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ABSTRACT

The Salmonella biofilm-associated amyloid protein, curli, is a dominant instigator of systemic
inflammation and autoimmune responses following Salmonella infection. Systemic curli injections
or infection of mice with Salmonella Typhimurium induce the major features of reactive arthritis, an
autoimmune disorder associated with Salmonella infection in humans. In this study, we investi-
gated the link between inflammation and microbiota in exacerbating autoimmunity. We studied
C57BL/6 mice from two sources, Taconic Farms and Jackson Labs. Mice from Taconic Farms have
been reported to have higher basal levels of the inflammatory cytokine IL — 17 than do mice from
Jackson Labs due to the differences in their microbiota. When we systemically injected mice with
purified curli, we observed a significant increase in diversity in the microbiota of Jackson Labs mice
but not in that of the Taconic mice. In Jackson Labs, mice, the most striking effect was the
expansion of Prevotellaceae. Furthermore, there were increases in the relative abundance of the
family Akkermansiaceae and decreases in families Clostridiaceae and Muribaculaceae in Jackson
Labs mice. Curli treatment led to significantly aggravated immune responses in the Taconic mice
compared to Jackson Labs counterparts. Expression and production of IL — 13, a cytokine known to
promote IL — 17 production, as well as expression of Tnfa increased in the gut mucosa of Taconic
mice in the first 24 hours after curli injections, which correlated with significant increases in the
number of neutrophils and macrophages in the mesenteric lymph nodes. A significant increase in
the expression of Cc/3 in colon and cecum of Taconic mice injected with curli was detected. Taconic
mice injected with curli also had elevated levels of inflammation in their knees. Overall, our data
suggest that autoimmune responses to bacterial ligands, such as curli, are amplified in individuals
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with a microbiome that promote inflammation.

Introduction

Amyloid proteins adopt a conserved cross beta-
sheet structure and form fibrils through a self-
assembly process." More than 60 amyloidogenic
proteins are expressed in humans, and the fibrillar
deposits of some of these proteins are observed in
patients with neurological and inflammatory dis-
eases such as Alzheimer’s disease, Huntington’s
disease, Parkinson’s disease, type II diabetes, and
secondary amyloidosis.>”* Amyloid proteins are
also produced by bacteria and are detected within
the extracellular matrix of their biofilms’. Curli, the
best-studied bacterial amyloid, is produced by

enteric bacteria including Escherichia coli and
Salmonella enterica serovar Typhimurium®’.
Curli tends to deposit in the extracellular matrix
of biofilms formed by these bacteria. Bacterial amy-
loids provide a protective environment for bacteria
in the biofilm community. Consistent with this
idea, curli provides protection against bacterio-
phages, antibacterial agents, desiccation, and
immune attacks.*”""

Although curli mainly acts as a barrier against
environmental insults, it also plays a critical role in
stimulating the host immune system. Curli is one of
the first bacterial components the immune system
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encounters when dealing with a biofilm.” Curli
accounts for about 85% of the extracellular matrix
of enteric biofilms'* and serves as a major pathogen-
associated molecular pattern (PAMP) by triggering
Toll-like receptor 2 (TLR2)."> In contrast, in the
invasive motile form, enteric bacteria strongly acti-
vate other immune receptors, including TLR4/
MD2/CD14,'* TLR5,"> and a NOD-like receptor,
NLRC4,'®"” and lipopolysaccharide (LPS) and fla-
gellin serve as the major PAMPs. Biofilm-associated
bacteria do not express flagellin,'® and although it is
plausible that the curli deposits mask lipid A of LPS,
which activates TLR4, it is not known whether
immune cells can access these cell components to
induce the inflammatory responses when bacteria
are within a biofilm.

Fully formed, mature curli fibrils activate the het-
erocomplex of TLR2 and TLR1.'>!>12!
Furthermore, during biofilm establishment, curli
binds to cellulose and extracellular DNA to increase
the stability of the extracellular matrix.”> Complexes
formed between curli and DNA stimulate a stronger
activation of immune cells than curli or DNA alone.>
Purified curli/DNA complexes induce the upregula-
tion of classical inflammatory cytokines such as IL —
6, IL - 12, IL — 17, and TNFa and induce the activa-
tion of type I interferon signaling and the subsequent
expression of interferon-stimulated genes via TLR2
and TLRY activation.">'**>** Curli/DNA complex
activates the innate immune system in a two-step
process:  curli activates the  TLR2/TLRI
heterocomplex,'>'*?! and internalization of this com-
plex brings the curli/DNA complex into the endo-
some where the DNA receptor, TLRY, is activated.*®
Curli and other fibrillar amyloids can escape the
endosome and gain access to the cytosol, activating
cytosolic immune receptors including the NLRP3
inflammasome leading to IL — 1B production.*

Recent work has suggested that expression of the
bacterial amyloid curli in the gut by enteric bacteria
might be linked to neurodegenerative and autoim-
mune diseases.””*® Although the mechanisms by
which curli contributes to autoimmunity is not well
understood, our previous studies suggest that the
translocation of curli/DNA complexes from the gut
to systemic circulation induces the production of
pro-inflammatory markers, like TNFa and IL - 17,
and the generation of anti-nuclearlike anti-double-

stranded DNA (anti-dsDNA), hallmarks of classical
autoimmune responses.22’23 *? Furthermore, gastro-
intestinal infections with curli-expressing enteric
pathogens, including S. Typhimurium, Campylo-
bacter jejuni, and Yersinia enterocolitica, are linked
to the onset of reactive arthritis,”>*° a human auto-
immune disease that affects joints. Recent work
established that infected with .
Typhimurium, translocation of curli/DNA com-
plexes from the gut is required for the generation of
autoimmunity and joint  inflam-mation.>
Intriguingly, curli-expressing bacteria also partici-
pate in the pathogenesis of disease flares in patients
with systemic lupus erythematosus (SLE). Persistent
bacteriuria with uropathogenic E. coli and produc-
tion of higher levels of anti-curli/DNA antibodies
were detected in SLE patients with higher levels of
markers of inflammation and increased disease
severity,”' suggesting that systemic exposure to bac-
terial curli/DNA complexes stimulates autoimmu-
nity in patients
conditions.

