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Epithelial Cells Augment Barrier Function via Activation of the Toll-
Like Receptor 2/Phosphatidylinositol 3-Kinase Pathway upon
Recognition of Salmonella enterica Serovar Typhimurium Curli Fibrils
in the Gut

Gertrude O. Oppong, Glenn J. Rapsinski, Tiffanny N. Newman, Jessalyn H. Nishimori, Steven G. Biesecker, Cagla Tukel

Department of Microbiology and Immunology, School of Medicine, Temple University, Philadelphia, Pennsylvania, USA

Curli fibrils, the best-characterized functional bacterial amyloids, are an important component of enterobacterial biofilms. We
have previously shown that curli fibrils are recognized by the Toll-like receptor 2 (TLR2)/TLR1 heterodimer complex. Utilizing
polarized T-84 cells, an intestinal epithelial cell line derived from colon carcinoma grown on semipermeable tissue culture in-
serts, we determined that infection with a Salmonella enterica serovar Typhimurium csgBA mutant, which does not express
curli, resulted in an increase in intestinal barrier permeability and an increase in bacterial translocation compared to infection
with curliated wild-type S. Typhimurium. When the TLR2 downstream signaling molecule phosphatidylinositol 3-kinase (PI3K)
was blocked using wortmannin or LY294002, the difference in disruption of the intestinal epithelium and bacterial translocation
was no longer observed. Additionally, disruption of polarized T-84 cells treated basolaterally with the TLR5 ligand flagellin was
prevented when the polarized cells were simultaneously treated with the synthetic TLR2/TLR1 ligand Pam;CSK, or with purified
curli fibrils in the apical compartment. Similar to in vitro observations, C57BL/6 mice infected with the csgBA mutant suffered
increased disruption of the intestinal epithelium and therefore greater dissemination of the bacteria to the mesenteric lymph
nodes than mice infected with wild-type S. Typhimurium. The differences in disruption of the intestinal epithelium and bacte-
rial dissemination in the mice infected with csgBA mutant or wild-type S. Typhimurium were not apparent in TLR2-deficient
mice. Overall, these studies report for the first time that activation of the TLR2/PI3K pathway by microbial amyloids plays a crit-

ical role in regulating the intestinal epithelial barrier as well as monitoring bacterial translocation during infection.

he intestinal epithelium represents a physical as well as an

immunological barrier which is in constant contact with ap-
proximately 10" to 10'* microorganisms (1-3). Bacteria com-
prise the vast majority of the intestinal organisms with at least
1,000 different species present within the community (4-6).
Therefore, there is a critical need for mechanisms for protecting
the host from hyperresponsive inflammatory processes due to the
presence of an unprecedented amount of antigens while still sup-
porting the growth of commensal bacteria which are beneficial to
host health and function. As a first line of innate immune re-
sponse, the intestinal epithelium has been found to play an impor-
tant role in the maintenance and regulation of gastrointestinal
homeostasis. For instance, it is currently known that the produc-
tion of antimicrobial peptides and lectins by enterocytes and Pan-
eth cells (7-11), the production of mucins by goblet cells (12, 13),
and modulation of epithelial barrier integrity (14) all act in con-
cert to regulate and maintain intestinal immune homeostasis.

