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Amyloids are proteins with cross-�-sheet structure that contribute to pathology and inflammation in complex human diseases,
including Alzheimer’s disease, Parkinson’s disease, type II diabetes, and secondary amyloidosis. Bacteria also produce amyloids
as a component of their extracellular matrix during biofilm formation. Recently, several human amyloids were shown to activate
the NLRP3 inflammasome, leading to the activation of caspase 1 and production of interleukin 1� (IL-1�). In this study, we in-
vestigated the activation of the NLRP3 inflammasome by bacterial amyloids using curli fibers, produced by Salmonella enterica
serovar Typhimurium and Escherichia coli. Here, we show that curli fibers activate the NLRP3 inflammasome, leading to the
production of IL-1� via caspase 1 activation. Investigation of the underlying mechanism revealed that activation of Toll-like re-
ceptor 2 (TLR2) by curli fibers is critical in the generation of IL-1�. Interestingly, activation of the NLRP3 inflammasome by
curli fibers or by amyloid � of Alzheimer’s disease does not cause cell death in macrophages. Overall, these data identify a cross
talk between TLR2 and NLRP3 in response to the bacterial amyloid curli and generation of IL-1� as a product of this interaction.

Amyloid proteins are produced by both bacteria and humans.
In humans, more than 60 amyloidogenic proteins are pro-

duced throughout the body (1). Amyloids accumulate, forming
deposits, during several complex diseases, such as Alzheimer’s dis-
ease (AD), Parkinson’s disease, type II diabetes, and secondary
amyloidosis. Although it was initially thought that amyloids were
only misfolded proteins causing disease pathology, it is becoming
more apparent that the proteins have a function in the human
body (2, 3). For instance, Pmel17, involved in melanin produc-
tion, prevents melanocyte cytotoxicity (4–6), and secretory hor-
mones in the endocrine system are stored in a cross-beta-sheet-
rich structure in secretory granules (7). Furthermore, it has
recently been proposed that the amyloid � peptide, found in the
senile plaques of Alzheimer’s disease patients, binds specific DNA
regions and participates in gene regulation (8).

Bacteria produce amyloids as a component of their extracellu-
lar matrix (ECM) to build multicellular communities termed bio-
films (9). Biofilms are characterized by their resistant nature in
response to environmental insults, including chemical treat-
ments, antibiotics, and the immune system (10). It is thought that
the amyloids act as a shield to protect bacteria in biofilms due to
their highly resistant nature against chemicals and proteolytic en-
zymes. Although it is estimated that up to 40% of bacterial species
produce amyloids in their biofilms (11), most of these proteins
remain uncharacterized. Curli fibers, amyloids produced in the
biofilms of Escherichia coli and Salmonella enterica serovar Typhi-
murium, are the most studied bacterial amyloid to date. Curli
fibers are encoded by the csg gene cluster formed by two operons,
csgBAC and csgDEFG (12–14). CsgA, the major subunit of the
curli fiber, requires CsgB for nucleation into fibers around the
bacterial cell. CsgA contains 5 imperfect repeats that are impor-
tant for �-sheet formation in the amyloid. Similarly, CsgB con-
tains repeats that drive the �-sheet structure required for nucle-
ation and anchoring of the curli fibers to the cell outer membrane
(9, 15–17). Curli fibers are detected by the immune system dur-
ing infections, including urinary tract infections, sepsis, and
gastrointestinal inflammation caused by E. coli or S. Typhimu-

rium, leading to the expression of important cytokines and
chemokines (18–21).

Although bacterial and human amyloids do not share primary
amino acid sequence homology, all amyloids are characterized by
their conserved cross-�-sheet quaternary structure. Recently, we
discovered that curli fibers are recognized by Toll-like receptor 2
(TLR2), a pattern recognition receptor of the immune system
(20). Intriguingly, human amyloid � (22), islet amyloid polypep-
tide (IAPP) (23), and serum amyloid A (SAA) (24) are also recog-
nized by TLR2, suggesting that the conserved structure of these
proteins serves as a target for the immune surveillance of potential
pathogenic proteins. Consistent with this idea, when the amyloid
structure of either curli or amyloid � is disrupted by a single-
amino-acid substitution or by scrambling the amino acid se-
quence, these molecules are no longer recognized by TLR2 (25).

