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Abstract

Deposition of human amyloids is associated with complex human diseases such as Alzhei-

mer’s and Parkinson’s. Amyloid proteins are also produced by bacteria. The bacterial amy-

loid curli, found in the extracellular matrix of both commensal and pathogenic enteric

bacterial biofilms, forms complexes with extracellular DNA, and recognition of these com-

plexes by the host immune system may initiate an autoimmune response. Here, we isolated

early intermediate, intermediate, and mature curli fibrils that form throughout the biofilm

development and investigated the structural and pathogenic properties of each. Early inter-

mediate aggregates were smaller than intermediate and mature curli fibrils, and circular

dichroism, tryptophan, and thioflavin T analyses confirmed the establishment of a beta-

sheet secondary structure as the curli conformations matured. Intermediate and mature

curli fibrils were more immune stimulatory than early intermediate fibrils in vitro. The inter-

mediate curli was cytotoxic to macrophages independent of Toll-like receptor 2. Mature curli

fibrils had the highest DNA content and induced the highest levels of Isg15 expression and

TNFα production in macrophages. In mice, mature curli fibrils induced the highest levels of

anti-double-stranded DNA autoantibodies. The levels of autoantibodies were higher in auto-

immune-prone NZBWxF/1 mice than wild-type C57BL/6 mice. Chronic exposure to all curli

forms led to significant histopathological changes and synovial proliferation in the joints of

autoimmune-prone mice; mature curli was the most detrimental. In conclusion, curli fibrils,

generated during biofilm formation, cause pathogenic autoimmune responses that are

stronger when curli complexes contain higher levels of DNA and in mice predisposed to

autoimmunity.
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Author summary

Amyloid curli is an extracellular component of the biofilms of enteric bacteria like Salmo-
nella and E. coli. During biofilm development, curli binds to extracellular DNA to form

complexes that stimulate the immune system. Using complimentary techniques, we dis-

covered that curli amyloids undergo changes in their physical and pathogenic properties

throughout the development of the biofilm, polymerizing from early intermediate and

intermediate to mature curli fibrils. While all three curli conformations activated TLR2,

they bound different amounts of DNA that positively correlate with the complexity of the

amyloids and their ability to induce type I IFNs and pro-inflammatory cytokines, and

accelerate the onset of anti-dsDNA autoantibodies in autoimmune-prone mice. Synchro-

tron x-ray diffraction results suggest that DNA is organized by the beta sheet motif of

curli monomers into a spatially periodic lattice that can amplify immune activation. Inter-

mediate curli complexes were the only form that also showed cytotoxicity in macrophages

independent of TLR2 and they induced higher levels of IL-1b, a cytokine involved in cell

death. In mice prone to autoimmunity, the intermediate and mature curli/DNA induced

also joint inflammation. Overall, the maturation of curli-DNA complexes through biofilm

development stimulated distinct immune responses influenced by DNA content and pro-

moted autoimmune features in mice.

Introduction

Amyloid proteins adopt a conserved cross beta-sheet structure and form fibrils through a self-

assembly process; the mature fibrils form beta-sheets that are oriented perpendicular to the

axis of fibril growth [1]. There are more than 60 amyloidogenic proteins expressed in humans,

but the normal physiological roles of most remain unclear. Fibrillar deposits of human amy-

loids are observed in various organs in patients with Alzheimer’s disease, Huntington’s disease,

Parkinson’s disease, type II diabetes, and secondary amyloidosis [2–4]. Often amyloid fibrils

or deposits are referred to as misfolded aggregates; however, amyloid fibrillization is a highly

ordered process. Studies of amyloid β, found in senile plaques of Alzheimer’s disease patients,

showed that in the earliest steps of amyloid fibrillization, amyloid β monomers associate to

form oligomers. These oligomers then further polymerize to form protofibrils and then mature

fibrils. The oligomeric forms of amyloid β are cytotoxic to immune cells through a mechanism

that involves membrane permeation, whereas its fibrillar conformations interact with human

innate immune receptors to induce inflammation [5–7].

Amyloid proteins are also produced by bacteria and are detected within the extracellular

matrix of their biofilms [8]. Curli, the best-studied bacterial amyloid, is produced by enteric

bacteria including Escherichia coli and Salmonella enterica serovar Typhimurium. Curli bio-

genesis requires the products of the csg gene cluster that act in the Type VIII secretion system

[9, 10]. In a highly ordered process, CsgB, encoded by the csgB gene, nucleates the assembly of

CsgA monomers, encoded by the csgA gene, into beta-sheet fibrils [9]. At high concentrations

in vitro, purified CsgA monomers can self-assemble into fibrillar filaments in the absence of

CsgB [11], but the molecular details of the assembly of CsgA into curli fibrils during the differ-

ent stages of biofilm formation remain mostly unknown. Recently, our group demonstrated

the presence of intermediate structures of curli that occur during biofilm formation by S.

Typhimurium. Compared to mature curli fibril aggregates, the intermediate curli fibrils puri-

fied from the biofilm are smaller. Unlike mature curli fibrils, intermediate fibrils were cyto-

toxic to immune cells, similar to what is observed in experiments with human amyloid β
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oligomers [12]. Although fully formed mature curli fibrils are not cytotoxic to immune cells,

they do elicit inflammation through their interactions with the heterocomplex of Toll-like

receptors (TLR)-2 and TLR1 [13]. Thus, studies from eukaryotic and prokaryotic amyloid pro-

teins suggest that different structures that form during amyloid fibrillization lead to different

pathological outcomes during their interactions with the immune cells.

Curli fibrils bind extracellular DNA to form complexes during biofilm formation [14].

Curli/DNA complexes stimulate a stronger activation of dendritic cells than curli or DNA

alone [15]. Mature curli/DNA complexes induce the upregulation of classical inflammatory

cytokines such as IL-6, IL-12, and TNFα, induce the activation of the type I interferons and

interferon-stimulated genes (ISGs), and also promote anti-double-stranded DNA (anti-

dsDNA) and anti-nuclear autoantibody production, hallmarks of classical autoimmune

responses [14, 15]. Recently, using a mouse model, we showed that curli-expressing bacteria

initiate the onset of reactive arthritis [16], a human autoimmune disease that affects joints fol-

lowing gastrointestinal enteric infections by pathogens including S. Typhimurium, Campylo-
bacter jejuni, and Yersinia enterocolitica. Recent work established that in mice infected with

S. Typhimurium, systemic translocation of curli/DNA complexes is required for the genera-

tion of autoimmunity and joint inflammation [16]. Intriguingly, curli-expressing bacteria also

participate in the pathogenesis of disease flares in patients with systemic lupus erythematosus

(SLE). Persistent bacteriuria with uropathogenic E. coli and production of high levels of anti-

curli/DNA antibodies were detected in SLE patients with higher markers of inflammation

and increasing disease severity (flares)[17], suggesting that a systemic exposure to bacterial

curli/DNA complexes can stimulate autoimmunity in SLE. These studies clearly provide a link

between infections with curli-producing bacteria and autoimmune disease. Nevertheless, the

inflammatory potential and the immunological roles of various conformations of curli, espe-

cially the cytotoxic intermediates, that are generated during biofilm formation remains

unknown.

