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Commensal bacteria and/or their products engender
beneficial effects to the mammalian gut, including stim-
ulating physiological cellular turnover and enhancing
wound healing, without activating overt inflammation.
In the present study, we observed commensal bacteria-
mediated activation of the noninflammatory extracellu-
lar signal-regulated kinase[ERK]/mitogen-activated pro-
tein kinase and Akt signaling pathways in gut epithelial
cells and delineated a mechanism for this bacterially
activated signaling. All tested strains of commensal bac-
teria induced ERK phosphorylation without stimulating
pro-inflammatory phospho-IkB or pro-apoptotic phos-
pho-c-Jun NH,-terminal kinase, with Lactobacillus spe-
cies being most potent. This pattern of signaling activa-
tion was recapitulated using the peptide N-formyl-Met-
Leu-Phe, a bacterial product known to stimulate
signaling events in mammalian phagocytes. Sensing of
N-formyl-Met-Leu-Phe by gut epithelial cells occurs via
recently characterized formyl peptide receptors located
in the plasma membrane. Both commensal bacteria and
N-formyl-Met-Leu-Phe application to the apical surface
of polarized gut epithelial cells resulted in specific
formyl peptide receptor activation. In addition, pre-
treatment of model epithelia and murine colon with
Boc2 (a specific peptide antagonist) or pertussis
toxin (a G;-protein inhibitor) abolished commensal-
mediated ERK phosphorylation. Taken together, these
data show that commensal bacteria specifically activate
the ERK/mitogen-activated protein kinase pathway in
an formyl peptide receptor-dependent manner, delin-
eating a mechanism by which commensal bacteria con-
tribute to cellular signaling in gut epithelia. (4m J
Pathol 2010, 177:2782-2790; DOI: 10.2353/ajpath.2010.100529)

Commensal microbe-host interactions in the human gut
have evolved over millennia. The diverse community of
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microbes that inhabit the human gastrointestinal tract are
comprised of 10 to 100 frillion organisms representing
about 500 genera of bacteria, grouped into two broad taxa,
the Bacteroidetes and Firmicutes.”? The microbiota thrives
in a thermostable nutrient-rich environment and provides
beneficial functions to the host including energy extraction
of otherwise indigestible complex carbohydrates, vitamin
and micronutrient syntheses, stimulation of immune devel-
opment/function, and competitive exclusion of patho-
gens.®* Additionally, studies with germ-free mice have
revealed that the small intestinal crypts exhibit a slower
turnover of the epithelial cells, with crypt-to-villus transit
time double in germ-free animals.® Regenerative re-
sponses to colonic injury are markedly attenuated in
germ-free animals,® indicating a role of the microbiota in
induction of epithelial proliferation and response to injury.

Recognition of this mutually beneficial relationship has
prompted increasing interest in potential therapeutic bene-
fits of supplementing the normal flora with exogenous viable
bacteria. This approach, termed probiotics, has been re-
ported to modulate inflammation, augment barrier function
and stimulate reparative responses in vitro, and has shown
promise as therapy in inflammatory and developmental dis-
orders of the intestinal tract.” However, in other cases, the
quantitative and/or qualitative abnormalities of the micro-
biota may be sufficient to provoke intestinal inflammation as
seen in inflammatory bowel disease [which includes Ulcer-
ative colitis and Crohn’s disease] and contribute to other
systemic immune, allergic, metabolic, and infectious disor-
ders.® Thus, there is increasing evidence that the micro-
biota profoundly influences intestinal- and systemic-ho-
meostasis and health. However, little is known of how the
host perceives nonpathogenic bacteria, or how microbiota
mechanistically influences gut biology.

