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Piliation of Lactobacillus rhamnosus GG Promotes Adhesion,
Phagocytosis, and Cytokine Modulation in Macrophages
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Recently, spaCBA-encoded pili on the cell surface of Lactobacillus rhamnosus GG were identified to be key molecules for binding
to human intestinal mucus and Caco-2 intestinal epithelial cells. Here, we investigated the role of the SpaCBA pilus of L. rham-
nosus GG in the interaction with macrophages in vitro by comparing the wild type with surface mutants. Our results show that

SpaCBA pili play a significant role in the capacity for adhesion to macrophages and also promote bacterial uptake by these
phagocytic cells. Interestingly, our data suggest that SpaCBA pili also mediate anti-inflammatory effects by induction of inter-
leukin-10 (IL-10) mRNA and reduction of interleukin-6 (IL-6) mRNA in a murine RAW 264.7 macrophage cell line. These pili
appear to mediate these effects indirectly by promoting close contact with the macrophages, facilitating the exertion of anti-in-
flammatory effects by other surface molecules via yet unknown mechanisms. Blockage of complement receptor 3 (CR3), previ-
ously identified to be a receptor for streptococcal pili, significantly decreased the uptake of pilus-expressing strains in RAW 264.7
cells, while the expression of IL-10 and IL-6 mRNA by these macrophages was not affected by this blocking. On the other hand,
blockage of Toll-like receptor 2 (TLR2) significantly reduced the expression of IL-6 mRNA irrespective of the presence of pili.

Lactobacillus bacteria belong to the lactic acid bacteria (LAB)
and are applied worldwide in the production of a variety of
fermented food products. Besides their role in the food industry,
some Lactobacillus species are naturally found throughout the hu-
man gastrointestinal tract (GIT) in different proportions, with the
highest numbers being found in the proximal small intestine (1),
yet their most important niche in the human body is probably
within the vaginal cavity (2). Several lactobacilli have a docu-
mented probiotic function by providing health-promoting effects
in humans upon administration. Among them, the well-studied
probiotic Lactobacillus rhamnosus GG has been shown to prevent
atopic diseases (3-5), decrease the risk of respiratory tract infec-
tions (6-8), prevent nosocomial gastrointestinal infections (7),
prevent antibiotic-associated diarrhea (9), treat acute infectious
diarrhea (10, 11), and be beneficial in the treatment of rotavirus-
associated diarrhea (12), although there are always responders
and nonresponders. For a more targeted approach, better knowl-
edge of the underlying mechanisms is important. Because of its
wide clinical use, L. rhamnosus GG is an important model probi-
otic strain for use in such targeted approaches.

During the last decade, incredible numbers of studies have fo-
cused on the possible immunomodulatory effects of probiotics.
Probiotic bacteria are thought to confer suchimmunomodulatory
effects by the microbe-associated molecular patterns (MAMPs)
that are present on their cell surface or that are secreted in the
environment by them (13). These MAMPs can be highly con-
served, such as certain peptidoglycan motifs, or can be more strain
specific, such as unique glyco- or lipoproteins. The interaction of
a MAMP with its pattern recognition receptor (PRR) on host cells,
such as Toll-like receptors (TLRs), results in the induction of a
signaling cascade that modulates the expression of various re-
sponse genes, such as cytokines and defensins (14). Increasing
numbers of MAMPs that participate in the host interaction have
been identified on the surface of probiotic lactobacilli (13, 15, 16).
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For instance, lipoteichoic acid (LTA) from L. rhamnosus GG was
demonstrated to interact with the PRRs TLR2/6 (17), the S-layer
protein SIpA in Lactobacillus acidophilus NCFM interacts with the
dendritic cell (DC) receptor DC-SIGN (18), and specific pepti-
doglycan muropeptides in Lactobacillus salivarius Ls33 are recog-
nized by NOD2 (19).

Recently, pili or fimbriae (i.e., proteinaceous heteropolymeric
extracellular appendages) were discovered at the cell surface of L.
rhamnosus GG (20). These pili are encoded by the spaCBA gene
cluster (LGG_00441 to LGG_00444). The SpaC subunit, located at
the tip and along the backbone structure, was shown to be respon-
sible for the high mucus-binding capacity (21). A comparison of
the retention times of exogenously applied piliated L. rhamnosus
GG and the related nonpiliated strain L. rhamnosus Lc705 also
suggests a key role for the pili in promoting residence in the hu-
man colon, since piliated L. rhamnosus GG could be detected for 7
days longer in fecal samples from healthy volunteers (21). By mu-
tant analysis of the spaCBA genes, we could show that the loss of
pili results in the loss of adhesion to the microvillus-containing
Caco-2 intestinal epithelial cell (IEC) line and increased induction
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TABLE 1 Bacterial strains and plasmids

