodies. The anti-murine TLR9 mAb 5G5 detected a
protein of the appropriate molecular weight in murine B
lymphocytes, whereas EL-4 T cells showed a faint band
(Figure 1, right), in keeping with the reported high and
low TLR9 mRNA expression in B and T cells, respective-
ly.28 The anti-human TLR9 N-15 antibody detected an im-
munoreactive protein at the appropriate molecular weight in
human HT-29 colon cells but not in HEK-293 kidney cells
(Figure 1, left), described as TLR9-positive and TLR9-neg-
ative cell lines, respectively, based on reverse transcrip-
tase-polymerase chain reaction analysis.26,29

Immunohistochemical staining of transverse sections
of murine small intestine with mAb 5G5 indicated expres-
sion of TLR9 in the cytoplasm of enterocytes of the villi

Figure 1. Western blot analysis of murine B lymphocyte and EL-4 cell lysates
(right) and human HT-29 and HEK293 cell lysates (left) using antibodies
5G5 and N-15 against murine TLR9 and human TLR9, respectively.
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and crypts (Figure 2A). Staining was localized in small
dots. Sporadic labeled cells, probably leukocytes, were
observed in the lamina propria. Note that TLR9 staining
was more intense at the level of Paneth cells, in deeper
parts of the crypts were these cells reside (Figure 2B). In
these cells, labeling was compartmentalized in large

dots. Confocal microscopy confirmed the immunohisto-
chemical results and demonstrated the localization of
TLR9 mainly in the secretory granules (Figure 2, C and
D). Immunohistochemical analysis of human transverse
ileum sections using the anti-human TLR9 N-15 poly-
clonal antibody also revealed enterocyte and Paneth cell

Figure 2. Interference contrast images of villi longitudinal sections from murine jejunum immunostained with anti-TLR9 mAb 5G5 show expression of TLR9 in
cytoplasm of enterocytes (A) and in Paneth cells (B). Confocal microscope images of TLR9 expression in enterocytes and Paneth cells (C) with granules
(arrowhead) clearly labeled (D). Red, TLR9 staining; green, Yopro-3 nuclear staining. Scale bars: 10 �m (A, B); 30 �m (C); 8 �m (D).
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staining. Again, labeling was confined to and localized in
the cytoplasm of enterocytes and Paneth cells, with more
intense staining in the latter (Figure 3, A and B).

Down-Regulated Expression of TLR9 in
Intestine of CpG-ODN-Treated Mice

Mice were treated intraperitoneally with CpG-ODNs, con-
trol AP1-ODNs, or left untreated, and jejunum sections
prepared for immunohistochemistry 24 hours later. Stain-
ing with anti-murine TLR9 5G5 mAb revealed a decrease
in the TLR9 expression in enterocytes, especially in Pan-
eth cells, of CpG-ODN-treated mice (Figure 4A), whereas
staining in sections from AP1-ODN-treated and untreated
mice showed no detectable difference (Figure 4, B and
C). Confocal microscopy revealed a marked reduction in
the number of stained granules in Paneth cells (Figure 4;
D to F). Indeed, 6.38 � 0.78 and 5.78 � 0.85 (mean �
SD) TLR9-positive granules per cell were detected in
untreated and control ODN-treated mice, respectively,
whereas only 2.20 � 0.36 granules were observed in the
CpG-ODN-treated mice (P � 0.001 Student’s t-test).

Depletion of Secretory Granules from Paneth
Cells after CpG-ODN Treatment

To determine whether down-modulation of TLR9 in Pan-
eth cells of CpG-ODN-treated mice resulted from degran-
ulation of these cells, secretory granules from mice un-
treated or injected intraperitoneally with 1668 CpG-ODN
or control AP1-ODN 24 hours, 12 hours, and 3 hours
previously were analyzed by optic and electron micros-
copy. In untreated and AP1-treated mice, light micros-
copy showed Paneth cells filled with large granules (Fig-
ure 5A), which by electron microscopy are revealed as an
electron-dense core surrounded by a small clear crown
(Figure 5B). In Paneth cells 3 hours after treatment of
mice with CpG-ODNs, the size of granules was dramat-
ically decreased as compared with those in AP1-treated
or control mice, and the granules were localized toward
the apical cell membrane (Figure 5, C and D). Some

fields revealed portions of granules (half-moon shape)
filled with electron-dense material, suggestive of granule
fragments (inset in Figure 5D). Some Paneth cells of mice
treated 12 hours before with CpG-ODNs showed a de-
creased diameter of secretory granules whereas in other
granules, the dimensions were similar to those in un-
treated and AP1-treated mice; frequently one or more
large membrane-limited vacuoles, surrounded by small
vesicles, were present (Figure 5, E and F). Paneth cells of
mice treated 24 hours before with CpG-ODNs showed
morphology similar to that of control cells (data not
shown).

