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The Toll-like receptor 2 (TLR2)/TLR1 receptor complex responds to amyloid fibrils, a common component of biofilm material
produced by members of the phyla Firmicutes, Bacteroidetes, and Proteobacteria. To determine whether this TLR2/TLR1 ligand
stimulates inflammatory responses when bacteria enter intestinal tissue, we investigated whether expression of curli amyloid
fibrils by the invasive enteric pathogen Salmonella enterica serotype Typhimurium contributes to T helper 1 and T helper 17
responses by measuring cytokine production in the mouse colitis model. A csgBA mutant, deficient in curli production, elicited
decreased expression of interleukin 17A (IL-17A) and IL-22 in the cecal mucosa compared to the S. Typhimurium wild type. In
TLR2-deficient mice, IL-17A and IL-22 expression was blunted during S. Typhimurium infection, suggesting that activation of
the TLR2 signaling pathway contributes to the expression of these cytokines. T cells incubated with supernatants from bone
marrow-derived dendritic cells (BMDCs) treated with curli fibrils released IL-17A in a TLR2-dependent manner in vitro. Lower
levels of IL-6 and IL-23 production were detected in the supernatants of the TLR2-deficient BMDCs treated with curli fibrils.
Consistent with this, three distinct T-cell populations—CD4� T helper cells, cytotoxic CD8� T cells, and �� T cells—produced
IL-17A in response to curli fibrils in the intestinal mucosa during S. Typhimurium infection. Notably, decreased IL-6 expression
by the dendritic cells and decreased IL-23 expression by the dendritic cells and macrophages were observed in the cecal mucosa
of mice infected with the curli mutant. We conclude that TLR2 recognition of bacterial amyloid fibrils in the intestinal mucosa
represents a novel mechanism of immunoregulation, which contributes to the generation of inflammatory responses, including
production of IL-17A and IL-22, in response to bacterial entry into the intestinal mucosa.

The intestinal lumen is host to a diverse population of microbes,
which provide benefits by conferring protection against

pathogens. While the presence of these beneficial microbes in the
intestinal lumen does not evoke overt host responses, microbial
invasion of host tissue needs to be met by a rapid activation of host
defenses through innate immune mechanisms. One mechanism
by which the innate immune system senses microbial entry into
tissue is the detection of conserved microbial structures, known as
pathogen-associated molecular patterns (PAMPs), by host cell re-
ceptors, such as Toll-like receptors (TLRs) (40). However, while
this concept is well established through tissue culture models, less
is known about the identity of signals that contribute to inflam-
mation in the intestine, a site exposed to large microbial commu-
nities.

Amyloid fibrils are a PAMP that is commonly present in bio-
film material produced by members of the phyla Firmicutes, Bac-
teroides, and Proteobacteria (41, 44). The best-characterized mem-
ber of this family of surface structures is the curli (55), which are
amyloid fibrils (13) produced by Salmonella enterica serovar Ty-
phimurium, Escherichia coli, and other closely related members of
the Enterobacteriaceae (65, 85). Curli amyloid fibrils of E. coli and
S. Typhimurium stimulate innate immune responses (4, 5), which
requires both TLR2 (79, 80) and TLR1 (78). Although other
TLR2/TLR1 ligands, such as lipoproteins, can be purified from the
bacterial cell wall, curli amyloid fibrils are a prominent TLR2/
TLR1 agonist recognized on intact cells of E. coli (78). TLR2 is
expressed by various cell types in the gastrointestinal tract, includ-
ing epithelial cells and antigen-presenting cells (10–12, 35, 59).

Collectively, these observations raise the question of whether am-
yloid fibrils induce TLR2-dependent responses when bacteria
transit from the gut lumen into the intestinal mucosa.

To address this question, we studied a pathogen, S. Typhimu-
rium, which actively invades the intestinal mucosa, thereby evok-
ing a rapid and robust activation of host defenses. S. Typhimu-
rium causes acute cecal inflammation in mice preconditioned by
treatment with streptomycin (mouse colitis model), in part by
using its invasion-associated type III secretion system (T3SS-1) to
enter the intestinal mucosa (2). One challenge of detecting the
contribution of TLR2-dependent responses in vivo is the fact that
the presence of S. Typhimurium in tissue is sensed by a multitude
of additional pathways, including the detection of flagellin by
TLR5 (26), the detection of the lipid A moiety of lipopolysaccha-
ride (LPS) by TLR4 (81), the detection of cell wall fragments by
nucleotide-binding oligomerization domain 1 (NOD1) and
NOD2 (24, 25, 46), the detection of cytosolic access by T3SS-1
through NLRC4 (NOD-like receptor [NLR] family caspase-asso-
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ciated recruitment domain [CARD]-containing protein 4) (21,
52, 53) and the activation of NLRP3 (NLR family pyrin domain-
containing protein 3) by an unknown mechanism (8).

Due to the multitude of mechanisms contributing to S. Typhi-
murium-induced intestinal inflammation, inactivation of a single
pathway does not reduce the overall severity of pathological
changes in the mucosa. For example, activation of NLRC4 and
NLRP3 results in proteolytic activation of interleukin 1� (IL-1�),
an important proinflammatory cytokine. However, IL-1 receptor
deficiency has little effect on the development of intestinal pathol-
ogy in the mouse colitis model of S. Typhimurium infection (43).
Similarly, mice deficient for TLR2, TLR4, or TLR5 do not exhibit
significant changes in the severity of intestinal pathology in this
model (33). In contrast, mice deficient for myeloid differentiation
primary response protein 88 (MyD88), an adaptor protein re-
quired for signaling through TLR2, TLR4, TLR5, and the receptor
for IL-1�, exhibit a marked reduction in the severity of intestinal
lesions in the mouse colitis model (43). These data suggest that
pathology scoring does not provide sufficient sensitivity to resolve
the contribution of an individual pathway to S. Typhimurium-
induced inflammation.