Macrophage-Piliated L. rhamnosus GG Interactions

Reference or

Strain or plasmid Relevant genotype and/or phenotype source
Strains
Lactobacillus rhamnosus
GG (ATCC 53103) Wild type; human isolate 21
CMPG5357 AspaCBA::Tc"; mutant of L. rhamnosus GG without spaCBA-encoded pili 22
CMPG5351 AwelE::Tc"; mutant of L. rhamnosus GG without long galactose-rich exopolysaccharides but with 20
increased exposure of pili
CMPG1908 CMPG5357 with chromosomal insertion of pMECI10 in the attB sequence of phage mv4; Ery" This work
CMPG1907 CMPG5351 with chromosomal insertion of pMEC10 in the atfB sequence of phage mv4; Ery" This work
FAJ1906 L. rhamnosus GG with chromosomal insertion of pFAJ1934 in the attB sequence of phage A2; Ery" 33
Lactococcus lactis subsp. cremoris
MG1363 Mesophilic lactic acid bacterium isolated from green plants 30
GRS1185 L. lactis NZ9000 containing the nisin-inducible vector pKTH5080, which in turn contains the 23
coding region of the spaCBA pilus operon; Cm*
Plasmids
pFAJ1934 2,634-bp PCR fragment (flanking EcoRI sites) carrying the nisRK genes of pMEC10 cloned into 33
the EcoRI site of pEM40 downstream of the ery gene in the opposite orientation; Ery" Amp*
pMECI10 Integration plasmid (atB located at the 3" end of the tRNAS*" locus) containing the int-attP 34
cassette (of phage mv4) of pMCl1 cloned into pNZ9500 (a pUC19 derivative carrying a 2.7-kb
chromosomal DNA fragment of L. lactis NZ9700 containing the 3" end of nisP and nisRK);
expression driven by ery read-through; Ery"
pMEC45 L. lactis pSH71 replicon; pNZ8037 derivative with gfp,,.” cloned downstream of the nisA promoter 36

from L. lactis NZ9800; Cm"

@ ¢fp» synthetic GFP gene (with improved codon usage) that was subsequently subjected to recurrent cycles of DNA shuffling, thereby selecting for bright fluorescence that can be

observed under UV light.

of the proinflammatory marker interleukin-8 (IL-8) in these
nonphagocytic cells (22). Using recombinant lactococcal con-
structs, von Ossowski et al. (23) demonstrated that the SpaCBA
pilus is a contributory factor in the activation of TLR2-dependent
signaling in HEK cells by the recombinant lactococci as well as in
the modulation of pro- and anti-inflammatory cytokine (tumor
necrosis factor alpha, IL-6, IL-10, and IL-12) production in hu-
man monocyte-derived DCs (moDCs). However, a possible im-
munomodulatory role of the native pili present on the surface of
live L. rhamnosus GG has not yet been explored. Interestingly, in
the case of the pathogen Streptococcus pneumoniae, interaction of
the pilus-associated RrgA adhesin with the complement receptor
3 (CR3), also named integrin CD11b/CD18 or Mac-1, was shown
to enhance uptake of the bacteria by murine and human macro-
phages, on the basis of the results of experiments with a blocking
antibody on the wild type and the isogenic mutant lacking RrgA
(24). In addition, TLR2 was shown to mediate inflammatory re-
sponses to oligomerized RrgA (25).

In this study, we aimed to investigate the role of SpaCBA pili
from the probiotic strain L. rhamnosus GG in the interaction with
phagocytic innate immune cells. Intestine-resident DCs and mac-
rophages are eager phagocytes capable of sampling bacteria in the
intestinal lumen through the extension of transepithelial den-
drites (26-28) and are important host cells for probiotic immu-
nomodulatory applications. Here, we chose a simplified model
with a murine macrophage-like (RAW 264.7) cell line. Cells of this
cell line were coincubated with the L. rhamnosus GG wild-type
strain and different pilus mutants of L. rhamnosus GG, so that the
role of pili in their natural conformation and organization on live
cells could be studied. Such in situ cellular experiments are impor-
tant because host cellular responses against bacteria are always an
integrated sum of the interactions of different MAMPs with dif-
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ferent PRRs (13). In addition, we previously showed the impor-
tance of the zipper-like and nanospring properties of the pili in
promoting close contacts of whole L. rhamnosus GG cells with
substrates (29), which cannot be mimicked with isolated pili with-
out their cellular anchor.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Wild-type L. rhamnosus GG
and its mutant derivatives (Table 1) were routinely grown under non-
shaking conditions in Man-Rogosa-Sharpe (MRS) medium (catalog
number 288130; Difco, Becton, Dickinson, Erembodegem, Belgium) for
24 h at 37°C, and 1% of this preculture was inoculated into fresh MRS
broth and grown overnight at 37°C. Bacteria were washed once with 1X
phosphate-buffered saline (PBS; catalog number 14040-091; Invitrogen,
Life Technologies, Ghent, Belgium), pH 7.4, and brought to a final con-
centration of 5 X 107 CFU/ml prior to incubation with macrophages. This
concentration was selected on the basis of findings of preliminary tests in
which different dose-response relationships (1:1, 1:10, 1:50, and 1:100
cells/bacteria) were evaluated.

Wild-type strain Lactococcus lactis subsp. cremoris MG1363 (30) and
the recombinant L. lactis subsp. cremoris clone GRS1185, itself having a
nisin-inducible vector that in turn contains the coding region of the
spaCBA pilus operon, were grown overnight in M17 broth (catalog num-
ber 218561; Becton, Dickinson, Erembodegem, Belgium) supplemented
with 0.5% glucose at 30°C. A 1% aliquot taken from this preculture was
used to further inoculate fresh M17 broth, and cells were kept overnight at
30°C. In the case of the recombinant lactococcal construct GRS1185, a
similar procedure was followed, and the media were supplemented with
7.5 pg/ml chloramphenicol (catalog number C0378-25G; Sigma-Aldrich,
St. Louis, MO, USA). After inoculation with 100 wl of preculture, the
cultures were allowed to grow until the optical density at 600 nm (ODy,)
was 0.5. Subsequently, 3 ng/ml of nisin was added to the cultures to induce
pilus expression. Nisin (catalog number N5764; Sigma-Aldrich, St. Louis,
MO, USA) was prepared as previously described (31). Briefly, a stock
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solution of nisin (10 mg/ml) was made by suspending 100 mg of nisin per
ml in 0.05% acetic acid, followed by 10-fold dilution with dimethyl sul-
foxide.