Toll-like receptors (TLRs) comprise a family of innate pattern
recognition receptors (PRRs) that sense conserved microbial struc-
tures known as pathogen-associated molecular patterns (PAMPs)
and endogenous danger molecules (15-17). In the gut mucosa, vari-
ous TLRs are involved in the recognition of microbial signature mol-
ecules. TLRS5, expressed on the basolateral side of the epithelial cells,
recognizes flagella of invading microbes and consequently activates
nuclear factor kappa B (NF-kB), leading to the production of proin-
flammatory cytokines, including interleukin 8 (IL-8) (18). TLR2, a
member of this family, recognizes a number of conserved molecular
patterns, including lipopeptides, lipoteichoic acid, and zymosan,
through the formation of heterodimers with TLR1 or with TLR6 (19—
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25). MyD88 (myeloid differentiation primary response gene 88) and
Mal/TIRAP are both required for TLR2-dependent signaling where
NEF-kB is activated. While Mal/TIRAP is involved in bridging MyD88
to the TLR2 receptor complex and directing the recruitment of
TRAF6, which is necessary for NF-kB activation, Mal binds to the
p85a subunit of phosphatidylinositol 3-kinase (PI3K) upon activa-
tion of the TLR2/TLR6 heterodimer, resulting in Akt phosphoryla-
tion, which consequently leads to macrophage polarization and cell
survival by inhibiting apoptosis. In contrast, TLR2/TLR1-mediated
activation of PI3K occurs in the absence of Mal and MyD88, suggest-
ing the presence of another adaptor molecule (26-29). Activation of
the PI3K pathway as a downstream effect of TLR2 activation has also
been shown to augment the tight-junction-associated epithelial bar-
rier integrity, possibly by acting as a surveillance receptor which mon-
itors luminal bacteria and translocation of pathogens (30-32).
Amyloids, which possess a fibrillar cross-B-sheet quaternary
structure, are produced by both humans and bacteria. While amy-
loids in humans are associated mostly with complex diseases,
functional amyloids that serve a role in physiological processes
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such as melanin production and blood clotting have been re-
ported (33-38). In bacteria, amyloids function as a component of
the extracellular matrix in biofilms of commensal organisms, such
as spore-forming Bacillus subtilis and Pseudomonas fluorescens, or
human pathogens, such as Mycobacterium tuberculosis, Salmonella
enterica serovar Typhimurium, Citrobacter freundii, Enterobacter
sakazakii, and Escherichia coli (39-46). Curli fibrils produced by
enteric bacteria, including Salmonella spp. and E. coli, are the best-
characterized bacterial amyloid to date. Earlier studies have shown
that curli fibrils activate the immune system, inducing the produc-
tion of inflammatory cytokines in a mouse model of sepsis as well
as urinary tract infection induced by E. coli (47-52). Curli fibrils
are indeed a pathogen-associated molecular pattern (PAMP) that
is recognized by the TLR2/TLR1 heterodimer (48-50). Interest-
ingly, TLR2 not only responds to curli fibrils but also recognizes
host amyloids such as B-amyloid 1-40 and B-amyloid 1-42 of
Alzheimer’s plaques as well as serum amyloid A, an acute-phase
protein (48, 53-57). In fact, TLR2 recognizes the conserved qua-
ternary 3-sheet structure that is common to amyloids of all dis-
tinct origins (48).

Amyloids have also been reported to be present in the biofilms
of members of Bacteriodetes and Firmicutes, the predominant
phyla found in the gastrointestinal tract (44, 58). In this study, we
investigated whether recognition of amyloid fibrils could induce a
TLR2-dependent response in intestinal epithelia contributing to
the regulation of intestinal barrier integrity by using S. Typhimu-
rium as a model.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. Typhimurium strain IR715
(wild type) is a fully virulent, nalidixic acid-resistant strain derived from
strain ATCC 14028 (59). CT16 is a mutant strain derived from IR715 and
contains an unmarked csgBA deletion (60). To induce the expression of
curli fibrils, the bacterial strains were grown on tryptone agar (T-me-
dium) plates at 28°C for 48 h (61). For in vivo experiments, bacterial
strains were grown overnight with shaking at 37°C in Luria-Bertani (LB)
broth (Fisher Bioreagents) supplemented with nalidixic acid (Fisher
Bioreagents) at a final concentration of 0.05 mg/ml.

Cell culture. The human intestinal epithelial cell (IEC) lines from
colon carcinoma (T-84) and cervical carcinoma (HeLa) were obtained
from the American Type Culture Collection. T-84 cells were grown in
Dulbecco modified Eagle medium (DMEM)/F-12 (GIBCO) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) (GIBCO).
T-84 cells were grown to confluence on 0.4-wm semipermeable tissue
culture inserts (Transwell; Corning) in a humidified incubator at 37°C
and 5% CO,. T-84 cells achieved a polarized and differentiated state
within 5 to 10 days and were used when the transepithelial resistance
(TER) had reached >1,500 () cm? (62).

Invasion assay. The invasion assay was carried out as described pre-
viously (49). Briefly, T-84 monolayers were infected with 3.5 X10° of
wild-type IR715 and c¢sgBA mutant CT16 bacterial strains (multiplicity of
infection [MOI] of 7) grown under conditions optimal for curli expres-
sion or type III secretion system 1 (T3SS-1) expression. Bacteria were
allowed to invade cells for an hour. This was then followed by replacement
of the medium containing 1 mg/ml gentamicin (Invitrogen) to eliminate
extracellular bacteria and incubation for 1.5 h. Epithelial cells were then
lysed with 1% Triton-X (Sigma). Cell lysates were then plated on LB agar
plates supplemented with nalidixic acid at a final concentration of 0.05
mg/ml. Invasion assays were repeated three times.