A more sensitive approach to monitoring inflammation is the
detection of cytokine responses, particularly those that become
amplified in tissue. Two types of immune responses operational
during S. Typhimurium-induced colitis are generated by the acti-
vation of the CD4� T helper cells, specifically the T helper 1 (Th1)
immune response and the activation of T helper 17 (Th17) im-
mune responses (67). The Th17-type immune response consists
of antigen-presenting cells that, in response to microbial stimuli,
release IL-23, IL-6, and/or IL-1�, cytokines which in turn act on
naïve T cells to induce the production of IL-17A and IL-22 (27, 28,
43). Recently, a novel innate lymphoid cell population, lymphoid
tissue inducer (LTi) cells, has also been shown to produce IL-17A
as well as IL-22 upon inflammation in the gut (39, 75). The Th1
type response consists of antigen-presenting cells that, in response
to microbial stimuli, produce tumor necrosis factor alpha
(TNF-�) as well as IL-12 and/or IL-18, two cytokines that act on T
cells and NK cells to induce gamma interferon (IFN-�) produc-
tion (20, 27, 34, 49–51). The amplification products IL-17A, IL-
22, and IFN-� are among the cytokines whose expression is most
prominently induced in the intestinal mucosa early after S. Typhi-
murium infection (27, 63). Expression levels of IL-17A, IL-22, and
IFN-� are therefore sensitive indicators of inflammation elicited
during S. Typhimurium infection.

Here, we addressed the in vivo role of TLR2 activation by curli
fibrils during S. Typhimurium-induced acute intestinal inflam-
mation by monitoring the expression of cytokines that are in-
volved in the Th1- and Th17-type cell responses in the mouse
colitis model.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. S. Typhimurium
strain IR715 is a fully virulent, spontaneous nalidixic acid-resistant deriv-
ative of strain ATCC 14028 (73). SF15 (82), a derivative of IR715 which
carries a marked mutation in the csgBA genes, was used to generate an
unmarked deletion of the csgBA genes. A cellulose mutant that has a
kanamycin cassette insertion in the bcsE gene was kindly provided by John
Gunn at Ohio State University. To confer streptomycin resistance, plas-
mid pHP45� was introduced into all strains used in animal experiments
(60). Bacteria were grown in Luria-Bertani (LB) broth or LB agar contain-

ing the following antibiotics as appropriate: carbenicillin (100 �g/ml),
nalidixic acid (50 �g/ml), and kanamycin (50 �g/ml).

Generation of a curli mutant. To generate an unmarked deletion of
csgBA, the upstream and downstream regions of csgBA genes were ampli-
fied with primer pairs Agf7-Agf8 and Agf3-Agf4 (Table 1), respectively.
These PCR products were ligated to each other after digestion with PstI.
Another PCR product was amplified from this DNA using primers Agf9
and Agf10. The resulting PCR product was cloned into pCR2.1 vector and
transformed into Top10 cells (Invitrogen). The insert in pCR2.1 was di-
gested with EcoRI and ligated into vector pRDH10, which was previously
digested with the same enzyme, giving rise to plasmid pSF24, and this
plasmid was transformed into E. coli S17 �pir (70). The strain carrying the
unmarked csgBA deletion was produced by introducing plasmid pSF24
into S. Typhimurium SF15 by conjugation. An exconjugant with an un-
marked deletion of csgBA was selected by sacB counterselection and des-
ignated CT16.

Characterization of bacterial strains. To detect curli formation by
Western blotting, bacteria grown on T-medium plates containing 0.1%
tryptone (pH 7.2) at 30°C for 48 h were recovered from plates, and curli
fibrils were depolymerized by 90% formic acid treatment as described
previously (15). Next, formic acid-treated extracts were separated by so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE),
and proteins were transferred to Immobilon-P (Millipore) membranes
using a Trans-Blot semidry transfer cell (Bio-Rad). The presence of CsgA
was detected by using rabbit anti-CsgA serum as described previously
(37).

Curli expression was further detected by flow cytometry in bacterial
strains grown on T-medium plates at 30°C for 48 h. Bacterial cells were
recovered in phosphate-buffered saline (PBS), and curli fibril expression
was detected by labeling cells with rabbit anti-CsgA serum (1:250 dilu-
tion) and goat anti-rabbit fluorescein isothiocyanate (FITC) conjugate
(1:250 dilution; Jackson Immunolabs). The FITC fluorescence (CsgA ex-
pression) intensity was determined for each particle (LSRII; Becton, Dick-
inson).

Cellulose production was monitored by binding of colonies grown on
LB agar supplemented with 200 �g/ml calcofluor (fluorescent brightener
28) at room temperature for 48 h. Calcofluor binding was observed under
a 366-nm UV light source (71). Motility of bacteria was tested as described
previously (84).

Invasion assay. The human colon carcinoma cell line HT-29 was ob-
tained from the American Type Culture Collection and maintained in
McCoy’s 5a medium with 1.5 mM L-glutamine (Gibco) supplemented
with 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 atmosphere.
HT-29 cells were seeded at a density of 5 � 105 cells per well in 24-well
tissue culture plates 24 h prior to the experiment. Bacteria were grown on
T-medium plates at 30°C for 48 h to induce curli formation (15). S. Ty-
phimurium cells were recovered from the plates in PBS and added to the
HT-29 monolayers at a multiplicity of infection (MOI) of 5 for 1 h. Cells
were washed five times with Dulbecco’s phosphate-buffered saline
(DPBS) (Gibco), and the medium was replaced with medium containing
0.1 mg/ml gentamicin (Gibco). After 90 min, cells were washed three
times with DPBS and lysed with 0.5 ml of 1% Triton X-100 (Sigma).
Intracellular bacteria were quantified by spreading serial 10-fold dilutions

TABLE 1 Primers used in this studya

Primer Sequence (5=-3=)
Agf3 AACTGCAGTTTACCACGACTCAGCAAGG
Agf4 AAATGGATAACGCCGCCC
Agf7 GTAGGGATAATCGTCAGGGG
Agf8 AACTGCAGTTGTCTTTGTGCTGTCCAGG
Agf9 GTTTTTGCGGCTTAAATTATCCTG
Agf10 GAGGGTTCGGCGTTACCTTATAG
a All primers were developed as part of the present study.
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of cell lysates on LB agar plates to determine the number of CFU. The
experiment was repeated three times.