Detection of SpaCBA pili on the L. rhamnosus GG wild type
and mutants by immunofluorescence microscopy. To phenotypically
characterize the derivative mutants of L. rhamnosus GG, i.e., spaCBA
mutant CMPG5357 and the exopolysaccharide (EPS)-deficient mutant
CMPG5351, immunofluorescence assays were performed as described
previously (32). Briefly, cells were grown to exponential phase and fixed
for 1 h in 2.5% formaldehyde (catalog number VELC1374.1000; VWR
International, Radnor, PA, USA) and 0.05% glutaraldehyde (catalog
number G5882-50ML; Sigma-Aldrich, St. Louis, MO, USA). Cells were
then washed and incubated in blocking buffer (0.5%; Boehringer Mann-
heim, Mannheim, Germany) for 10 min. The samples were further incu-
bated in blocking buffer containing anti-SpaC rabbit polyclonal antise-
rum (21) or preimmune serum (1:100 and 1:400 dilutions, respectively)
for 30 min and subsequently incubated in blocking buffer containing goat
anti-rabbit IgG (1:200 dilution) conjugated to Alexa Fluor 488 (catalog
number A-11070; Invitrogen, Life Technologies, Ghent, Belgium) for an-
other 30 min. Samples were visualized with a Zeiss Axio Imager Z1 mi-
croscope equipped with an AxioCam MRm Rev 3 monochrome digital
camera.

GFP labeling of L. rhamnosus GG pilus mutants. The nisRK genes
with their own promoter were integrated into the chromosome of the L.
rhamnosus GG mutants, as previously described for the wild type (33).
Site-specific integration was accomplished by electroporating the suicide
plasmid pMECI10 (34) into the L. rhamnosus GG mutants. Integration of
PMECI1O0 at the tRNAS locus was confirmed by PCR as previously de-
scribed (35). The following primers were used: PRO-567 (5'-GTCGACA
CAGGATTTGAACC-3'; which corresponds to primer T2 [35]) and
PRO-570 (5'-CAAGCCAACAGACGTGCAAGCA-3'; which binds to
the 3’ end of the int gene [35]). Subsequently, p MEC45 (36), the expres-
sion vector containing gfp under the control of the nisA promoter, was
electroporated into CMPG5357/pMEC10 (CMPG1908) and CMPG5351/
PMEC10 (CMPG1907). Transformants were verified by PCR analysis.
Finally, the expression of green fluorescent protein (GFP) driven by the
nisA promoter (pMEC45) in the L. rhamnosus GG derivatives was opti-
mally induced as described previously (33). Briefly, overnight cultures of
L. rhamnosus GG FAJ1906/pMEC45, CMPG1908/pMEC45, and
CMPG1907/pMEC45 were used to inoculate fresh prewarmed MRS me-
dium diluted 1:50. After 30 min of incubation at 37°C without shaking,
500 ng/ml nisin was added to the cultures, which were then incubated for
2.5 to 3 h. Nisin was used to induce the transcription of the genes under
the control of the nisA promoter.

Maintenance and culturing of cell lines. The murine macrophage cell
line RAW 264.7 (ATCC TIB-71) was purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA). RAW 264.7 cells were
maintained in Dulbecco’s modified Eagle medium (DMEM; catalog num-
ber 41966-029; Life Technologies, Ghent, Belgium) containing 10% fetal
bovine serum (FBS; catalog number SH30071.03; HyClone, USA) and 50
pg/ml gentamicin (catalog number G1397; Sigma-Aldrich, St. Louis, MO,
USA) in a 5% CO, humidified incubator at 37°C. Every 2 or 3 days, the
cells were split at a subcultivation ratio of 1:3. For adhesion, phagocytosis,
and immunomodulation experiments, RAW 264.7 cells were grown over-
night in 12-well culture plates (catalog number 665180; Greiner Bio-One,
Ltd., Solingen, Germany) at a concentration of 1 X 10° cells/ml.

Adhesion and phagocytosis assays with murine macrophages. Ex-
periments to assess the adhesion of various L. rhamnosus GG strains to
RAW 264.7 cells were carried out as follows on the basis of the methods of
Lebeer etal. (22). A 1-ml volume of L. rhamnosus GG and the correspond-
ing mutants (5 X 107 CFU/ml) was added to tissue culture plate wells
containing RAW 264.7 cells. The bacteria were allowed to adhere to the
cells for 1 h at 37°C. The cells were then rinsed three times with 1X PBS
prewarmed to 37°C and resuspended in 1 ml of 1X PBS, pH 7.4. Finally,
the cells were detached using a cell scraper, and serial dilutions of bacterial
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suspensions were prepared and plated out on solid MRS medium for
Lactobacillus strains and M17 medium for Lactococcus strains. The per-
centage of bacterial adhesion was calculated by comparing the total num-
ber of bacterial colonies counted after adhesion to the number of cells in
the bacterial suspension originally added to the tissue culture plate wells.
In addition, the total amount of macrophage-associated bacteria was de-
termined. To this point the aforementioned protocol for adhesion had
been followed, but macrophages were then lysed with 0.2% Triton X-100
(catalog number T8787; Sigma-Aldrich, St. Louis, MO, USA) for 15 min
prior to preparation of the dilution series in order to liberate internalized
bacteria. The percentage of total associated bacteria was then calculated by
comparing the total number of bacterial colonies counted after the mac-
rophages were lysed to the number of bacteria originally added. Further-
more, to determine the number of internalized bacteria, phagocytosis
assays were performed as described previously (37), with slight modifica-
tions. Briefly, RAW 264.7 cells (1 X 10° cells) were incubated for 1 h at
37°C with L. rhamnosus GG or L. lactis subsp. cremoris pilus variants as
described above. Bacterial internalization was stopped with the addition
of ice-cold 1X PBS, pH 7.4, and macrophages were washed three times to
remove nonadhered bacteria. The remaining extracellular bacteria were
killed by addition of streptomycin (100 pg/ml) and penicillin (100 U/ml)
for another hour. The cells were then washed three times with 1 X PBS and
lysed with 0.2% Triton X-100 for 15 min. Serial dilutions of bacterial
suspensions were prepared and plated out on solid media. The percentage
of internalized bacteria was determined by comparing the total number of
bacterial colonies counted after the cells were lysed to the number of
bacteria originally added. All experiments were repeated at least three
times, and all strains were tested in triplicate.