The microbiota is separated from the host systemic
compartment by only a single layer of epithelial cells,
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which are able to respond to and manage threats from
bacterial pathogens—and by extrapolation, respond to
and manage commensals.®'° Transmembrane and intra-
cytoplasmic receptors, such as the now well character-
ized Toll-like receptors (TLRs) and related Nod proteins,
are designated “pattern recognition receptors” or PRRs,
that recognize and bind to conserved structural motifs
characteristic of a wide range of microbes, which are
termed MAMPs, or “microbe associated molecular pat-
terns.” A different class of candidate pattern recognition
receptors are the formyl peptide receptors (FPRs), which
are seven transmembrane receptors originally described
on neutrophils and macrophages.'''® The best charac-
terized FPR ligands are formyl peptides, prokaryotic
translation products modified with N-formyl-methionine,
a bacterial specific amino acid. Upon ligand binding in
phagocytes, FPRs undergo a conformational change that
allows recruitment of pertussis toxin (PTx) sensitive G
proteins of the G; family. This signaling eventuates in 1)
changes in actin dynamics and initiation of chemotaxis,
2) transcriptional up-regulation of inflammatory effectors
and cytokines, and 3) the activation of NADPH enzymes
and ROS generation (respiratory burst). Thus, the FPRs
are key PRRs that control the biological response of
professional phagocytes to bacterial ligands. FPRs are
represented in humans by the originally characterized
FPR1, and the closely related FPR2/ALX. Recently, we
demonstrated FPR localization on epithelial cells along the
crypt-lumen axis in human mucosal biopsies,'* prompting
interest that FPRs and related epithelial receptors may me-
diate physiological responses in the gut. Interestingly,
FPR2/ALX signals in a non-phlogistic fashion' and may
thus be a candidate for commensal mediated homeostatic
signaling. Indeed, Annexin 1, a ligand of FPR2/ALX, has
been shown to have restitutive effects in wounded gut,'®
and the anti-microbial bactericidal/permeability-increasing
protein is stimulated in the gut by FPR signaling.'”
Epithelial cellular signaling induced by most PRRs in-
volves the highly conserved mitogen-activated protein
kinase (MAPK) and related nuclear factor (NF)-«B sys-
tems.'® MAPK pathways (p38, c-Jun NH,-terminal kinase
[UJNK], extracellular signal-regulated kinase [ERK]) are
signaling relays that use three kinase phosphorylation
cascades (MAPKKK to MAPKK to MAPK) to transduce a
myriad of extracellular stimuli into intracellular signaling
events, including initiating gene transcription, stimulating
cytoskeletal alterations and other functions. We and
others have previously reported that enteric patho-
genic bacteria, such as Salmonella, activate MAPK and
NF-«B pathway signaling in polarized cultured epithe-
lial cell monolayers, and also identified TLRs as the likely
signaling mediators.’ However, in a normal healthy
mammalian gut, the enteric commensal bacteria are in
intimate contact with the epithelia, yet they do not activate
epithelial cell pro-inflammatory or pro-apoptotic signaling
pathways above tonic levels. Additionally, expression
profiling studies of cultured cells treated with commensal
bacteria showed significant induction of a range of epi-
thelial related genes.?® In this study, we sought to char-
acterize how commensal bacteria could influence epithe-
lial signaling events. Herein, we show that a spectrum of
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viable commensal gut bacteria is sensed by FPRs lo-
cated on enterocyte apical membranes of the intestine
in vitro and in vivo. We show that bacterial/epithelial cell
contact results in potent FPR and G protein dependent
activation of the ERK signaling pathway. These find-
ings describe a novel mechanism of non-pro-inflamma-
tory bacteria-host communication, and define a previ-
ously unknown pattern recognition receptor in the
mammalian gut.

Materials and Methods

Reagents

Flagellin was a generous gift from Dr. Andrew Gewirtz.
Recombinant human tumor necrosis factor (TNF)-a and
epidermal growth factor (EGF) were purchased from
R&D Systems (Minneapolis, MN), PTx from Calbiochem
(Darmstadt, Germany), and FPR antagonist N-tert-bu-
toxycarbonyl-Met-Leu-Phe (Boc2) through MP Bio-
medicals (Aurora, OH).

Cell Culture

T84 epithelial cells were prepared on 5-cm? permeable
filters as described previously®" and were used 9 to 14
days after plating and achieving a stable transepithelial
resistance of >1000 € - cm?. The intestinal epithelial cell
line SK-CO15 were grown and maintained as previously
described.'® Primary Murine bone marrow derived mac-
rophages (BMMs) were prepared as previously de-
scribed.?? Marrow was extracted from femora and tibia of
8-week-old mice in a BL6 background and cultured in
Dulbecco’s modified Eagle’s medium containing 10% fe-
tal bovine serum and 100 ng/ml macrophage-colony
stimulating factor from Sigma (St. Louis, MO). Cells were
incubated at 37°C for 5 days, then medium changed
every 2 days until cell were confluent.

Cecal Flora Preparation

Murine cecal contents were removed and suspended in
PBS. Fecal debris was pelleted following centrifugation at
100 X g. Supernatant was transferred to a new tube and
centrifuged at 10,000 X g to pellet bacterial flora. Super-
natant was removed, and pelleted bacteria were diluted
in 1 ml PBS.

Bacterial Strains

Lactobacillus rhamnosus GG (ATCC #11975), Lactobacil-
lus acidophilus (ATCC #11975), Lactobacillus casei (ATCC
#11578), Bacteriodes thetaiotaomicron (ATCC #12290),
Streptococcus thermophilus (ATCC #14485), Salmonella
typhimurium (ATCC #13311), and Escherichia coli (derived
from DH5« strain from Invitrogen, Carlsbad, CA) were
grown and prepared as previously described.?® Unless
otherwise noted, all bacteria were used at 5 X 107 colony-
forming units (cfu)/ml.
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Cell Wall Preparation

L. rhamnosus GG was grown to 5 X 107 cfu/ml. Bacterial
cells were disrupted by sonication, centrifuged at 1000 X g to
pellet bacterial debris. The resulting supernatant was collected
and centrifuged at 30,000 X g to obtain the membrane frac-
tion. The pelleted fraction was then resuspended in initial vol-
ume equivalent of Dulbecco’s modified Eagle’s medium.