It has been reported that the systemic presence
of PAMPs such as LPS or flagellin can affect the
mucosal immune response leading to changes in
the gut microbiome composition.’>*>> Here, we
evaluated how systemic curli or enteric biofilm
exposure alters the gut microbiome and the muco-
sal immune system in mice and the consequences
of these changes on reactive arthritis. Since it has
been reported that IL — 17 production and type 17
immunity are linked to autoimmunity,”* and espe-
cially in the context of arthritis, we chose to test the
effect of curli in C57BL/6 mice from Taconic Farms
and from Jackson Labs, which have different basal
levels of IL—-17 due to differences in their
microbiota.”> We investigated how curli exposure
alters the gut microbiota and whether the presence
of an IL — 17-promoting commensal influences the
innate immune response against curli and the
induction of autoimmunity.

in mice

with existing autoimmune

Results
Systemic curli exposure alters the gut microbiota

We investigated the effect of systemic curli expo-
sure on the gut microbiota of C57BL/6 mice from



Taconic Farms and from Jackson Labs. Due to
microbiome differences, mainly the presence of
Segmented Filamentous Bacteria (SFB), the mice
from Taconic Farms have higher basal levels of
the inflammatory cytokine IL-17 than do
Jackson Labs mice.>> Mice were housed in
a BSL2 room. Cages from Jackson Labs and
Taconic Farms were kept on different sides of
the room and a designated person changed the
cages on separate days to limit cross contamina-
tion. Microbiota was analyzed at week 0 and week
8 following housing only. Although a slight
change in microbiota was detected by PCoA, no
microbiota transmission between the two groups
of mice was detected. We attribute these changes
to the age of the mice or the facility effect
(Supplementary Figure S1). Curli was purified as
previously described with slight modifications,*®
resulting in a preparation that contains high
levels of DNA and it is not cytotoxic.”>***” The
mice were injected intraperitoneally (i.p.) with
100 pg of curli or sterile PBS twice a week for
eight weeks. To characterize the gut microbiota,
16S rRNA profiling was performed on DNA
extracted from the cecal contents of mice at
week 8. The V3-V4 region of 16S rRNA was
sequenced using Illumina MiSeq system. There
were no significant differences in the microbiome
composition of Taconic mice injected with sterile
PBS nor curli; however, Jackson Labs mice
injected with curli had a significantly altered
microbiota compared to control mice injected
with sterile PBS (Figure 1a). Principal coordinate
analysis (PCoA) on the family level of microbiota
composition showed clustering of the Taconic
mice regardless of treatment, whereas, for the
Jackson Labs mice, the PCoA showed a distinct
clustering of samples from control versus curli-
treated mice (Figure 1b).

No significant differences were detected in the
Firmicutes/Bacteroidetes ratio, an indication of gut
dysbiosis, in samples from different groups
(Figure Ic). To investigate the differences in alpha
diversity, Shannon entropy and Faith’s phylogenetic
diversity were calculated. Although no significant
differences were observed based on Shannon entropy
(Figure 1d), Faith’s phylogenetic diversity, an alpha
diversity index based on phylogenetic distances,
showed a significant increase in microbiome diversity
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in curli-treated Jackson Labs mice compared to the
control (Figure le). Furthermore, control Taconic
mice had higher phylogenetic alpha diversity com-
pared to control Jackson Labs mice; this was also the
case for curli-treated group (Figure le).

Notably, Tannerellaceae, Prevotellaceae, and
Rickenellaceae were not detected in the cecal samples
of control Jackson Labs mice; however, these taxa
were present in high abundance in both groups of
the Taconic mice (Figure 1a,f,g). Moreover, these taxa
were significantly expanded in Jackson Labs mice
treated with curli compared to PBS-treated controls
(Figure 1a,f,g). Bacteroidaceae species were present at
higher abundance in samples from control Jackson
Labs mice compared to curli-treated Jackson Labs
mice and to both Taconic groups (Figure la,f,g).
Lastly, upon curli treatment, the abundance of
Erysipelotrichaceae was increased only in the Jackson
Labs mice (Figure laf,g). The abundance of
Erysipelotrichaceae was lower in control Taconic
mice than in control Jackson Labs mice (Figure 1g).
Opverall, upon treatment with curli, the composition of
the cecal microbiota in Jackson Labs mice changed
toward resembling the Taconic microbiota.