Experimental infections of mice. Four- to six-week-old female
C57BL/6 mice and mice deficient in TLR2 (B6.129-Tlr2tm1Kir/J) were ob-
tained from The Jackson Laboratories. The streptomycin-pretreated
mouse model was described previously (2). Briefly, mice were inoculated
intragastrically with 20 mg of streptomycin (0.1 ml of a 200 mg/ml solu-
tion in PBS) 24 h before bacterial inoculation. Bacteria were grown with
shaking in LB broth containing carbenicillin at 37°C overnight. For infec-
tion, groups of five mice were inoculated intragastrically with either 0.1 ml
of sterile LB broth (mock infection) or 1 � 109 CFU of S. Typhimurium
strains carrying plasmid pHP45W. Mice were sacrificed at indicated time
points after infection. To determine the number of viable S. Typhimu-
rium, samples of cecum (proximal section), liver, spleen, Peyer’s patches,
mesenteric lymph nodes, and colon contents were collected from each
mouse and homogenized in PBS, and 10-fold serial dilutions were plated
on LB agar plates containing antibiotic. The tip of the cecum was collected
for histopathological analysis. The center section of the cecum was imme-
diately snap-frozen in liquid nitrogen and stored at 	80°C for RNA iso-
lation. For intracellular staining and flow cytometry analysis, animals
were injected with 250 �g of brefeldin A (in PBS) intravenously 4 h prior
to the appropriate time points, 48 and 72 h after infection, as described
previously (48). All animal experiments were at least repeated twice with
identical results.

Real-time PCR. RNA was extracted from snap-frozen tissues with 1
ml TriReagent (Molecular Research Center) according to the manufac-
turer’s protocol. Reverse transcription of total RNA (1 �g) was performed
in 50 �l volume according to manufacturer’s instructions (TaqMan re-
verse transcription reagents; Applied Biosystems). Real-time PCR was
performed using the SYBR green method (Applied Biosystems) according
to the manufacturer’s instructions. Real-time PCR was performed for
each cDNA sample (5 �l per reaction) in duplicate using the 7900HT fast
real-time PCR system. For the mouse experiments, primers for mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (66), mouse IL-
17A (57), mouse IL-22 (27), mouse gamma interferon (IFN-�) (57),
mouse tumor necrosis factor alpha (TNF-�) (83), mouse lipocalin 2 (62),
regenerating islet-derived 3 gamma (Reg3�) (27), and Reg3� (77) were

used. Results were analyzed using the comparative Ct method and by
normalizing the data to GAPDH. Fold increases in gene expression in
infected mice were calculated relative to the average level of the respective
cytokine in the mock-infected mice.

Isolation of cells from the cecum. Ceca of mice were removed and
cleared of feces with ice-cold Ca2�- and Mg2�-free Hanks balanced salt
solution (Mediatech, Inc.) with 2% fetal bovine serum (FBS) (Gibco) and
15 mM HEPES (Fisher Scientific). Cecal tissue was cut into 5-mm sections
and placed in a buffer containing Ca2�- and Mg2�-free Hanks balanced
salt solution (Mediatech, Inc.) with 10% FBS (Gibco), 2 mM EDTA, and
15 mM HEPES (Fisher Scientific). Tissue sections were incubated at 37°C
with shaking (100 rpm) for 20 min. To extract intraepithelial lymphocytes
(IELs), the mixture was put through a 100-�m cell strainer. IELs were
contained within the buffer, and tissue was placed in fresh buffer for a
second extraction. IEL-depleted tissue sections were then washed free of
EDTA with ice-cold Ca2�- and Mg2�-free Hanks balanced salt solution
(Mediatech, Inc.) with 2% FBS (Gibco) and 15 mM HEPES (Fisher Sci-
entific). Tissue was subsequently digested with 400 �g/ml of Liberase
(Roche) and 500 �g/ml of DNase (Sigma) in Ca2�- and Mg2�-free Hanks
balanced salt solution (Mediatech, Inc.) including 2% bovine serum al-
bumin for 30 min at 37°C. Digested tissue was subjected to homogeniza-
tion with a gentleMACS dissociator (Miltenyi Biotech). Tissue- and IEL-
derived cell suspensions were subjected to enrichment via a Percoll (GE)
density gradient (35/80%) as described previously (47).