Immunoblotting and Immunofluorescence

Antibodies were obtained as follows: anti |kB-a (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), phospho-JNK,
phospho-ERK, and phospho-Akt (Cell Signaling, Dan-
vers, MA), B-actin (Sigma-Aldrich), phosphoserine/threo-
nine (AbCam, Cambridge, MA; 17464-50), fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch, West Grove, PA), and horseradish
peroxidase-conjugated donkey anti-rabbit or sheep anti-
mouse secondary antibody (GE Health care, Bucking-
hamshire, UK). Mouse anti-FPR monoclonal antibody was
a generous gift from Dr. Algeris Jesaitis. This antibody is
a monoclonal antibody prepared against 305-GQDFRERLI-
313 peptides present on both human FPR1 and FPR2/ANX
and recognizes a ~60-kDa band in transfected Chinese
hamster ovary epithelial cells.>* Immunoblot and immuno-
fluorescent labeling slips was performed as previously de-
scribed.?® Nuclei were stained with To-Pro-3 iodide (Molec-
ular Probes, Carlsbad, CA). Fluorescent images acquired
by laser confocal microscopy through an X63 objective.

Reporter Gene Assays

SK-CO15 cells were transiently transfected using Lipo-
fectamine 2000 (Invitrogen Life Technologies) according
to manufacturer’s instructions. For luciferase reporter as-
says, cells were transfected with NF-kB-dependent pNF-
kB-Luc, ERK-dependent Elk1, or JNK-dependent c-Jun
reporter plasmids (Luciferase Trans-Reporting Systems,
Stratagene, La Jolla, CA) according to manufacturer’s
instructions. Following cell treatment, cells were lysed in
reporter lysis buffer (Promega, Madison, WI) and activity
determined using the Dual Luciferase Reporter Assay
System (Promega).

5-Ethynyl-2' Deoxyuridine Incorporation Assay

SK-CO15 cells were grown to 90% confluency on glass
coverslips. Following experimental treatment for 12
hours, cells were treated with 5-ethynyl-2’ deoxyuridine
(EdU) according to manufacturer’s instructions (Invitro-
gen Click-iT EdU Imaging 488). Nuclei were stained with
To-Pro-3 iodide (Molecular Probes). Fluorescent images
acquired by Confocal Microscopy through an X63 ob-
jective. For quantitative analysis, 10 fields of view were
randomly selected for each treatment.

Denaturing Immunoprecipitation

Following experimental treatment, epithelial cells were
washed in cold Hank’s buffered salt solution, lysed in

denaturing 1% SDS lysis buffer and heated to 95°C. SDS
was then quenched to 0.1% by adding Triton X-100 lysis
buffer. DNA was fragmented by passing lysate through
a 25G needle and protein stabilized by incubation on
ice. Samples were precleared 1 hour on ice before
incubation with ~1 ug/ml FPR1 monoclonal antibody.?*
FPR1/antibody conjugates were then precipitated us-
ing 50% slurry of IgG coated agarose beads (Thermo-
Scientific, Waltham, MA). Protein was released from the
beads by incubation with 2Xx SDS lysis buffer at 95°C for 5
minutes. Samples were immunoblotted using an antibody
against FPR1 or Rb polyclonal antibody phosphoserine/
threonine (AbCam 17464 -50). Densitometric analysis was
performed using Scion Image B.

Mice

All murine experimental procedures were undertaken ac-
cording to Emory University guidelines for ethical treat-
ment of animals. lleal loop analysis of 6- to 8-week-old
BL6 (Jackson labs) or MyD88 —/— mice was conducted
as previously described.?® Briefly, the colon was opened
along the mesenteric border, epithelial tissue scraped
and collected before administration of PBS, L. rhamnosus
GG, or formyl-Met-Leu-Phe tripeptide (fMLF) for up to 7
minutes, lysed in radioimmunoprecipitation assay buffer
(100 mg tissue/ml of buffer) and centrifuged at 16,000
r.o.m. for 20 minutes at 4°C. Protein concentrations of
supernatants were determined by protein assay (Bio-
Rad, Hercules, CA). For analysis of colonic tissue by
intrarectal (i.r.) treatment, 6- to 8-week-old B6 mice were
anesthetized before administration of PBS, L. rhamnosus
GG, or fMLF for up to 7 minutes. Subjects were eutha-
nized, and tissues removed for analysis. The colon was
opened along the mesenteric border, placed in 4% para-
formaldehyde 20 minutes, and subsequent colon whole
mount preparation performed as described below. For
control experiments, mice were systemically adminis-
tered 1 ug/ml PTx via i.p. injection for 18 hours before L.
rhamnosus GG treatment. For fMLF peptidomimetic con-
trol, mice were intrarectally administered 100 ng/ml Boc2
through soft catheter 30 minutes before L. rhamnosus GG
treatment.

