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CD14 Protein Acts as an Adaptor Molecule for the Immune
Recognition of Salmonella Curli Fibers™
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(Background: Curli fibers are recognized by the TLR2/TLR1 complex.
Results: CD14 binds curli fibers and enhances TLR2/TLR1-dependent NF-«B activation as well as cytokine and nitrite

Conclusion: CD14 is an adaptor protein for the TLR2/TLR1 complex binding the fibrillar structure of curli fibers.
Significance: Understanding the immune receptor complexes that recognize amyloids will have implications for amyloid-
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Amyloids, protein aggregates with a cross 3-sheet structure,
contribute to inflammation in debilitating disorders, including
Alzheimer’s disease. Enteric bacteria also produce amyloids,
termed curli, contributing to inflammation during infection. It
has been demonstrated that curli and 3-amyloid are recognized
by the immune system via the Toll-like receptor (TLR) 2/TLR1
complex. Here we investigated the role of CD14 in the immune
recognition of bacterial amyloids. We used HeLa 57A cells, a
human cervical cancer cell line containing a luciferase reporter
gene under the control of an NF-«B promoter. When HeLa 57A
cells were transiently transfected with combinations of human
expression vectors containing genes for TLR2, TLR1, and CD14,
membrane-bound CD14 enhanced NF-kB activation through
the TLR2/TLR1 complex stimulated with curli fibers or recom-
binant CsgA, the curli major subunit. Similarly, soluble CD14
augmented the TLR2/TLR1 response to curli fibers in the
absence of membrane-bound CD14. We further revealed that
IL-6 and nitric oxide production were significantly higher by
wild-type (C57BL/6) bone marrow-derived macrophages com-
pared with TLR2-deficient or CD14-deficient bone marrow-de-
rived macrophages when stimulated with curli fibers, recombi-
nant CsgA, or synthetic CsgA peptide, CsgA-R4-5. Binding
assays demonstrated that recombinant TLR2, TLR1, and CD14
bound purified curli fibers. Interestingly, CD14-curli interac-
tion was specific to the fibrillar form of the amyloid, as demon-
strated by using synthetic CsgA peptides proficient and defi-
cient in fiber formation, respectively. Activation of the TLR2/
TLR1/CD14 trimolecular complex by amyloids provides novel
insights for innate immunity with implications for amyloid-as-
sociated diseases.
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Amyloids are protein aggregates with a conserved cross
B-sheet structure where the axis of the 3-sheets lies perpendic-
ular to the fiber axis (1). More than 60 different amyloidogenic
proteins are produced in humans (2). Several of these amyloid
proteins have been shown to serve a functional role. For
instance, Pmell7, involved in melanin production, forms amy-
loids that sequester toxic melanin precursors inside the mela-
nosomes, protecting the melanocyte from cytotoxicity (3-5).
Furthermore, peptide hormones take on an amyloid-like struc-
ture during their storage in secretory granules (6). Despite the
apparent functionality of amyloids, accumulation of many
fibrillar amyloids in various organs have been associated with
many debilitating human diseases, including Alzheimer’s dis-
ease, prion disease, Type II Diabetes Mellitus, and Creutzfeldt-
Jakob disease (7—10). These complex amyloid-associated dis-
eases still lack satisfactory treatment options for afflicted
patients.

Many bacteria, including important pathogens such as Esch-
erichia coli, Salmonella enterica serovar Typhimurium, Staph-
ylococcus aureus, and Mycobacterium tuberculosis, as well as
certain genera of non-pathogenic bacteria, have evolved to pro-
duce amyloids as a component of their extracellular matrix in
biofilms (11-16). Because of their conserved quaternary struc-
ture, both human and bacterial amyloids share unique physical
properties, including binding to fluorescent dyes such as Thio-
flavin T (ThT)? and Congo red. When bound to fibrillar amy-
loids, Congo red displays an apple-green birefringence under a
polarized light microscope (17-19). Furthermore, both human
and bacterial amyloids show similar functional features. For
instance, both B-amyloid 1-42, the amyloid found in the
plaques of Alzheimer’s disease patients, and curli fibers, pro-
duced by enteric bacteria, bind to fibronectin (20-22) and
laminin (23) and trigger fibrinogen and plasminogen activation
(24, 25).

Curli fibers, produced by members of the Enterobacteriaceae
family, including E. coli and Salmonella typhimurium, repre-

2 The abbreviations used are: ThT, Thioflavin T, TLR, Toll-like receptor; BMDM,
bone marrow-derived macrophage.
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sent the best-characterized bacterial amyloid to date. Curli
fibers aid in the formation of enteric biofilms mediating bacte-
rial adherence to self as well as to biotic and abiotic surfaces
(26 -28). The proteins necessary for curli fiber formation are
encoded by two operons, csgBAC and ¢sgDEFG (20, 29). CsgD
acts as a positive transcriptional regulator for both operons,
csgBAC and ¢sgDEFG, and initiates transcription under stress-
related conditions, including low osmolarity and low tempera-
ture (30). CsgA, the major subunit of the curli fibers, contains
five repeats, R1-R5, which fold into the B-sheet necessary for
fiber formation. Of these repeats, R1 and R5 seem to be the
most important for E. coli CsgA fiber formation (31). It has
been long understood that CsgB is the nucleator protein neces-
sary for CsgA polymerization to occur efficiently, but only
recently has the exact mechanism of this nucleation come to
light (32). Studies showed that CsgB forms short fibers attached
to the outer membrane that form a template for CsgA folding
into the B-sheets necessary for polymerization (33). Nonethe-
less, CsgA still forms fibers at a slower rate, even in the absence
of the nucleator protein CsgB when CsgA concentrations are
high (34). CsgE acts as a chaperone for the major subunit of the
fibers, CsgA, and prevents CsgA polymerization within the bac-
terial cell, as this could be toxic to the cell (35). CsgG forms an
outer membrane pore that allows for CsgA to cross from the
periplasm into the extracellular space (36). Finally, CsgF helps
localization of CsgB and aids in the anchoring of the fibers to
the outer membrane (37).