IL-8 production. Polarized T-84 cells were infected with wild-type
IR715 and the csgBA mutant CT16 as described above. At 24 h postinfec-
tion, 100 pl of the supernatant was removed from the basolateral com-
partment of the Transwell. The IL-8 concentration was determined by
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enzyme-linked immunosorbent assay (ELISA) according to the manufac-
turer’s instructions (Biolegend).

Translocation studies. For translocation studies, polarized T-84 epi-
thelial layers grown on 3.0-pm semipermeable tissue culture inserts
(Transwell; Corning) were infected apically with S. Typhimurium (wild
type) or its csgBA mutant (CT16) for 1 h as described above. One-hun-
dred-microliter samples from the basolateral medium were taken at 1 h
postinfection, and appropriate dilutions were plated on LB agar plates
containing nalidixic acid. For studies involving the PI3K inhibitor
LY294002, the polarized epithelial layer was incubated with 50 pM
LY294002 for 1 h prior to bacterial infection.

Epithelial integrity. Polarized T-84 cells were infected with wild-type
IR715 and the csgBA mutant CT16 as described above. At 5 h or 24 h
postinfection, 5 pl of 10-mg/ml fluorescein isothiocyanate-labeled dex-
tran (FITC-dextran) (average molecular weight, 3,000 to 5,000; Sigma)
was added to the apical side of the Transwell chamber. Two hours after the
addition of FITC-dextran, medium from the basolateral side of the Trans-
well chamber was collected and fluorescence intensity was measured using
an Omega plate reader (BMG Labtech) at 485-nm excitation and 520-nm
emission wavelengths (63). To study the role played by flagellin and curli
fibrils in intestinal epithelial integrity, flagellin (FLA-ST; Invivogen) was
added to the Transwells basolaterally at a final concentration of 0.01 g/
ml. Purification of curli fibrils from the S. Typhimurium msbB mutant
(RPW3) was performed according to an established protocol (61). Briefly,
bacterial cells were removed from T-medium plates and lysed by sonica-
tion. This was followed by enzymatic digestion and preparative sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Insolu-
ble material (curli fibrils) retained in the well of the SDS-polyacrylamide
gel was collected after the electrophoresis was complete. The protein con-
centration of curli fibrils was determined with the bicinchoninic acid
(BCA) protein assay (Calbiochem). Curli fibrils (10 g/ml) or the triacy-
lated synthetic TLR2/TLR1 ligand Pam;CSK, (0.1 pg/ml; Invivogen) was
added either alone or simultaneously with basolateral flagellin treatment
to the apical chamber of the Transwell. To block PI3K, polarized epithelial
cells were incubated either with 20 wM wortmannin (Calbiochem) for 30
min or with 50 wM LY294002 (Cell Signal) for 1 h prior to bacterial
infection. Experiments were repeated three times.

Mouse experiments. Six- to 8-week-old female C57BL/6 mice were
obtained from Jackson Laboratory. TLR2-deficient mice (B6.129-
TLR2™KiT/]) were purchased from Jackson Laboratory and were
maintained and bred in Temple University’s animal facility. The Tem-
ple University Animal Care and Use Committee approved all animal
studies.

The use of FITC-dextran to assess intestinal permeability in vivo has
been previously described (12). Briefly, groups of 3 or 4 mice were either
orally inoculated with 1 X 10° bacteria in LB or mock infected with sterile
LB. At 72 h postinfection, 150 wl of 80-mg/ml FITC-dextran was admin-
istered orally. Mice were sacrificed 4 h later, and blood was collected via
cardiac puncture. Blood was collected into microcentrifuge tubes coated
with a mixture of the anticoagulant heparin (15 mg/ml) and acid citrate-
dextrose (20 mM citric acid, 100 mM sodium citrate, 5 mM dextrose).
Blood was then spun at 1,000 rpm for 20 min to separate serum from
whole blood cells. Fluorescence intensity in the serum was then deter-
mined using the Omega plate reader (BMG Labtech) at 485-nm excitation
and 520-nm emission wavelengths.

To assess bacterial numbers, oral inoculation of bacteria as described
above was performed. Mice were sacrificed 72 h later, and tissue samples
from the cecum, liver, spleen, mesenteric lymph nodes, and Peyer’s
patches were collected. Colonic content was collected in 1 ml of sterile
phosphate-buffered saline (PBS). Organ samples were homogenized in
sterile PBS, and appropriate serial dilutions were plated on LB-nalidixic
acid agar plates. All the animal experiments were repeated 3 times.