Analysis of bacterium-macrophage interaction by epifluorescence
microscopy and flow cytometry. Epifluorescence microscopy was used to
visualize the pattern of adhesion of the L. rhamnosus GG strains to RAW
264.7 cells. Macrophages were seeded onto coverslips in 6-well tissue cul-
ture plates (catalog number 657160; Greiner Bio-One, Ltd., Solingen,
Germany) at a concentration of 1 X 10° cells per well and were grown
overnight. An overnight culture of GFP-expressing (GFP™) L. rhamnosus
GG (nisin-induced cultures of FAJ1906/pMEC45, CMPG1908/pMEC45,
and CMPG1907/pMEC45) was used to inoculate fresh, prewarmed MRS
medium diluted 1:50. After 30 min of incubation at 37°C without shaking,
500 ng/ml nisin was added to the culture, which was then incubated for 2.5
to 3 h. Fluorescently labeled L. rhamnosus GG strains were subsequently
added to the macrophages at a ratio of 50 to 1 CFU/cell. After 2 h of
incubation at 37°C in 5% CO,, the cells were washed three times with 1X
PBS, pH 7.4, to remove nonadhered bacteria, and the interaction between
the bacteria and the macrophages was examined by epifluorescence mi-
croscopy using a Zeiss Axio Imager Z1 microscope equipped with an
AxioCam MRm Rev 3 monochrome digital camera (Carl Zeiss Microim-
aging GmbH, Germany). This assay was repeated at least five times.

For flow cytometric analysis, GFP-expressing L. rhamnosus GG strains
were incubated with macrophages for 2 h at 37°C in 5% CO,. The cells
were then fixed with 3% paraformaldehyde and resuspended in 1X PBS,
and the fluorescence in the macrophages was examined by fluorescence-
activated cell sorter (FACS) analysis with a BD Influx cell sorter (Becton,
Dickinson, Erembodegem, Belgium). Data were analyzed using Flow]Jo
software, version 7.6.4. The experiment was repeated at least three times,
and all strains were tested in triplicate.

Induction of cytokine gene expression in RAW 264.7 cells. Wild-type
and mutant L. rhamnosus GG cells were grown overnight in MRS medium
and then centrifuged at 2,000 X g for 15 min at 4°C. After washing with
1X PBS, pH 7.4, cells were resuspended in DMEM without FBS and ad-
justed to a final concentration of 5 X 10”7 CFU/ml. One milliliter of the
bacterial suspension was added to the wells containing RAW 264.7 cells
and incubated for 3 h at 37°C in 5% CO, at 90% humidity. Then, the cells
were rinsed three times with prewarmed 1X PBS, pH 7.4. Here, lipopoly-
saccharide (LPS; 1 pg/ml) from Escherichia coli O111:B4 (catalog number
L4391; Sigma-Aldrich, St. Louis, MO, USA) was included as a positive
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TABLE 2 Primers and probes sequences used in this study for mRNA measurements”

Target mRNA Primer or probe Sequence (5'-3")
TBP FW TTGTACCGCAGCTTCAAAATATTGT

RV GCAGCAAATCGCTTGGGAT

TP FAM-TTGACCTAAAGACCATTGCACTTCGTGCA-TAMRA
B2M FW CCACTGAGACTGATACATACGCCT

RV GATCACATGTCTCGATCCCAGTAG

TP FAM-TAAGCATGCCAGTATGGCCGAGCC-TAMRA
SDHA FW ACATCAGAACTACGCCTAAACATGC

RV AAACCATTCCCCTGTCGAATG

TP FAM-AACCATGCTGCAGTGTTCCGTGTGG-TAMRA
RPL13A FW GCGCCTCAAGGTGTTGGAT

RV CCCAGGTAAGCAAACTTTCTGG

TP FAM-TGGTCCCTGCTGCTCTCAAGGTTGTT-TAMRA
HPRT FW TTATCAGACTGAAGAGCTACTGTAATGATC

RV TTACCAGTGTCAATTATATCTTCAACAATC

TP FAM-TGAGAGATCATCTCCACCAATAACTTTTATGTCCC-TAMRA
PPIA FW GCCGCGTCTCCTTCGAG

RV GTAAAGTCACCACCCTGGCAC

TP FAM-TTGCAGACAAAGTTCCAAAGACAGCAGAAA-TAMRA
B-Actin FW AGAGGGAAATCGTGCGTGAC

RV CAATAGTGATGACCTGGCCGT

TP FAM-CACTGCCGCATCCTCTTCCTCCC-TAMRA
GAPDH FW TCACCACCATGGAGAAGGC

RV GCTAAGCAGTTGGTGGTGCA

TP FAM-ATGCCCCCATGTTTGTGATGGGTGT-TAMRA
1L-6 FW GAGGATACCACTCCCAACAGACC

RV AAGTGCATCATCGTTGTTCATACA

TP FAM-CAGAATTGCCATTGCACAACTCTTTTCTCA-TAMRA
IL-10 FW GGTTGCCAAGCCTTATCGGA

RV ACCTGCTCCACTGCCTTGCT

TP FAM-TGAGGCGCTGTCATCGATTTCTCCC-TAMRA

“TBP, TATAA box binding protein; B2M, 8,-microglobulin; SDHA, succinate dehydrogenase complex subunit A; RPL13A, ribosomal protein L13a; HPRT, hypoxanthine
phosphoribosyltransferase; PPIA, peptidyl-prolyl cis-trans-isomerase A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-6, interleukin-6; IL-10, interleukin-10; FW,
forward primer; RV, reverse primer; TP, hydrolysis probe; FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