Colon Whole Mount Preparation

Dissected murine tissues were fixed for 20 minutes in 4%
paraformaldehyde, washed in PBS, permeabilized with
0.1% Triton X-100 for 5 minutes, and washed again.
Samples were blocked in 5% normal goat serum for 1
hour before incubation with rabbit anti-phospho-ERK
(Cell Signaling) for 1 hour at 37°C (or o/n at 4°C), and
then with fluorescein isothiocyanate-conjugated goat an-
ti-rabbit 1gG (Jackson ImmunoResearch). Cellular actin
was stained with Alexa Flour Phallodin-633 (Molecular
Probes). Tissue was cut into 2-mm to 5-mm small pieces,
mounted on slides and visualized by Laser Confocal
Microscopy at X63.
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Figure 1. Apically applied enteric bacteria induce ERK phosphorylation in
polarized T84 epithelial cells. All experiments were immunoblots of T84
lysates probed with a phospho-ERK specific antibody. A: Apical cell stimu-
lation with 5 X 107 cfu/ml of Lactobacillus rhamnosus GG, Lactobacillus
casei, Lactobacillus acidopbilus, Bacteriodes thetaiotaomicron, Streptococ-
cus thermophilus, Escherichia coli, or Salmonella typhimurium strains for 30
minutes. B: Apical cell stimulation with L. rbamnosus GG titered as indicated
for 30 minutes. C: Apical cell stimulation with L. rbamnosus GG [5 X 107
cfu/ml] or L. rhamnosus GG cell wall preparation (described in methods) for
1 hour. All immunoblot experiments were repeated at least five times.

Reproducibility and Data Presentation

Differences of P = 0.05 using the Student’s t-test were
considered significant. The results of statistical analyses
are given in the figure legends.

Results

Enteric Bacteria Induce ERK Phosphorylation in
Polarized T84 Epithelial Cells

To investigate enteric bacterial stimulation of epithelial
signaling pathways, we tested pure cultures (5 X 107
cfu/ml) of individual candidate bacteria with known com-
mensal or pathogenic behavior. Bacteria were apically
applied to polarized T84 cultured cells, incubated for up
to 30 minutes, and lysates analyzed by immunoblot for
MAPK or NF-«kB signaling pathway activation. For initial
analysis, we assayed ERK activation, which we and oth-
ers have shown is activated by both commensal and
pathogenic bacteria.'®'® Each strain tested, both com-
mensal and pathogenic, equally induced ERK phos-
phorylation (Figure 1A). Further studies were focused
on Lactobacillus rhamnosus GG (LGG), which is used
extensively as a probiotic, and has been demonstrated to
affect cellular signaling processes.?”2® Apical LGG treat-
ment robustly activated phosphorylation of ERK in a dose
dependent manner with signal becoming undetectable at
less than 5 x 10% cfu/ml (approximate multiplicity of
infection = 0.001) (Figure 1B). ERK pathway activation
was also mediated by apical contact with non-viable
sonicated bacterial cell wall preparations (Figure 1C). In
comparison to ERK phosphorylation mediated by live
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cultures of LGG, which show transient up-regulation over
1 hour, LGG cell wall preparation induced robust and
persistent ERK activation (Figure 1C). The transient ERK
activation seen with viable bacteria may be the result of
active repression of signaling pathways, similar to our
past observations showing commensal bacterial repress-
ing NF-kB signaling.?® These data show that LGG stim-
ulated ERK phosphorylation is not dependant on live
bacteria, and that a soluble epithelial cell stimulating
factor is present in the LGG membrane.