Interleukin 1� (IL-1�) is a key cytokine that has been impli-
cated in the pathogenesis of several inflammatory diseases, includ-
ing bacterial infections (26). Generation of IL-1� has also been
implicated in neuroinflammation and Alzheimer’s disease (27).
IL-1� is produced as a biologically inactive precursor form, pro-
IL-1�, via the activation of membrane-bound TLRs. Cleavage of
pro-IL-1� to active IL-1� by caspase 1 (IL-1� converting enzyme
[ICE]) is controlled by inflammasomes, cytosolic danger signal
receptors (28). NLRP3 is the best-characterized inflammasome; it
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can be activated by a wide range of danger signals and uses apop-
tosis-associated speck-like protein containing a CARD (ASC) as
an adaptor molecule (26). Recently, human amyloid �, islet amy-
loid polypeptide, and SAA have all been demonstrated to activate
the NLRP3 inflammasome, resulting in the production of IL-1�
(29–31).

In this study, we investigated whether the bacterial amyloid
curli triggers IL-1� production through a mechanism similar to
that of known human amyloids. We determined that curli fibers
activate caspase 1 via activation of the NLRP3 inflammasome.
Furthermore, we show that the recognition of curli fibers by both
TLR2 and NLRP3 is required for the generation of IL-1�.

MATERIALS AND METHODS
Bacterial strains. S. Typhimurium IR715 is a fully virulent, nalidixic acid-
resistant strain derived from the ATCC strain 14028 (32). An S. Typhi-
murium msbB mutant (RPW3) and a fliC fljB mutant (EHW26) were
described previously (33). A derivative of IR715 carrying an unmarked
deletion of csgBA has been described elsewhere (21). S. Typhimurium
expressing green fluorescent protein (GFP) under the control of the curli
promoter was obtained by cloning the csgBA promoter from IR715 using
primer 5= GGAATTCGAGACGTGGCATTAACCTGGACAGCACAA3=
and reverse primer 5= GGGATCCGCTGTCACCCTGGACCTGGTCGT
ACATAGC 3=. The resulting PCR product was cloned upstream of a gene
encoding GFP on plasmid pDW6 (34), kindly provided by Brad Cookson
from University of Washington, yielding plasmid pCT125 (PcsgBA::gfp),
which was then electroporated into S. Typhimurium IR715. S. Typhimu-
rium IR715 harboring pDW5 (34), which expresses GFP constitutively
under the control of the tetA promoter (PtetA::gfp), was also used. Bacte-
rial strains were grown in LB medium with nalidixic acid (50 �g/ml) or
carbenicillin (100 �g/ml) where necessary.

Tissue culture media and reagents. RPMI medium (catalog number
11875085) was purchased from Life Technologies. The Cytotox 96 Non-
Radioactive Cytotoxicity Assay kit was purchased from Promega (catalog
number G1780). Western blot lysis buffer consisted of 20 mM HEPES
(pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, and 1 mM
EDTA in water. Protease Inhibitor Cocktail Set III, EDTA-Free (Calbio-
chem; catalog number 539134) was added to the lysis buffer immediately
before use. Ultrapure LPS-SM was purchased from Invivogen (catalog
number tlrl-smlps). Recombinant human amyloid � 1-42 peptide was
purchased from Anaspec (catalog number 24224). The mouse IL-1�
ELISA Max Standard kit was purchased from BioLegend (catalog number
432602). The mouse IL-6 Ready-Set-GO! ELISA kit was purchased from
eBioscience (catalog number 88-7064). Hexafluoro-2-propanol (HFIP)
was purchased from Sigma-Aldrich. The specific caspase 1 inhibitor z-
YVAD-fmk was purchased from Bachem (catalog number N-1330). Cy-
tochalasin D (catalog number C2618) and glyburide (catalog number
G2539) were both purchased from Sigma-Aldrich and dissolved in di-
methyl sulfoxide (DMSO).