Here, using an interdisciplinary approach, we investigated how the various structural con-

formations of curli fibrils formed during biofilm formation interact with the immune system

and we aimed to identify the conformations that elicit autoimmune responses. We determined

that mature curli fibrils more efficiently induce autoantibody production than do early inter-

mediates and intermediates, indicating that exposure to fully formed biofilm stimulates auto-

immunity, and suggesting that DNA content influences this response. The increasingly

polymerized structure of curli also induces higher production of pathogenic cytokines in auto-

immunity, like type I IFNs and TNFα in macrophages. The levels of autoantibodies were

higher in autoimmune-prone NZBWxF/1 mice than wild-type C57BL/6 mice and chronic

exposure to all curli forms caused synovial proliferation in the joints of autoimmune-prone

mice providing a link between genetic susceptibility, multiple aspects of autoimmunity and

bacterial biofilms.

Results

Isolation of intermediates during curli fibril maturation

Amyloid monomers self-polymerize, first forming oligomers, then intermediates or protofi-

brils, and finally mature fibrils (Fig 1A). The unfolded and dynamic monomeric form of CsgA

protein from Salmonella also undergoes a profound conformational change during amyloid

formation. Due to nucleation with CsgB, CsgA polymerizes at a high rate under optimal condi-

tions [18]. Extracellular DNA released during biofilm formation associates with the curli fibrils

[14]; however, it remains unknown whether interactions with DNA influence fibril structure

and/or immunogenicity.
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Recently, we developed a novel technique to isolate and purify the intermediate forms of

curli that arise during biofilm formation. Curli intermediates were enriched in smaller aggre-

gates and lacked the larger aggregates observed in mature curli purified from an established

biofilm [12]. We found that intermediate forms are cytotoxic to immune cells, whereas mature

fibrils are not [12]. To understand the physical and immunological properties of curli as it

forms into mature fibrils, we isolated curli at different stages of the biofilm formation. In addi-

tion to the previously isolated mature and intermediate fibrils, we were able to isolate a third

conformation of curli, referred to here as early intermediate curli.

Briefly, in an effort to capture the earliest intermediates formed by CsgA, which we specu-

lated to contain oligomeric units, we grew S. Typhimurium using high turbulence and a short

incubation period of 24 hours (Fig 1A). The previously described curli intermediates were iso-

lated at 72 hours under the same conditions (Fig 1A) [12]. Mature curli was isolated under low

Fig 1. Characterization of sizes of curli-containing aggregates during the biofilm maturation. (A) Fibrillization curve showing the intensity of ThT stain, as

a result of ThT incorporation, during maturation of the amyloid fibril from monomer to intermediate to mature fibrils. The bottom right of the image gives

information about growth and collection conditions used to isolate the early intermediate, intermediate, and mature curli complexes. Aggregates are visible

under conditions for collection of mature complexes. (B) Representative confocal microscopy images of samples of early intermediate (left), intermediate

(middle), and mature (right) curli aggregates. Samples from 400 μg/mL stocks of each form were stained with 100 μM ThT and imaged at 60x magnification.

Scale bars are 25 μm. (C) Number of aggregates at indicated sizes in samples of early intermediate, intermediate, and mature curli calculated from confocal

microscopy images. One hundred aggregates were counted for each condition. (D) Diameters of aggregates in samples of early intermediate, intermediate, and

mature curli determined by dynamic light scattering. The difference in diameters of intermediate and mature fibrils was not significant.

https://doi.org/10.1371/journal.ppat.1010742.g001
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turbulence conditions, which allowed mature aggregates to form [12]. Samples were stained

with the amyloid-specific fluorescent stain, thioflavin T (ThT), and imaged by confocal

microscopy (Fig 1B). Due to the irregularity and asymmetry of the fibril aggregates, the lengths

were measured along the longest axis of the aggregates. About 60% of the early intermediate

aggregates had lengths of less than 20 μm; intermediate and mature samples were enriched in

aggregates of 20 to 50 μm, and mature curli samples had aggregates larger than 100 μm (Fig 1B

and 1C). We next performed dynamic light scattering experiments to obtain additional insight

into the sizes of aggregates in the curli preparations. Large aggregates were removed using a

0.02-μm filter in all samples. In the early intermediate samples, the average diameter of aggre-

gates was about 600 nm, whereas in intermediate and mature samples, the diameters were

drastically larger at about 2500 nm (Fig 1D). After the removal of largest aggregates, we did

not observe a significant difference in the diameter of intermediates and matured fibrils. The

differences between these samples could be in the conformations of the polypeptide chains.

From these data, we concluded that our purification protocol captured a previously uncharac-

terized early intermediate curli conformation.

We also investigated secondary structures of curli preparations using circular dichroism

(CD) spectroscopy. In the CD spectrum of early intermediate samples, we observed a slight

minima at about 225 nm; this negative peak was considerably more pronounced in intermedi-

ate and mature curli samples (Fig 2A). The signals at 225 nm and at 195 nm were more intense

in mature curli samples than in intermediate samples (Fig 2A). These peaks are indicative of

beta sheet secondary structure [19].

The rearrangement of polypeptide chain as a function of fibril maturation was further

probed by tryptophan fluorescence. Tryptophan fluorescence is sensitive to the environment

and is quenched in aqueous media but not in non-polar environments [20]. Salmonella CsgA

has a single tryptophan located in the central region of the polypeptide chain (S1 Fig). This

tryptophan can be used as a probe to monitor changes in protein conformation as it undergoes

aggregation. The intensity of emission due to tryptophan was lowest in the early intermediate

sample and highest in the mature curli sample (Fig 2B). This is consistent with greater aggrega-

tion in mature complexes than intermediate and early intermediate complexes.

To confirm the above results, we utilized ThT fluorescence as a probe to monitor aggrega-

tion and amyloid formation. ThT fluorescence is greatly enhanced upon its interaction with β-

sheet-rich amyloid-like aggregates. Mature complexes showed significant enhancement in

ThT fluorescence compared to intermediate and early intermediate samples indicating greater

fibrillization (Fig 2C). Overall, these results confirmed an increase in the β-sheet content in the

protein as it transitions from monomers and oligomers in the early intermediate stage to the

mature amyloid-like fibril.

DNA content increases during curli fibril maturation

It has previously been shown that curli aggregates contain DNA [14]. We therefore determined

the DNA content in the three curli preparations. As curli can be depolymerized only with high

concentrations of formic acid which degrades the DNA [15], it is a challenge to accurately

quantify DNA associated with the curli. We utilized phenol chloroform extraction to estimate

the relative amounts of DNA within the curli preparations. Significantly more DNA was found

in mature curli fibrils than in either early intermediate or intermediate preparations (Fig 3A).