control, and DMEM unsupplemented with FBS was used as a negative
control. Additionally, nonpiliated L. lactis subsp. cremoris MG1363 and
the recombinant SpaCBA-piliated lactococcal construct (GRS1185) were
also included as controls. RNA was extracted from the RAW 264.7 cells by
using an RNeasy minikit (Qiagen, MD, USA), following the manufactur-
er’s protocol. The concentration was determined by spectrophotometric
measurement of the OD,4, (ND-1000; NanoDrop Technologies). In ad-
dition, OD,4,/OD,g, and OD,,/OD,,, ratios were measured and found
to range from 2.0 to 2.2, and the RNA quality and integrity were con-
firmed with an Experion RNA analysis kit (Bio-Rad Laboratories, Hercu-
les, CA, USA). Values of the RNA integrity number (RIN) of between 9.8
and 10 were obtained, with a value of 10 indicating intact RNA (data not
shown). Measurement of cytokine gene expression was determined by
quantitative real-time PCR (qPCR) as described below. The experiment
was repeated at least three times, and all strains were tested in triplicate. To
determine whether direct cell-to-cell contact is required for cytokine in-
duction, RAW 264.7 cells were incubated with the L. rhamnosus GG
strains in a Transwell culture system (catalog number CLS3401-48EA;
Sigma-Aldrich, St. Louis, MO, USA). RAW 264.7 cells were located in the
lower chamber, and L. rhamnosus GG cells were located in the upper
chamber. The cells were separated by a 0.4-pm-pore-size permeable filter
membrane support, thereby avoiding any direct contact between bacterial
cells and macrophages.

qPCR analysis. Isolated total RNA (1 pg) was transcribed to cDNA
with SuperScript Il reverse transcriptase (catalog number 18064-071; Life
Technologies, Ghent, Belgium) and oligo(dT) primers (catalog number
N8080128; Life Technologies, Ghent, Belgium) according to the manu-
facturer’s protocol. Afterward, nuclease-free water (catalog number
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AM9935; Life Technologies, Ghent, Belgium) was added to a volume of
100 pl. For each sample, 5 pl cDNA (containing 50 ng of transcribed
RNA) was amplified in duplicate with the TagMan universal PCR master
mix (catalog number 4304437; Life Technologies, Ghent, Belgium) in a
total reaction volume of 25 pl. We chose to evaluate eight reference genes
commonly used as internal controls in expression studies, namely,
TATAA box binding protein (TBP), succinate dehydrogenase complex
subunit A (SDHA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
B,-microglobulin (B2M), peptidyl-prolyl cis-trans-isomerase A (PPIA),
ribosomal protein L13a (RPL13A), hypoxanthine phosphoribosyltrans-
ferase (HPRT), and B-actin. Interestingly, the TBP, SDHA, and GAPDH
genes gave comparable results on the basis of RefFinder analyses (http:
/Iwww.leonxie.com/referencegene.php) (data not shown). The GAPDH
gene was then chosen as a reference gene, so that all results were normal-
ized to those for the GAPDH gene to compensate for differences in the
amount of starting material. JPCR was performed for IL-10, IL-6, and
GAPDH in a StepOnePlus real-time PCR system (Applied Biosystems,
Lennik, Belgium). cDNA plasmid standards, consisting of purified plas-
mid DNA specific for each cytokine, were used to quantify the target gene
in the unknown samples, as described previously (38). For each cytokine,
at least one primer or probe was designed to span an intron region of the
matching cytokine gene. All primers and probes were designed on the
basis of published sequences (39, 40) and chemically synthesized by Inte-
grated DNA Technologies (IDT; Coralville, IA, USA) (Table 2). Each
qPCR amplification was performed in duplicate wells in clear 96-well
reaction plates (catalog number 4346906; Life Technologies, Ghent, Bel-
gium) under the following conditions: 95°C for 10 min, followed by 40
cycles at 95°C for 15 s and 60°C for 1 min. qPCR data are presented as a
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fHOLF

welE mutant L. lactis MG1363 GRS1185
CMPG5351 Wild-type

L. rhamnosus GG
Wild-type

spaCBA mutant
CMPG5357

Galactose-rich polysaccharides
r~ Pili
FIG 1 Presence of pili in L. rhamnosus GG and its derivative mutants. (A to C) Indirect immunofluorescence microscopy. Anti-SpaC rabbit antisera (1:100
dilution) were used on the L. rhamnosus GG wild type (A), pilus-deficient spaCBA mutant CMPG5357 (B), and EPS-deficient mutant CMPG5351 (C).
SpaC-containing pili were then identified by anti-rabbit IgG antibodies (1:200 dilution) conjugated with Alexa Fluor 488. (D) Schematic representation of the
bacterial strains used. The L. rhamnosus GG wild type, its derivative mutant strains, the L. lactis subsp. cremoris MG1363 wild type, and its recombinant
SpaCBA-piliated lactococcal construct (GRS1185) were used in this study. The L. rhamnosus GG wild type has galactose-rich polysaccharides and pili on its
surface. The spaCBA mutant CMPG5357 has galactose-rich polysaccharides but lacks the pili. The welE mutant CMPG5351 lacks the long galactose-rich

polysaccharides but has increased exposure of pili and other surface molecules (20-23, 64—66).

ratio of the amount of cytokine mRNA to the amount of GAPDH mRNA.
Nontemplate controls were included for each run.