The variation and the multitude of curli-induced
microbiota changes depend on the resident
microbiota

In addition to cecal contents, we also analyzed the
microbiota composition of fecal samples before
and after curli injections using 16S rRNA profiling.
Erysipelotrichaeceae were more abundant in the
fecal microbiota of Jackson Labs mice compared
to Taconic mice (Figure 2a,b,i,j). Lachnospiraceae
and Lactobacillaceae abundance was higher in the
fecal microbiota of Taconic mice compared to
Jackson Labs mice prior to curli treatment and
was increased in the feces of Jackson Labs mice
upon injection with curli (Figure 2a,b,i,j).
Prevotellaceae and Rickanellaceae abundances
were low in the fecal samples of control and curli-
treated Jackson Labs mice (Figure 2a,i). These taxa
were present in the Taconic mice microbiota
regardless of curli treatment (Figure 2b,i). As
observed in the cecal microbiota, curli treatment
resulted in very little change in the composition of
the fecal microbiota of Taconic mice; only
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Figure 1. The effect of systemic curli treatment on composition of cecal bacterial community. (a) Bacterial taxa present in DNA
extracted from cecal contents of C57BL/6 mice from Jackson Labs and Taconic treated with curli or PBS for eight weeks as determined
by 16S profiling. (b) PCoA of microbiota composition (weighted UniFrac distances). (c) Firmicutes and Bacteroidetes ratio. Alpha
diversity of microbiota composition represented by (d) Shannon entropy and (e) Faith’s phylogenetic diversity. Significance was
analyzed by two-way ANOVA and multiple comparison; ***p < 0.001, ****p < 0.0001. (f) Heatmap of the top 30 most abundant taxa.
(g) Abundances of indicated species. Significance was analyzed using one-way ANOVA and multiple comparison; *p < 0.05, **p < 0.01,

**¥p < 0.001, ****p < 0.0001.
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Figure 2. The effect of systemic curli treatment on the composition of the bacterial community in feces. Bacterial taxa present in DNA
extracted from feces of C57BL/6 mice from (a) Jackson Labs, (b) Taconic or (c) mice from Jackson labs that were co-housed with
Taconic mice for 3 weeks. Mice were treated with curli for eight weeks as determined by 16S profiling. Level 5 microbiota composition.
(d) PCoA of microbiota composition at week 0 before treatment or (e) at week 8 (weighted UniFrac distances). (f) Firmicutes and
Bacteroidetes ratio. Alpha diversity of microbiota composition represented by (g) Shannon entropy and (h) Faith- phylogenetic
diversity. (i) Heatmap of the top 30 most abundant taxa. (j) Abundances of indicated species. Alpha diversity was analyzed using 2-way
ANOVA and multiple comparison *p < 0.05, **p < 0.01, **** p < 0.0001. Abundance was analyzed using One-way ANOVA and multiple
comparison *p < 0.05, **p < 0.01, ***p < 0.001.
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a significant decrease in Marinifilaceae was
observed (Figure 2b,i,j).

Next, we co-housed Jackson Labs mice with
Taconic mice for three weeks prior to i.p. injection
with purified curli/DNA twice a week for eight
weeks. We confirmed the transfer of SFB from
Taconic mice to Jackson mice via qPCR using the
fecal DNA (Supplementary Figure S1). PCoA of the
microbiota composition showed the clustering of
untreated co-housed Jackson Labs mice with
untreated Taconic mice rather than with untreated
non-co-housed Jackson Labs mice (Figure 2d).
These data indicated the success of gut microbiota
transfer (Figure 2a-c). In addition, curli-treated co-
housed Jackson Labs mice had a microbiota that
clustered with curli-treated Taconic mice
(Figure 2e).

Although not statistically significant, a lower
Firmicutes/Bacteroidetes ratio in the fecal micro-
biota of untreated Jackson Labs mice was detected
when compared to all other groups (Figure 2f).
There were significant differences in alpha diversity
based on Shannon entropy and Faith’s phyloge-
netic diversity score between untreated Jackson
Labs mice, Taconic mice, and co-housed Jackson
Lab mice; however, there was not a significant dif-
ference between curli-treated co-housed Jackson
Labs mice and curli-treated Taconic mice
(Figure 2g,h). This increase in alpha diversity of co-
housed Jackson Labs mice upon curli treatment
suggests that curli increased the richness of the
gut ecosystem of Jackson Labs mice, while it did
not significantly change the microbiota of the
Taconic mice.

In the fecal microbiota, Lactobacillaceae,
Lachnospiraceae, Clostridiales vadinB660,
Marinifilaceae, Prevotellaceae, and Peptococcaceae
were detected at lower abundances in untreated
Jackson Labs mice compared to other groups. After
curli injections, there were significant increases in
the relative abundances of Akkermansiaceae,
Ruminococcaceae, and Clostridiales vadinB660
group in Jackson Labs mice (Figure 2ij).
Simultaneously, there was a loss of significant dif-
terence in the relative abundance of Muribaculaceae
between Jackson Labs and Taconic mice after curli
injections (Figure 2i,j). Untreated co-housed
Jackson Labs mice had a microbiome profile similar

to that of untreated Taconic mice, however, statisti-
cally significant changes were only seen in co-
housed Jackson Labs mice. Curli-treated co-housed
Jackson Labs mice had significant increases in
Erysipelotrichaceae and Peptococcaceae and signifi-
cant  decreases in  Lactobacillaceae  and
Marinifilaceae when compared to the untreated co-
housed Jackson Labs mice (Figure 2i,j). These data
indicate that curli triggers changes in the gut micro-
biota that are affected by the resident microbiota.