PCR. To examine the expression of TLR1 and TLR2 by epithelial cells,
T-84 cells were grown to confluence on permeable tissue culture inserts as
described above. RNA was extracted in 0.5 ml of TriReagent. Following
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TABLE 1 Primers

Primer sequence

Gene  Forward Reverse
hTLR1 5'-CTATACACCAAGTTGTCAGC-3" 5'-GTCTCCAACTCAGTAAGGTG-3'
hTLR2 5'-GCCAAAGTCTTGATTGATT 5'-TTGAAGTTCTCCAGCTCCTG-3’

GG-3'

RNA isolation, 2 pg of total RNA was reverse transcribed using murine
leukemia virus (MuLV) reverse transcriptase. Two microliters of cDNA
was subjected to PCR amplification using a high-fidelity PCR Supermix
(Invitrogen) and the primers listed in Table 1. The following program was
used for PCR amplification: 95°C for 120 s, followed by 35 cycles of 95°C
for 60s, 55 to 58°C for 45 s (annealing temperatures were optimized for
each TLR primer pair used), and 72°C for 60 s. As a positive control, HeLa
cells were stably transfected with a plasmid expressing either TLR1 or
TLR2 as described previously (48). HeLa cells transfected with an empty
vector were employed as a negative control. The resultant PCR products
were then analyzed on a 1.5% agarose gel.

Statistical analysis. The Student ¢ test was used to calculate statistically
significant differences (P < 0.05). For analysis of bacterial numbers, val-
ues were logarithmically converted prior to statistical analysis.

RESULTS

TLR2 and TLR1 are expressed by polarized T-84 epithelial cells.
In humans, TLR2 is expressed at the apical pole of the intestinal
epithelium (64—66). Likewise, mouse intestinal epithelial cells ex-
press TLR2 (67). Earlier studies, using germfree mice, demon-
strated that expression of TLR2 is increased by stimuli derived
from commensal bacteria (14). Since many bacteria belonging to
Firmicutes and Bacteriodetes, two predominant phyla in the gut,
produce amyloids as a component of their extracellular matrix
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(44), we hypothesized that detection of amyloids via TLR2 may
affect immune responses in the intestinal epithelium in the gut. To
unravel the immune responses generated against amyloid fibrils,
we used a human colon carcinoma cell line, T-84. When grown on
semipermeable tissue culture inserts, T-84 epithelial cells are able
to differentiate and polarize to take on functional and morpho-
logical characteristics that are specific to the intestinal epithelium,
with apical microvilli and a basolateral surface that can be likened to
the cellular surface in contact with the subepithelial lamina propria
(62,68,69). To ensure that the T-84 cell lines indeed expressed TLR2,
RNA from these epithelial cell lines was extracted and subjected to
reverse transcription and PCR amplification. As controls, HeLa cells
were transfected with an empty human expression vector (negative
control) or a vector containing the human TLR2 gene. T84 cells were
found to express TLR2. Since curli amyloid fibrils have been reported
to signal through TLR2 complexed with TLR1 (48), TLR1 expression
was also confirmed via PCR (Fig. 1A).

Deletion of csgBA decreases IL-8 secretion by S. Typhimu-
rium-infected epithelial cells. S. Typhimurium invades the intes-
tinal epithelium by using its type III secretion system (T3SS), en-
coded by Salmonella pathogenicity island 1(SPI-1) (70). After
invasion, conserved bacterial surface structures or effector pro-
teins encoded by the T3SS are recognized by the innate immune
system (18, 71, 72). This results in the activation of the down-
stream transcription factor NF-kB, which then triggers the ex-
pression of cytokines and chemokines, including IL-8. Previous
studies have shown that wild-type S. Typhimurium and its csgBA
mutant invade HT-29 cells, another epithelial cell line derived
from colon carcinoma, and bovine intestinal epithelium equally
(49, 50, 73).
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FIG 1 (A) Expression of TLR2 and TLR1 was determined by reverse transcription-PCR (RT-PCR) on RNA extracted from HeLa cells transfected with an empty
vector or a TLR2 or TLR1 expression vector as well as from T84 cells. (B) Invasion of polarized T-84 epithelial cells by wild-type S. Typhimurium and its isogenic
csgBA mutant. Bacteria were grown under conditions optimal for expression of curli fibrils (bars A) or optimal for expression of the T3SS-1 (bars B) prior to
inoculation of cells. The number of bacteria recovered from the gentamicin protection assay is expressed as the percentage of the number present in the inoculum.
Data are shown as geometric means from three independent experiments *+ standard deviation. (C) IL-8 secretion in the supernatants of polarized T-84 cells
infected with wild-type S. Typhimurium and its isogenic csgBA mutant was determined after 24 h by ELISA. Significant statistical differences are indicated above