mRNA Expression of Paneth Cell Cryptdin 1 in
Response to CpG-ODN

The effect of CpG-ODN treatment on Paneth cell antimi-
crobial mRNA expression was analyzed in intestinal
crypts isolated from mice injected intraperitoneally 3
hours previously with 40 �g of CpG-ODN or saline. Pan-
eth cells from mice pretreated with CpG-ODN revealed
on average, an increase in cryptdin 1 mRNA expression
(Figure 6).

Effect of CpG-ODN Treatment on Lethal
Infection with S. typhimurium

Defensins and other polypeptides secreted by Paneth
cells are thought to contribute to host defense of the small
intestine. In support of this hypothesis, studies in matri-
lysin-deficient mice lacking mature defensins30 and in
transgenic mice expressing a human intestinal defen-
sin18 demonstrated a role for defensins in vivo against
oral challenge with S. typhimurium. We assessed the sur-
vival of mice treated intraperitoneally with CpG-ODN or
saline and 72 hours later, inoculated with 1.6 � 105 or
1.6 � 107 CFU of a virulent strain of S. typhimurium. At
both doses of bacterial inoculum, mice pretreated with
CpG-ODN survived longer to S. typhimurium infection
than did mice treated with saline alone (P � 0.0289 and
P � 0.0014, respectively, by log-rank test) (Figure 7).

Discussion

The present study demonstrates the expression of the
TLR9 protein in normal gut epithelial cells, extending the
list of TLRs found in intestinal epithelia and supporting a
sentinel role for intestinal cells.31 Although quantitative
definition and comparison of differential TLR expression
based on immunohistochemistry is difficult, TLR9 ap-
pears to be constitutively expressed by intestinal epithe-
lial cells of normal mucosa as reported for TLR3 and
TLR5, whereas TLR2 and TLR4 expression has been
described as very low level.32

Our results also provide the first evidence of high-level
TLR9 expression in Paneth cells, localized mainly at the
level of secretory granules, as shown by confocal micros-
copy. These observations indicate a way by which Pan-
eth cells sense the presence of bacterially derived mol-

Figure 3. Photomicrographs of transverse section of human ileum. Entero-
cytes labeled with N-15 antibody against TLR9 (A). Detail of the deep portion
of ileum mucosa with Paneth cells strongly labeled (B). Scale bars, 10 �m.
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Figure 4. Immunohistochemical reactivity with TLR9 mAb of jejunum epithelial cells from mice 24 hours previously injected intraperitoneally with 1668 CpG-ODN
(A) or control AP1-ODN (B) or left untreated (C). D–F: Confocal images of Paneth cells of jejunum from mice 24 hours previously treated with CpG-ODN or
AP1-ODN or left untreated, respectively. Scale bars: 10 �m (A–C); 17 �m (D–F).
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ecules. Recently, it has been described the expression in
Paneth cells of NOD233 which is implicated in lipopoly-
saccharide recognition. Interestingly, like TLR9, NOD2
appears located in the close proximity of Paneth cell
granules.34 Unlike other TLRs, TLR9 expression has been
described essentially as intracellular.35 Moreover circum-
stantial evidence indicated that TLR9 in phagocytic cells,
the only cells until recently thought to express TLR9, was
present at the endosomal level.36 Because bacterial DNA
resides inside the pathogen, destruction of the patho-
gen’s cell wall and release of its DNA is a prerequisite for

TLR9 activation. These processes take place in lyso-
somes after phagocytosis and endosomal maturation. In
phagocytic cells, TLR9 is specifically localized to the
cellular sites of ligand liberation. In cells without phago-
cytic capability, as appears to be the case for Paneth
cells, TLR9 is localized on the granules. In these cells,
bacterial DNA fragments liberated, for example, by mac-
rophages might be internalized by diffusion and interact
with TLR9 on the granule to induce degranulation. In-
deed, electron microscopy clearly showed that CpG-
ODN treatment induces changes in secretory granules
similar to those observed in germ-free mice inoculated
with bacteria.10 The degranulation process was pro-
nounced at 3 hours and 12 hours after CpG treatment,
while at 24 hours, granule dimension and morphology
were similar to that in untreated and AP1-treated mice,
suggesting granule reaccumulation. The decrease in
TLR9-positive granules at 24 hours after CpG treatment
suggests that the newly formed granules are delayed in
re-expressing TLR9, which may require more time for