Flow cytometry. Cecal IELs and tissue-derived single-cell suspensions
were treated with LEAF (low endotoxin azide-free)-purified anti-mouse
CD16/32 antibody (Biolegend) for 5 min on ice at a concentration of 1.0
�g per 106 cells in 100 �l. To identify T cells and B cells, the following
antibodies were used: Alexa Fluor 700-conjugated anti-mouse CD4 anti-
body (Biolegend), Pacific Blue-conjugated anti-mouse CD45R/B220 an-
tibody (Biolegend), FITC-conjugated anti-mouse CD314 (NKG2D) anti-
body (Biolegend), allophycocyanin (APC)-Cy7-conjugated anti-mouse
CD8a antibody (Biolegend), phycoerythrin (PE)-Cy7-conjugated anti-
mouse CD3 antibody (Biolegend), and APC-conjugated anti-mouse �
-
T-cell receptor (�
-TCR) (Ebioscience). Cells were incubated with these
antibodies (0.5 �g per 106 cells in a 100-�l volume) for 30 min on ice in
the dark. Cells were fixed with 4% paraformaldehyde (PFA) and perme-

FIG 1 Characterization of an S. Typhimurium mutant carrying an unmarked deletion of csgBA genes. Expression of curli fibrils was detected by flow cytometry
(A) and Western blotting (B). Cellulose production was monitored on plates containing calcofluor (C). Motility was determined on plates containing 0.3% agar
(D). Invasiveness of strains was tested using human colonic epithelial (HT-29) cells (E). Each experiment was repeated three times independently, with similar
outcomes, and a representative example is shown.
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abilized with BD Perm/Wash buffer (BD Bioscience) according to the
manufacturer’s instructions. Cells were then stained for intracellular
IL-17 using PE-conjugated anti-mouse IL-17A antibody (Biolegend) for
30 min in the dark at a concentration of 0.5 �g per 106 cells in a 100-�l
volume.

To identify monocytes and granulocytes, the following antibodies
were used: Alexa Fluor 488-conjugated anti-mouse F4/80 antibody (Bio-
legend), PE-Cy7-conjugated anti-mouse CD205 (DEC-205) antibody
(Biolegend), PerCP-Cy5.5-conjugated anti-mouse CD11b antibody (Bio-
legend), APC-Cy7-conjugated anti-mouse Ly-6G/Ly-6C (Gr-1) antibody
(Biolegend), and Pacific Blue-conjugated anti-mouse CD45R/B220 anti-
body (Biolegend). Cells were incubated with these antibodies at a concen-
tration of 0.5 �g per 106 cells for 30 min on ice in the dark. Next, cells were
fixed with 4% PFA and permeabilized with BD Perm/Wash buffer (BD
Bioscience) according to the manufacturer’s suggested protocol. Cells
were then stained for intracellular IL-23 and IL-6 using a PE-conjugated
anti-mouse IL-12/IL-23 p40 antibody (Biolegend) and APC-conjugated
anti-mouse IL-6 antibody (Biolegend) for 30 min in the dark.

To identify LTi cells, we used a dump gate system using the following anti-
bodies: Alexa Fluor 700-conjugated anti-mouse CD4 antibody (Biolegend), Pa-
cific Blue-conjugated anti-mouse CD45R/B220 antibody (Biolegend), PerCP-
Cy5.5-conjugated anti-mouse CD11b antibody, APC-Cy7-conjugated
anti-mouse Ly-6G/Ly-6C (Gr-1) antibody, APC-conjugated anti-mouse
CD11c (eBioscience), PE-Cy7-conjugated anti-mouse NK-1.1 antibody
(Biolegend), and FITC-conjugated anti-CD3 antibody (BD Biosciences).
Cells were stained for IL-17A as described above.

Cells were analyzed using a LSRII FACScan flow cytometer (BD Bio-
sciences), and data were processed using FlowJo software.

Dendritic-cell cultures. BMDCs were cultured as described previ-
ously (23). Briefly, femurs were removed and flushed with complete me-
dium (Iscove’s modified Dulbecco’s medium, 10% FBS, 2 mM glutamine,
ß-mercaptoethanol, and antibiotic). Cells were then seeded at a concen-
tration of 1 � 106/ml in complete medium supplemented with 3 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF) (Phar-
mingen) in 24-well plates. Half the medium was removed and replaced
with fresh medium containing GM-CSF every other day. On day 6, cells
were treated with purified curli fibrils (10 �g/ml, 2.5 �g/ml, 1.25 �g/ml,
and 0.625 �g/ml) for 6 h, and supernatants were removed to be analyzed
for IL-6 and IL-23 production by enzyme-linked immunosorbent assay
(ELISA) (eBioscience) and to stimulate T-cell cultures.

In vitro T-cell culture. Naïve CD4� T cells were purified from spleens
of C57BL/6 mice using Automacs (Miltenyi). T cells were seeded in 24-
well plates pretreated with 5 �g/ml anti-CD3 antibody (BD Biosciences)
at 2 � 105/well. Cells were then cultured in the presence of 1 �g/ml
anti-CD28 antibody (BD Biosciences), and supernatants were collected
from bone marrow-derived dendritic cells. Supernatants were removed to
analyze IL-17 production by ELISA after 72 h. The experiment was re-
peated twice, with similar results.

Statistical analysis. A parametric test (Student’s t test) was used to
determine whether differences were statistically significant (P � 0.05) for
all experiments except flow cytometry. For tissue culture experiments,
percentage values were transformed logarithmically prior to statistical
analysis using Student’s t test. For analysis of bacterial numbers and cyto-
kine expression in vivo, values were converted logarithmically to calculate
geometric means. For flow cytometry experiments, a one-way analysis of
variance (ANOVA) was used to calculate statistically significant differ-
ences (P � 0.05).