Toll-like Receptors (TLRs) are a member of the pattern rec-
ognition receptor family of innate immune receptors, which
recognize conserved molecular patterns of microbes as well as
endogenous danger molecules initiating inflammatory immune
responses (reviewed in Ref. 38). TLR signaling cascades lead to
the translocation of NF-«B into the nucleus through a signaling
cascade involving an intracellular adaptor protein, termed mye-
loid differentiation primary response protein 88 (MyD88), lead-
ing to the transcription of various cytokines and chemokines
(reviewed in Ref. 39). TLR4, together with adaptor molecules
MD2 and CD14, recognizes hexa-acylated lipid A of LPS found
in the outer membrane of most Gram-negative bacterial species
(40, 41). TLR5 recognizes flagellin proteins that form the fla-
gella of motile bacteria (42, 43). By forming heterodimers with
either TLR1 or TLR6, TLR2 recognizes a wide range of mole-
cules, including triacylated or diacylated lipopeptides, lipo-
teichoic acids, and zymosan (44, 45). Recently, we have shown
that TLR2 recognizes curli fibers of enteric bacteria as well as
the Alzheimer’s disease-associated amyloid fiber, B-amyloid
(46 —48). Furthermore, we demonstrated that TLR2 requires
the formation of a heterocomplex with TLR1 to recognize curli
fibers (46). Consistent with our findings, a recent study revealed
the involvement of TLR1 in the recognition of B-amyloid 1—42
by TLR2 (49). In addition, TLR2-TLR1 complex activation by
serum amyloid A, an acute phase protein, has been demon-
strated (50).

CD14, a Glycosylphosphatidylinositol (GPI)-anchored
membrane protein lacking a transmembrane domain, is pres-
ent in both a membrane-bound and a soluble form in the
human body (51, 52). Soluble CD14 is primarily produced by
hepatocytes in the liver, and its levels increase in inflammatory
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states, a characteristic of all acute phase proteins in the body,
including serum amyloid A and C-reactive protein (53). Mem-
brane-bound CD14 is primarily expressed by monocyte cell lin-
eages (54, 55). Interestingly, CD14 has been implicated in the
inflammatory milieu in the brain that occurs as a result of amy-
loid deposition (56, 57). In addition, CD14 has been shown to
act as an adaptor molecule for various TLRs, including TLR4,
TLR2, TLRY, and TLR7 (58 —61). Although the adaptor func-
tion of CD14 for the TLR2-TLR1 complex has been demon-
strated for a synthetic ligand, Pam;CSK,, the role of CD14 in
the recognition of amyloids remains unknown.

Here we explored the function of CD14 in immune recogni-
tion of amyloids. We used curli fibers of S. typhimurium and
investigated whether CD14 could act as an adaptor protein for
the TLR2-TLR1 complex.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The HeLa 57A cell line stably
transfected with an NF-«B luciferase reporter was provided by
Dr.R. T. Hay (The Wellcome Trust Centre for Gene Regulation
and Expression, College of Life Sciences, University of Dundee,
UK). HeLa 57A cells were grown in DMEM (Invitrogen) sup-
plemented with 10% heat-inactivated FBS. HeLa 57 A cells were
grown to confluence in a 75-cm? flask (Nunc) in a 5% CO,
incubator at 37 °C. Pam;CSK,, the synthetic triacylated lipo-
protein used as a synthetic ligand for the TLR2-TLR1 complex,
was purchased from InvivoGen (catalog no. tlrl-pms). Recom-
binant human TLR2 and mouse TLR1 (catalog nos. 2616-TR-
050 and 1476-TR-050, respectively) were purchased from R&D
Biosystems. Recombinant human soluble CD14 was purchased
from Sigma-Aldrich (catalog no. SRP3149). The CsgA synthetic
peptides CsgA R4 -5 and CsgA R4 —5,;,,, Were described pre-
viously (48) and were purchased from Biosynthesis, Inc. ExGen
500 reagent for the transfection of HeLa 57A cells was pur-
chased from Fermentas (catalog no. RO511).

Purification of Curli Fibers and Recombinant CsgA—All puri-
fied curli fibers were purified from the S. typhimurium msbB
mutant (RPW3) (62) utilizing the established protocol
described previously (63). The plasmid pSW5-50 contained
the gene csgA cloned in GST fusion protein vector pGEX-4T-2.
GST-CsgA was purified from E. coli DH5a (pSW5-50) as
described previously (64). GST was purified from E. coli DH5«
(pGEX-4T-2) utilizing the same protocol.