L. rhamnosus GG or fMLF Specifically Activate
ERK Pathway Signaling

Bacterially stimulated ERK activation is mediated by
products released by bacteria, or by determinants on the
bacterial surface (Figure 1). A potential candidate bac-
terial product is formyl-Met-Leu-Phe tripeptide (fMLF),
which is a classical activator of ERK signaling in neu-
trophils.3° Apically administered fMLF potently and
specifically activated ERK pathway signaling, but had
no stimulatory effects on the pro-apoptotic JNK, or the
pro-inflammatory NF-«B pathways in T84 cells (Figure 2,
A and C). Interestingly, fMLF only weakly activated ERK
pathway signaling when basolaterally applied to polar-
ized T84 cells (see supplemental Figure S1 at http://
ajp.amjpathol.org). Significantly, T84 cells apically stimu-
lated with 5 X 107 cfu/ml LGG, or with LGG cell wall
preparation did not activate the JNK or NF-kB signaling
pathways, whereas robust activation of these pathways
occurred in control cells stimulated with TNF-a (Figure
2A). In addition, activation of the proliferative/survival
pathway Akt was mediated by live LGG, cell wall prepa-
rations and fMLF. This data with live LGG is in striking
contrast to the effects of pathogenic S. typhimurium,
which activates NF-kB and JNK signaling, in addition to
ERK, consistent with past work from our laboratory (Fig-
ure 2A).'92° Interestingly, S. typhimurium did not activate
Akt in this system. To demonstrate differential signaling
between myeloid and intestinal epithelial cells, murine
bone marrow derived macrophages stimulated with 5 X
107 cfu/ml LGG and 500 nmol/L fMLF over 30 minutes
activated only ERK and JNK signaling pathways (Figure
2B). This is consistent with the role of macrophages as
systemic immunocompetent cells, which are not in con-
stitutive contact with bacteria as is the case with intestinal
epithelial cells.

In the context of eukaryotic-prokaryotic interactions,
the p38 and JNK pathways are generally considered
pro-inflammatory and serve to activate innate immune
responses. These MAPK classes terminate in activation
of the AP-1 family of leucine zipper transcription factors
(often functioning in concert with NF-kB) to stimulate
transcription of pro-inflammatory effector genes, while
the ERK MAPK pathway is preferentially activated by
growth factors and other mitogenic stimuli and largely
mediates proliferative and differentiation events.®' The
ERK MAPK is comprised of two serine-threonine MAP
kinases, ERK 1/2 (or p44MAPK and p42 MAPK) that
share 83% amino acid homology and are expressed
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gene assay of transfected SK-CO15 cells treated
with L. rhamnosus GG [5 X 107 cfu/ml], fMLF [500
nmol/L]. EGF [200 ng/ml] or TNF- «'® [10 ng/ml]
served as activating controls for ERK and JNK/NF-
KB, respectively. Data are shown as fold induction
over unstimulated media control. *P < 0.05; *P <
0.001. All immunoblot experiments repeated at
least five times, and immunofluorescence experi-
ments were repeated at least three times. For the
luciferase assay, 7 = 6 for each experimental treat-
ment. E: EQU incorporation into cultured SK-CO15
cells incubated for 12 hours with L. rhamnosus GG
[5 X 107 cfu/ml] or fMLF [500 nmol/Ll. DNA (blue),
EdU (red). Confocal microscope magnification
X63 F: Quantitative representation of EQU positive
cells in (E). Number of EdU positive cells per 10
fields of view for three replicates per treatment.
*P < 0.05.

[JERK
Il INK
I NFxB

LGG fMLF

C . D
0 L L i 5 Luciferase Activity
> 7
= =
8 cs
mp-ERK ERSH
= DNA LGG g g2
e ]
S !
fMLF ~ o
E Media Control L. rhamnosus fMLF F % L
5
CLSO
B
©
Q 25 —
+
2
M EJU WDNA 3 o .
Media
Control

constitutively and ubiquitously. The ERKs are largely
functionally redundant, activated by a MAPKK, MEK1/2,
and their substrates are vast, with over 160 potential
targets described including nuclear transcription factors,
cytoplasmic cytoskeletal regulators, receptors, signaling
intermediates, and other kinases.®? Similarly, Akt is a key
component of a signaling pathway with well-demon-
strated survival and proliferative effects.®?

To further examine the specificity and establish a func-
tional measure of LGG or fMLF induced ERK pathway
activation, we used transfection based ERK, JNK, and
NF-«B dependent reporter assays. Elevated ERK path-
way dependent luciferase activity was measured in trans-
fected SK-CO15 cells stimulated with LGG and fMLF,
whereas no JNK or NF-«B activity was detected in iden-
tically stimulated cells transfected with JNK or NF-«B
dependent reporter (Figure 2D). EGF or TNF-a serves as
an activating control for ERK and JNK/NF-kB, respec-
tively. Thus, these data show that fMLF directly pheno-
copied LGG induced ERK pathway specific activation.
Finally, to determine the extent to which LGG and fMLF

induce signaling to increase cellular proliferation, we as-
sayed for EAU incorporation. Contact of cultured epithe-
lial cells with viable LGG and fMLF for 12 hours resulted
in significant up-regulation of EAU incorporation (Figure
2, E and F).