TLR2 and CD11b blocking assay. The blocking monoclonal anti-hu-
man/mouse CD282 TLR2 purified antibody (clones T2.5 and 6C2) and
monoclonal anti-mouse CD11b purified antibody (clone M1/70) were
obtained from eBioscience (San Diego, CA, USA). RAW 264.7 cells (1 X
10 cells/ml) were incubated with TLR2 (5 to 10 pg/ml) or CD11b anti-
bodies (5 pg/ml) for 30 min at 37°C in 5% CO,. Cells were washed three
times with serum-free culture medium to wash off any free antibody.
Subsequently, cells were cocultured with bacteria (5 X 107 CFU/ml). After
3 h of incubation, the RAW 264.7 cells were rinsed three times with pre-
warmed 1X PBS, pH 7.4. RNA was extracted, and measurement of cyto-
kine gene expression was determined by qPCR as described above. Bacte-
rial adhesion to and uptake by macrophages pretreated with CD11b
antibodies were also analyzed as described above.

Statistical analysis. Significant differences in the data between wild-
type L. rhamnosus GG and its mutant derivatives were evaluated by the
unpaired Student’s ¢ test. A P value of =0.05 was considered statistically
significant. All data were also analyzed using SPSS Statistics (version 22)
software. The normality of the distribution was assessed using the Sha-
piro-Wilk test in which significant values greater than 0.05 represented a
normal distribution. Graphical tools were also used to test normality by
analyzing histograms and quantile-quantile (Q-Q) plots of the sample
data.

RESULTS

Detection of pili on the L. rhamnosus GG wild type and isogenic
mutants by immunofluorescence microscopy. In addition to the
L. rhamnosus GG wild type, the isogenic spaCBA mutant
CMPG5357, which lacks the SpaCBA pili (22), and the welE mu-
tant CMPG5351, which is deficient in the production of EPS but
shows increased exposure of pili and glucose-rich polysaccharides
(20), were the main pilus-expressing variants studied in this work
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(Fig. 1D). To phenotypically confirm the presence of pili in these
derivative mutants of L. rhamnosus GG, indirect immunofluores-
cence microscopy with anti-SpaC serum was performed. Figure
1B confirms that the pilus mutant CMPG5357 does not contain
SpaC monomeric adhesins, as no fluorescence was detected on the
mutant cells stained with anti-SpaC serum. In contrast, we were
able to visualize SpaC-containing pili on the L. rhamnosus GG
wild type (Fig. 1A) and even observed an increased signal with the
SpaC antiserum in the EPS-deficient mutant CMPG5351 (Fig.
1C). Staining with preimmune serum as a negative control
showed no fluorescence in the wild type or mutants (data not
shown).

SpaCBA pili promote L. rhamnosus GG adhesion to RAW
264.7 cells and modulate its internalization. Since intestinal epi-
thelial cells and monocytic cells have different cell surface properties,
we subsequently aimed to investigate the role of pili in adherence to
macrophages. Compared to the adhesion of the L. rhamnosus GG
wild type, the pilus spaCBA-knockout mutant showed a ca. 2.3-
fold reduction in adhesion to murine macrophage RAW 264.7
cells, while the EPS-deficient mutant CMPG5351 showed a ca.
2-fold increased adhesion capacity (Fig. 2). Likewise, an in-
crease in the level of adhesion to RAW 264.7 cells of ca. 10-fold
was observed for the nisin-induced GRS1185 lactococcal con-
struct producing SpaCBA pili compared to the level observed
for the nonpiliated L. lactis subsp. cremoris wild type. To specifi-
cally assess the role of SpaCBA pili on macrophage binding, the
total amount of macrophage-associated bacteria was also deter-
mined, and when RAW 264.7 cells were stimulated with the
SpaCBA pilus-deficient mutant CMPG5357, a reduction in the
total amount of bacteria of ca. 2.3-fold compared to the total
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FIG 2 Adhesion to RAW 264.7 cells and phagocytosis of wild-type (WT) L. rhamnosus GG and its knockout mutant (MT) derivatives by RAW 264.7 cells. For
adhesion assays, L. rhamnosus GG (5 X 107 CFU/ml) was coincubated for 1 h with 1 X 10® RAW 264.7 cells, and the percentage of adherent bacteria was
determined. The total amount of macrophage-associated bacteria was also evaluated by lysis of the RAW 264.7 cells prior to preparation of the dilution series in
order to liberate internalized bacteria. For phagocytosis assays, L. rhamnosus GG and its knockout mutant derivatives were added to RAW 264.7 cells at a ratio
of 50:1 for 1 h. The remaining extracellular bacteria were killed by addition of streptomycin (100 wg/ml) and penicillin (100 U/ml) for an additional hour, and
the percentage of internalized bacteria was then determined. Nonpiliated L. lactis subsp. cremoris MG1363 and the recombinant SpaCBA-piliated lactococcal
construct (GRS1185) were included as controls. These experiments were done in triplicate, and error bars represent standard deviations. Asterisks represent

statistically significant differences compared to the results for the L. rhamnosus GG wild type or L. lactis subsp. cremoris MG1363.