In previous work, we performed structural studies of complexes formed when a synthetic

CsgA peptide was fibrillized in the presence of DNA [14]. The partially ordered complex

exhibited weak diffraction peaks that correspond to a periodicity of 41.6 Å, which we hypothe-

sized was related to inter-DNA spacing [14]. Here, we used synchrotron-based small angle X-
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ray scattering (SAXS) to examine structures of DNA in curli preparations. The diffraction pat-

terns from early intermediate, intermediate, and mature curli-DNA are similar and are charac-

terized by five evenly-spaced peaks that correspond to characteristic diffraction peaks of a one-

dimensional structure with a spatial periodicity of 44.8 Å (q1 = 0.140 Å-1, qn = n q1 where

(n = 1,2,3,4,5), Fig 3B). This observation suggests that an ordered, one-dimensional structural

motif forms a common building block in all three samples. The sharpness of the diffraction

features (FWHM = 3.8x10-3 Å-1) indicates large, ordered domain sizes. Given the high pep-

tide-to-DNA concentration in the samples, the large molecular weight and polydispersity of

DNA, we believe the observed structural motif stems from the ordering of curli fibril, which

potentially provides a template for DNA ordering as described below.

Since a high-resolution structure of the CsgA monomer is not available, we modeled the

CsgA monomer using RaptorX, a deep learning protein tertiary structure modeling tool [21,

22]. The predicted one-dimensional organization of monomers that comprise twisted beta

sheets into a beta-helix fibril [23, 24] has a monomer periodicity of about 42 Å, which is con-

sistent with previous models of CsgA (Fig 3C). Moreover, this predicted value of the periodic-

ity is quite close to the one-dimensional spatial periodicity of 44.8 Å observed in our SAXS

measurements.

Fig 2. Characterization of curli structure over the course of fibril maturation. (A) UV circular dichroism spectra of mature (black triangles), intermediate

(red triangles), and early intermediate curve (blue squares). The curve for buffer (green circles) is also shown. (B) Emission spectra of tryptophan in mature

(black triangles), intermediate (red triangles), and early intermediate curve (blue squares) preparations. (C) ThT fluorescence in mature (black triangles),

intermediate (red triangles), and early intermediate curve (blue squares) preparations.

https://doi.org/10.1371/journal.ppat.1010742.g002
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It is interesting that curli and DNA form a complex, given that curli and DNA are both neg-

atively charged. DNA, with a linear charge density of one negative charge per 1.7 Å, is one of

the most anionic biological polymers. Such like-charge attraction is possible and has been

observed before: when negatively charged proteins interact with DNA, multivalent cations

such as Ca2+ are usually involved, since monovalent ions are known to screen and attenuate

electrostatic repulsion but cannot generate attractions [25, 26]. Such multivalent cations are

necessary for compensation of anionic charges on curli and DNA if neutral curli-DNA com-

plexes are formed. What is more, the structure and dipolar charge distribution of curli β-sheet

motifs deduced from SAXS experiments provide a natural template for ordering DNA into

structured immunogenic complexes that activate TLR9, a Toll-like receptor activated by

dsDNA. Each CsgA beta-sheet monomer has three cationic charges and three anionic charges

at opposite edges of the beta sheet, therefore the beta sheet possesses an effective dipole

moment perpendicular to the fibril direction. The local dipole moment slowly rotates with the

twisting of the beta-sheets as monomer units are added to the fibril. We hypothesize that

ordered, lateral packing of these one-dimensional CsgA beta-sheet fibrils creates localized,

highly cationic ‘stripes’ which can interact with anionic DNA: each one-dimensional CsgA

fiber is about 15 Å thick along this lateral packing direction (Fig 3C), so the effective local

charge density along these stripes is approximately one positive charge per 5 Å. Electrostatic

interaction between DNA and these cationic stripes results in a DNA sub-lattice with DNA

oriented perpendicularly to the CsgA fibril axis, at an inter-DNA spacing of ~44.8 Å. This

spacing is templated by the size of the monomer CsgA repeat, which is quite close to the pre-

dicted value of ~42Å). Interestingly, organized DNA ligands at this inter-DNA spacing have

been previously shown to amplify TLR9 activation via multivalent DNA presentation [27, 28].

Since the transverse dipole moments are expected to slowly rotate along the CsgA fibril, we do

not expect these local cationic domains to be large (Fig 3D).

Intermediate, but not mature or early intermediate, curli is cytotoxic to

immune cells

The beta-sheet structure of curli activates the TLR2/TLR1 heterocomplex [13, 29]. To deter-

mine the capacity of curli conformations to activate TLR2, we utilized HEK293 Blue reporter

cells that express TLR2. These cells report NFκB activation via the production of SEAP from a

reporter gene; SEAP is detected using a chemiluminescence assay. NFκB activation was ana-

lyzed after the cells were treated with early intermediate, intermediate, and mature curli prepa-

rations for 24 hours. Treatments with curli preparations as well as Pam3CSK4, a TLR2 ligand,

resulted in significant increases in secreted embryonic alkaline phosphatase (SEAP) expression

compared to negative controls (Fig 4A). The highest NFκB activity was observed when the

cells were treated with mature curli, suggesting that the maximal TLR2 engagement was

achieved when curli fibrils reached their final amyloid structure.

Fig 3. DNA associates with early intermediate, intermediate, and mature curli. (A) Amount of DNA in ng per 500 μg of

curli preparation. Plotted are means (±SEM) of one representative experiment of three independent experiments. Statistical

significance was calculated by ANOVA and Tukey post-hoc test. ��, P< 0.01. (B) SAXS diffraction profiles for curli complexes.

The mature curli preparation has four and early intermediate and intermediate have five Bragg peaks, and the scattering

pattern matches a lamellar structure with characteristic spacing of 44.8 Å (q1 = 0.140 Å-1, qn = n q1 where (n = 1,2,3,4,5)).

Peaks are labeled with lamellar harmonics. To facilitate visualization, spectra were manually offset vertically by a multiplicative

factor. (C) Molecular model of CsgA monomer indicating locations of charged amino acids at the beta-sheet turns (positive in

blue and negative in red). The length of a monomer along the fibril axis is ~42 Å, creating a repeating charge along the fibril.