Curli purification. Curli fibers were purified from the S. Typhimu-
rium msbB mutant (RPW3) utilizing the established protocol, as de-
scribed previously (35). Briefly, contaminating cell macromolecules
were removed from sonicated cell extracts by enzymatic digestion and
preparative sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Insoluble fimbriae were recovered from the well of
the gel.

Mouse strains. C57BL/6 mice were purchased from Jackson Labora-
tories. TLR2-deficient (B6.129-TLR2tm1Kir/J) mice were purchased from
Jackson Laboratories and bred in the Temple University School of Medi-
cine Animal Facility. Nlrp3�/�, ASC�/�, and Casp1�/� Casp11�/� mice
were maintained at the University of Pennsylvania Veterinary School An-
imal Facilities. All procedures were approved by the Temple University
and University of Pennsylvania Institutional Animal Care and Use Com-
mittees.

Amyloid � fibrillization. Amyloid polymerization was conducted as
previously described (36). One milligram of human amyloid � 1-42 was
dissolved in 400 �l of HFIP. The sample was incubated for 1 h with
rocking and vortexed for 1 min. HFIP solution (200 �l) was aliquoted into
two separate 1.5-ml Eppendorf tubes, and the HFIP was evaporated using
a Speed-Vac system (Sorvall) at room temperature. The dried amyloid �
was then dissolved in 22.1 �l of DMSO, and 265 �l of 100 mM HEPES
buffer, pH 7.3, was added to the DMSO solution. The amyloid � was
allowed to incubate for 7 days at 37°C. During the 7-day incubation,
samples were briefly vortexed daily. By day 7, the fibrils appear in the
solution as a precipitate. The samples were centrifuged at 15,000 rpm for
10 min, the HEPES buffer was removed, and the samples were washed
twice with sterile water. A bicinchoninic acid (BCA) assay (Calbiochem)
was conducted to determine the final protein concentration of amyloid �
fibrils.

BMDMs. Bone marrow-derived macrophages (BMDMs) from 6- to
8-week-old C57BL/6, TLR2-deficient, NLRP3-deficient, ASC-deficient,
and caspase 1/caspase 11-deficient mice were differentiated as previously
described (20). Briefly, femurs of mice were flushed, and a single-cell
suspension of the bone marrow was prepared in RPMI medium. The sus-
pension was centrifuged at 1,000 rpm for 10 min to pellet the cells. The
cells were then resuspended in bone marrow macrophage medium. The
bone marrow macrophage differentiation medium prepared with condi-
tioned L929 cell media was changed on the fourth day of culture. On the
seventh day of culture, the cells were seeded into the wells of a 24-well
plate at a density of 500,000 cells/well.

The cells were stimulated by dose titration of purified curli fibers (10 to
0.5 �g/ml), lipopolysaccharide (LPS) (50 ng/ml), or fibrillized amyloid �
(50 �g/ml). The cells were primed for 3 h with LPS (50 ng/ml) before
infection with S. Typhimurium IR715 (multiplicity of infection [MOI],
1:20) grown to exponential phase for maximal inflammasome activation
(37) or grown under curli-inducing conditions as described previously
(20). When grown under exponential-growth conditions, an overnight
starter culture was first grown in LB medium with continuous shaking at
37°C. The bacteria were then diluted 1 to 40 in LB medium containing 300
mM NaCl and grown further under static conditions at 37°C for 3 h. The
cells were stimulated for 4 or 24 h, and the supernatants were collected to
assay for IL-6 and IL-1� by enzyme-linked immunosorbent assay
(ELISA). The cell supernatants and lysates were kept for lactate dehydro-
genase (LDH) assay. IL-6 and IL-1� ELISAs were conducted according to
the manufacturer’s instructions.

For inhibitor experiments, BMDMs were treated with cytochalasin D
(2.5 �M), YVAD (20 �M), or glyburide (50 �M) 1 h prior to stimulation;
5 �g/ml of curli fibers was used to stimulate the BMDMs for 24 h, and the
supernatants were collected for IL-1� ELISA measurement.