Systemic curli exposure changes the gut immune
responses

The activation of the TLR2/TLR1 receptor complex
by curli strongly induces the expression of several
cytokines including IL -6, IL-12, IL-17, and
TNFa.'>'*****%7 Upon TLR2 activation, curli is
taken up by immune cells and escapes to the cyto-
sol where it activates the NLRP3 inflammasome
leading to the production of IL1B.*° Additionally,
curli and the DNA associated with this amyloid
together induce the activation of the type
I interferon signaling and the expression of inter-
feron-stimulated genes as well as a strong anti-
dsDNA autoantibody response.*>***’

To determine whether the changes we observed
in the microbiota of the Jackson Lab mice upon
curli treatment could be due to changes in the
mucosal immune responses, we investigated the
gene expression patterns in the cecum, colon, and
mesenteric lymph nodes of C57BL/6 mice from
Jackson Labs and Taconic Farms injected i.p. with
100 ug of curli/DNA or sterile PBS. Organs were
collected 24 hours after injection, RNA was iso-
lated, and qPCR was performed. Il - 1b expres-
sion was significantly increased in the cecum,
colon, and mesenteric lymph nodes of Taconic
mice injected with curli compared to mice that
were injected with PBS (Figure 3a-c). Increased
Tnfa expression was also observed in the colon
and mesenteric lymph nodes of Taconic mice
injected with curli compared to mice injected
with PBS, but no significant differences in Il -
10 or Il - 6 expression were observed in the gut
tissues (Figure 3a-c). Although there was an
increase in Il - 1b and Tnfa in the colon and
cecum of Jackson Labs mice treated with curli,
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the expression levels of these cytokines were not
significantly different from mice injected with
PBS (Figure 3a-c). In the spleen, the expression
of Il - 1b was also significantly increased in curli-
injected Taconic mice compared to PBS-treated
Taconic mice and to curli-treated Jackson Labs
mice (Figure 4a). At this time point, no differ-
ences in Il -6 expression were detected in the
spleen (Figure 4a).

To confirm that the increased Il - 1b expres-
sion translated into mature IL — 1B production in
the gut mucosa, mature IL - 1B protein levels
were measured in the cecum and colon tissue
homogenates by ELISA. A significant increase
in the production of IL-1p in the cecum of
both Jackson Labs and Taconic mice was con-
firmed (Figure 4b). In the colon, a significant

increase in IL — 1 was only detected in Taconic
mice upon curli treatment (Figure 4b) confirm-
ing the expression results observed in Figure 3.
These results indicate that the systemic exposure
to curli affects the expression of immune cyto-
kines at the mucosal sites, where they may influ-
ence and be influenced by the microbiota
composition.

Fecal IgA levels were also evaluated. Although
the IgA levels were higher in Taconic mice com-
pared to Jackson Labs animals in the absence of
treatment, no significant differences were induced
upon curli treatment for two or eight weeks
(Figure 4c). These changes in cytokine expression
in the gut mucosa upon exposure to curli suggest
that the immune activation following systemic curli
exposure modulates changes in gut microbiota.
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Figure 4. Immune responses in the spleen, gut, and mesenteric lymph nodes in response to curli treatment. (a) Levels of Il —=1b and Il
—6 determined by RT-qPCR in spleens of mice sacrificed 24 hours after injection with 100 ug curli or PBS (control). Data were
normalized to data from control mice from Jackson Labs. (b) Concentration of IL — 1B protein from cecum and colon as determined by
ELISA in mice treated as in panel a. (c) Concentration of IgA determined by ELISA in fecal pellets collected at indicated times of
treatment with curli. Flow cytometry analysis of mesenteric lymph node cell suspensions for (d) T and B cells were gated using CD3
and CD19, respectively and (e) innate immune cells were gated using CD11b, F4/80, Ly6G, B220, CD11C, and Ly6C. Cells were gated
after elimination of doublets and dead cells. Means and standard errors were calculated by averaging results from two independent
experiments. Statistical significance was determined using a Mann-Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001.

Immune cell populations

To identify the immune cell populations that shape
the observed mucosal responses, we investigated the
cell populations in mesenteric lymph nodes of
Taconic mice using flow cytometry. No changes
were detected in the number of T and B cells, plasma-
cytoid dendritic cells, conventional dendritic cells,
migratory dendritic cells, or monocytes at 24 hours
after curli injection (Figure 4d,e). However, we did
detect a significant increase in neutrophils and macro-
phages in Taconic mice treated with curli when com-
pared to PBS-treated animals (Figure 4e), compatible
with the first wave of inflammatory phagocytes called
to the site of infection and then migrating to the

draining lymph nodes. To determine the chemokines
involved in the chemoattraction of these innate cells,
we measured the gene expression of chemokines
required to recruit neutrophils, and found
a significant increase in the expression of Cccl3 in
colon and cecum of Taconic mice injected with curli
(Figure 5a,b). While there was also an increase in the
Ccexcl5 and Cexcll expression in the cecum of Taconic
mice injected with curli compared to control animals,
these differences did not reach significance (Figure 5a,
b). The expression of Ccxcl5 in the colon was also
elevated both in Jackson mice and Taconic mice upon
curli injection, but these differences did not reach
significance (Figure 5a,b).
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determined using a Mann-Whitney test; **p < 0.01, ***p < 0.001.

We have previously shown that purified curli/
DNA complexes induce a strong autoantibody
response against DNA, even in C57BL/6
mice;***>*” therefore, we evaluated levels of the
anti-dsDNA autoantibodies induced by curli in
Jackson Labs and Taconic mice. Regardless of
their facility of origin, there was a significant
increase in anti-dsDNA IgG production in mice
after two weeks of treatment with curli compared
to mice injected with PBS, and there were no sig-
nificant differences in the levels of anti-dsDNA IgG
autoantibodies between Jackson Labs mice and
Taconic mice (Figure 6a). At this time point of 8
weeks, while CD4+ and CD8+ T cell populations
had no significant difference between control and
curli treated mice regardless of facility origin, there
was a significant increase in ICOS+ T cells in the
spleen of Taconic mice treated with curli compared
to the control mice and Jackson Labs mice
(Figure 6b). There were no changes in the percen-
tage of overall B cells, plasmablasts and plasma

cells, however, there was a significant increase in
germinal center B cell population in the spleen of
Taconic mice treated with curli when compared to
the control mice and Jackson Labs mice
(Figure 6c), suggesting that the similar induction
of autoantibodies in the two groups of mice may
rely on different mechanisms, and only Taconic
mice develop detectable numbers of GC B cells
upon curli exposure.