Packing of fibrils gives rise to highly charged surfaces that repeat (into the page) every ~15 Å, which is the fibril thickness. (D)

Model of alternating local cationic and anionic surfaces along the fibrils axis.

https://doi.org/10.1371/journal.ppat.1010742.g003
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TLR2 is involved in the phagocytosis of mature curli by murine macrophages [14]. To

investigate the cellular immune responses to curli conformations that contain varying amounts

of DNA, we first tested the internalization of the curli preparations using bone marrow-

derived macrophages (BMDMs). BMDMs, isolated from wild-type C57BL/6 mice, were

Fig 4. Curli preparations activate innate immune cells. (A) HEK293 Blue mTLR2 reporter cells (5x104 cells/well) were treated with 10 μg/mL curli

preparations, with CpG DNA (3 μg/mL) as a negative control, or with Pam3CSK4 (100 ng/mL) as a positive control. Absorbance at 620 nm was normalized to

untreated (NT) control cells. Shown are data from four repeated experiments with whiskers showing SEM. Statistics were determined by ANOVA with

Dunnett’s multiple comparisons post-test. �, P< 0.05; ��, P<0.01; ����, P< 0.0001. (B) Wild-type BMDMs (5x105 cells/well) were incubated with Congo Red-

labeled curli preparations (10 μg/mL) and internalization was quantified by monitoring fluorescence relative to untreated (NT) control cells. Results are shown

for four repeated experiments with SEM. Statistics were determined by ANOVA with Tukey’s post-hoc test. ��, P< 0.01; ����, P< 0.0001. (C) Wild-type

BMDMs (5x105 cells/well) were stimulated with 10 μg of curli preparations or with S. Typhimurium (STM) grown in inflammasome inducing conditions at an

MOI of 1:20 as a positive control or left untreated (NT) for 4 (IL-6 and TNFα) or 24 (IL-1β) hours. Production of TNFα (left), IL-6 (middle), and IL-1β (right)

were quantified by ELISA in the supernatants. Means (±SEM) are shown. One representative experiment of three independent experiments is shown. (D)

Wild-type BMDMs (5x105 cells/well) were stimulated with 2.5 μg/mL of curli preparations or 3 μg/mL of CpG DNA or left untreated (NT). Expression of Ifnβ
and Isg15 was determined by qPCR.

https://doi.org/10.1371/journal.ppat.1010742.g004
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cultured with early intermediate, intermediate, and mature curli samples, previously stained

with Congo Red, for 1 hour. The extracellular curli was removed by washing the cells with

PBS. The internalization of the curli conformations was determined by measuring the Congo

Red fluorescence from the lysed BMDMs. Fluorescence was significantly higher when the

BMDMs were treated with the early intermediates compared to cells treated with intermediate

or mature curli (Fig 4B), suggesting that the smaller aggregates were internalized significantly

more readily by phagocytes. Next, we evaluated production of pro-inflammatory cytokines by

BMDMs after treatment with curli preparations. Although the early intermediates were inter-

nalized at higher levels, they less effectively induced secretion of TNFα compared to interme-

diate or mature curli preparations (Fig 4C). The BMDMs treated with early intermediate and

mature curli preparations showed similar production of IL-6 and IL-1β, which were signifi-

cantly lower than levels secreted by cells treated with the intermediate curli preparation (Fig

4C). It is important to note that S. Typhimurium was used as a control to maximally activate the

inflammasome and IL-1β production. Significantly higher levels of IL-1β were detected when

the cells were stimulated with the curli intermediates compared to all treatments (Fig 4C)

We have previously shown that bacterial DNA associated with mature curli activates TLR9

and induces a type I IFN response [14]. We used quantitative real-time PCR (qPCR) to mea-

sure the expression of Ifnβ, which encodes a type I IFN, in curli-treated BMDMs to determine

whether the DNA content in the curli complex alter the ability to stimulate a type I IFN

response, possibly through the activation of TLR9. After 4-hour incubation with 2.5 μg/mL of

curli preparations, Ifnβ expression was increased compared to untreated cells, with higher lev-

els induced by mature and intermediate curli samples compared to early intermediate samples

(Fig 4D). Although the early intermediates carry much less DNA compared to intermediate

and mature curli, at this time point, we did not determine any significant changes in the

expression of Ifnβ. However, significant changes in Isg15 expression were determined which

correlated with the DNA content of the curli conformations (Fig 4D).

In our previous study, we observed that the intermediates were more cytotoxic to macro-

phages than the mature curli fibrils [12]. As amyloid β oligomers have been shown to be more

cytotoxic to immune cells than their more mature counterparts [5–7], we tested whether the

early intermediates, which contain the smallest aggregates, are more cytotoxic than intermedi-

ate or mature curli conformations to BMDMs. BMDMs were treated with 10 μg of each curli

preparation for 24 hours. Cells were stained with a live/dead stain and imaged using an

EVOS2 fluorescent microscope. The ratio of dead to live cells was determined. Consistent with

our previous observations, intermediate curli was significantly more cytotoxic than mature

curli (Fig 5A and 5B). Intriguingly, the early intermediate preparation caused little to no cyto-

toxicity (Fig 5A and 5B). The cell death observed was comparable to that of the cells exposed

to mature curli. Further, cytotoxicity of curli intermediates was TLR2 independent as the

extent of death was similar in macrophage cultures from wild-type and Tlr2-/- mice (Fig 5B).

These data suggest that the cytotoxic effects of the intermediate conformations of curli do not

result from the previously reported interaction with TLR2.

Structure and DNA content of curli complexes dictate the autoimmune

responses of mice

We have previously established that the injection of mature curli fibrils elicits the generation

of anti-dsDNA autoantibodies in mice in a TLR2- and TLR9-dependent manner [14]. As there

are structural and DNA content differences in early intermediate, intermediate, and mature

curli preparations that resulted in different abilities to stimulate the pro-inflammatory innate

immune response and to induce immune cell death, we aimed to test whether these differences
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also affected the ability of curli to stimulate autoimmunity. First, we treated both C57BL/6 and

autoimmune disease-prone NZBWxF/1 mice with 50 μg of curli preparations twice weekly for

up to 10 weeks. Sera was collected every other week to analyze the autoantibody responses.

After 2 weeks of injections, anti-dsDNA autoantibodies were detected in sera of both the wild-

type and autoimmune-prone mice (Fig 6A). All three curli conformations elicited an autoanti-

body response compared to PBS-treated mice with the greatest response observed in mice

treated with mature curli conformation, which carries the highest amount of DNA. Interest-

ingly, after 10 weeks of continual treatment, the intermediate preparation induced an anti-

Fig 5. (A) Representative images of wild-type and Tlr2-/- BMDMs (2x105 cells/well) stimulated with 10 μg of curli preparations or S. Typhimurium grown

under inflammasome inducing conditions or untreated (NT) for 24 hours. Cells were then stained with NucBlue (live nuclei) and NucGreen (dead nuclei) and

imaged on the EVOS2 fluorescent microscope. (B) The ratios of dead to live cells obtained by analysis of multiple images from central 20% of each well per

condition. Means of at least three independent experiments analyzed in duplicate are shown (±SEM).

https://doi.org/10.1371/journal.ppat.1010742.g005
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dsDNA autoantibody response at levels similar to those of the mature complexes (Fig 6B).

Whereas the wild-type mice produced similar levels of autoantibodies at 2-week and 10-week

time points, the autoimmune-prone NZBWxF/1 mice produced higher levels of autoantibod-

ies after 10 weeks of treatment with curli. This increase in autoantibodies was even more evi-

dent in NZBWxF/1 mice treated with the intermediate curli preparation, suggesting that the

cytotoxic curli provides a stimulus that enhances the autoimmune process in mice genetically

predisposed to autoimmune disease.