RESULTS
Characterization of the curli mutant. To investigate the role of
curli fibrils during intestinal inflammation, we constructed a mu-
tant which lacks the ability to produce curli fibrils (CT16, csgBA)
by introducing an unmarked deletion of the csgBA curli biosyn-
thesis genes into an S. Typhimurium wild-type strain (IR715).
Production of curli fibrils was monitored by flow cytometry (Fig.
1A) as well as Western blotting in whole-cell extracts from the S.
Typhimurium wild type and its isogenic csgBA mutant grown on
T-medium plates (Fig. 1B). As expected, curli fibrils were detected
only on the S. Typhimurium wild-type strain. Cellulose is coex-
pressed with curli fibrils, and production of cellulose has recently
been reported to reduce the inflammatory responses in uroepithe-
lial cells generated by curli fibrils of a uropathogenic E. coli strain
(42). Therefore, we determined if the deletion of csgBA genes af-
fected this strain’s ability to produce cellulose. We used plates
containing calcofluor and a strain which carries a mutation in the
bcsE cellulose biosynthesis gene as a negative control. Both wild-
type S. Typhimurium and the csgBA mutant displayed bright flu-
orescence under UV light, indicating normal production of cellu-

FIG 2 Bacterial numbers in the organs of streptomycin-pretreated mice after infection with wild-type S. Typhimurium and a csgBA mutant (curli deficient). The
numbers of CFU in the colon contents (A), cecum (B), and mesenteric lymph nodes (C) were determined at the indicated time points.
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lose (Fig. 1C), whereas no fluorescence was detected in the
negative control. Motility contributes to the ability of S. Typhi-
murium to invade the intestinal mucosa and trigger inflammation
(72). We determined that the motility of the csgBA mutant was
similar to that of wild-type S. Typhimurium (Fig. 1D). Next, we
assessed the invasiveness of both the wild-type and mutant strains
using a colonic epithelial cell line, HT-29 (Fig. 1E). Invasiveness of
the csgBA mutant was not significantly different (P � 0.05) from
that of the S. Typhimurium wild type. Finally, we measured the
expression of the lipoprotein-encoding genes lppA and lppB. We
did not see any differences in the gene expression profiles between
the S. Typhimurium wild type and the csgBA mutant (data not
shown). We concluded that comparison of the wild type and the
csgBA mutant was well suited to specifically investigate the role of
curli fibrils in the intestinal phase of S. Typhimurium infection.

Curli fibrils contribute to induction of IL-22 and IL-17A
transcripts in the cecal mucosa. The goal of this study was to
determine whether curli fibrils, a potent TLR2/TLR1 ligand (78),
contribute to cytokine responses in the intestinal mucosa during
S. Typhimurium infection. To test this hypothesis, we performed
a time course experiment in which wild-type mice (C57BL/6)

were pretreated with streptomycin and orally infected with the S.
Typhimurium wild-type strain, an isogenic csgBA mutant, or ster-
ile medium (mock infection). Groups of mice were euthanized at
24, 48, 72, and 96 h after infection. Consistent with the invasion
data, no differences in bacterial numbers recovered from the
cecum, colon contents, and mesenteric lymph nodes were ob-
served between the S. Typhimurium wild type and the csgBA mu-
tant at any of the time points investigated (Fig. 2).

To compare the Th1 and Th17 inflammatory responses, we
extracted RNA from the cecal mucosa and determined the relative
expression of genes encoding TNF-� (Tnfa), IFN-� (Ifng), IL-22
(Il22), and IL-17A (Il17a) by quantitative real-time PCR. In addi-
tion, we monitored expression of several genes that are highly
induced during S. Typhimurium infection (27): Reg3g, encoding
regenerating islet-derived 3 gamma (REGIII�); Reg3b, encoding
REGIII�; and Lcn2, encoding lipocalin 2. Compared to mock-
infected mice, the development of acute intestinal inflammation
in animals infected with the S. Typhimurium wild type was ac-
companied by a marked increase in the expression of Tnfa, Ifng,
Il22, Il17a, Lcn2 (Fig. 3), Reg3g, and Reg3b (data not shown). Ex-
pression of Tnfa, Ifng, Il22, and Il17a peaked at 48 h after infection,

FIG 3 Immune response elicited in the ceca of streptomycin-pretreated mice after infection with wild-type S. Typhimurium and a csgBA mutant (curli deficient).
Transcript levels of Tnfa (A), Ifng (B), Il17a (C), Il22 (D), and Lcn2 (E) were measured by quantitative real-time PCR at the indicated time points after infection.
Bars represent changes in mRNA levels compared to a group of mock-infected mice from the same time point (geometric means and standard errors). ns, not
significant.
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while expression Lcn2 peaked at 96 h after infection. There were
no significant differences in the mRNA levels of Tnfa, Ifng (Fig. 3A
and B), Reg3g, and Reg3b (data not shown) induced by the csgBA
mutant and those induced by the S. Typhimurium wild type.
However, mRNA levels of Il22 were significantly lower (P � 0.05)
24 h, 48 h, and 96 h after infection with the csgBA mutant than
after infection with the wild type (Fig. 3C). Similarly, reduced
transcript levels of Il17a were detected at 48 h after infection with
the csgBA mutant compared to infection with the wild type (Fig.
3D). Notably, Lcn2 expression was significantly reduced at 72 h in
the animals infected with the csgBA mutant compared to animals
infected with the wild type (Fig. 3E).

TLR2 activation contributes to expression of IL-17A and
IL-22 in the cecal mucosa. Responses to curli fibrils are mediated
though the TLR2/TLR1 complex and lead to the activation of nu-
clear factor kappa–light-chain enhancer of activated B cells (NF-
B) (78). To determine whether decreased induction of Il17a and
Il22 mRNA 48 h after infection with the csgBA mutant was due to
the reduced activation of TLR2, we repeated the experiment with
TLR2-deficient mice. No significant differences in bacterial num-
bers were detected in the colon contents, cecum, or mesenteric
lymph nodes between wild-type (C57BL/6) and TLR2-deficient
mice 48 h after infection with the S. Typhimurium wild type or the
curli mutant (data not shown).