Inhibition of G-Protein Coupling or Formy!
Peptide Receptor Binding Attenuates LGG- or
MLF-Induced ERK Pathway Activation

FPRs are seven transmembrane G-protein coupled re-
ceptors (GPCRs) present on the apical membrane of
enterocytes.’ Because both fMLF and LGG simulate
ERK pathway activation, we sought to determine whether
LGG-induced ERK pathway activation is mediated via
FPRs. We inhibited FPR activity using PTx, a 105-kDa
exotoxin from Bordetella pertussis, which catalyzes the
ADP-ribosylation of Ge; subunits of GPCRs and blocks
downstream cellular signaling stimulated by this class of
receptor.®* Polarized T84 cells were pretreated with 1
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Figure 3. Inhibition of G-protein coupled receptors or formyl peptide
receptors attenuates ERK phosphorylation in response to apical L. rhamno-
sus GG or fMLF stimulation. A: Immunoblot analysis of cultured T84 cells
treated apically with PTx [1 ug/ml] or Boc2 [100 wg/ml] 30 minutes before
apical stimulation with Z. rhamnosus GG [5 X 107 cfu/mll, S. typhimurium
[1 X 10® cfu/mll, or fMLF [500 nmol/L] for 1 hour. B: ERK pathway-specific
luciferase reporter gene assay from transfected SK-CO15 cells treated with
either PTx [1 ug/ml] or Boc2 [100 pg/ml] 30 minutes before L. rbamnosus GG
[5 X 107 cfu/ml], fMLF [S00 nmol/L] or EGF [200 ng/ml] stimulation. Data are
shown as fold induction over unstimulated media control.*P < 0.05; **P <
0.001 C: Immunoblot analysis of T84 cells treated basolaterally with either
PTx [1 pg/mll or Boc2 [100 wg/mll 30 minutes before basolateral stimulation
with flagellin [100 ng/ml]. D: Immunoblot analysis of T84 cells treated
apically with Boc2 [100 ug/ml] 30 minutes before basolateral EGF [200 ng/ml]
stimulation. All experiments repeated at least three times.

wg/ml PTx for 30 minutes, before apical stimulation with
LGG or fMLF. PTx potently inhibited LGG- or fMLF-de-
pendent ERK phosphorylation (Figure 3A), indicating that
GPCR are required for LGG- or fMLF-dependent ERK
phosphorylation.

To further functionally implicate FPR as a mediator of
LGG induced ERK signaling, we used the Boc?2 peptide,
a fMLF peptidomimetic, which binds both FPR1 and
FPR2/ALX with high affinity and has been shown to spe-
cifically block fMLF/FPR binding in neutrophils.’®3% Po-
larized T84 cells were incubated in the presence of Boc2
(100 ng/ml) for 30 minutes before apical treatment with
LGG or fMLF (Figure 3A). Boc?2 pretreatment mitigated
LGG- or fMLF-induced ERK phosphorylation (Figure 3A),
but importantly did not inhibit EGF-induced ERK phos-
phorylation (Figure 3D), a control for non-GPCR activa-
tion of ERK phosphorylation. As Boc2 is a peptidomi-
metic, we observed a small degree of agonist activity
under media control conditions. The same analysis was
performed with the invasive enteric pathogen S. typhi-
murium. This bacterium was able to induced ERK as
shown in (Figures 1A and 2A), but interestingly, this ac-
tivation was not repressed by with PTx and Boc2 (Figure
3A), consistent with the accepted view that invasive
pathogens stimulate via TLR rather than apical FPRs.

Microbiota Stimulates Epithelial FPRs 2787
AJP December 2010, Vol. 177, No. 6

Media Cont L. rhamnosus fMLF
0 5 15 30 0 5 15 30 0 5 15 30 Min

. -Ser/Th: - g = £ & 60 kD:

Cl\f)fl?f:l [p s ' I 0. 0 0 5 “ 0 0 26 7:‘” 0 18 26 37| RelaliveaDensily
FPR I__——”—-———”———_l 60 kDa
p-Ser/Thr | [ SE8|[~ S 58] coxa

PTx ( 0 5 0 0 0 4233 45 0 18 10 38 Relative Density
L PR e[ === |[=———] c0kDa
p-Ser/Thr | . || ” I 60 kDa

Boc2 [ 0 0 0 8 0 8 9 9 0 15 16 17 Relative Density
m [EEm ] o

Figure 4. Apical L. rbamnosus GG and fMLF induce phosphorylation of
FPR. Immunoblot analysis of immunoprecipitated FPR from cultured SK-
CO15 cells apically pretreated with either PTx [1 ug/mll, Boc2 [100 ug/ml] or
Dulbecco’s modified Eagle’s medium 30 minutes before stimulation with L.
rhamnosus GG [5 X 107 cfu/ml] or fMLF [500 nmol/L). Immunoprecipitated
proteins were immunoblotted against antibodies to pSer/Thr and FPR. Im-
munoblot experiments repeated at least three times. Densitometric analysis
normalized to background using Scion Image S.

We then investigated the inhibitory effects of PTx and
Boc2 on LGG- or fMLF-induced ERK pathway activation
using the previously used ERK-dependent reporter gene
assay. Transfected SK-CO15 cultured cells pretreated
with either PTx or Boc2 before treatment with LGG or
fMLF exhibited strong attenuation of ERK pathway de-
pendent luciferase activity (Figure 3B). Neither PTx nor
Boc2 significantly decreased EGF induced ERK pathway
dependent luciferase activity, confirming PTx and Boc2
specific inhibition of GPCR and FPR respectively.