LDH assay. The Cytotox 96 Non-Radioactive Cytotoxicity Assay
(Promega) was completed according to the manufacturer’s instructions.
Briefly, supernatants from cells stimulated for 24 h were collected to de-
termine LDH release into the supernatant during stimulation. Lysis buffer
(10�) was added to the wells to a 1� final concentration in the medium.
The cells were incubated for 45 min at 37°C to lyse the cells. The 24-well
plate was centrifuged for 4 min at 200 rpm, and medium was then col-
lected for total-LDH determination. Assay buffer (12 ml) was mixed with
one vial of assay substrate, and 50 �l of supernatant or 50 �l of lysate was
placed in a 96-well plate and mixed with 50 �l of the assay substrate. The
plate was incubated for 15 min while protected from light, and 50 �l of
Stop Solution was added to each well. The absorbance of the wells was read
at 490 nm on a BMG Labtech Polarstar plate reader. Cell death was calcu-
lated as the ratio of LDH activity in the supernatant alone over the maxi-
mum LDH activity of lysed cells.

RESULTS
Curli fibers induce secretion of IL-1�. Curli fibers play a pivotal
role as a structural component of the ECM of enteric biofilms
(38). While curli fibers differ in primary sequence from human
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amyloids, all amyloids form similar �-sheet quaternary structures.
Recent work has shown that the amyloid � found in the plaques
present in the brains of AD patients activates the NLRP3 inflam-
masome, leading to the production of IL-1� (39, 40). Further
studies also determined that two other human amyloids, IAPP
and SAA, are also recognized by NLRP3 (29–31). In order to de-
termine if the bacterial amyloid curli could also induce secretion
of IL-1�, BMDMs from wild-type C57BL/6 mice were stimulated
for 24 h with a dose titration (0 to 10 �g/ml) of curli fibers. It is
important to note that the curli fibers were purified from an msbB
mutant that makes a tetra-acylated LPS that does not activate
TLR4. Stimulation of BMDMs with purified curli induced secre-
tion of IL-1� in a dose-dependent fashion. As expected, LPS did
not induce secretion of IL-1� (Fig. 1A). Curli also induced IL-6
production by BMDMs, as reported previously (36, 41). LPS
caused robust secretion of IL-6, likely through the activation of
TLR4 (Fig. 1B).

During infections of macrophages, IL-1� release is concomi-
tant with cell death and the release of LDH into the supernatant
(42). To determine whether curli amyloids were causing cytotox-
icity and cell death, an LDH assay was conducted on the superna-
tants and cell lysates from the BMDMs stimulated with the dose
titration of purified curli fibers. Interestingly, while infection of
BMDMs with S. Typhimurium IR715 caused cell death and LDH
release, stimulation of BMDMs with curli fibers failed to cause cell
death, even though IL-1� was released after 24 h of stimulation,
suggesting that curli fibers are not cytotoxic to the cells even at the
highest concentration of 10 �g/ml. LPS was used as a negative
control and did not induce any cell death (Fig. 1C). These data
provided evidence that purified curli fibers trigger IL-1� produc-
tion without causing cytotoxicity and LDH release.

IL-1� secretion depends on the activation of TLR2. While
inflammasome activation provides the necessary enzymatic activ-
ity for the cleavage of pro-IL-1� to IL-1�, an additional signal is

required for the transcription and translation of pro-IL-1�. One
of the commonest signals for the production of pro-IL-1� is TLR
activation. In fact, many inflammasome-activating molecules re-
quire priming of immune cells with TLR ligands like LPS in order
to initiate the production of IL-1� (43, 44). We have shown that
curli amyloids, as well as amyloid �, signal through TLR2 to cause
the production of cytokines, including IL-6 (25). Since curli acti-
vates TLR2, we hypothesized that curli generates the first neces-
sary pro-IL-1� signal for mature IL-1� production through TLR2
activation. In order to test the requirement for TLR2 in IL-1�
production in response to curli, C57BL/6 and TLR2-deficient
BMDMs were stimulated with 10 �g/ml or 2.5 �g/ml of curli, and
IL-1� was measured in the supernatants by ELISA. We deter-
mined that wild-type BMDMs produced IL-1� in response to
both doses of purified curli fibers. Interestingly, TLR2-deficient
BMDMs had reduced production of IL-1� (Fig. 2A). Consistent
with the previous reports, IL-6 secretion by BMDMs was signifi-
cantly abrogated in the absence of TLR2 (Fig. 2B). Intriguingly,
treatment of wild-type or TLR2-deficient BMDMs with the syn-
thetic ligand for the TLR2/TLR1 heterocomplex, Pam3CSK4, did
not result in the production of IL-1� (Fig. 2A). In contrast the
BMDMs produced high levels of IL-6 in a TLR2-dependent man-
ner (Fig. 2B). Collectively, these data suggest that the loss of TLR
activation in TLR2-deficient BMDMs impedes the production of
pro-IL-1�, resulting in lower levels of IL-1� in response to curli
fibers. Furthermore, curli activates the inflammasome pathways,
leading to the generation of mature IL-1�.