Interestingly, expression of Il22 and Il17a was significantly
lower in TLR2-deficient mice than in wild-type mice (C57BL/6)
infected with the S. Typhimurium wild type. Remarkably, the ex-
pression levels of Il22 and Il17a induced by the S. Typhimurium
wild type in TLR2-deficient mice were similar to those elicited by
the csgBA mutant in wild-type (C57BL/6) mice. We did not detect
any differences in the expression of Ifng between wild-type mice
(C57BL/6) and TLR2-deficient mice (Fig. 4). We next evaluated
the contribution of TLR2 to the inflammatory pathology in the

intestine. There were no differences in the overall cecal pathology
score between wild-type mice (C57BL/6) and TLR2-deficient
mice infected with the S. Typhimurium wild type or the csgBA
mutant (data not shown). Collectively, these data suggested that
TLR2 contributes to the induction of Il22 and Il17a expression in
the cecal mucosa during S. Typhimurium infection and that this
response was at least in part dependent on the ability of S. Typhi-
murium to produce curli fibrils.

Curli fibrils induce IL-17A production in vitro. Cytokines
released by antigen-presenting cells can stimulate T cells to release
IL-17A and IL-22, which is a mechanism to amplify cytokine re-
sponses in tissue (67). One T-cell subset involved in this process in
the intestinal mucosa is CD4� T helper cells, also known as Th17
cells (43), and IL-17A and IL-22 are therefore often referred to as
Th17 cytokines. One possible mechanism by which curli amyloid
fibrils might induce Il22 and Il17a expression in the intestinal
mucosa is a TLR2-dependent activation of antigen-presenting
cells to release cytokines, such as IL-6 and IL-23, which in turn act
on T cells (27, 28, 43). Interestingly, addition of recombinant se-
rum amyloid A to cocultures of lamina propria dendritic cells
(DCs) and naïve CD4� T cells results in the differentiation of cells
and production of Th17 cytokines (38). This observation was con-
sistent with our hypothesis, because serum amyloid A and curli
amyloid fibrils both induce host responses through TLR2 (14, 36,
79), presumably because amyloids of host and microbial origins
share structural features (80). We therefore investigated the effect
of TLR2 activation by curli fibrils on the differentiation of Th17
cells and production of Th17 cytokines in vitro.

To this end, curli fibrils were purified from a S. Typhimurium
msbB mutant, a strain expressing tetra-acylated lipid A that does
not signal through TLR4. We isolated bone marrow-derived DCs
(BMDCs) from wild-type (C57BL/6) and TLR2-deficient mice
and incubated them for 6 h with different concentrations of puri-

FIG 4 Immune response elicited in the cecum of streptomycin-pretreated C57BL/6 and TLR2-deficient (TLR2-/-) mice after infection with wild-type S.
Typhimurium and a csgBA mutant (curli deficient). Transcript levels of Il17a (A), Il22 (B), and Ifng (C) were measured by quantitative real-time PCR at 48 h after
infection. Bars represent changes in mRNA levels compared to a group of mock-infected mice from the same time point (geometric means and standard errors).
ns, not significant.
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fied curli fibrils. CD4� T cells isolated from spleens of wild-type
C57BL/6 mice were incubated with the BMDC supernatants for 72
h. Remarkably, T cells incubated with supernatants of BMDC de-
rived from wild-type mice produced significantly larger amounts
of IL-17A (P � 0.05) than T cells incubated with supernatants
from BMDCs derived from TLR2-deficient mice (Fig. 5A). These
data suggested that curli fibrils induced BMDCs to produce cyto-
kines that drove release of IL-17A by T cells in a TLR2-dependent
manner. Consistent with this idea, supernatants from wild-type
BMDCs stimulated with curli fibrils contained significantly larger
amounts of IL-6 and IL-23 (P � 0.05) than supernatants from
BMDCs derived from TLR2-deficient mice (Fig. 5B and C). Col-
lectively, these data support the model that curli fibrils signal
through TLR2 on antigen-presenting cells to induce the release of
cytokines that in turn stimulate T cells to release IL-17A.

Curli fibrils activate CD4� T helper cells, CD8� cytotoxic T
cells, and �� T cells to produce IL-17A in vivo. In addition to
CD4� T cells, other cell populations have recently been shown to
produce IL-17 by either direct or indirect stimulation by microbes
or their stimuli during infection. CD8� cytotoxic T cells, �
 T
cells, NK cells, NKT cells, and LTi cells are among the populations

that are significant producers of IL-17A upon stimulation (16, 27,
29, 54, 56, 58, 68, 75). To confirm our in vitro findings with CD4�

T cells and further determine which of the above populations con-
tribute to IL-17A production in vivo during S. Typhimurium in-
fection, we employed a multicolor flow cytometry approach. We
infected C57BL/6 mice with either the wild type or the csgBA mu-
tant following streptomycin pretreatment. At 48 or 72 h postin-
fection, IELs and tissue-associated lymphocytes were collected
from ceca of mice. By using antibodies specific for various cell
types and flow cytometry, we found that IL-17A production was
significantly higher in CD3� cell populations, suggesting that T
cells were involved in the production of this cytokine (data not
shown). When we investigated the various cell populations among
CD3� cells, we did not see any difference in the percentages of
CD3� CD4�, CD3� CD8�, and �
 T cells between animals in-
fected with S. Typhimurium and those infected with its csgBA
mutant in either IEL fractions (data not shown) or tissue fractions
(Fig. 6A) at 48 h after infection. However, there was a marked
increase in the mean fluorescence intensity of R-phycoerythrin
(PE), which was indicative of IL-17A production, in the tissue
fractions obtained from animals infected with wild-type S. Typhi-
murium compared to the fluorescence intensity in animals in-
fected with the csgBA mutant among CD3� CD4�, CD3� CD8�,
and �
 T cells at this time point (Fig. 6A and B). At 72 h after
infection, we observed a significant increase in the number of �
 T
cells in the animals infected with wild-type S. Typhimurium while
the numbers of �
 T cells stayed the same in the animals infected
with the csgBA mutant. Notably, there was a significant increase in
the percentage of CD3� CD8� T cells in the tissue fractions of
animals infected with the csgBA mutant compared to animals in-
fected with wild-type S. Typhimurium at 72 h postinfection (Fig.
6C). Nonetheless, IL-17A production by all the cell populations
was lower, as determined by lower mean fluorescence intensity of
PE, at 72 h than at 48 h. Moreover, there were no differences in
IL-17A production by the cell populations investigated between
the animal groups infected with wild-type S. Typhimurium and
those infected with its csgBA mutant (Fig. 6C and D). When we
investigated the LTi cells at 48 h postinfection, we determined that
although the abundance of LTi cells were very small at this time
point, the production of IL-17A by these cells was immense (Fig.
6E and F). NK cells as well as NKT cells were also contributors of
IL-17A production independent of curli production at both time
points investigated. At both 48 and 72 h, we did not observe any
significant changes in the production of IL-17A in IELs in the
animals infected with either wild-type S. Typhimurium or the
csgBA mutant (data not shown).