Plasmid Isolations and Transfections—The pTRACER
(Invitrogen) human expression plasmid containing human
TLR2, human TLRI1, and human CD14 were maintained in
E. coli DH5« as described previously (65). Overnight cultures
were grown at 37 °C in Luria Bertani (LB) broth supplemented
with 100 ug/ml of carbenicillin. The Qiagen Midi prep kit was
utilized according to the instructions of the manufacturer to
isolate the plasmids from these bacteria for transfection exper-
iments. Transfections were conducted as described previously
(46). Briefly, trypsinized cells were seeded at 5 X 10° cells/well
in 500 ul of DMEM supplemented with 10% FBS. 24 h later,
ExGen 500 reagent (Fermentas) was added according to the
instructions of the manufacturer. Vectors carrying the hTLR2,
hTLR1, hCD14, and lacZ genes were added in various combi-
nations to a total amount of 250 ng of transfected plasmid DNA.
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In the transfections, the lacZ vector was used to normalize the
transfection efficiency. The 48-well plate was then spun in a
centrifuge for 5 min at 700 rpm. Cells were then incubated for
48 h before the experiment.

Luciferase Assay—48 h post-transfection, the cells were
washed in 500 ul of cold PBS twice, and 500 ul of DMEM sup-
plemented with 2% FBS was added into the wells. HeLa 57A
cells were treated with 10 ug of purified curli fibers, GST-
tagged curli monomer (GST-CsgA), or 50 ng of Pam,CSK, syn-
thetic TLR2/1 ligand. The same amount of GST purified in the
same manner as the GST-CsgA was utilized as a negative con-
trol. The plates were centrifuged for 5 min at 700 rpm. The cells
were then incubated for 8 h in a 5% CO, incubator at 37 °C.
After the 8-hour incubation, the medium was removed, and
cells were washed with 500 ul of cold PBS twice. Cells were
lysed by adding 100 ul of 1X reporter lysis buffer (Promega) to
the cells, and they were flash-frozen at —80 °C overnight to lyse
the cells. Following lysis, the lysates were assayed using the
Promega luciferase assay kit according to the instructions of
the manufacturer. A B-galactosidase assay was also run on the
lysates to determine the transfection efficiency and normalize
the luciferase assay results.

For determining the effect of soluble CD14, the above proto-
col was followed, but in this case purified curli samples were
incubated overnight with 10 pg/ml of soluble CD14 before
stimulation of the transfected HeLa 57A cells. After overnight
incubation, fibers were spun down at 15,000 X g for 5 min, and
unbound soluble CD14 was removed. These experiments were
conducted in triplicate and repeated two times.

Bone Marrow-derived Macrophages (BMDMs)—Six- to
eight-week-old female C57BL/6, TLR2-deficient mice (B6.129-
TLR2"™X/T) and CD14-deficient mice (B6.129-Cd14™Fr™/7)
were obtained from The Jackson Laboratories. BMDMs were
differentiated as described previously (47). Briefly, femurs from
three individual C57BL/6 TLR2-deficient and CD14-deficient
mice were flushed, and a single cell suspension of the bone
marrow was prepared in RPMI. The suspension was centri-
fuged at 1000 rpm for 10 min to pellet the cells. The cells were
then resuspended in bone marrow macrophage medium. On
the seventh day of culture, cells were seeded into the wells of a
24-well plate at a density of 500,000 cells/well. 24 h later, cells
were stimulated with 7 ug of curli, GST-CsgA, 50 ng
Pam;CSK,, or polymerized synthetic CsgA R4-R5 peptides.
Supernatants were collected 6 h after stimulation. An IL-6
ELISA was conducted according to the instructions of the man-
ufacturer (eBiosciences). A Griess reagent assay for nitrite in
the supernatant was also conducted according to the instruc-
tions of the manufacturer (Acros Organics).

Protein Binding Assay—A protein binding assay described
previously was modified (50). Briefly, wells of Maxisorp ELISA
plates (Nunc) were coated with 5 ug of recombinant CD14,
TLR2, and TLR1 in PBS overnight at 4 °C. The plate was then
washed five times with PBS containing 0.5% Tween 20 and
incubated for 2 h with 1% BSA in PBS. Next, the plate was
incubated with increasing concentrations of curli (10 ug/ml, 20
pg/ml, 30 ug/ml, 50 wg/ml, 75 ug/ml, and 100 pg/ml) in 1%
BSA in PBS for 2 h and then washed five times with PBS con-
taining 0.5% Tween 20. The wells were then incubated with a
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1:500 dilution of rabbit a-CsgA antibody in 1% BSA in PBS for
1 hand then washed five times with PBS containing 0.5% Tween
20. The plate was then incubated with an alkaline phosphatase-
conjugated goat anti-rabbit IgG antibody diluted 1:1000 in 1%
BSA in PBS for 1 h. The plate was washed eight times to ensure
elimination of all excess secondary antibody. Wells were then
incubated overnight with pNpp solution, and absorbance was
read at 405 nm in a BMG Labtech POLARstar Omega micro-
plate reader.

Inhibition of Binding—Wells of Maxisorp ELISA (Nunc)
plates were coated with 2.5 ug of recombinant TLR2, TLR1,
and CD14 in PBS overnight at 4 °C. Plates were then blocked
with 1% BSA in PBS for 2 h. Wells were washed three times with
PBS containing 0.5% TWEEN 20. Wells were incubated with 5
png of GST-CsgA combined with 0.1 pg/ml, 0.5 pug/ml, 1.0
pg/ml, 5.0 ug/ml, 10.0 pug/ml 20 ug/ml, and 50 pg/ml of curli
for 2 h. Wells were washed three times with PBS containing
0.5% Tween 20. Wells were then incubated with a-GST anti-
body (Sigma, catalog no. G7781) diluted 1:2000 in 1% BSA in
PBS for 1 h. Wells were washed three times with PBS containing
0.5% Tween 20, and then wells were incubated with alkaline
phosphatase-conjugated goat anti-rabbit IgG diluted 1:5000 for
1 h. Finally, plates were washed five times with PBS containing
0.5% Tween 20 and then incubated with 1 mg/ml p-Nitrophe-
nyl Phosphate (pNPP) solution. Plates were incubated for 1 h at
37 °C, and absorbance was read using BMG Labtech Polarstar
plate reader at 405-nm wavelength.