amount found when they were stimulated with L. rhamnosus GG
was found. Conversely, the EPS-deficient mutant CMPG5351
showed an increase in the total amount of associated bacteria of ca.
2.1-fold (Fig. 2). Similarly, we could observe an increase in the
total number of macrophage-associated bacteria of ca. 9.6-fold for
the recombinant SpaCBA-piliated lactococcal cells compared to
that for the nonpiliated L. lactis subsp. cremoris wild type.
Furthermore, to examine whether SpaCBA pilus-mediated ad-
hesion affects the uptake of L. rhamnosus GG by macrophages by
phagocytosis and related uptake mechanisms, the L. rhamnosus
GG wild type and its mutant derivatives were incubated with mac-
rophages, and the number of internalized bacteria was counted.
External bacteria were killed by antibiotic treatment consisting of
a combination of streptomycin (100 pg/ml) and penicillin (100
U/ml). Previous experiments showed that this treatment resulted
in a more than 99% decrease of bacterial survival after 1 h of
incubation, so that external bacteria do not significantly bias the
results (data not shown). We subsequently observed that the
SpaCBA-deficient mutant CMPG5357 was internalized to a ca.
2.7-fold lower degree than the L. rhamnosus GG wild type in RAW
264.7 cells. Conversely, the EPS-deficient mutant CMPG5351
showed a ca. 10.8-fold increased uptake compared to the wild type
(Fig. 2). Similarly, the recombinant SpaCBA-piliated lactococcal
construct GRS1185 was internalized by RAW264.7 cells ca. 452-
fold more than the nonpiliated L. lactis subsp. cremoris wild type.
To further verify our findings, we also performed fluorescence
microscopy analyses. First, the pilus mutant CMPG5357 and the
EPS-deficient mutant CMPG5351 were transformed with a GFP-
expressing plasmid as described in Materials and Methods. RAW
264.7 cells were then incubated with the GFP-expressing bacteria
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for 2 h, after which the interaction between bacteria and macro-
phages was analyzed. Notably, in five independent experiments we
could barely detect the pilus-knockout mutant (CMPG1908/
PMECA45) in the sample (Fig. 3B), while the EPS-deficient mutant
(CMPG1907/pMEC45) showed a stronger capacity to interact
with RAW 264.7 cells (Fig. 3C) than the L. rhamnosus GG wild
type (Fig. 3A). Similarly, our flow cytometric data showed that the
spaCBA pilus mutant (CMPG1908/pMEC45) had a lower capac-
ity to interact with macrophages than the wild type, while the
EPS-deficient mutant with an increased exposure of pili
(CMPG1907/pMEC45) interacted with RAW 264.7 cells more
than the L. rhamnosus GG wild type, showing a biphasic interac-
tion curve indicating that the interaction is not synchronized (Fig.
3D). Collectively our data indicate that SpaCBA pili indeed play a
crucial role in the adhesion of L. rhamnosus GG to murine mac-
rophages and are also involved in its internalization process, while
galactose-rich EPS molecules seem to prevent the adhesion capac-
ity and further phagocytosis of L. rhamnosus GG by macrophages.

Cytokine mRNA induction in RAW 264.7 cells is modulated
by the presence of SpaCBA pili on L. rhamnosus GG. Subse-
quently, we investigated whether the SpaCBA pilus-mediated ad-
hesion influences the induction of the pro- and anti-inflamma-
tory cytokines IL-6 and IL-10, respectively, in RAW 264.7 cells.
Macrophages were coincubated with bacteria for 3 h, on the basis
of the findings of previous experiments in which different incuba-
tion times were tested, and 3 h was found to be the earliest time
point with optimal expression of the mRNA of the cytokines un-
der study (data not shown). Our qPCR analysis showed a ca.
4-fold increase in the expression of the anti-inflammatory cyto-
kine IL-10 mRNA in macrophages stimulated with the EPS-defi-
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FIG 3 Interaction of GFP-expressing L. rhamnosus GG WT and its mutant derivatives with macrophages visualized by fluorescence microscopy and flow
cytometry. (A to C) For fluorescence microscopy assays, RAW 264.7 cells were incubated with L. rhamnosus GG FAJ1906/pMEC45 (A), CMPG1908/pMEC45
(GFP" spaCBA mutant) (B), and CMPG1907/pMEC45 (GFP* welE mutant) (C) for 2 h. Fluorescence micrographs are representative of those from 5
independent experiments. (D) FACS analysis. RAW 264.7 cells were incubated with the GFP-expressing L. rhamnosus GG wild type and mutants for 2 h at 37°C.
The graph depicts the signal intensity of GFP (previously calibrated with fluorescently labeled beads [rainbow beads, catalog number RCP-30-5A, 8 peaks;
Spherotech]) (x axis) versus the number of cells (y axis). The results represent the fluorescence intensity of 5 X 10° cells in one representative experiment.

cient mutant CMPG5351 compared to that in macrophages stim-
ulated with the L. rhamnosus GG wild type, whereas the pilus
mutant CMPG5357 induced a similar level of IL-10 mRNA (Fig.
4A, left). We also analyzed the role of pili in a recombinantly
engineered L. lactis subsp. cremoris strain that produces SpaCBA
pili. Interestingly, GRS1185 cells producing SpaCBA pili induced
the expression of IL-10 mRNA to levels ca. 4.5-fold greater than
those for the nonpiliated L. lactis subsp. cremoris wild type. Taken
these findings together, the presence of pili seems to moderately
promote IL-10 mRNA induction by L. rhamnosus GG and L. lactis
subsp. cremoris, but comparisons of the results for the mutants
show that the pili per se are not required for IL-10 mRNA induc-
tion. Itis also noteworthy that the level of induction of the expres-
sion of IL-10 by L. rhamnosus GG or the L. lactis subsp. cremoris
wild type is comparable to that by the control, LPS (1 pg/ml) (Fig.
4A, left).