To further confirm the specificity of PTx and Boc2
toward GPCR and FPR respectively, we basolaterally
stimulated polarized T84 cells with flagellin, a bacterial
protein known to induce NF-«B activation via TLR5. Nei-
ther PTx nor Boc2 treated cells inhibited flagellin induced
|kB phosphorylation (Figure 3C) demonstrating absence
of PTx or Boc?2 inhibitory activity toward TLR signaling.

L. rhamnosus GG or fMLF Induce
Phosphorylation and Activation of Formyl
Peptide Receptor in Epithelial Cells

The signaling cascade initiated by fMLF binding to FPR is
mediated by phosphorylation of the receptor which, in
turn, recruits the binding of accessory proteins, such as
all three Ge; isoforms, to the second intracellular loop in
the C-terminal region of FPRs."® To experimentally dem-
onstrate induced FPR phosphorylation (and thus activa-
tion), SK-CO15 cells were stimulated for up to 30 minutes
with LGG or fMLF. Cell lysates were prepared and total
FPR immunoprecipitated using an anti-FPR antibody,
which recognizes both FPR1 and FPR2/ALX.?* Precipi-
tated proteins were analyzed by immunoblot using an
antibody against phosphorylated serine/threonine. Both
LGG and fMLF rapidly induced the phosphorylation of
FPR within 5 to 15 minutes of stimulation (Figure 4). Total
amounts of FPR in the precipitated protein were analyzed
using anti-FPR antibody, which detected a protein of
about 60-kDa that is invariant after agonist exposure, and
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Figure 5. L. rbamnosus GG or fMLF treatment of murine colon stimulates
ERK activation. A: Immunoblot analysis for phospho-ERK in T84 cells api-
cally treated with cecal luminal preparations (as described in Materials and
Methods) for 30 minutes. B: Immunoblot analysis of phospho-ERK in mouse
colonic epithelial cell scrapings treated in vivo with 100 ul L. rbamnosus GG
[1 X 107 cfu/ml] or fMLF [500 nmol/L] for 7 minutes. C: Immunofluorescence
of phospho-ERK of intestinal whole mount preparations (as described in
Material and Methods) in either baseline intestinal mucosa or pretreated in
vivo with either PTx [1 ug/mll or Boc2 [100 ug/ml] 30 minutes before 100 ul
L. rhamnosus GG [1 X 107 cfu/ml] or fMLF [S00 nmol/L] for 7 minutes. D:
Experiment performed identically as in C on a MyD88 null background. n =3
for each experimental murine treatment.

is consistent with the predicted molecular mass of epi-
thelial FPR (Figure 4). Next, we examined the effect of
PTx or Boc2 pretreatment before stimulation of SK-CO15
cells with LGG or fMLF. Boc2, the competitive inhibitor of
extracellular fMLF binding, potently inhibited FPR phos-
phorylation, whereas PTx, which inhibits G protein signal-
ing downstream of FPR activation, did not (Figure 4).
Together, these data demonstrate that LGG or fMLF ac-
tivate FPR in cultured epithelial cells.

L. rhamnosus GG or fMLF Treatment of Murine
Colon Stimulates ERK Activation

We examined whether natural murine luminal contents
could activate cell signaling events in vitro. Bacterial sus-
pensions were prepared from mouse cecal contents.
Supernatants from both pelleted bacteria and bacterial
suspensions themselves (diluted up to eightfold) potently
stimulated ERK activation in polarized T84 cells. Impor-
tantly, no up-regulation of the pro-apoptotic JNK signal-
ing pathways were detected (Figure 5A), consistent with
previous data with isolated cultures of bacteria.