Synthetic Peptides (CsgA R4-5 and CsgA R4—5y;;554)—Po-
lymerization of the synthetic peptides CsgA R4 -5 and CsgA
R4 -5N122A in to fibers was conducted as described previ-
ously, with some modifications (66). Briefly, 1 mg of lyophilized
peptide was dissolved in 500 pl of hexafluoroisopropanol
(HFIP), vortexed for 1 min, and incubated with shaking for 1 h
at room temperature. HFIP was evaporated using a SpeedVac
concentrator system (Savant) at room temperature. Dried pep-
tide was then dissolved in 500 ul of dimethyl sulfoxide and
vortexed until fully dissolved. The sample was injected into a
HiTrap desalting column (GE Healthcare, catalog no. 17-1407-
01) that had been previously equilibrated with 25 ml of equili-
bration buffer (50 mm Tris-HCl, 1 mm EDTA (pH 7.4)). 1 ml of
equilibration buffer was injected, and that flow-through was
discarded. Peptides were then eluted and collected twice using
1 ml of equilibration buffer.

Thioflavin T Assay—Equal volumes of 50 um synthetic pep-
tide and 10 um ThT (Sigma, catalog no. T3516-5G) were com-
bined and distributed into a black Nunc 96 MicroWell™ plate
(catalog no. 237108) and sealed to prevent evaporation. ThT
fluorescence intensity was monitored using a BMG Labtech
POLARstar Omega microplate reader with 440/490-nm excita-
tion/emission filters set for 36 h at 37 °C.

Dot Blot—5 png of rabbit a-CsgA, CsgA R4-5, CsgA
R4 —5,;1.24, BSA, and purified curli were spotted and incubated
onaPVDF membrane for 1 h. The membrane was then blocked
in blocking buffer (5% dry milk in TBS (50 mm Tris, 0.5 M NaCl
(pH 7.4))) for 1 h at room temperature. The blocking buffer was
removed, and the membrane was incubated for 1 h at room
temperature with a 1:500 dilution of rabbit a-CsgA serum in
blocking buffer plus 0.05% Tween 20. The membrane was then
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washed with TBS plus 0.05% Tween 20 three times for 10 min
each time with rocking. Next, the membrane was incubated
with a 1:5000 dilution of goat anti-rabbit IgG antibody conju-
gated to IRDye® 800CW (Li-Cor Biosciences, catalog no. 926-
32211) in blocking buffer for 1 h at room temperature and pro-
tected from light. The membrane was then washed three times
in TBS plus 0.05% Tween 20. The membrane was visualized
using an Odyssey infrared imager.

Statistical Analysis—One-way analysis of variance with Bon-
ferroni post-test was utilized to calculate statistically significant
differences in all experiments. Values of p < 0.05 were consid-
ered statistically significant.

RESULTS

CD14 Is Not Required but, Instead, Increases the Activation of
TLR2/TLRI1 by Curli Fibers—Both curli fibers and B-amyloid
are recognized by TLR2 in cooperation with TLR1 (46, 56).
Adaptor protein CD14 has been demonstrated previously to
increase the activation of the TLR2-TLR1 heterocomplex by
the triacylated lipopeptide Pam;CSK, by binding and increas-
ing the proximity of the ligand to the receptor complex (59).
Interestingly, CD14 was implicated in the pathogenesis of Alz-
heimer’s disease (56, 57). Although mice deficient in CD14
showed a slower progression of Alzheimer’s disease, primary
microglia deficient in CD14 expression had decreased phago-
cytosis and decreased levels of reactive oxygen species produc-
tion in response to B-amyloid (56, 57). To determine whether
CD14 acts as an adaptor for the TLR2-TLR1 complex in the
recognition of amyloids, we utilized the HeLa 57A cell line sta-
bly transfected with a NF-«B luciferase reporter (67). Because
HeLa cells do not express any TLRs, they represent a conven-
ient model to investigate the contribution of TLRs to host
responses. Similarly, HeLA cells do not express membrane-
bound CD14 (52). HeLa 57A cells were transiently transfected
with a combination of human expression vectors containing
the genes for human CD14, human TLR2, and human TLR1.
Cells were then stimulated with purified curli fibers, the recom-
binant curli major subunit GST-CsgA, and the synthetic TLR2-
TLR1 ligand Pam;CSK, as a positive control, or GST as a neg-
ative control. Cell lysates were collected and assayed for
luciferase activity 8 h after stimulation. Consistent with the pre-
vious findings, cells transfected with both TLR2 and TLR1 had
increased levels of luciferase activity, the indicator of NF-«B
activation, upon stimulation with curli fibers, Pam;CSK,, and
GST-CsgA. GST-CsgA polymerizes following the purification
process (data not shown). HeLa 57 A cells that were transfected
with CD14 together with TLR2 and TLR1 showed significantly
higher levels of luciferase activity after treatment with curli,
Pam,;CSK,, and GST-CsgA compared with cells transfected
with only TLR2 and TLR1. As expected, cells stimulated with
the GST protein purified with a similar method to GST-CsgA
did not induce NF-«B activation. Similarly, cells transfected
with CD14 alone lacked any significant NF-«B activation (Fig.
1). Overall, these data suggested that CD14 was not required for
the activation of the TLR2-TLR1 heterocomplex by curli fibers.
Nonetheless, the presence of CD14 enhanced the TLR2-TLR1
heterocomplex activation by curli fibers as well as its major
subunit, CsgA.
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FIGURE 1. CD14 enhances NF-«B activation by the TLR2-TLR1 complex
upon curli stimulation. HeLa 57A cells were transfected with an empty
human expression vector or human expression vector carrying the indicated
TLRs and CD14. Cells were stimulated with 50 ng of Pam;CSK, (A), 10 ug of
purified curli fibers (B), or GST or GST-CsgA fusion peptide (C) and lysed 8 h
after the start of stimulation. NF-kB activation was monitored by measuring
the luciferase activity as relative luminescence units (RLU). Bars represent
averages mean = S.E. from three independent experiments.