Next, we examined the induction of arthritis
by curli, as we have previously reported.’® The
knee inflammation was scored for synovial
hyperplasia, chronic inflammation, periosteal
resorption, and dilated articular cavity in the
curli- and PBS-injected mice after three weeks
of treatment with curli or PBS by a pathologist
in a blinded study. Intriguingly, Taconic mice
injected with exhibited significantly
increased pathology compared to mice injected
with PBS (Figure 6d). It is important to note

curli
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that C57BL/6 mice are resistant to joint inflam-
mation and arthritis.’®*® No differences were
noted for Jackson mice (data not shown).

Discussion

Complex biological communities of bacteria, known
as biofilms, dominate all habitats including the
human gastrointestinal tract.’® Bacteria embedded
in biofilms thrive in the intestinal tract enduring
environmental and immune pressures while com-
peting with other members of the microbiota.
Studies have shown that upon the transition into
a biofilm, bacteria go through a metabolic repro-
gramming that changes the physiology and biology
of the individual bacterial cells.*” The biofilm extra-
cellular matrix contains unique components that
protects the bacterial community by providing
a strong and impenetrable shield.* Medical micro-
biologists became interested in the biofilm lifestyle
of organisms when a link between the etiology of
a persistent infection and aggregates of bacteria were
established in cystic fibrosis patients in the early
1970s.** Since then, biofilms have been recognized
to be involved in many clinical infections,” and
evidence is accumulating that biofilms contribute
to the pathogenesis of not only chronic infections
but also acute bacterial infections.**"*

Amyloid/DNA complexes are detected in bio-
films of numerous bacteria, both commensal and
pathogenic. Though the amyloid proteins them-
selves differ in primary amino acid sequence, all
self-assemble into a conserved beta-sheet structure
and associate with DNA.*>***"* Recent work
suggests that chronic systemic exposure to biofilms
or to the amyloid/DNA complexes from Gram-
negative or Gram-positive bacteria, curli/DNA
and PSM/DNA, respectively, are associated with
the generation of autoimmune responses both in
mice and humans.?>?*?>?13749%°% Cyrli is pro-
duced in the gastrointestinal tract by Gram-
negative enteric bacteria® and serves as a major
biofilm-associated PAMP.>'>!%21:2%>1 Dyring
invasive S. Typhimurium infection, curli/DNA
complexes leak through the damaged epithelial
barrier to trigger the generation of anti-dsDNA
autoantibodies and joint inflammation in mouse
models of infection.”””” Thus, curli may underlie
the pathogenesis of reactive arthritis, an autoim-
mune disease that occurs in 5% of the patients
following acute Salmonella-induced
gastroenteritis.**>***” In addition to Salmonella,
curli/DNA complexes from commensal E. coli
also cause lupus-like autoimmune manifestations
and inflammation once they are introduced sys-
temically bypassing the gut.>’ Consistent with
these findings, recent studies suggest that bacterial



PAMPs from the chronic infections, coupled with
genetic susceptibility can fuel abnormally strong
inflammatory reactions to bacterial curli.”'

Since many evidence support that the IL - 17-
mediated response is linked to autoimmunity,**>*
>* we tested the effect of curli in C57BL/6 mice
from Taconic Farms and from Jackson Labs as
mice from these vendors have different basal levels
of IL — 17 due to differences in their microbiota.>
Taconic mice, which have higher basal levels of IL
— 17 due to the presence of segmented filamentous
bacteria than do mice from Jackson Labs,> were
more resistant to curli-induced changes in the gut
microbiome. Similar to two other bacterial PAMPs,
LPS and flagellin,”**>>* systemic curli exposure led
to significant changes in the microbiota composi-
tion of mice from Jackson Labs. Treatment with
curli in Jackson Labs mice increased the abundance
of Erysipelotrichaceae, Tannerellaceae,
Rikenellaceae, and Prevotellaceae and decreased
the abundance of Bacteroidaceae in the cecal con-
tents of these mice. Intriguingly, Prevotellaceae was
previously linked to rheumatoid arthritis and Th17
responses in humans.”” Curli was previously linked
to IL - 17 production in Jackson Labs mice,** but
further studies will be needed to determine whether
the presence of curli in the gut leads to higher IL —
17 responses directly or indirectly due its effects on
other microbial populations.

Co-housing of the Jackson Labs mice with
mice from Taconic for 3 weeks resulted in
alterations of the microbiota of the Jackson
Labs mice to a profile similar to that of the
Taconic mice. It remains to be elucidated why
the microbiota from Taconic mice is dominant.
The curli-treated, co-housed Jackson Labs mice
had microbiomes more similar to the untreated
control and curli-treated Taconic mice groups
than to the non-co-housed, curli-treated
Jackson Labs mice, indicating that the transfer
of the Taconic microbiota resulted in
a microbiota more resistant to changes upon
curli treatment. Curli treatment of the co-
housed Jackson Lab mice resulted in the expan-
sion of two families, Erysipelotrichaceae and
Peptococcaceae. Previous studies showed that

Ruminococcus ~ gnavus, a  member  of
Peptococcaceae, was of higher abundance in
lupus nephritis patients than in healthy
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subjects,”® suggesting that the Peptococcaceae
may be associated with inflammatory processes
and autoimmunity.