the bars (P < 0.05). n.s., not significant.
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To determine whether differences in host responses were due
to differences in invasiveness between bacterial strains, we in-
fected polarized T-84 epithelial cells with wild-type S. Typhimu-
rium or its isogenic csgBA mutant, grown under optimal condi-
tions for curli expression or T3SS-1 expression, and performed a
gentamicin protection assay. We did not observe any difference in
invasiveness between the wild-type S. Typhimurium and the
csgBA mutant under both conditions (Fig. 1B). However, in-
creased levels of IL-8 were observed in the basolateral compart-
ment of cells infected by wild-type S. Typhimurium compared to
those infected by the csgBA mutant grown under curli-inducing
conditions (Fig. 1C).

Epithelial integrity is ensured through the activation of
TLR2/PI3K pathway by curli amyloid fibrils on bacteria. Previ-
ous studies have shown that TLR2 signaling selectively enhances
the tight-junction-associated barrier integrity through the activa-
tion of the PI3K/Akt pathway via MyD88 (31). Thus, we investi-
gated the effect of curli amyloid fibrils on epithelial integrity via
TLR2/PI3K pathway activation. We measured epithelial permea-
bility by applying FITC-dextran to the apical compartment of the
polarized T-84 cells at 24 h after infection with either wild-type S.
Typhimurium or the csgBA mutant. Two hours following FITC-
dextran application, fluorescence in the basolateral compartment
was determined. Interestingly, csgBA mutant-infected wells exhib-
ited increased fluorescence compared to the wells infected with
wild-type S. Typhimurium (Fig. 2A). To see if the increased fluo-
rescence observed in the basolateral compartments of csgBA mu-
tant-infected wells indeed corresponded with a disruption in the
epithelial membrane, the transepithelial electrical resistance
(TER) across the permeable tissue culture insert was determined
prior to the infection as well as at 24 h postinfection. The percent
change in TER was then determined. TER was significantly re-
duced when the polarized cells were infected with the csgBA mu-
tant compared to the wild-type S. Typhimurium at 24 h postin-
fection (Fig. 2B). The PI3K inhibitors LY294002 and wortmannin
are often used to block PI3K activity (74). To determine if the
csgBA-dependent increase in epithelial permeability was due to
activation of the TLR2/PI3K pathway, we pretreated the polarized
epithelial cells with the irreversible PI3K inhibitor wortmannin or
LY294002. Treatment with either inhibitor abolished the epithe-
lial permeability difference observed after infection with the wild-
type S. Typhimurium and the csgBA mutant (Fig. 2C and D).
Furthermore, at 60 min after infection, we determined that the
number of csgBA mutant cells in the basolateral compartment of
the polarized T-84 cells was significantly higher (P < 0.05) than
that of the wild-type S. Typhimurium. However, this difference
was no longer observed when the cells were treated with the PI3K
inhibitor LY294002 (Fig. 2E). Similar experiments using polarized
Caco-2 cells revealed parallel results, showing that activation of
TLR2/PI3K pathway with curli fibrils maintains epithelial integ-
rity (data not shown).

Flagellin, the major protein subunit of flagella, is a conserved
surface structure of bacteria that activates TLR5 expressed baso-
laterally in the epithelium (18). To simulate the effects of activa-
tion of TLR2 and TLR5 by bacterial components during invasion
on epithelial integrity, we stimulated polarized T-84 cells basolat-
erally with flagellin and/or apically with curli fibrils or Pam;CSK,
and measured the epithelial permeability by applying FITC-dex-
tran in the apical chamber. While basolateral addition of flagellin
to polarized epithelia resulted in an increase in the epithelial per-
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meability as measured by increased fluorescence in the basolateral
chamber, addition of purified curli amyloid fibrils or Pam;CSK,
did not affect the permeability. However, simultaneous addition
of curli amyloid fibrils or the synthetic TLR2/TLRI ligand
Pam;CSK, to the apical chamber and of flagellin to the basolateral
chamber helped polarized epithelia to remain unaffected from
flagellin treatment (Fig. 3A). When the polarized epithelium was
pretreated with the specific PI3K inhibitor LY294002, the ob-
served effects were abolished (Fig. 3B). Overall, these results sug-
gested that the detection of curli amyloid fibrils helps polarized
epithelia to maintain the epithelial barrier integrity via TLR2/
PI3K activation.