Curli fibers activate the NLRP3 inflammasome. Caspase 1 is a
cysteine protease that enzymatically cleaves pro-IL-1� to make
mature IL-1�, which becomes active through the formation of a
protein complex called the inflammasome. The inflammasome
complex recognizes conserved microbial molecular patterns in
the cytosol. Both the NLRC4 and the NLRP3 inflammasomes are
activated in response to S. Typhimurium infection. Detection of

FIG 1 Purified curli fibers elicit IL-1� secretion in macrophages. (A and B) C57BL/6 bone marrow-derived macrophages were stimulated with a dose titration
(0, 0.5, 1, 2.5, 5, and 10 �g/ml) of purified curli fibers and a single dose of LPS (50 ng/ml). After 24 h, the supernatants were collected, and IL-1� (A) and IL-6 (B)
levels were determined by ELISA. (C) An LDH assay was used to determine percent cytotoxicity. S. Typhimurium (STM) infection at an MOI of 20 was utilized
as a positive control for the cytotoxicity assay. Shown are average means and standard errors (SE) from three independent experiments. *, P � 0.05.
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flagellin during S. Typhimurium infection leads to the activation
of caspase 1, secretion of IL-1�, and macrophage death via the
NLRC4 inflammasome (45). Recently, several human amyloids
have been shown to activate NLRP3. Since the recognition of amy-
loids by TLR2 is dependent on their conserved quaternary struc-
ture, we hypothesized that curli amyloids would also activate the
NLRP3 inflammasome. Initially, we tested our hypothesis by uti-
lizing inhibitors of NLRP3 inflammasome pathways on BMDMs
from wild-type mice. We pretreated BMDMs with the specific
NLRP3 inhibitor glyburide (50 �M) or the caspase 1 inhibitor

YVAD (20 �M) for 1 h prior to stimulation. The BMDMs were
stimulated with 5 �g/ml of curli fibers for 24 h. We found that
IL-1� secretion was strongly induced by the purified curli fibers.
Furthermore, each of the inhibitors caused inhibition of IL-1�
secretion. This evidence pointed to NLRP3 and caspase 1 depen-
dence for curli-induced secretion of IL-1�. Cytochalasin D, an
inhibitor of phagocytosis, also blocked IL-1� secretion in
BMDMs treated with curli, suggesting that internalization of
curli fibers is essential for the induction of IL-1� secretion by
BMDMs (Fig. 3A).

FIG 2 Curli induces IL-1� and IL-6 secretion in a TLR2-dependent manner. C57BL/6 and TLR2-deficient macrophages were stimulated with Pam3CSK4 (100
ng/ml) and purified curli fibers (2.5 and 10 �g/ml). Twenty-four hours after stimulation, the supernatants were collected and assayed for IL-1� (A) and IL-6 (B)
production by ELISA. Shown are average means and SE from three independent experiments. *, P � 0.05.