Next, we sought to determine whether the
changes to the microbiota composition were asso-
ciated with higher gut mucosal immune response
in Jackson Labs mice. To our surprise, after curli
treatment, higher cytokine expression was detected
in cecum, colon, and mesenteric lymph nodes of
Taconic mice compared to Jackson Labs mice.
Although previous studies showed that curli
increased pre-IL — 1p and mature IL - 1 in cul-
tured macrophages via TLR2 and NLRP3 inflam-
masome activation, respectively, our study is the
first to report in vivo production of IL — 1p in the
intestinal mucosa upon curli stimulation. One dose
of curli increased the production of IL — 1P in both
groups of mice, but the levels were higher in
Taconic mice than in mice from Jackson Labs. As
inflammasome-derived IL - 1P induces IL-17
responses,”’ it is not surprising that this cytokine
was detected at higher levels in Taconic mice as
these mice produce higher levels of IL — 17 upon
stimulation by bacterial infection than do the mice
from Jackson Labs, and therefore may be prone to
producing more IL — 1B upon exposure to curli.’
Our results suggest that a pro-inflammatory micro-
biota predisposes to strong immune responses to
biofilms and participate to predispose to
autoimmunity.

When we investigated the innate immune cells
in the mesenteric lymph nodes of Taconic mice by
flow cytometry, we discovered that the numbers of
neutrophils and macrophages were increased 24
hours following a single curli injection. This result
represents the first wave of inflammatory phago-
cytes called to the site of infection and also migrat-
ing to the draining lymph nodes. No changes were
detected in the number of T and B cells, plasmacy-
toid dendritic cells, conventional dendritic cells, or
monocytes, events that represents the second wave
of immune cells, which is expected to occur in the
following 3-7 days. It is important to note that IL —
1B production by neutrophils was recently demon-
strated to drive epithelial shedding in a multi-
component human intestinal organoid model of
Salmonella infection.”® Taken together, these
results suggest that the curli produced by
Salmonella while building their biofilms in the
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intestinal tract may be a molecular signal that initi-
ates epithelial shedding to control bacterial num-
bers during infection and prevent biofilm
attachment to the epithelia, a potential powerful
mechanism in the host defense against biofilms.
Alternatively, this type of response could be speci-
fically triggered by Salmonella to increase inflam-
mation and transmission. Additional studies are
needed to test these scenarios and determine if
the presence of curli in the lumen induces IL - 1§
during oral infection. IL — 1B and other IL — 1-like
cytokines have been implicated in the pathogenesis
of autoimmune diseases including rheumatoid
arthritis, psoriasis and SLE, and the induction of
these cytokines by curli may suggest a novel patho-
genetic step in these diseases.””*

The analyses of immune cells after 8 weeks of
chronic systemic exposure to curli revealed an
unimpressive lack of alterations in the immune
profile, with normal percentages of CD4+ and
CD8+ T cells; B cell and plasma cell populations
remained also stable, apparently unaltered by curli
at this stage, suggesting that in non-autoimmune
mice the induction of autoantibodies does not lead
to detectable abnormalities in the general T and
B cell subpopulations. Since we used C57BL/6 mice
with a normal T and B cell repertoire, it should not
be surprising that the presence of autoimmune
lymphocytes cannot alter the total number of lym-
phocytes under the limitation of the techniques
that we have used here. These results are mirrored
by the similar levels of anti-dsDNA IgG autoanti-
bodies that we measured in C57BL/6 mice from
both Taconic and Jackson Labs Facilities upon curli
treatment. These similarities suggest that the dif-
ferences in microbiota and levels of the innate
responses, found in mice from the two vendors,
do not directly affect the autoantibody levels, which
were induced by curli at similar levels than we
found in previous reports.**>’

It is worthy to discuss the CD4+ICOS+
T follicular help cells (TFH) and GC B cells that
were found to be significantly increased only in
Taconic mice treated with curli. In canonical
humoral immune responses, TFH provides help
to B cells to become Antibodies-Forming Cells
and isotype switch to produce IgG against specific
antigens.®’ These activated B cells carry the char-
acteristic markers of GC B cells. The results that

Taconic mice have significantly increased levels
of both TFH and GC B cells upon curli treat-
ment suggest that the induction of autoantibo-
dies in Taconic mice follows the follicular
activation of Ag-specific B cells. On the con-
trary, we found that curli treatment did not
induce a significant increase in TFH and GC
B cells in Jackson Labs mice compared to con-
trol Jackson mice. These results suggest that the
induction of autoantibodies in Jackson mice
does not follow the canonical activation of Ag-
specific B cells, but it may occur extrafollicu-
larly. The extrafollicular activation of autoreac-
tive B cells has been previously suggested in
murine lupus®®> and we had observed the
extrafollicular activation of autoreactive B cells
by curli in an independent project (Lee et al,
submitted manuscript). Moreover, B cell
responses to Salmonella had been shown to
occur massively at extrafollicular sites, without
notable germinal centers (GCs), as novel host
defense mechanism.®>®* These results prompt
us to speculate that the production of autoreac-
tive anti-dsDNA IgG induced by curli can occur
via two different mechanisms, follicular and
extrafollicular, depending on the state of
immune activation, TH1 vs. TH17, and the
quality of the microbiome. Future experiments
will challenge this audace hypothesis.