Recently, we showed that intraperitoneal injections of mature curli preparations induce

joint inflammation in wild-type mice [15, 16]. Here, we investigated joint inflammation in

wild-type and autoimmune-prone NZBWxF/1 mice treated with the three different curli prep-

arations. Mice were injected intraperitoneally twice weekly with 50 μg of mature, intermediate,

or early intermediate preparations of curli or PBS as a control. After 12 weeks of injections,

knees were collected, fixed, decalcified, and paraffin embedded. Samples were scored for

pathology for each treatment condition in a blinded fashion. The pathology scoring indicated

that autoimmune-prone mice had greater synovial proliferation than wild-type mice,

Fig 6. Structure and DNA content of curli complexes dictates the autoimmune response in mice. (A and B) Levels of anti-dsDNA autoantibodies in the sera

of C57BL/6 and NZBWxF/1 mice treated with curli preparations twice weekly for A) 2 weeks and B) 10 weeks. For mice treated with curli preparations, n = 5;

for PBS controls, n = 3. One representative experiment of three independent experiments is shown. (C) Joint pathology scores for C57BL/6 and NZBWxF/1

mice injected with 50 μg of early intermediate, intermediate, or mature curli preparations or PBS as a control twice weekly for 12 weeks. Scoring was based on

histological parameters: 0, no changes; 1, slight thickening of synovial cell layer (< 3 layers of synoviocytes) accompanied by congestion and edema of the

external membrane; 2, moderate thickening of synovial cell layer (3–5 layers of synoviocytes) accompanied by congestion and edema of the external

membrane. Significance was determined by one-way ANOVA with Tukey post-hoc secondary test. �, P< 0.05; ���, P< 0.001; n.s. not significant.

https://doi.org/10.1371/journal.ppat.1010742.g006
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indicative of greater joint inflammation (Fig 6C). In NZBWxF/1 mice, treatment with both

intermediate and mature curli induced the highest pathology scoring. It is important to note

that wild type mice are resistant to arthritis and there were no significant changes observed

among treatment groups. Overall, these data indicate that intermediate and mature curli fibrils

induce autoimmune arthritis, especially in genetically predisposed mice, whereas the early

intermediate curli preparation is much less inflammatory.

Discussion

Bacteria form biofilms in environments such as the human gastrointestinal tract and at sites

where medical devices have been implanted. In these tissues, the bacteria are exposed to the

immune system and potentially antimicrobial agents. Biofilms allow bacteria to thrive in the

presence of environmental hazards. The biofilm extracellular matrix protects the bacterial

community by providing a strong and impenetrable shield [30]. The main protein component

of the enteric biofilm extracellular matrix is the amyloid curli, which provides structural sup-

port and impenetrable matrix properties by forming a beta-sheet structure [31]. DNA as well

as cellulose can bind to curli to provide additional support; however, the interactions between

curli and these molecules are not well characterized [32, 33].

In a previous study, we were able to interfere with the polymerization of curli during bio-

film formation and purified smaller curli aggregates that we termed intermediates. Curli inter-

mediates were more cytotoxic to macrophages compared to mature fibrillar curli. However,

the structural properties of these different curli conformations and their immunogenic capac-

ity were not identified. In this study, we were able to isolate curli aggregates from an early

stage of biofilm formation. By using a multidisciplinary approach, we investigated the DNA-

binding capabilities and the structural properties of curli at early, intermediate, and late stages

of biofilm development. We established that as curli matures, it forms the characteristic beta-

sheet fibrillar structure, aggregates increase in size, and the fibrils incorporate more DNA. We

observed that early intermediate, intermediate, and mature forms of curli all possess organiza-

tion based on CsgA monomers ordered into one-dimensionally stacked, twisted beta-sheet

motifs. (It is, however, possible that the quantitative amounts, spatial distributions, and organi-

zation of such motifs may be different for the various stages of fibril formation.) Importantly,

ordered, lateral organization of these motifs can result in local cationic stripes that can bind

and organize dsDNA via the entropy gain of counterion release [25, 26], resulting in an inter-

DNA spacing that locally follows the periodicity of the CsgA monomer, a periodicity that falls

in the optimum range for TLR9 immune activation via multivalent DNA presentation.

Curli and amyloid β have similar kinetics of fibrillization as well as functional and structural

similarities [34]. The oligomeric conformations that form during the initial steps of polymeri-

zation of amyloid β are cytotoxic to immune cells, however, the early intermediate conforma-

tions of curli did not show this same increased cytotoxicity. The most cytotoxic conformation

of curli was the intermediate form. Interestingly, the TLR2 receptor, which recognizes the

beta-sheet structure of both amyloids [35, 36], was not involved in the cytotoxicity of the curli

preparations, suggesting that alternative cytosolic cell death receptors such as inflammasomes

or direct interactions with membranes mediate cell death. Consistent with this idea, earlier

reports have shown that both curli and amyloid β activate the NLRP3 inflammasome.

Although no cell death was observed upon activation of NLRP3 with curli or with amyloid β,

these studies used the mature fibrillar forms of both amyloids [29, 37]. Whether early or inter-

mediate forms of curli activate the NLRP3 inflammasome should be investigated.

It is important to note that biofilms observed in vivo have smaller aggregates than the large

robust biofilms studied in vitro. It is possible that the cytotoxic curli intermediates kill immune
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cells and the DNA released from these cells is used by the bacteria to increase biofilm mass.

Pathogenic bacteria such as Haemophilus influenzae and Pseudomonas aeruginosa incorporate

neutrophil extracellular traps, which are sources of extracellular DNA, into their biofilms [38,

39]. However, it is not known whether the bacteria purposefully activate the neutrophils to

induce production of neutrophil extracellular traps or if it is a coincidental activation.

Recently, it was reported that curli is expressed in the intestinal tract during enteric infec-

tions causing pathogenic effects [16]. During Salmonella infection, production of curli is asso-

ciated with an increase in anti-dsDNA autoantibodies and joint inflammation in infected

mice. Additionally, colonization of mice with E. coli cells that produce curli is associated with

increased alpha synuclein deposition in the brain, possibly through the direct interactions of

curli with the enteric vagus nerve [40, 41]. Our results indicate that different conformations of

curli have different effects on the immune system. The anti-dsDNA autoantibody response

was dependent on the DNA content of curli eliciting higher levels of anti-dsDNA autoantibod-

ies at the early 2-week time point when treated with the mature preparation than did early

intermediate or intermediate preparations. Treatment with early intermediate and intermedi-

ate curli preparations induced anti-dsDNA autoantibody production to levels similar to

mature curli treatment at 10 weeks, suggesting that the production of antibodies by these dif-

ferent curli complexes work via different mechanisms. We attribute the high levels of anti-

dsDNA autoantibody production induced by intermediate preparations of curli at the 10-week

time point to the cytotoxicity associated with the fibrils, as the death of cells caused by this

cytotoxic effect may provide a pool of nuclear material against which the autoantibodies can

be formed. We suspect that chronic injections of curli lead to immune tolerance breakdown

and a loss of autoantibody differences seen at earlier time points.