Activation of TLR2 by curli fibrils in vivo decreases epithelial
permeability and reduces bacterial translocation. To determine
whether curli fibrils are an important modulator of TLR2-medi-
ated epithelial barrier integrity generated by bacteria in vivo,
C57BL/6 mice were intragastrically infected with wild-type S. Ty-
phimurium or the csgBA mutant. At 72 h postinfection, 150 pl of
80-mg/ml FITC-dextran was administered intragastrically. At 4 h
after FITC-dextran administration, fluorescence in serum was
quantified. Consistent with the in vitro data, sera from mice in-
fected with the csgBA mutant exhibited significantly higher levels
of fluorescence (P < 0.05) than sera of mice infected with wild-
type S. Typhimurium (Fig. 4A). When the same experiment was
repeated using TLR2-deficient mice, no significant changes in the
fluorescence levels in the sera of mice infected with wild-type S.
Typhimurium or with the csgBA mutant were observed (Fig. 4B).

The bacterial numbers in cecal tissue and mesenteric lymph
nodes of infected mice were determined. Significantly higher bac-
terial numbers were recovered from the ceca and mesenteric
lymph nodes of C57BL/6 mice infected with the csgBA mutant
strain than from those of C57BL/6 mice infected with wild-type S.
Typhimurium (Fig. 5A and B). In TLR2-deficient mice, however,
lower numbers of the csgBA mutant strain than of wild-type S.
Typhimurium were recovered from the cecal tissue and the mes-
enteric lymph nodes (Fig. 5C and D). To ensure that the mice were
equally infected, bacteria in the colon contents of mice were enu-
merated at 24 and 72 h postinfection. At 24 h postinfection, there
were no significant differences between the numbers of wild-type
S. Typhimurium and the csgBA mutant in infected C57BL/6 mice
or TLR2-deficient mice. However, at 72 h, the wild-type S. Typhi-
murium bacterial numbers in colon contents of TLR2-deficient
mice increased 2 logs over the bacterial numbers at 24 h. This
result suggests that TLR2 may play a role in controlling bacterial
infection with wild-type S. Typhimurium. Interestingly, TLR2-
deficient mice infected with the csgBA mutant had significantly
lower bacterial numbers in the colon contents than mice infected
with wild-type S. Typhimurium at 72 h (Fig. 6A and B). Overall,
these results suggest that the activation of TLR2 by curli amyloid
fibrils in wild-type S. Typhimurium-infected mice promoted the
maintenance of the intestinal epithelial barrier, whereas mice in-
fected with the csgBA mutant exhibited a more permeable epithe-
lium as seen by the increased translocation of the csgBA mutant
into the cecal tissue and the mesenteric lymph nodes.

DISCUSSION

The intestinal epithelial barrier plays an extremely pivotal role in
the maintenance and control of gastrointestinal homeostasis and
immunity while interacting with large numbers of commensal
microorganisms that provide essential nutrients for the host.
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FIG 2 (A) Epithelial permeability in polarized T-84 cells after infection with wild-type S. Typhimurium and its isogenic csgBA mutant was determined after 24
h. FITC-dextran was added to the apical chamber and left for 2 h, and then fluorescence in the basolateral supernatants was determined using a BMG Omega plate
reader. (B) Changes in the transepithelial resistance (TER) were measured at 5 h and 24 h postinfection, and the percent TER reduction was calculated. (C and
D) T-84 cells were treated with the specific PI3K inhibitor wortmannin (20 pM) for 30 min (C) or LY294002 (50 uM) for 1 h (D) prior to infection with wild-type
S. Typhimurium and its isogenic csgBA mutant. After 24 h, epithelial permeability was determined after treatment with FITC-dextran in the apical chamber for
2 h. (E) Bacterial translocation in the basolateral compartment of T-84 cells which were not treated or were pretreated with LY294002 for 1 h (50 wM) prior to
infection with wild-type S. Typhimurium and its isogenic csgBA mutant was determined. Significant statistical differences are indicated above the bars (P < 0.05).

n.s., not significant.