Although C57BL/6 mice are resistant to devel-
oping arthritis,’® in the curli-treated Taconic
C57BL/6 mice where higher IL — 1P was detected
in the gut, we observed increased joint inflamma-
tion. As IL — 1P acts as a promoter for Th17-type
immunity, which is linked to the development of
autoimmunity, our results suggest an axis of IL —
1B, IL — 17 and autoimmune arthritis. We can spec-
ulate that in individuals with increased type — 17
immunity, due to their microbiomes or genetic
predisposition, curli- or biofilm-induced autoim-
mune reactions may be amplified. As it has been
shown that IL — 1 and IL - 17 are therapeutic tar-
gets in Rheumatoid Arthritis and other inflamma-
tory types of arthritis, our results suggest that these
cytokines may have a pathogenic role in reactive
arthritis after Salmonella infection, and provide
a testable culprit, namely the exposure to bacterial
amyloids like curli, for the up-regulation of IL —1
and IL - 17 in reactive arthritis.



In conclusion, our data indicate that the micro-
biome strongly influences post-infectious autoim-
munity and possibly the onset or flares of classical
autoimmune diseases.

Materials and methods
Purification of curli

Curli aggregates were purified from the S.
Typhimurium IR715 AmsbB mutant® using
a previously described protocol with slight
modifications.*® Briefly, an overnight culture of S.
Typhimurium IR715 AmsbB 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.’®®> Bacterial cultures were grown in
150 ml of liquid YESCA medium containing 4%
DMSO in a 250-ml flask. These cultures were
grown at 26°C for 72h with shaking (200 rpm).
Bacterial pellets were collected by centrifugation,
resuspended in 10 mM Tris-HCl (pH 8.0), and
treated with 0.1 mg/ml RNase A from bovine pan-
creas (Sigma, R5502), 0.1 mg/ml DNase I (Sigma,
DN25), and 1 mM MgCl, 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 incubated for 20 min
at 37°C with shaking (200 rpm). After this incuba-
tion, the curli-containing material was 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-HCI (pH 8.0)
and boiled for 10 min. A second round of enzyme
digestion with DNase, RNase was then performed
as described above. The curli aggregates were then
pelleted, washed with 10 mM Tris-HCI (pH 8.0),
and resuspended in 2x SDS-PAGE buffer and
boiled for 10 min. The samples were then electro-
phoresed on a 12% separating/3 to 5% stacking gel
run for 5h at 20 mA (or overnight at 100 V).
Fibrillar aggregates are too large to pass into the
gel and therefore remain within the well of the gel
and can be collected. Once collected, the curli
aggregates were washed three times with sterile
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water and then extracted twice with 95% ethanol.
Curli preparations were then resuspended in sterile
water. Concentrations of curli aggregates were
determined using the BCA assay according to the
manufacturer’s instructions (Novagen, 71285-3).
Curli preparations were adjusted to have a protein
concentration of 1 mg/ml.

Treatment of mice

Female C57BL/6 (wild type) mice were purchased
from Jackson Labs or Taconic Farms at 4-6 weeks
old. At 6-8 weeks of age, mice were injected i.p.
with 100 pg of curli/DNA complex or sterile PBS
(control) twice a week, alternating sides for 8 weeks.
For the 24-hour time point, mice were injected once
and sacrificed 24 hours later. For the two-week time
point, mice received four injections and were sacri-
ficed 48 hours after the second injection.

DNA extraction

Cecal contents and fecal pellets were collected and
snap frozen in liquid nitrogen. Samples were stored
at —80°C until processing. DNA was extracted
from samples using DNeasy PowerSoil Pro Kit
(Qiagen) according to the recommendations of
the manufacturer.

16S rRNA gene sequencing

Libraries were prepared from DNA isolated from
cecal contents or fecal pellets and were sequenced at
SegMatic using an Illumina MiSeq system. The V3-
V4 hypervariable region of 16S rRNA coding
sequences was used to identify the bacteria. Data
were subjected to a previously described workflow
for processing.®>®” The downstream analysis was per-
formed with QIIME?2 version 2022.2. Taxonomic
profiling was performed against SILVA version 132.

Detection of segmented filamentous

100 pg of bacterial DNA isolated from fecal pellets
were used to run qPCR on Applied Biosciences
StepOne Plus Real Time PCR system as described
previously.®® Primers used were: SFB736F -
GACGCTGAGGCATGAGAGCAT, SFB844R-
GACGGCACGGATTGTTATTCA, Eubact
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Table 1. Antibodies used for FACS.

Marker, fluorophore, and clone number

Vendors and catalog numbers

Fixable Viability Dye eFluor™ 780, CD19 PE (1D3), CD3 APC (145-2C11),
CD11b PE-Cy7 (M1/70), F4/80 Alexa Fluor® 488 (BM8), CD206 BV421
(C068C2), CD86 eFluor450 (GL1)

Fixable Viability Dye eFluor™ 780, CD45R Alexa Fluor® 488 (RA3-6B2),
CD138 PE (281-2), CD19 PerCP Cy5.5 (1D3), CD11c APC (N418)

Fixable Viability Dye eFluor™ 780, FITC Rat Anti-Mouse T- and B-cell
Activation Antigen (GL7), CD95 PE (Jo2), CD45R APC (RA3-6B2)

Fixable Viability Dye eFluor™ 780, CD3 FITC (17A2), CD3 FITC (17A2), ICOS
APC (C398.4A), CD4 PE Cy7 (RM4-5)

Fixable Viability Dye eFluor™ 780), Ly6G Alexa Fluor® 700 (1A8), CD45R
Alexa Fluor® 488 (RA3-6B2), CD11b PE (M1/70), CD11c PE-Cy7 (HL3),
Ly6C BV510 (HK1.4), MHC Class Il APC (M5/114.15.2)