The observation that the repeated injections of curli over an extended time induces autoim-

mune responses in both healthy and genetically pre-disposed mice, but only in autoimmune

prone mice they evolve in strength and severity, with increased levels of autoantibodies and

development of signs like arthritis, supports the idea that biofilms carrying amyloid/DNA

complexes or other protein/DNA complexes stimulate autoimmune responses by triggering

specific immunity. Consistent with this hypothesis, infections with pathogenic bacteria such as

Borrelia burgdorferi, Mycobacterium tuberculosis and Streptococci that produce curli-like amy-

loid proteins can lead to autoimmune sequelae [42–44]. Finally, these observations may not be

specific to only bacterial amyloids. In Clostridioides difficile infections associated with colitis

and intestinal inflammation, the pathogen’s exotoxin, toxin A (TcdA), organizes bacterial

DNA into an optimal inter-DNA spacing to activate TLR9 [45]. In another example, the anti-

microbial peptide (AMP) LL-37, which is essential for normal immune function and protec-

tion against lethal infections [46], has structural similarities to amyloids and forms insoluble

complexes with DNA to activate TLR9 and promote type I IFN production [14, 47–50].

Chronic exposure to LL-37/DNA complexes leads to autoimmunity in SLE patients similar to

described for curli/DNA complexes [15, 51].

One of the most common autoimmune sequelae observed following infections with Gram-

positive and Gram-negative bacteria is post-infectious arthritis. After infections with invasive

enteric bacteria such as S. Typhimurium resolve, 5–10% of the patients develop an inflamma-

tory form of arthritis termed reactive arthritis (ReA). ReA is strongly associated with the

HLA-B27 allele, indicating an important genetic susceptibility to this autoimmune disease

[52]. The results that autoimmune prone mice progressively increase their autoantibodies lev-

els with time, while the WT mice remain at initial levels, and have higher levels of joint inflam-

mation than wild-type mice upon injections of curli indicate that genetic predisposition is

important in the autoimmune responses stimulated by curli. Specifically, they suggest that,

beside the traditional alterations in immune check points of B cell tolerance and in the antigen
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presentation of self-antigen by HLA alleles associated to higher risk to develop autoimmunity,

such the HLA-B27 in Reactive Arthritis and DR3 and DRB1 in Systemic lupus erythematosus

(SLE), genetic susceptibility may lead to abnormally strong reactions to bacterial curli.

Amyloid/DNA complexes are detected in biofilms of numerous bacteria, both commensal

and pathogenic. Though the proteins themselves differ in primary amino acid sequence, amy-

loids self-assemble into a conserved beta-sheet structure and associate with DNA. Our demon-

strations that immunological responses to intermediate and mature curli/DNA conformations

generated throughout the biofilm development differ, and that genetically predisposed animals

have exaggerated immune responses to curli/DNA complexes, provide novel insights into the

link between bacterial infections and pathogenesis of autoimmune diseases, from the flares in

Systemic lupus erythematosus to the induction of Reactive Arthritis.

Materials and methods

Ethics statement

All animal experiments were performed in a BSL2 facility with under protocols approved by

AALAC-accredited Temple University Lewis Katz School of Medicine, Institutional Animal

Care and Use Committee (IACUC #4561) in accordance with guidelines set forth by the

USDA and PHS Policy on Humane Care and Use of Laboratory Animal Welfare (OLAW).

The institution has an Animal Welfare Assurance on file with the NIH Office for the Protec-

tion of Research Risks (OPRR), Number A3594-01.

Bacterial strains and growth conditions

The S. Typhimurium IR715 msbB mutant was previously described [53]. This strain was

grown in Luria-Bertani broth (LB) supplemented with 100 μg/ml kanamycin at 37˚C. A bscE
cellulose mutant derived from the ATCC strain S. Typhimurium 14028, a gift from Dr. John

Gunn (Nationwide Children’s Hospital, Columbus, OH), was used for SAXS experiments.

Purification of curli

Curli aggregates were purified using a previously described protocol with slight modifications

[12]. Briefly, an overnight culture of S. Typhimurium IR715 msbB was grown in LB with

appropriate antibiotic selection with shaking (200 rpm) at 37˚C. Overnight cultures were then

diluted in yeast extract supplemented with casamino acids (YESCA) broth with 4% DMSO to

enhance curli production [54]. Bacterial cultures were grown in either 150 ml of liquid YESCA

medium containing 4% DMSO in a 250-ml flask or in 500 ml liquid YESCA medium in a

1-liter flask. These cultures were grown at 26˚C for 72 h with shaking (200 rpm). Bacterial pel-

lets were collected by centrifugation, resuspended in 10 mM Tris-HCl at pH 8.0, and treated

with 0.1 mg/ml RNase A from bovine pancreas (Sigma, R5502), 0.1 mg/ml DNase I (Sigma,

DN25), and 1 mM MgCl2 for 20 min at 37˚C. Bacterial cells were then lysed by sonication

(30% amplification for 30 s twice). Next, lysozyme was added (1 mg/ml; Sigma, L6876), and

samples were incubated at 37˚C. After 40 min, 1% SDS was added, and the samples were incu-

bated for 20 min at 37˚C with shaking (200 rpm). After this incubation, curli were pelleted by

centrifugation (10,000 rpm in a J2-HS Beckman centrifuge with rotor JA-14 for 10 min at 4˚C)

and then resuspended in 10 ml Tris-HCl (pH 8.0) and boiled for 10 min. A second round of

enzyme digestion was then performed as described above. The curli aggregates were then pel-

leted, washed in Tris-HCl at pH 8.0, and resuspended in 2× SDS-PAGE buffer and boiled for

10 min. The samples were then electrophoresed on a 12% separating/3 to 5% stacking gel run

for 5 h at 20 mA (or overnight at 100 V). Fibrillar aggregates are too large to pass into the gel
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and therefore remain within the well of the gel and can be collected. Once collected, the curli

aggregates were washed three times with sterile water and then extracted twice with 95% etha-

nol. Curli preparations were then resuspended in sterile water. Concentrations of curli aggre-

gates were determined using the bicinchoninic acid (BCA) assay according to the

manufacturer’s instructions (Novagen, 71285–3). Curli protein preparations were adjusted to

be 1mg/ml and the protein amount was confirmed by Western blot.

Confocal laser scanning microscopy

For confocal images, curli preparations were stained with a 1:1 v/v ratio of ThT to curli

(400 μg/mL), and 5 μL was spotted onto a microscopy slide. Spots were allowed to dry

completely and then were analyzed on the Leica SP5 microscope with a TCS confocal system.

For enumeration of aggregates by size, the LAS AF confocal system was used to draw scale

bars on aggregates from multiple fields, and aggregate sizes were recorded: 100 aggregates per

condition.

Dynamic light scattering

The size of the aggregating species was monitored using a Malvern Zetasizer Nano-ZS90

instrument. Samples were excited using a He−Ne laser (632 nm). The buffer and protein were

filtered through 0.02-μm filters before experiments. For measurements, the sample concentra-

tion was ~1 mg/ml.