While recognition of commensal microflora is required for intes-
tinal homeostasis, mice deficient in TLR signaling exhibit higher
antibody titers to intestinal commensal organisms, suggesting that
optimal TLR signaling is key for the maintenance of the intestinal
barrier (14, 75). One TLR implicated in the maintenance of intes-
tinal homeostasis and pathogen surveillance in the intestinal mu-
cosa is TLR2, which is expressed by both epithelial cells and anti-
gen-presenting cells. TLR2 has been shown to regulate intestinal
barrier function by augmenting tight-junction formation (30, 31,
76). In a chemically induced colitis model (dextran sodium sulfate
[DSS]-induced colitis), TLR2-deficient mice exhibited an exacer-
bated inflammatory response and an increased susceptibility, al-
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lowing luminal commensal bacteria to infiltrate the underlying
lamina propria, compared to those of wild-type mice (14). Con-
versely, the treatment of C57BL/6 mice with a synthetic TLR2
ligand, Pam;CSK,, was reported to ameliorate DSS-induced coli-
tis and improve the intestinal epithelial barrier (31). Consistent
with these observations, in a pathogen-induced colitis model,
TLR2-deficient mice exhibited 45% to 75% mortality compared
to wild-type mice (77). Overall, these data suggest that a bacterial
component found in commensal as well as pathogenic bacteria
may be detected by the surveillance receptor TLR2 modulating
intestinal epithelial integrity.

Most studies looking at the actions of TLR2 in modulating
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FIG 3 (A) Polarized T-84 cells were treated with either flagellin (0.01 pg/ml)
or PBS in the basolateral chamber. Simultaneously, curli fibrils (10 pg/ml) or
the synthetic TLR2 ligand Pam;CSK, (0.1 pg/ml) was added to the apical
chamber. (B) Polarized T-84 cells were pretreated with the specific PI3K in-
hibitor LY294002 (10 M) for 1 h prior to the experiment. Cells were then
treated with flagellin (0.01 pg/ml) in the basolateral chamber alone, or simul-
taneously curli fibrils (10 wg/ml) or the synthetic TLR2 ligand Pam;CSK, (0.1
prg/ml) was added to the apical chamber. Epithelial permeability was deter-
mined by treatment for 2 h with FITC-dextran added after 24 h to the apical
chamber. Fluorescence in the basolateral supernatants using a BMG Omega
plate reader was determined.

intestinal epithelial integrity have focused on the recognition of
lipopeptides by TLR2 complexes. These studies have successfully
shown that TLR2 complexes are involved in modulating intestinal
epithelial integrity mainly by using synthetic lipopeptides (30, 31).
This is in part because of the difficulties in constructing bacterial
strains deficient in lipoprotein production due to its high abun-
dance and the deleterious effects of these mutations on bacteria.
Bacteria form biofilms to provide protection from environ-
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FIG 4 C57BL/6 (A) or TLR2-deficient (B) mice were infected intragastrically
with 1 X 10? CFU wild-type S. Typhimurium or isogenic csgBA mutant or were
mock treated (LB) for 72 h, and 150 wl of 80-mg/ml FITC-dextran was admin-
istered intragastrically 4 h prior to sacrifice of animals. Blood was collected,
and fluorescence in the serum was measured using a BMG Omega plate reader.
Significant statistical differences are indicated (P < 0.05).

February 2013 Volume 81 Number 2

Gut Epithelium Promotes Barrier by Detecting Amyloids

A Cecum B MLN

10 p=0.0001 8 p<0.05
. 8 LR > 6 ° agau®
i ke . éﬁ
z s HH . 2 - F i
(&) —— . S o4 . '
2 4 o.io 2 o

B 2

]

Wild type csgBA Wild type csgBA
C Cecum D MLN
n.s.
8 8 n.s.

n
(o2} - am
g : g
2 L 2 .
0 0
Wild type csgBA Wild type csgBA

FIG 5 C57BL/6 mice were infected intragastrically with 1 X 10° CFU wild-
type S. Typhimurium or isogenic csgBA mutant or were mock treated (LB) for
72 h. (A and B) Bacterial numbers in the cecal tissue (A) and mesenteric lymph
nodes (MLN) (B) were enumerated by plating serial dilutions on medium. (C
and D) A similar experiment was conducted with TLR2-deficient animals, and
bacterial numbers in the cecal tissue (C) and mesenteric lymph nodes (D) were
enumerated. Significant statistical differences are indicated (P < 0.05 or P =
0.0001).

mental insults in various niches, including the gastrointestinal
tract (78-81). Bacterial species express amyloid fibrils as a major
component of their extracellular matrix in biofilms. In addition to
members of the Proteobacteria, members of two of the major bac-
terial phyla to which most intestinal commensals belong, Bacte-
roidetes and Firmicutes, have been reported to express bacterial
amyloids as a component of their biofilms (39, 41, 43, 44, 82, 83).
Since amyloids are common across several bacterial phyla and
have a highly conserved quaternary structure, amyloid fibrils may
serve as targets for immune surveillance by giving the immune
system an opportunity to detect the presence of many microor-
ganisms by recognizing one conserved molecule expressed by all.