To determine the role of antigen-presenting cells in the process
of IL-17A production and confirm our in vitro findings, we used
the flow cytometry approach and measured IL-6 and IL-23 pro-
duction by dendritic cells and macrophages in the cecal tissue.
There was no observed difference in the percentage of dendritic
cells or macrophages at 48 h between the two groups of animals
infected with wild-type S. Typhimurium or the csgBA mutant.
However, IL-6 production among dendritic cells but not macro-
phages was significantly higher in the animals infected with wild-
type S. Typhimurium than in the animals infected with the csgBA
mutant. Interestingly, IL-23 production in both dendritic cells
and macrophages was significantly higher in the tissue of mice
infected with wild-type S. Typhimurium than in that of mice in-
fected with the csgBA mutant (Fig. 7).

FIG 5 Splenic naïve CD4� T cells were treated with supernatants collected
from bone marrow-derived dendritic cells, which were previously incubated
with increasing concentrations of curli fibrils (0.6 �g/ml, 1.2 �g/ml, and 2.5
�g/ml), for 6 h in the presence of anti-CD3 and anti-CD28 antibodies. IL-17
production was determined in the T-cell supernatants after 72 h (A) by ELISA.
IL-6 (B) and IL-23 (C) production was determined in the bone marrow-de-
rived dendritic cell supernatants from wild-type and TLR2-deficient mice,
which were treated with curli fibrils (0.6 �g/ml, 1.2 �g/ml, and 2.5 �g/ml).
Background cytokines levels in the untreated supernatants were marked with a
dashed line in the graphs. ns, not significant.
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DISCUSSION

The intestinal immune system must avoid producing excessive
inflammatory responses against the microbial communities colo-
nizing the gut lumen, while at the same time orchestrating appro-
priate inflammatory responses against microbes that breach the
epithelial barrier. One pathogen recognition receptor implicated
in innate immune surveillance in the intestinal mucosa is TLR2 (9,
10). Epithelial cells and antigen-presenting cells in the intestinal
mucosa express TLR2 (10–12, 35, 59). Expression of TLR2 is ele-
vated in individuals with inflammatory bowel disease (22) and the
receptor has been shown to control intestinal epithelial barrier
function by augmenting tight junction formation (10). These data
suggest that detection of conserved microbial structures by TLR2
contributes to the maintenance of intestinal homeostasis.

Triacylated lipoproteins are an important component of the
Gram-negative bacterial cell wall (32) and stimulate innate im-
mune responses through TLR2 and TLR1 in vitro (1, 6, 76). It is
generally assumed that lipoproteins are largely responsible for
TLR2-dependent responses induced by Gram-negative bacterial
cells in vivo. However, this idea has never been convincingly dem-
onstrated through mutant analysis, because bacterial genomes en-
code a multitude of lipoproteins, some of which are essential for
cell wall-related functions, thereby complicating mutant analysis.
For example, the E. coli genome encodes 96 different lipoproteins,
some of which are highly abundant in the cell envelope (7). Inac-
tivation of the abundant Braun lipoproteins in S. Typhimurium

produces a pleiotropic phenotype, including inhibition of motil-
ity, reduced invasiveness, and avirulence, in mice (17, 19, 69).

The idea that lipoproteins are the predominant TLR2-ligand
detected on intact bacterial cells has recently been called into ques-
tion by tissue culture experiments with intact E. coli cells. These
experiments reveal that NF-B activation is much greater when
HeLa cells expressing TLR2 and TLR1 are stimulated with wild-
type E. coli expressing curli amyloid fibrils than with an isogenic E.
coli csgBA mutant that cannot elaborate this surface structure (78).
Curli amyloid fibrils might serve as an important TLR2-ligand
detected on intact bacterial cells because these structures are se-
creted, thereby being more readily accessible to detection by TLR2
than lipoproteins, which are buried in the cell envelope. Our data
suggest that detection of amyloid fibrils did contribute to TLR-2-
dependent cytokine expression in the intestinal mucosa in re-
sponse to infection with an invasive enteric pathogen, S. Typhi-
murium.

TLR2 was required to induce maximum expression of Il22 and
Il17a, but not of Tnfa and Ifng, in the cecal mucosa during S.
Typhimurium infection. IL-17A is produced by a number of im-
mune cells, including (but not limited to) CD4� T cells (Th17
cells), �
 T cells, CD8� T cells, and LTi cells, in the intestinal
mucosa of mice (28, 43, 68). However, the mechanism through
which S. Typhimurium infection induces IL-17A production by
these cell types in vivo has not been fully resolved. Both NOD1/
NOD2-dependent and MyD88-dependent mechanisms contrib-