To examine LGG or fMLF induced activation of ERK
signaling pathway in vivo, surgically constructed murine
colonic loops were instilled with 100 ul LGG (5 X 108
cfu/ml) or fMLF (500 nmol/L) for 7 minutes, consistent with
the baseline N-formyl peptide content of the mammalian
colon measured at 100 nmol/L.*%2” The colon was then
removed, cut longitudinally, epithelial cells scraped and
lysed before immunoblot analysis. Murine intestinal epi-
thelia incubated with LGG or fMLF show strong activation
of ERK pathway signaling compared to mice treated with
buffer control (Figure 5B). Again, no activation of JNK or
IkB was observed. We then administered LGG or fMLF to
murine colons via direct intrarectal administration. At 7
minutes after administration, colonic sections were re-
sected, cut longitudinally, fixed, and immunostained us-
ing antibodies against phosphorylated ERK. Both LGG
and fMLF potently induced ERK pathway activation at the
colonic villus tips, whereas control mice administered
identical quantities of buffer did not (Figure 5C). We then
systemically pretreated mice with 0.5 ug/0.1 ul PTx via
intraperitoneal injection for 18 hours,®® or intrarectally
pretreated 50 png Boc2 to mice for 30 minutes before
intrarectal administration of LGG or fMLF for 7 minutes.
Resected colonic preparations were fixed and examined
for ERK pathway activation by immunofluorescence. PTx
and Boc2 pretreatment resulted in markedly reduces
levels of LGG or fMLF induced ERK phosphorylation in
colonic villus tips compared to mice administered LGG or
fMLF alone (Figure 5C). These data demonstrate the
recapitulation of effects observed in polarized cultured
intestinal epithelial cells in a murine model. Finally, this
experiment was repeated in mice with a germ line null
mutation in MyD88, an adaptor necessary for TLR2, 4,
and 5 signaling. Essentially similar results were obtained
(Figure 5D), indicating fMLF and LGG induced ERK sig-
naling was not via surface TLR perception of bacteria.

Discussion

In the colon, FPRs are localized to apical villus tips,
exposed to luminal contents and thus the microbiota and
its products, ie, formyl peptides.™ It is important to note
that most, if not all, prokaryotic translation products are
formylated, thus a very wide range of bacterial protein
and peptide would be expect to activate FPRs. In addi-
tion, both FPR1 and the closely related FPR2/ALX are
stimulated by these ligands, albeit with different affinities.
In neutrophils, sensing of formyl peptides leads to in-
creased motility (chemotaxis), ROS generation (oxidative
burst), and transcriptional response. We propose that
colonic sensing of gut luminal formyl proteins and pep-
tides likely stimulates functionally homologous outcomes.
We previously showed fMLF activates phosphatidylinosi-
tol 3-kinase through Rac1 and Cdc42 and subsequent
Ca+ influx in a wound healing model, which results in
activation of epithelial cytoskeletal rearrangements and
cellular movement.'® Furthermore, our past work has
shown that commensal bacteria®®3°4° and fMLF (unpub-
lished data) have the ability to activate ROS in intestinal



epithelium, although direct FPR involvement has not been
confirmed.

Our data are consistent with FPR functioning as a novel
PRR in the gut. Bacterial sensing by the host is generally
thought to occur via leucine rich repeats bearing pattern
recognition receptors such as the transmembrane TLRs
and cytoplasmic Nod proteins. Our studies indicate FPRs
are bona fide PRRs, though there are several unique
features. One, among MAPKs, epithelial FPR signaling is
limited to ERK and Akt activation and does not activate
the typical pro-inflammatory MAPKs or NF-«B, as we
showed in macrophages (Figure 2). Additionally, FPR
signaling is largely (though not solely) restricted to the
apical aspect of polarized epithelia, unlike TLR signaling
which occurs mainly on the basolateral surface.* While
PRR mediated signaling clearly has a central and domi-
nant role in initiating cellular inflammation during infec-
tion,®'° it is now also apparent that basal tonic TLR (and
likely other PRR) mediated signaling in response to the
microbiota and its products are necessary for mucosal
health. Murine models with defective PRR signaling are
hypersensitive to a variety of intestinal insults and stres-
sors, and supplementation of TLR ligands such as CpG
DNA and flagellin can have cytoprotective effects.*"42
This has led to the hypothesis that a constitutive degree
of PRR signaling is necessary for normal gut homeostasis
and underscores the importance of gut-prokaryotic inter-
action as a beneficial and necessary relationship. ERK
activation is known to stimulate proproliferative gene reg-
ulatory events and initiate cytoskeletal rearrangements
necessary for epithelial movement,®'3? though it is not
typically considered pro-inflammatory and would not be
expected to mediate overt innate immune responses in
intestinal epithelial cells. As the normal microbiota (and
therapeutic probiotic administration) is associated with
epithelial growth and wound healing, FPR mediated ac-
tivation of ERK signaling may represent a novel pathway,
parallel to the TLR/Nod mediated pathways, by which
microbial signals are transduced to affect epithelial phys-
iology. This notion is consistent with observations where
small peptides derived from H. pylori signal via FPRs in
vitro and can accelerate mucosal gastric injury in vivo.*3
Furthermore, the FPR related receptor GPR43 has re-
cently been identified as a receptor for short chain fatty
acids—a product of the intestinal microbiota—and has a
clear role in the resolution of intestinal inflammation.**
Indeed, FPR2ALX was originally characterized by its anti-
inflammatory and pro-resolving actions, where germline
mutations resulted in enhanced inflammation in a variety
of models.*® Thus, the presence of these receptors on
gut epithelia, and exposed to an environment highly
enriched in bacteria and their products suggest ther-
apeutic stimulation of the FPRs may be relevant to
treating intestinal inflammation/injury.
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