Both Membrane-bound and Soluble CDI14 Increases the
Activity of the TLR2-TLR1 Complex in Response to Curli Fibers—
The adaptor molecule CD14 is expressed by monocytes and
epithelial cells in its membrane-bound form. In addition, solu-
ble CD14 is released into the serum by hepatocytes (51). In the
absence of membrane bound CD14, soluble CD14 has been
shown to aid the TLR4-MD2 complex to recognize lipid A (60).
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FIGURE 2. Soluble CD14 enhances recognition of curli fibers by the TLR2-
TLR1 complex. HelLa 57A cells were transfected with an empty human
expression vector or a human expression vector carrying the indicated TLRs
and CD14. Cells were stimulated with 10 ug of curli fibers or 10 g of curli
fibers that had been incubated overnight with 10 wg/ml of soluble CD14.
Cells were lysed 8 h after the start of stimulation, and NF-«B activation was
monitored by measuring relative luminescence units (RLU). Bars represent
mean = S.E. from three independent experiments.

Although membrane-bound CD14 was identified as an adaptor
molecule in the recognition of a synthetic ligand, triacylated
lipopeptide Pam;CSK,, no studies have yet addressed whether
soluble CD14 could replace the function of the membrane-
bound CD14 molecule in aiding the TLR2-TLR1 complex. To
determine the roles of membrane-bound and soluble CD14 in
the immune recognition of curli fibers, HeLa 57A cells were
transfected with vectors for TLR2 and TLR1 alone or in com-
bination with the vector for CD14. Transfection of the cells
with a vector carrying the gene for CD14 results in the expres-
sion of membrane-bound CD14. All groups of HeLa 57A cells
were then treated with curli fibers alone or curli fibers that were
pretreated with 10 ug of soluble CD14. Both the presence of
membrane-bound CD14 and the pretreatment of curli fibers
with soluble CD14 resulted in increased NF-kB activation
through the TLR2-TLR1 heterocomplex. Additionally, when
both membrane-bound and soluble CD14 were present during
stimulation, no change in NF-«B was seen when compared with
cells with just one form of CD14 present during stimulation
(Fig. 2). These data suggest that the presence of either mem-
brane-bound or soluble CD14 enhances the TLR2/TLR1 acti-
vation by curli fibers.

CD14 Leads to Increased IL-6 and Nitric Oxide Production By
Macrophages Stimulated with Curli—Among the monocyte
populations, macrophages express high levels of CD14 (68).
Curli fibers elicit cytokine and nitric oxide production in
macrophages, which leads to hypotension and increased
plasma nitrite/nitrate levels in a mouse model of E. coli sepsis in
a TLR2-dependent manner (48, 69, 70). To determine the role
of CD14 during activation of immune cells by curli fibers, we
used BMDMs from wild-type C57BL/6, TLR2-deficient, and
CD14-deficient mice. BMDMs were stimulated with curli,
GST-CsgA, and Pam,CSK,, and supernatants were assayed for
IL-6 production and the nitric oxide breakdown product nitrite
using ELISA and a Griess reagent assay, respectively. To elimi-
nate the effects of soluble CD14, which could be present in the
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fetal bovine serum, serum levels were decreased to 2% 24 h
before stimulation of BMDMs.

Consistent with previous reports, BMDMs from C57BL/6
mice produced IL-6 in response to the synthetic TLR2-TLR1
complexligand Pam;CSK,, whereas BMDMs deficient in CD14
or TLR2 showed significantly decreased IL-6 production (Fig.
3A). Similarly, CD14-deficient or TLR2-deficient BMDMs
stimulated with curli fibers (Fig. 3B) or GST-CsgA (C) pro-
duced significantly lower levels of IL-6 compared with wild-
type C57BL/6 macrophages. As expected, the GST protein
purified with a similar method as the GST-CsgA did not induce
IL-6 production in BMDMs (Fig. 3C).

In addition, nitrite levels were significantly lower in the
supernatants of TLR2- and CD14-deficient BMDMs compared
with wild-type C57BL/6 BMDMs supernatants after stimula-
tion with curli fibers (Fig. 3D). Together, this data suggested
that CD14 contributed to the immune recognition of curli
fibers as well as its major subunit, CsgA, by macrophages.