FIG 3 IL-1� secretion in response to curli and amyloid � is dependent on caspase 1 activation. (A) C57BL/6 macrophages were pretreated with cytochalasin D
(2.5 �M), YVAD (20 �M), or glyburide (50 �M) 1 h prior to stimulation. The cells were then stimulated with 5 �g/ml of curli or DMSO; 24 h poststimulation,
the supernatants were collected and assayed by ELISA for IL-1� secretion. (B to D) C57BL/6, NLRP3-deficient, ASC-deficient, and caspase 1 (Casp1)-deficient
bone marrow-derived macrophages were stimulated with purified curli (0.5 or 5.0 �g/ml) (B); polymerized recombinant amyloid � 1-42 (50 �g/ml) (A�), LPS
(50 ng/ml), and Pam3CSK4 (100 ng/ml) (C); or S. Typhimurium infection at an MOI of 20 (D). The supernatants were collected 24 h after stimulation and assayed
for IL-1� by ELISA. Shown are average means and SE from three independent experiments. *, P � 0.05.
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In order to confirm our findings that curli induces IL-1� via
the activation of NLRP3 and caspase 1, we tested BMDMs from
C57BL/6 wild-type mice, as well as NLRP3-, ASC-, and caspase
1/caspase 11-deficient mice. These BMDMs were treated with a
high dose (5.0 �g/ml) and a low dose (0.5 �g/ml) of purified curli
fibers, fibrillar amyloid � (50 �g/ml), and LPS (50 ng/ml) for 24 h.
As a positive control, the BMDMs were also infected with S. Ty-
phimurium. As expected, both the low and high doses of purified
curli fibers triggered IL-1� secretion in wild-type BMDMs (Fig.
3B). Amyloid � fibers induced IL-1� in wild-type BMDMs,
while LPS failed to induce IL-1�, as expected (Fig. 3C).
NLRP3-, ASC-, and caspase 1/caspase 11-deficient BMDMs
failed to secrete IL-1� in response to purified curli fibers or
amyloid � fibers (Fig. 3B and C). S. Typhimurium infection
eliciting of IL-1� was partially dependent on NLRP3, as flagel-
lin activates the NLRC4 inflammasome for IL-1� secretion
(46). As expected, IL-1� production was significantly abro-
gated in both ASC- and caspase 1/caspase 11-deficient BMDMs
24 h postinfection by S. Typhimurium (Fig. 3D).

In order to determine whether curli fibers are expressed in S.
Typhimurium grown under conditions optimal for inflam-
masome activation, we used an S. Typhimurium strain carrying a
plasmid in which the csgBA promoter drives expression of a GFP
reporter construct (PcsgBA::gfp). S. Typhimurium strains carrying
a plasmid that constitutively expresses GFP via the tetA promoter
(PtetA::gfp) or a promoterless gfp were used as positive and nega-
tive controls, respectively. Expression of gfp was determined by
flow cytometry. When grown under conditions optimal for in-
flammasome activation, curli fibers were expressed by only a small
fraction of the bacterial population (Fig. 4A). However, when the

strain was grown under conditions optimal for curli expression,
gfp expression was detectable in the entire population by flow
cytometry (Fig. 4B). When BMDMs were infected with wild-type
S. Typhimurium, its curli mutant (csgBA), or the flagellin mutant
(fliC fljB) grown under conditions optimal for inflammasome ac-
tivation (Fig. 4C) or curli expression (Fig. 4D) for 4 h, the curli
mutant was significantly attenuated in its ability to elicit IL-1�
only when the bacterial strains were grown under curli-inducing
conditions (Fig. 4D). There was no significant difference in the
IL-1� produced by the wild-type S. Typhimurium and the curli
mutant grown under conditions optimal for inflammasome acti-
vation, while the flagellin mutant was severely attenuated in its
ability to elicit IL-1� (Fig. 4C).

NLRP3 activation by amyloids does not cause cytotoxicity.
The process of pyroptosis leads to the release of the powerful proin-
flammatory cytokine IL-1�. In this process, cell death occurs and
LDH is released through the permeable cell membrane, which has
lost its integrity. Activation of inflammasomes can lead to pyroptosis
via caspase 1 activation (46, 47). To determine whether the bacterial
amyloid, curli, elicits pyroptosis resulting from NLRP3 activation,
BMDMs from wild-type, NLRP3-deficient, ASC-deficient, and
caspase 1/caspase 11-deficient mice were treated with curli at 5.0- and
0.5-�g/ml concentrations. While these concentrations of curli did
induce IL-1� secretion from BMDMs (Fig. 3B), no cytotoxicity was
detected above baseline in any of the macrophage genotypes using an
LDH assay (Fig. 5A). Similarly, amyloid � also failed to produce any
cytotoxicity in the BMDMs. As expected, LPS did not cause any cy-
totoxicity, and infection with S. Typhimurium IR715 caused over
50% cytotoxicity in the BMDMs from all mouse genotypes (Fig. 5B).
NLRP3, ASC, and caspase 1 deficiency did not cause any significant