Figure 5. Electron photomicrographs of the bottom of crypts and electron
micrographs of Paneth cells from mice untreated (A, B) or injected intraperi-
toneally 3 hours (B, C) or 12 hours (E, F) previously with 1668 CpG-ODN.
Secretory granules (SG), smooth vesicles (arrows), vacuoles (V), and crypt
lumen (L) are indicated. Scale bars: 10 �m (A, C, E); 1.7 �m (B); 2.1 �m (D);
3.4 �m (F); 1 �m (inset).

Figure 6. mRNA expression of Paneth cell cryptdin 1 in response to CpG-
ODN as quantified by Northern blot analysis. Mice were injected intraperi-
toneally 3 hours previously with saline or CpG-ODN and then sacrificed.
Intestinal crypts were isolated by dissociation of small intestine segments.
Quantification was obtained by normalization with GADPH expression. Each
point represents one mouse.

Figure 7. Survival curve after oral challenge with a virulent stain of S.
typhimurium (ATCC 14028). Mice were inoculated with saline (–f–) or 1668
CpG-ODN (–F–) and 3 days later, with 1.6 � 105 (A) or 1.6 � 107 (B) CFU
of bacteria.
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synthesis. TLR9 expression was decreased even in en-
terocytes, raising the possibility of degranulation in these
cells as well. In fact, it has been reported that certain
epithelial cells active genes encoding defensins in re-
sponse to bacteria,37,38 therefore a self-protection mech-
anism through a direct effect of CpG-ODN on these cells
cannot be ruled out.

Intestinal crypts isolated from mice before injection
with CpG-ODN revealed an increase in cryptdin 1 mRNA
expression, thus supporting the hypothesis that binding
of TLR9 by its cognate ligand induces the production of
defensins and other molecules from Paneth cells. Moreover,
in mice pretreated with CpG-ODN and orally challenged
with S. typhimurium a significant delay in mortality was ob-
served. To our knowledge this is the first report of CpG-ODN
administration by itself increasing survival of mice chal-
lenged with an enteric pathogen. The role of defensins in
controlling S. typhimurium infections had been reported only
in mice rendered deficient in enzyme implicated in the
processing of intestinal defensins30 or in mice transgenic for
expression of a human intestinal defensin.18 As regards
CpG-ODN, it has been reported that CpG-ODN pretreat-
ment reduces the number of Listeria monocytogenes, when
administered 48 to 96 hours before the challenge with this
enteric pathogen, even in mice lacking Peyer’s patch-
es.39,40 On the basis of these data and considering that
defensins are reported to act also indirectly by inducing
cytokine and chemokine release,41 mice were orally chal-
lenged with S. typhimurium 72 hours after CpG-ODN treat-
ment, but it is plausible that CpG-ODN treatment should
reduce susceptibility to infection even in a shorter time.
Accordingly for a role of TLR9 signaling on gut protection,
recently it has been described the anti-inflammatory effect
exerted by probiotic DNA treatment on dextran sodium
sulfate-induced murine colitis.42

In our study, CpG-ODNs were delivered intraperitone-
ally to the gut, and it is unknown whether CpG-containing
DNA fragments from luminal bacteria reach Paneth cells
under physiological conditions, or, in light of the location
of these cells in the deepest layers of the intestinal mu-
cosa, whether this event occurs only on alteration of the
mucosa. The presence of TLR9 in Paneth cells might
explain the data of Ayabe and colleagues,20 who re-
ported a secretory response by Paneth cells from iso-
lated crypts exposed to gram-positive and gram-nega-
tive bacteria, but no secretion of defensins by these cells
after exposure to eukaryotic microbial pathogens, such
as Candida albicans, Cryptococcus neoformans, or Giardia
lambia. This innate mechanism of protection after expo-
sure to bacteria might be physiologically relevant in pro-
tecting crypts. Further studies are needed to assess
whether Paneth cell activation through CpG-TLR9 inter-
action induces secretion of cytokines to coordinate host
defenses with other cell types.
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