Curli Fibers bind TLR2, TLRI, and CDI14—Structural and
biochemical studies have demonstrated direct binding of LPS
to CD14 and elucidated the hydrophobic binding pocket to
which LPS binds on CD14 (71, 72). Although studies indicated
a possible interaction between B-amyloid and CD14 in eliciting
immune responses (56, 57, 68, 73), no studies have yet
addressed whether CD14 could directly bind to amyloid fibers.
To investigate the ability of curli fibers to bind to the individual
components of the TLR2-TLR1-CD14 complex, we coated the
wells of a 96-well MaxSorp ELISA plate with recombinant
CD14, TLR2, TLR1, or BSA and investigated whether curli
fibers or LPS bound to these molecules using a-CsgA antibod-
ies by an ELISA. The results showed that although curli fibers
did not bind to BSA, it bound to all the components of the
proposed trimolecular receptor complex: CD14, TLR2, and
TLR1. The validity of the assay was confirmed with binding of
LPS by immobilized CD14 (Fig. 4A). Next, increasing amounts
of curli fibers were added to wells coated with recombinant
CD14, TLR2, TLR1, or BSA. The amount of curli fibers bound
to the components of the trimolecular receptor complex was
determined using a-CsgA antibodies. Curli fibers bound to
immobilized TLR2 or TLR1 increased with increasing concen-
trations of curli fibers (Fig. 4B). Similar results were obtained
for curli fibers binding to CD14 (Fig. 4C).

To further investigate the interactions of curli with CD14,
TLR2, and TLR1, curli was tested as an inhibitor of CD14,
TLR2, or TLR1 binding to GST-CsgA. Wells coated with
CD14, TLR2, or TLR1 were incubated with 5 ug of GST-CsgA
in the presence of increasing concentrations of purified curli
fibers. 50% inhibition of GST-CsgA binding to all three recep-
tors was achieved at approximately equal amounts of purified
curli fibers, suggesting a similar avidity of curli for each member
of the trimolecular complex (Fig. 4D). Together, these data sug-
gest that curli fibers bind to all the components of the TLR2-
TLR1-CD14 receptor complex.

Amyloid Fibrillar Structure of Curli Is Required for CD14
Binding—To eliminate any possibility of contamination that
may have been present in the curli fibers or the recombinant
GST-CsgA preparation, two synthetic peptides, described in an
earlier study, corresponding to the fourth and fifth repeat
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FIGURE 3. Membrane-bound CD14 contributes to IL-6 and nitrite production by BMDMs. BMDMs from C57BL/6, TLR2-deficient (TLR2/~), and CD14-
deficient (CD14~/~ mice) were stimulated with 50 ng of Pam;CSK, (A), 7 ug of purified curli fibers (B), or GST or GST-CsgA fusion peptide (C) for 6 h.
Supernatants were collected at 6 h, and ELISA was conducted to measure IL-6 production. D, BMDMs were also stimulated with 10 ug of purified curli fibers for
24 h, and nitrite levels in the supernatant were measured. Bars represent mean =+ S.E. from three independent experiments.

regions of CsgA, were utilized (46, 48). Although the CsgAR-
4 -5 peptide represents the native CsgA, CsgAR-4 —5,;;,, cOn-
tains an amino acid substitution at the 122nd residue of CsgA
that is critical for the B-sheet structure of amyloid fibers. Syn-
thetic peptides were incubated for 36 h to allow polymeriza-
tion. A ThT binding assay was performed to confirm the
fibrillar structure. Although CsgA R4-5 showed robust
polymerization, as evidenced by the sigmoidal nature of the
ThT fluorescence, the mutated CsgA R4 —-5,,,,5 peptide
demonstrated no increase in fluorescence intensity, indicat-

MAY 17,2013 +VOLUME 288+-NUMBER 20

ing that this peptide does not form amyloid fibers (Fig. 54).
After polymerization, the two synthetic fibers were used in
binding assays to determine whether the fibrillar nature of
CsgA was required to bind CD14. As shown, although CD14
bound to fibrillar CsgAR4-5, it did not bind CsgA
R4—5,1224 (Fig. 5B). To confirm that the a-CsgA antibodies
bound to both CsgA R4 -5 and CsgA R4—5,;;,,, We per-
formed a dot blot, demonstrating that the a-CsgA primary
antibody used for protein binding assays bound to both CsgA
R4 -5 and CsgA R4 —5,;,,4 (Fig. 5E).
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FIGURE 4. CD14, TLR2, and TLR1 bind purified curli fibers. A, ELISA plates coated with 5 ug/ml of recombinant CD14, TLR2, or TLR1 were incubated with 50
ng/ml of purified curli fibers for 2 h. a-CsgA antibody was used as primary antibody, and alkaline phosphatase-conjugated goat anti-rabbit IgG antibody was
used for secondary antibody for detection and visualization of binding of curli to each receptor. LPS binding to CD14 was utilized as a positive control. B, an
ELISA plate coated with 5 ug/ml of recombinant TLR2 or TLR1 was incubated with an increasing concentration of purified curli fibers (10 wg/ml, 30 ng/ml, 50
ng/ml, 75 ug/ml, and 100 ng/ml). a-CsgA antibody was used as a primary antibody, and alkaline phosphatase-conjugated goat anti-rabbit IgG antibody was
used for secondary antibody for detection. C, an ELISA plate coated with 5 ug/ml of recombinant CD14 was incubated with increasing concentrations of
purified curli fibers (10 wg/ml, 30 wg/ml, 50 ng/ml, 75 wg/ml, and 100 ug/ml). a-CsgA antibody was used as a primary antibody, and alkaline phosphatase-
conjugated goat anti-rabbit IgG antibody was used for secondary antibody for detection. Curve data points and bars represent mean = S.E. from at least four
independent experiments. D, ELISA plates coated with 2.5 nwg/ml of recombinant CD14, TLR2, or TLR1 were incubated with 5.0 ug/ml of recombinant GST-CsgA
mixed with increasing concentrations of purified curli fibers (0.1 ng/ml, 0.5 ug/ml, 1 wg/ml, 5 pwg/ml, 10 wg/ml, 20 wg/ml, and 50 pg/ml) for 2 h. a-CsgA
antibody was used as a primary antibody and alkaline phosphatase-conjugated goat anti-rabbit IgG antibody was used for secondary antibody for detection
and visualization of binding of curli to each receptor.