FIG 4 S. Typhimurium curli fibers lead to IL-1� production in BMDMs. (A and B) Curli expression was determined in S. Typhimurium bacteria that were grown
under conditions optimal for inflammasome activation (A) or curli expression (B) using S. Typhimurium carrying PcsgBA::gfp on a plasmid. S. Typhimurium
carrying a plasmid containing promoterless gfp was used as a negative control. S. Typhimurium carrying a plasmid that constitutively expresses GFP via PtetA::gfp
was used as a positive control. (C and D) C57BL/6 macrophages pretreated with LPS (50 ng/ml) were infected at an MOI of 20 with S. Typhimurium grown under
conditions that were optimal for either inflammasome activation (C) or curli expression (D). The supernatants were collected 4 h after infection and assayed by
ELISA for IL-1�. Shown are average means and SE from three independent experiments. *, P � 0.05; n.s., not significant.
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differences in IL-6 production in response to curli or LPS (Fig. 5C
and D).

DISCUSSION

A variety of structurally different molecules, including bacterial
toxins, ATP, and crystals, activate the NLRP3 inflammasome (28,
44). Several insoluble human proteins, which form amyloid fibers
found in various complex diseases, have also been shown to acti-
vate the NLRP3 inflammasome. They include amyloid �, SAA,
and IAPP (29–31, 40). One of the major hallmarks of Alzheimer’s
disease is the accumulation of amyloid � in the brains of patients.
Prolonged exposure to amyloid � leads to persistent activation of
microglia. IL-1� production and caspase 1 activation are observed
in diseased tissues and in microglia exposed to amyloid � (48, 49).
Intriguingly, loss of NLRP3 or caspase 1 in mouse models of Alz-
heimer’s disease resulted in the protection of mice from disease
symptoms, including spatial memory (39). Subsequent studies
showed that amyloid � indeed activates NLRP3 and caspase 1,
leading to the production inflammatory cytokines, including
IL-1� (40).

Here, we show that curli fibers, the insoluble amyloid fibers
found in the ECMs of E. coli and S. Typhimurium biofilms, also
elicit IL-1� production in macrophages (Fig. 1). Similar to human
amyloids, we determined that the IL-1� production elicited by
curli fibers was also mediated by the NLRP3 inflammasome, as
macrophages lacking the components of the inflammasome,
NLRP3 or ASC, failed to produce IL-1� (Fig. 3B). This was depen-
dent on the activation of caspase 1, since macrophages treated
with a caspase 1 inhibitor, YVAD, or macrophages lacking caspase
1 and caspase 11 also failed to respond to curli fibers (Fig. 3A and
B). Consistent with previous findings, amyloid � also triggered
IL-1� production through the NLRP3 inflammasome (Fig. 3C).

We used S. Typhimurium as a control to show the activation of
inflammasome complexes. We determined that S. Typhimurium
activated NLRP3. Although IL-1� production was significantly
reduced in NLRP3-deficient macrophages, large quantities of
IL-1� were still produced by these macrophages (Fig. 3D). The
flagellin mutant was severely attenuated in its ability to elicit IL-1�
production (Fig. 4C). Since flagellin activates the NLRC4 inflam-
masome (45), we think that the large quantities of IL-1� in
NLRP3-deficient macrophages were due to the activation of the
NLRC4 inflammasome by flagellin. Curli fibers expressed by S.
Typhimurium elicited IL-1� production only when the strains
were grown under curli-inducing conditions (Fig. 4D). Consistent
with our findings, a recent study reported that the NLRP3 inflam-
masome was activated by the mitochondrial superoxide induced
during S. Typhimurium infection of BMDMs (50). Under curli-
inducing conditions, the flagellin mutant did not have a profound
effect on IL-1� production (Fig. 4D).