Ultraviolet circular dichroism spectroscopy

The UV CD measurements were taken on a Chirascan CD spectrometer (Applied PhotoPhy-

sics) at room temperature (~25˚C). The spectra were recorded in quartz cuvettes with 1-mm

pathlength with a scan range from 195 nm to 260 nm and a scan rate of 2 nm/s. All the scans

were taken at ~1 mg/ml concentration. For each curli preparation, three spectra were averaged

and subtracted from blank (buffer) using Chirascan ProData viewer software provided with

the instrument.

Tryptophan fluorescence assay

We performed steady-state fluorescence measurements to probe CsgA conformations in curli

preparations. A FluoroMax-4 (Horiba) fluorescence spectrophotometer was used to record

spectra. The following parameters were set for the measurements: lex = 295 nm, emission scan

range = 310–420 nm, excitation bandpass = 1.5 nm, and emission bandpass = 2 nm. The inte-

gration time was set to 2 s with a 1-nm increment. The final concentration of samples was ~1

mg/ml. Cuvettes had 2-mm pathlength.

Thioflavin T fluorescence assay

The extent of amyloid formation in curli preparations was monitored using a ThT assay. The

concentrations of protein and ThT were ~1 mg/ml and 10 μM, respectively. The experiments

were performed on a FluoroMax-4 (Horiba) fluorescence spectrophotometer with the follow-

ing parameters: lex = 440 nm, lem = 500 nm.

DNA extraction

DNA was extracted using a previously described method [12]. Briefly, 500 μg of curli prepara-

tion based on the BCA assay in sterile water was centrifuged at 10,600 rcf (Eppendorf 5804R)

for 3 min to pellet. The pellets were then resuspended in 550 μL of TE buffer, 30 μL of 10%
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sodium dodecyl sulfate, and 20 μL of 20 mg/mL proteinase K and mixed gently. This mixture

was incubated at 37˚C for 1 h. After incubation, 100 μL of 5 M NaCl and 80 μL of cetrimonium

bromide were added. After incubation at 37˚C for 10 min, 300–400 μL of phenol-chloroform-

isoamyl alcohol was added. After mixing, the samples were centrifuged at 15,200 rcf (Eppen-

dorf 5804R) for 5 min at 4˚C. The supernatant was transferred to a clean 1.5-mL tube, and

700 μL of chloroform was added. The solution was mixed and centrifuged. The supernatant

was transferred to a clean tube, equal volumes of isopropanol were added, followed by gentle

mixing. The mixture was then incubated at -20˚C for at least 30 min to precipitate the DNA.

The DNA was pelleted at 15,200 rcf (Eppendorf 5804R) for 5 min at 4˚C. The pellet was

washed with 70% ethanol and centrifuged at 6000 rcf (Eppendorf 5804R) for 5 min. The super-

natant was removed and pellet was resuspended in 30 μL of TE buffer. The final DNA concen-

tration was determined from absorbance measured using a NanoDrop2000

spectrophotometer.

Small-angle X-ray scattering analysis

Curli preparations were isolated from biofilm pellicles of liquid cultures of the bscE cellulose

mutant of S. Typhimurium as described above. SAXS analysis was performed as previously

described [14]. Briefly, complexes were pelleted in 1.5-mL tubes for 20 min at 10,000 rpm in a

microfuge. Supernatants were discarded except for the last 50 μL. The complexes were resus-

pended in the remaining supernatant. These samples were then loaded into and sealed in

quartz capillaries (Mark-tubes) and stored at 4˚C until measurement. SAXS experiments were

performed at the Stanford Synchrotron Radiation Lightsource (SSRL, Beamline 4–2) using

9-keV monochromatic X-rays. The scattered radiation was measured using a Rayonix MX-

225-HE detector (pixel size 73.2 μm). Two-dimensional powder diffraction patterns were inte-

grated using the Nika 1.74 [55] package for Igor Pro 6.37 and FIT2D [56]. SAXS data were ana-

lyzed by plotting integrated scattering intensity against the momentum transfer q using

MATLAB. The characteristic spacing d was obtained from the first peak position q(1) by the

formula a = 2π/q(1).

HEK293 Blue NFκB Reporter cell assay

HEK293 Blue mTLR2 SEAP reporter cells (Invivogen, hkb-mtlr2) were cultured according to

the manufacturer’s protocol. Curli preparations were added to wells of a 96-well plate at a con-

centration of 10 μg/mL. Volumes were adjusted to 20 μL with PBS. Reporter cells were added

to wells at 5x105 cells/well in HEK Detection media (Invivogen, hb-det2) to a final volume of

200 μL. Treated cells were incubated at 37˚C with 5% CO2 for 24 h. The absorbance at 620 nm

was measured to determine NFκB activation. CpG ODN1668 (Invivogen, tlrl-1668), referred

to here as CpG DNA, is a mTLR9 ligand used as a negative control. Pam3CSK4 (Invivogen,

tlrl-pms) is a mTLR2 ligand used as a positive control.

Analysis of internalization of Congo Red-labeled curli

To quantify the internalization of curli-DNA complexes, wild-type BMDMs were seeded in a

48-well polystyrene plate (Costar, 3524) at 1x106 cells per well. Cells were stimulated with

Congo Red-labeled curli for 1 h. Cells were washed three times with sterile PBS to remove any

extracellular labeled curli-DNA complexes and then were lysed with sterile PBS supplemented

with 1% Triton-X. Lysates were transferred to a clear-bottom, black, 96-well microplate, and

fluorescence of Congo Red was measured using a Flex Station (Molecular Devices) with excita-

tion at 497 nm and emission at 614 nm. Results are reported as relative fluorescent units.
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Cytokine secretion and gene expression analyses using bone marrow-

derived macrophages

BMDMs from C57BL/6 and Tlr2-/- mice were differentiated as previously described [57].

Briefly, leg bones were flushed with RPMI, and a single cell suspension of the bone marrow

was prepared in RPMI. The cell suspension was then centrifuged at 170 rcf (Sorvall TC6) for

10 min to pellet the marrow cells. These cells were then resuspended in RPMI supplemented

with L929 conditioned media and antibiotic/antimycotic. On day 4, 5 mL of bone marrow dif-

ferentiation media was added. On day 7, cells were seeded into 24-well plates at a density of

500,000 cells/well.

To investigate cytokine response, BMDMs were stimulated with 2.5 μg/mL of curli prepara-

tion or not treated. After 4 h, IL-6 and TNFα were quantified in the supernatant by ELISAs

according to the manufacturer’s protocol (eBiosciences). After 24 h, IL-1β was quantified by

ELISA (eBiosciences) according to the manufacturer’s protocol. To investigate type I IFN

expression, Ifnβ mRNA was quantified at 4 h as described below. For cytotoxicity experiments,

cells were stimulated with 10 μg of curli preparation for 24 h. Live/dead staining experiments

were completed as described below. Cells treated with S. Typhimurium as a positive control

were treated at time 0 and then treated with 5 μg/mL of gentamycin after 1 h to kill any bacte-

ria that had not been taken up by the macrophages.