FIG 6 Immune cell infiltration and IL-17 production in C57BL/6 mice infected with wild-type S. Typhimurium and csgBA mutant (curli deficient) bacteria.
Cecal tissue-derived cells, depleted of intraepithelial lymphocytes (IELs), were stained with antibodies for CD3, CD4, CD8, B220, �
-TCR, NKG2D, and IL-17A
and analyzed using flow cytometry. The proportion of CD3� CD4�, CD3� CD8�, or �
 T cells in total tissue-associated lymphocytes at 48 (A) and 72 (C) hours
postinfection was determined. The mean fluorescence intensity (MFI) of PE-IL-17A was determined among CD3� CD4�, CD3� CD8�, and �
 T cells at 48 (B)
and 72 (D) hours postinfection. The proportion of LTi cells in tissue-associated lymphocytes (E) and their IL-17A-producing capacity (F) were determined 48
h postinfection by analyzing CD4�, CD3	, CD8	, B220	, GR1	, CD11b	, CD11c	, and NK1.1	 cells.
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ute to IL-17A production in the cecal mucosa, and the relative
importance of each mechanism changes over time (25, 43). The
TLR2/curli-dependent induction of Il17a expression in the cecal
mucosa during S. Typhimurium infection described here is likely
to be a mechanism that contributes to the MyD88-dependent in-
duction of Il17a expression observed previously (43). Interest-
ingly, although the overall expression patterns of Il17a and IL22
were blunted in TLR2 deficient animals, wild-type S. Typhimu-
rium elicited higher levels of expression of these cytokines than the
csgBA mutant, suggesting that other signaling pathways or recep-
tors may also contribute to the recognition of curli fibrils. Consis-
tent with this, recent studies determined an intracellular innate
receptor, NALP3, for amyloid-beta of Alzheimer’s disease, which

also signals via TLR2 as a consequence of its fibrillar amyloido-
genic quaternary structure (31, 80). Interestingly, NALP3 is in-
volved in the generation of IL-1�, a cytokine involved in promot-
ing the differentiation of Th17 cells as well as direct stimulation of
�
 T cells to produce IL-17A (30, 74). Thus, it is intriguing to
speculate that the expression of Il17a may be affected by IL-1�
production through the stimulation of NALP3 by curli fibrils even
in the absence of TLR2. However, further analysis is required to
confirm this hypothesis. We are investigating the mechanism un-
derlying this interesting phenotype.

In vitro stimulation with cytokines produced by antigen-pre-
senting cells, such as IL-23 or IL-6, induces T-cell differentiation
that biases T cells toward a Th17 phenotype and subsequent IL-17
production (3, 30, 61, 74). In a coculture experiment, curli amy-
loid fibrils signaled through TLR2 on dendritic cells to induce the
release of cytokines, which in turn induced release of IL-17A by T
cells. This scenario is compatible with previous observations, in-
dicating that T cells are important for IL-17A production in the
cecal mucosa during S. Typhimurium infection (27). Corre-
spondingly, when we used multicolor flow cytometry approach to
investigate the cell types that contribute to the production of IL-
17A, we found that the csgBA mutant elicited lower levels of IL-23
and IL-6, cytokines that drive the differentiation of CD4� T cells,
in antigen-presenting cells in the cecal mucosa of mice. Further-
more, IL-17A was produced not only by CD4� T cells but also by
�
 T cells, CD8� T cells, and LTi cells in the cecal tissue during
infection. However, the expression of curli by S. Typhimurium
affected IL-17A production only by CD4� T cells, �
 T cells, and
CD8� T cells. Although LTi cells produced IL-17A in large
amounts, the percentage of this population was small (approxi-
mately 1% of total cells) at the time of the investigation (48 h), and
curli expression affected neither the population percentage nor
the IL–17A production by LTi cells. This could be due to the fact
that LTi cells are innate cells that are active during initial stages of
infection, and thus, 48 h postinfection could be too late to inves-
tigate the features of this population.

Our in vitro data suggest that curli fibrils drive the differentia-
tion of naïve CD4� cells into Th17 cells. Although the details of
the Th17 cell differentiation in vivo are not fully understood, IL–
17A production by CD4� cells does not occur till 3 days after in
vitro stimulation, suggesting that differentiated Th17 cells do not
arise at early times during the infection. Thus, the IL–17A produc-
tion that we observed by CD4 � and CD8� T cells in vivo at 48 h
was most likely due to memory responses generated by immune
cells during previous bacterial or amyloid encounters. Despite the
fact that curli are produced only by a number of commensal and
pathogenic enteric bacteria, amyloids are present in biofilms of
representatives from the phyla Bacteroidetes and Firmicutes, which
dominate the microbiota of the gastrointestinal tract (13, 18, 41,
44, 45, 64). Moreover, expression of various serum amyloid A
(SAA) proteins in the gastrointestinal tract has been demonstrated
(38). Since TLR2 recognizes both curli fibrils and host amyloid
fibrils, including amyloid-beta and SAA, it is possible that T cells
and antigen-presenting cells become exposed to various amyloids
through out their life span, which could generate a memory re-
sponse. However, to support this hypothesis and determine the
involvement of TLR2 in such immune responses, further investi-
gation is needed.

To our knowledge, our study is the first to demonstrate that
TLR2 contributes to IL-17A and IL-22 responses in the mucosa via

FIG 7 IL-6 and IL-23 production in dendritic cells and macrophages in
C57BL/6 mice infected with wild-type S. Typhimurium and csgBA mutant
(curli-deficient) bacteria 48 h postinfection. (A) The proportion of dendritic
cells (CD11b� and DEC-205�) and macrophages (F4/80�) in cecal tissue-
derived cells was analyzed via flow cytometry. The mean fluorescence intensity
of IL-23 (B) and IL-6 (C) among dendritic cells and macrophages was also
determined. Significant statistical differences are indicated (P � 0.05).
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the recognition of bacterial amyloids, specifically, curli fibrils in
the gut mucosa. Furthermore, our data point to TLR2 as a sentinel
receptor that enables cells in the intestinal mucosa to monitor
bacterial translocation from the gut.
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