It is interesting that the activation of the NLRP3 inflam-
masome with either curli or amyloid � did not result in cell death
in macrophages (Fig. 1C and 5A and B). Although a large body of
evidence points to the toxic effect of amyloid � on neuronal cells,
macrophages seem to be resistant to the toxic nature of amyloid �.
Amyloid �-mediated neuronal cell death has been linked to the
generation of reactive oxygen species, as well as caspase 2 (51, 52).
Interestingly, a recent study showed that when neuronal cells were
cultured with caspase 1-deficient microglial cells, amyloid � did
not cause neuronal cell death. However, caspase 1-deficient cells
failed to upregulate chemokines, suggesting that the activation of
the NLRP3 inflammasome contributes to the secondary chemo-
tactic and neurotoxic effects of amyloid � mediated by microglia.
These findings suggest that the activation of the NLRP3 inflam-

FIG 5 Curli fibers do not trigger cell death. (A and B) C57BL/6, NLRP3-deficient, ASC-deficient, and caspase 1-deficient bone marrow-derived macrophages
were stimulated with purified curli (0.5 or 5.0 �g/ml) (A) or polymerized recombinant amyloid � 1-42 (50 �g/ml), LPS (50 ng/ml), or S. Typhimurium infection
at an MOI of 20 (B). Cell death was determined by LDH assay. (C and D) IL-6 secretion was determined by ELISA. Shown are average means and SE from three
independent experiments.
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masome by bacterial amyloids in macrophages could have pro-
found effects on surrounding immune cells.

The immune system recognizes curli fibers through a mecha-
nism similar to that observed with human amyloid fibers. The
fibrillar amyloid structure of both curli and human amyloids ac-
tivates the TLR2/TLR1 receptor complex, leading to the activation
of the immune system (22, 25). Here, we have demonstrated that
macrophages deficient in TLR2 failed to produce IL-1� (Fig. 2). In
addition, treatment of macrophages with cytochalasin D, an in-
hibitor of phagocytosis, disrupts IL-1� production (Fig. 3A).
These results indicate that internalization upon TLR2 activation
by curli is critical in NLRP3 inflammasome activation. It has pre-
viously been reported that amyloid � causes damage to the lyso-
somal compartment (40). We think that this could be a common
mechanism used by amyloid proteins, leading to the fibers’ access
to the cytosol, where they could be detected by the NLRP3 inflam-
masome (Fig. 6). It is important to note that the cooperation be-
tween TLR2 and NLRP3 is not common to all TLR2 ligands, since
the synthetic TLR2/TLR1 ligand Pam3CSK4 does not activate the
NLRP3 complex (Fig. 2A). Currently, we are working out the de-
tails of how curli fibers access the cytosol and activate the NLRP3
inflammasome.

In addition to enteric pathogens, curli-like amyloid fibers have
been identified in several human pathogens, including Staphylo-
coccus aureus and Mycobacterium tuberculosis, and human com-
mensals, such as E. coli Nissle 1917 (53, 54). Therefore, future

studies on how bacterial amyloids interact with the immune sys-
tem will not only shed light on the pathogeneses of several human
diseases, but will also provide insight into how the commensal
bacteria are detected at the mucosal sites. Interestingly, decreased
expression of NLRP3 has been linked to susceptibility to Crohn’s
disease, and NLRP3 has been shown to participate in the regula-
tion of the epithelial barrier (55, 56). Recently, it was demon-
strated that the detection of curli fibers in the gastrointestinal mu-
cosa leads to reinforcement of the epithelial barrier (57). Since
curli fibers are recognized by the receptors that have been impli-
cated in barrier regulation in the gut, TLR2 and NLRP3, the de-
tection of microbiota-associated amyloids may play a pivotal role
in the regulation of the mucosal barrier and intestinal homeosta-
sis. In addition, elucidating the interactions of bacterial amyloids
with the immune system and determining the commonalities be-
tween human amyloids may provide clues to why bacteria express
molecules that are structurally similar to human amyloids present
in human diseases.
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