To further elucidate that the fibrillar structure of curli was  matic digestion and chemical treatments, have also been iden-
required for recognition and cytokine production, we stim- tified as another common component of bacterial biofilms (11,
ulated wild-type C57BL/6 BMDMs with fibrillar CsgA R4-5 12, 75). Curli fibers produced in enterobacterial biofilms are the
peptide and non-fibrillar CsgA R4 —5y,,,,. Six hours after  best characterized bacterial amyloid to date. Production of curli
stimulation, supernatants were removed, and IL-6 produc- fibers by enteric bacteria results in the activation of the immune
tion was determined by ELISA. There was significantly gystem during enteric infection (70). We recently determined
greater IL-6 pr oduction by BMDMs SthUIated Wlth the that curli fibers of E. coli and S. typhimurium are recognized by
fibrillar peptide CsgA R‘% —5as compared with the IlOIl-flb‘I‘ll- the immune system through the activation of the TLR2-TLR1
lar CsgA R4-5y;2,, (Fig. 5?): Lastly, BMDMS‘ from wild-  complex (46 —48). It is interesting to note that several amyloids
type C57BL/6 and CD14-deficient mice were .stlmulat(?d bY  with a similar quaternary structure rich in B-sheets are also
fibrillar ngA. R4 -5. ngA R4 -5 caused significantly hlgher produced in humans, leading to inflammatory responses
IL-6 prod}lfztlon by wild-type BMDMs as compared WIFh through the activation of TLRs. In the case of Alzheimer’s dis-
CD14-deficient BMDMs at 6 h, as determined by ELISA (Fig. . . . .

. ease, B-amyloid that forms plaques in the brain of the patients
5D). Overall, these data suggest that CD14 is a key player for o . . N

: oo A elicits nitric oxide and cytokine activation (49, 57, 76, 77).

immune responses to amyloid fibers and that the fibrillar . o R
o ) . . Although various TLRs have been implicated in this inflamma-

structure of the amyloid fibers is required for CD14 binding. . .
tory process, caused by the accumulation of B-amyloid (56, 57,
DISCUSSION 78), TLR2 has been demonstrated convincingly to recognize the

Bacteria form multicellular communities, termed biofilms, quaternary fibrillar structure of 3-amyloid as well as curli fibers
that provide protection from environmental insults and nutri- (46, 48). Furthermore, consistent with the data showing the
ent deprivation (74). Common factors, including exopolysac- activation of the TLR2-TLR1 complex by curli fibers, g-amy-
charides and extracellular DNA, provide structural support to  loid has also been shown to activate the TLR2-TLR1 complex
the bacterial biofilms. Amyloids, proteins resistant to enzy- (49), suggesting that the immune activation mechanisms by
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FIGURE 5. CD14 binds synthetic curli fibers and enhances IL-6 production by BMDMs. Polymerization of 50 um CsgA R4-5 (A) and CsgA R4 -5y ;5,4 Was
monitored by measuring fluorescence intensity (excitation, 440; emission, 490) in a BMG Omega Polar Star plate reader. Equal volumes of peptides and 10 um
ThT were mixed and incubated at 37 °C. B, ELISA plates coated with CD14 were incubated with 50 ug/ml of synthetic peptides, CsgA R4 -5, and CsgA R4 -5,/
and binding of the synthetic peptides to CD14 was detected using a-CsgA antibody and the secondary antibody, alkaline phosphatase-conjugated goat
anti-rabbit IgG antibody. Absorbance was read at 405 nm. C, BMDMss from C57BL/6 were stimulated with 90 ug/ml of polymerized CsgA R4-5 and CsgA
R4-5y1254 for 6 h, and IL-6 in the supernatant was measured using ELISA. Bars represent mean = S.E. from at least three independent experiments. D,
differentiated BMDMs from C57BL/6 mice and CD14-deficient (CD14 /") mice were stimulated with polymerized CsgA R4 -5 (90 wg/ml) for 6 h, and IL-6 in the
supernatant was measured using ELISA. Bars represent mean = S.E. from at least three independent experiments. £, dot blot of 5 ug of a-CsgA antibody, CsgA
R4 -5, CsgA R4-5y1224, BSA, and purified curli fibers. The primary antibody used for detection was a-CsgA antibody. Goat anti-rabbit IgG antibody conjugated

é; 0&

to IRDye® 800CW was used as secondary antibody.

bacterial and eukaryotic amyloids may be similar because of
their conserved structure.