Two signaling cascades subsequent to TLR2 activation result in
the activation of cytokine expression and augmentation of epithe-
lial barrier through NF-kB activation and PI3K activation, respec-
tively (26-29). The innate immune recognition of the best-char-
acterized bacterial amyloid curli, expressed in the biofilms of
members of the bacterial family Enterobacteriaceae, requires TLR1
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FIG 6 Bacterial numbers in the colon contents of C57BL/6 mice (A) or TLR2-
deficient mice (B) infected with 1 X 10° CFU wild-type S. Typhimurium (@)
or its isogenic csgBA mutant (M) for 24 and 72 h were enumerated. Significant
statistical differences are indicated (P < 0.05).

iai.asm.org 483


http://iai.asm.org

Oppong et al.

dimerization with TLR2 (48). Our recent investigations have
shown that the expression of curli amyloid fibrils by S. Typhimu-
rium resulted in the expression of interleukin 17 (IL-17)/IL-22,
produced by direct or indirect activation of T cells, via TLR2 acti-
vation in the gastrointestinal tract of mice (60). Here, we have
focused on determining the effect of TLR2 activation by amyloid
fibrils on epithelial cell function in the gastrointestinal tract. Al-
though epithelial damage caused by both curliated wild-type S.
Typhimurium and the csgBA mutant was evident in vitro and in
vivo, infection with the csgBA mutant caused more pronounced
damage to the epithelium, allowing more bacteria to translocate to
the basolateral side of the epithelium, and this effect was abolished
in the presence of PI3K inhibitors (Fig. 2) or in the absence of
TLR2 (Fig. 4), suggesting that the curli amyloid fibrils on bacteria
activate the TLR2/PI3K pathway in intestinal epithelial cells, re-
sulting in the reinforcement of the epithelial barrier.

During infection, multiple TLRs, including TLR2 and TLR5,
found in the apical and basolateral sides of the epithelium, respec-
tively, are activated (18, 71, 84). In this study, we mimicked the
conditions that the epithelium encounters during bacterial infec-
tion using purified ligands, curli amyloid fibrils, and flagellin. Our
in vitro results using polarized epithelial cells suggested that apical
activation of TLR2 by curli amyloid fibrils restored the epithelial
damage introduced by basolateral flagellin treatment (Fig. 3).
Therefore, the greater permeability seen in the in vitro experi-
ments (Fig. 2) as well as in the gastrointestinal tracts of mice in-
fected with the csgBA mutant in vivo (Fig. 4) is possibly due to the
lack of TLR2 activation while typical TLR5 activation occurs,
damaging the epithelium and allowing increased translocation of
bacteria.

Previous studies have shown that MyD88 and TLR2 deficiency
impaired intestinal barrier repair during infection with another
enteric pathogen, Citrobacter rodentium (77, 85). Although there
were no differences in the bacterial numbers in the colon contents
of both wild-type C57BL/6 and TLR2-deficient mice at 24 h
postinfection, consistent with these reports, we determined that
wild-type S. Typhimurium numbers were increased (P > 0.05),
whereas csgBA mutant bacterial counts were significantly de-
creased (P < 0.05), in the colon contents of the TLR2-deficient
mice at 72 h postinfection compared to the bacterial numbers in
C57BL/6 mice (Fig. 6A and B). Interestingly, curli fibrils are re-
quired for efficient colonization of the intestinal epithelia by E. coli
strains, while this phenotype is not observed with S. Typhimu-
rium (47, 86—88). Recently, we determined that TLR2-deficient
animals acquire less inflammation during S. Typhimurium infec-
tion, which could be measured by a decreased expression of IL-
17A and IL-22 (60). Thus, under conditions of low or no inflam-
mation, the presence of curli fibrils may provide the wild-type S.
Typhimurium a colonization and growth advantage similar to
what is observed with E. coli. Nonetheless, we are currently inves-
tigating the mechanism underlying this phenotype.

In the studies of chronic Citrobacter infection, the activation of
TLR2 was attributed to the recognition of bacterial lipoproteins
(77, 89). To our interest, similar to the case for E. coli and S.
Typhimurium, Citrobacter spp. also express curli fibrils (45). Even
though, diacylated and triacylated bacterial lipoproteins have
been shown to trigger TLR2 activation, when bacterial amyloids
are present, they exist as the predominant TLR2 ligand on bacte-
ria, due to lipopeptides being buried in the outer membrane or
bacterial cell wall while bacterial amyloids are being secreted to the
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cell surface (48). In conclusion, our data point to bacterial amy-
loids as a TLR2 ligand that enables epithelial cells to monitor bac-
terial translocation from the gut.
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