RNA isolation and qPCR quantification

RNA was isolated from BMDMs using TriReagent according to the manufacturer’s instruc-

tions. Briefly, all surfaces were sprayed and cleaned with RNase Zap (Thermo Fisher,

AM97890). An aliquot of 500 μL of TriReagent (Molecular Research Center, TR-118) was

added to a monolayer of 5x105 cells. The homogenate was stored at room temperature for 5

min. Using RNase-free, filter tips, the TriReagent was moved to an RNase-free Eppendorf

tube. To the TriReagent homogenate, 100 μL of chloroform was added. After mixing, tubes

were allowed to sit on the benchtop until phase separation occurred and were then centrifuged

for 15 min at 4˚C at 12000 rcf. The clear aqueous phase was carefully removed and added to

500 μL of isopropanol pre-chilled to -20˚C. After shaking briefly, tubes were incubated at

-20˚C for 30 min and then centrifuged at 12000 rcf for 8 min at 4˚C. The supernatant was

removed, and the pellet was washed with 1 mL of 75% ethanol and then centrifuged at 7500 rcf

for 5 min at 4˚C. The ethanol was removed by aspiration, and pellets were allowed to air dry to

allow. Dried pellets were resuspended in 30 μL of molecular-grade water.

RNA was then treated with DNase according to the manufacturer’s protocol (Ambion,

AM1906). In short, 3 μL of 10x buffer with 1 μL of DNase I enzyme was added to each sample.

Samples were incubated at 37˚C for 30 min. Next, 3 μL of inactivation reagent was added to

each sample, mixed, and incubated at room temperature for 5 min. Samples are then centri-

fuged at 10,000 rcf for 1 min. The RNA in the supernatant quantified by analysis of absorbance

using a NanoDrop spectrophotometer.

The RNA was then reverse transcribed to cDNA using a TaqMan Reverse Transcription kit

according to manufacturer’s protocol (Invitrogen, N8080234). In brief, 1 μg of RNA was dis-

solved in 19.25 μL molecular grade water. An aliquot of 30.75 μL master mix of MgCl2, 10X

reverse transcription buffer, RNase inhibitor, reverse transcriptase enzyme, and random hex-

amers was added to each sample. A BioRad S100 Thermo Cycler was used to generate the

cDNA (Step 1: 25˚C for 10 min, Step 2: 48˚C for 30 min, Step 3: 95˚C for 5 min, Step 4: 4˚C

hold).

For qPCR, master mix for each sample included 0.75 μL of 100 μM forward primer and

0.75 μL of 100 μM reverse primer (Table 1), 12.5 μL Power Up Sybr Green master mix
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(ThermoFisher, A25742), and 6 μL molecular-grade water. In an 8-tube PCR strip, 20 μL of

master mix and 5 μL of RNA were mixed. Aliquots of 10 μL were transferred to a MicroAmp

qPCR plate in duplicate. qPCR was performed with an Applied Biosciences StepOne Plus Real

Time PCR system. Transcript levels were determined using the ΔCT approach.

Live/Dead staining analysis

Cells were stained using the ReadyProbes cell viability imaging kit (Thermo Fisher, R37609)

following the manufacturer’s instructions. Briefly, 2 drops of each color stain were added per

1 ml of medium, and stain was aliquoted into each well and incubated at room temperature for

15 min protected from light. Cells were then imaged on the EVOS FL Auto 2 microscope.

Analysis of images to determine the percentage of dead cells to live cells was done using the

HCS Studio software system.

Animal experiments

To evaluate autoantibody production by mice in response to systemic exposure to curli prepa-

rations, female C57BL/6 (wild-type) and lupus-prone NZBWxF/1 mice were injected intraper-

itoneally with 50 μg of curli preparation in 100 μL of sterile PBS or with 100 μL of sterile PBS

twice a week for 12 weeks. Tail bleeds were used to collect sera before first injection and once

every 2 weeks throughout the experiment.

Analysis of anti-dsDNA autoantibodies by ELISA

ELISAs were performed according to previously published protocol [59]. Briefly, a 96-well

plate (Costar, 07-200-33) was coated with 0.01% poly-L-lysine (Sigma, P8920) in PBS and

incubated for 1 h at room temperature. Plates were then washed three times with distilled

water and dried. Plates were then coated with 2.5 μg/mL of calf thymus DNA (Invitrogen,

15633–019) in borate buffered saline (BBS) (17.5 g NaCl, 2.5 g H3BO3, 38.1 g sodium borate in

1 L H2O) and incubated at 4˚C overnight. The next day, plates are washed three times with

BBS and blocked with 200 μL/well of BBT (BBS with 3% bovine serum albumin and 1% Tween

20) for 2 h at room temperature with gentle rocking. After washing five times with BBS, serial

dilutions of control serum and sample sera were incubated on the plate overnight at 4˚C. Next,

plates were washed three to five times with BBS, and biotinylated goat anti-mouse IgG (Jack-

son ImmunoRes, 115-065-071) was added. Samples were incubated at room temperature for 2

h with gentle rocking. Avidin-alkaline phosphate conjugate (Sigma, A7294) was added. After 2

h at room temperature, plates were washed five times with BBS, and then 4-nitrophenyl phos-

phate disodium salt hexahydrate (Sigma-Aldrich, N2765) was added to the plate at 1 mg/mL.

Plates were incubated at 37˚C protected from light for at least 3 h. Optical densities at 650 nm

and 405 nm were determined using a Molecular Devices Microplate reader. Positive control

sera were taken from B6.NZM Sle1/Sle2/Sle3 lupus-prone mice with high levels of autoanti-

bodies and used at a dilution of 1:250 in BBT.

Table 1. Primer sequences used for qPCR.

Gene Target Direction Sequence Source

Ifnβ Forward

Reverse

5’ CAG CTC CAA GAA AGG ACG AAC 3’

5’ GGC AGT GTA ACT CTT CTG CAT 3’

Harvard Primer Bank ID: 6754304a1

Harvard Primer Bank ID: 6754304a1

GAPDH Forward

Reverse

5’ CCA GGA AAT CAG CTT CAC AAA CT 3’

5’ CCC ACT CCT CCA CCT TTG AC 3’

• [58]

• [58]

https://doi.org/10.1371/journal.ppat.1010742.t001
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Joint inflammation analysis

Murine knees were extracted and fixed in phosphate-buffered formalin. For decalcification,

samples were incubated in formic acid for 3 days and then embedded in paraffin. Sections of

5 μm of the tissue were stained with hematoxylin and eosin. The fixed and stained sections

were blinded and evaluated by an experienced veterinary pathologist according to the criteria

previously described [60]. Images were taken at a magnification of 10x.

Statistical analyses

Data were analyzed using Prism software (GraphPad). Student’s t test or one-way ANOVA

were used when appropriate. Error was determined by standard error of the mean. P values of

<0.05 were considered significant and were noted as such on figures.

Supporting information

S1 Fig. A single tryptophan in CsgA monomer. The amino acid structure of the CsgA mono-

mer emphasizing the single tryptophan within the sequence used for the analysis of polymeri-

zation.
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