Adaptor molecule CD14 has been shown to aid several recep-
tor complexes, including TLR4-MD2, TLR7, and TLRY in rec-
ognition of lipid A, single-stranded RNA, and double-stranded
bacterial CpG DNA, respectively (58, 61, 79). Interestingly,
blocking CD14 by neutralizing antibodies or genetic deficiency
for this molecule on microglia results in reduced levels of
immune activation by B-amyloid (76). Furthermore, deletion of
CD14 attenuates the progression of Alzheimer’s disease pathol-
ogy in the brain in mouse models of Alzheimer’s disease (57).
Although several studies suggested that CD14 aids the TLR2-
TLR1 complex to recognize bacterial lipopeptides (59, 80), no
studies have yet addressed a conclusive role for this molecule in
response to amyloids. In this study, we investigated the
potential role of CD14 as an adaptor molecule for the TLR2-
TLR1 complex to recognize the amyloids. Our results sug-
gest that the TLR2-TLR1/CD14 receptor complex recog-
nizes the curli fibers of S. typhimurium. Interestingly, CD14
was neither able to signal alone nor essential for the activity
of TLR2/TLR1 on epithelial cells. However, the presence of
CD14 significantly increased the activation of NF-kB by the
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TLR2-TLR1 complex upon recognition of curli fibers or its
major subunit, GST-CsgA (Fig. 1). Consistent with these
results, a recent study showed that curli fibers induce TLR2
activation on a colon carcinoma cell line, T-84, that is known
to lack CD14 expression, leading to cytokine expression and
modulation of epithelial permeability (81, 82). In contrast,
CD14 deficiency on macrophages resulted in blunted IL-6
and nitric oxide production upon activation by curli fibers or
GST-CsgA to the levels observed by TLR2 deficiency, sug-
gesting that CD14 may be essential for macrophages in
responding to amyloids (Fig. 3).

To address the need for membrane-bound CD14 versus sol-
uble CD14 for maximal TLR2-TLR1 activation, HeLa 57A epi-
thelial cells were grown under serum starvation conditions to
limit the amount of soluble CD14 that is present in fetal calf
serum. When membrane-bound CD14 was lacking, the addi-
tion of soluble CD14 compensated for the CD14 deficiency in
the epithelial cells. These data suggest that, in the cells that are
not expressing CD14, soluble CD14 may act as an adaptor mol-
ecule for the TLR2-TLR1 complex (Fig. 2).

Curli fibers bind to TLR2, TLR1, and CD14 in vitro (Fig. 4,
A-C). Inhibition studies demonstrated little to no difference in
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the avidity of curli to TLR1, CD14, or TLR2 as demonstrated by
the fact that 1-10 ug/ml curli was enough to inhibit 50% of the
binding of GST-CsgA to all three receptors. Furthermore, the
kq value was ~10~7 M for the interaction between curli and
each member of the receptor complex (Fig. 4D). It is important
to point out that the in vitro binding assays used here may not
recapitulate the actual binding interactions between curli and
the TLR2-TLR1-CD14 receptor complex because the structure
and accessible residues for binding could be different when all
three components of the receptor complex assemble as com-
pared with individual receptors. Experiments using two syn-
thetic peptides, CsgAR4 -5 and CsgAR4 —5,;,, 4, of which the
native peptide forms fibers or the mutated peptide cannot form
fibers, respectively, demonstrated that the amyloid fibrillar
structure is required for the ability of curli fibers to bind CD14
and activate macrophages (Fig. 5). Previous studies indicated
that TLR2 and CD14 are involved in the clearance of amyloid- .
Although TLR2 and CD14 activation induces the phagocytosis
and clearance of amyloid-B3, CD14-deficient macrophages fail
to clear B-amyloid (57, 83, 84). CD14 was also implicated to
control the endocytotic processes of LPS independent of TLR4
(85). Nonetheless, the role of the TLR2-TLR1-CD14 complex
in the internalization of amyloid-expressing bacteria remains
unknown. We are currently investigating this process, and our
preliminary data indicate that expression of curli fibers does not
affect the uptake of S. typhimurium by macrophages (unpub-
lished data).?

Together these data lead us to a possible model for the func-
tion of CD14 as an adaptor protein for the TLR2-TLR1 com-
plex. Curli fibers, released from the biofilm or still attached to
bacteria, are recognized by TLR2-TLR1, allowing for activation
of NF-«B, which leads to cytokine production such as IL-6.
However, when soluble CD14 is present in the environment, we
think that CD14 binds to the curli fibers, probably eliciting a
conformational change in the receptor complex, exposing the
binding/activation site. This would, in turn, lead to an increased
NEF-kB activation, eventually resulting in increased cytokine
production. Similarly, membrane-bound CD14 may bind to
curli fibers, allowing receptor complex formation and better
exposure of the TLR2-TLR1 activation site. Again, this would
allow for increased NF-«B activation, resulting in greater cyto-
kine production.

Opverall, our data demonstrate that CD14 acts as an adaptor
molecule for the activation of the TLR2-TLR1 complex in
response to S. typhimurium curli fibers. The requirement for
the fibrillar nature of curli to bind to CD14, activating NF-kB
and inducing cytokine production, suggests that CD14 may be a
common receptor for other amyloid-forming proteins.
Although there is evidence that the adaptor function of CD14
may be common across the spectrum of TLR2/TLR1 ligands, as
demonstrated for mycobacterial lipopeptides, ara-lipoarabino-
mannan, synthetic triacylated lipopeptide Pam;CSK,, and
OspA of Borrelia burgdorferi (59, 86 —89), there is more infor-
mation needed in regards to additional TLR2 ligands, including
amyloids, and the role of CD14.

3 G. J. Rapsinski, T.N. Newman, G. O. Oppong, J. P. M. van Putten, and C. Tiikel,
unpublished data.
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