Invitrogen™ (65-0865-14), BD Pharmnigen™ (553786), BD Pharmnigen™
(553066), BD Pharmnigen™ (552850), Invitrogen™ (MF48020),
BioLegend® (141717), Invitrogen™ (48-0862-82)

Invitrogen™ (65-0865-14), BD Pharmnigen™ (557669), BD Pharmnigen™
(561070), BD Pharmnigen™ (551001), BioLegend® (117310)

Invitrogen™ (65-0865-14), BD Pharmnigenwl (553666), BD PharmnigenwI
(554258), BD Pharmnigen™ (553092)

Invitrogen™ (65-0865-14), BD Pharmnigen™ (555274), eBioscience (17-
9949-82), BD Pharmnigen™ (552775)

Invitrogen™ (65-0865-14), BioLegend (127622), BD PharmnigenwI
(557669), BD Pharmnigen™ (561689), BD Pharmnigen™ (558079),
BioLegend® (128033), eBioscience (17-5321-82)

Uni340FP-ACTCCTACGGGAGGCAGCAGT,
Eubact Uni514RP - ATTACCGCGGCTGCTGGC.
Relative gene expression for SFB was normalized to
total Eubacteria.

Flow cytometry

Immune cells from mesenteric lymph nodes or
spleen were isolated by dissociating the organ on
100 pm strainer using a plunger of a 1 mL syringe.
Approximately 1x 10° cells were resuspended in
buffer composed of PBS, 0.5% BSA, and 2% FBS.
The cells were then resuspended in Fc Block. After
15min at room temperature, cells were then
stained with the following antibodies in Table 1
diluted in FACS buffer according to manufac-
turer’s instructions for 30 min at 4°C in the dark.
Cells were then centrifuged and rinsed with FACS
buffer, then resuspended with 2% paraformalde-
hyde for 15 min in the dark at room temperature.
Data were collected on a BD FACSymphony A5
and analyzed with Flow]Jo Software (10.8.1).

RNA isolation and qPCR quantification

RNA was isolated from tissues using FastRNA Pro
Green Kit (MP Biomedical, 116045050) according
to the manufacturer’s instructions. Briefly, all sur-
faces were sprayed and cleaned with RNase Zap
(Thermo Fisher, AM97890). An aliquot of 1000
uL of RNA Pro solution™ was added to 100-300
mg of sample. The solution and the sample were
transferred to a tube containing Lysing Matrix
D. The tube was then processed in the FastPrep®
instrument for 40 seconds at a setting of 6.0. The
tube was then centrifuged at 12,000 rcf for 5 min-
utes at 4°C. The supernatant was transferred to

a new tube and incubated at room temperature
for 5 minutes. 300 pL of chloroform was added to
the tube and vortexed for 10seconds. Then the
tube was incubated at room temperature for 5
minutes. The tube was then centrifuged at 12,000
rct for 5minutes at 4°C. The upper phase was
transferred to a new tube and 500 uL of cold
100% ethanol was added. The tube was then incu-
bated at —20°C for at least 30 minutes. The tube
was then centrifuged at 12,000 rcf for 15 minutes at
4°C. The supernatant was discarded, and the pellet
was washed with 500 uL of cold 75% ethanol.
Supernatant was discarded, and the pellet was left
to air dry for 5 minutes at room temperature. The
pellet was then resuspended in 50 ~ 100 uL of
DEPC H,O and incubated at room temperature
for 5 minutes. The RNA in the supernatant quanti-
fied by analysis of absorbance using a NanoDrop
spectrophotometer.

The RNA was then reverse transcribed to cDNA
using a TagMan Reverse Transcription kit accord-
ing to manufacturer’s protocol (Invitrogen,
N8080234). qPCR was performed with an Applied
Biosciences StepOne Plus Real Time PCR system as
described previously.”” Transcript levels were
determined using the ACy approach. Primer
sequences were listed previously.®”

Analysis of anti-dsDNA autoantibodies by ELISA

ELISAs were performed according to a previously
published protocol.”” 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 ug/mL of calf thymus



DNA (Invitrogen, 15633-019) in borate buffered
saline (BBS) (17.5g NaCl, 2.5g H3;BO3, 38.1g
sodium borate in 1 L H,O) and incubated at 4°C
overnight. The next day, plates are washed three
times with BBS and blocked with 200 pL/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 (Jackson
ImmunoRes, 115-065-071) was added. Samples
were incubated at room temperature for 2 h with
gentle rocking. Avidin-alkaline phosphate conju-
gate (Sigma, A7294) was added. After 2 h at room
temperature, plates were washed five times with
BBS, and then 4-nitrophenyl phosphate disodium
salt hexahydrate (Sigma-Aldrich, N2765) was
added to the plate at 1 mg/mL. Plates were incu-
bated at 37°C protected from light for at least 3 h.
Optical densities at 650 nm and 405 nm were deter-
mined using a Molecular Devices Microplate
reader. Positive control sera were taken from B6.
NZM Slel/Sle2/Sle3 lupus-prone mice with high
levels of autoantibodies and used at a dilution of
1:250 in BBT.

Joint inflammation analysis

Histopathological analyses were done at the
Histopathology core at Fox Chase Cancer Center.
Murine knee joints were extracted and fixed in
phosphate-buffered formalin. For decalcification,
samples were incubated in formic acid for 3 days
and then embedded in paraftin. Sections of 5 pm 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 [7].

Statistical analyses

Data were analyzed using Prism software
(GraphPad). One-way or two-way ANOVA as
well as Mann-Whitney tests were used when
appropriate. Error was determined by standard
error of the mean. P values of < 0.05 were consid-
ered significant and were noted as such on figures.
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