We also tested the expression of IL-6 mRNA as a proinflam-
matory cytokine, considering its relation with inflammation. As
shown in Fig. 4A (right), the expression of IL-6 mRNA was slightly
increased by ca. 1.2-fold when macrophages were stimulated with
the spaCBA pilus mutant CMPG5357, while the enhanced expo-
sure of pili did not appear to impact IL-6 mRNA induction signif-
icantly when the results obtained with EPS-deficient mutant
CMPG5351 and the L. rhamnosus GG wild type were compared
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(P < 0.05). However, stimulation with GRS1185 producing
SpaCBA pili resulted in a decreased induction of IL-6 mRNA in
RAW 264.7 cells by ca. 2-fold compared to that achieved with
stimulation by the nonpiliated L. lactis subsp. cremoris wild type.
Taken together, the presence of pili seems to moderately reduce
IL-6 mRNA induction by L. rhamnosus GG and L. lactis subsp.
cremoris. Importantly, LPS (1 pg/ml) induced IL-6 mRNA to
much higher levels than all strains tested.

Subsequently, in order to investigate the role of cell contact in
L. rhamnosus GG-mediated cytokine modulation in macro-
phages, Transwell experiments were performed to prevent direct
contact between macrophages and bacteria. IL-10 mRNA expres-
sion was examined after 3 h using qPCR. Separation of macro-
phages from bacteria by a 0.4-pm-pore-size membrane indeed
completely suppressed the induction of IL-10 mRNA (Fig. 4B,
left). Similar results were found while investigating the expression
of IL-6 mRNA (Fig. 4B, right).

Role of the host receptors CR3 and TLR2 in the interaction of
L. rhamnosus GG with macrophages. To identify putative recep-
tors on macrophages that are involved in the recognition of L.
rhamnosus GG, possibly via the SpaCBA pili, we used previously
validated blocking antibodies (24, 41) against complement recep-
tor 3 (CR3; consisting of the two subunits CD11b and CD18) and
Toll-like receptor 2 (TLR2). First, we evaluated the effect of CR3 in
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FIG 4 Interleukin-10 mRNA and interleukin-6 mRNA response of RAW 264.7 macrophages. (A) Cells were stimulated with L. rhamnosus GG strains for 3 h.
DMEM served as a negative control, and LPS at 1 wg/ml served as a positive control. Nonpiliated L. lactis subsp. cremoris MG1363 and the recombinant
SpaCBA-piliated lactococcal construct (GRS1185) were included as additional controls. Bacteria were administered at a ratio of 1:50 cells to bacteria. Results were
quantified by the use of a cDNA plasmid standard and expressed as the ratio of the cDNA copy numbers for IL-10 (left) or IL-6 (right) divided by the cDNA copy
numbers for GAPDH multiplied by 10*. Data are mean values *+ standard deviations of triplicate values and represent those from one of three independent
experiments. Asterisks represent statistically significant differences compared to the results for the L. rhamnosus GG wild type or L. lactis subsp. cremoris MG1363.
(B) The role of direct cell-cell contact on L. rhamnosus GG-induced expression of IL-10 (left) and IL-6 (right) mRNA by RAW 264.7 cells was measured by qPCR
after 3 h of coincubation with the different bacterial strains. In a Transwell system, direct cell-cell contact was prevented, and macrophages were grown in the
basolateral compartment with apical addition of the respective bacterial strains. Data are mean values * standard deviations of triplicate values and represent

those from one of three independent experiments. Controls (no treatment) did not induce cytokine secretion.

SpaCBA pilus-mediated adhesion to RAW 264.7 cells by blocking
its CD11b component. We observed no significant differences
(P < 0.05) in the adhesion of the L. rhamnosus GG wild type, the
pilus mutant CMPG5357 and the EPS-deficient mutant
CMPG5351 to murine macrophages that had previously been
treated with anti-CD11b antibodies (Fig. 5A, left). Even though
the difference was not significant, a minor inhibition of the adhe-
sion of the EPS-deficient mutant was found when RAW 264.7 cells
were pretreated with the antibody. Furthermore, the level of mac-
rophage ingestion of pilus-expressing strains was slightly but sig-
nificantly inhibited by ca. 1.2-fold (P < 0.01) by anti-CD11b treat-
ment (Fig. 5A, right) of both the L. rhamnosus GG wild type and
the EPS-deficient mutant. However, when analyzing the role of
CD11b blocking in the cytokine modulatory capacity of L. rham-
nosus GG, we observed that the expression of IL-10 and IL-6
mRNA was not significantly affected by treatment with anti-
CD11b antibodies (data not shown). In contrast, antibody block-

March 2015 Volume 81 Number 6

Applied and Environmental Microbiology

age of TLR2 showed a significant decrease in the expression of IL-6
mRNA by macrophages after stimulation with all the L. rhamnosus
GG strains, while for IL-10 mRNA, this decrease was significant
only for the EPS-deficient mutant (P < 0.05) (Fig. 5B).

DISCUSSION

Adherence is the first step by which components of the bacterial
cell surface interact with receptors present on the host cells. Sub-
sequently, surface-bound components and molecules secreted by
the bacteria can trigger particular signaling pathways leading to
the production of specific host proteins, resulting in specific im-
mune responses. Thus, investigation of the molecular interactions
between components on the bacterial cell surface and host cells is
of great importance to unravel new mechanisms of regulation of
the host immune responses (13). However, the role of bacterial
adhesion in immunomodulation, especially in probiotic lactoba-
cilli, remains unclear. Previous studies by our group and others
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FIG 5 Role of CD11b in adhesion and uptake of L. rhamnosus GG by RAW 264.7 cells and effect of TLR2 in the subsequent immunomodulatory response. (A)
Role of CD11b in adhesion of the mutants to macrophages (left) and phagocytosis of the mutants by macrophages (right) relative to the results for the wild-type
strain, which were set equal to 1. Bacterial strains (5 X 10” CFU/ml) were coincubated for 1 h with 1 X 10° RAW 264.7 cells that had previously been treated with
anti-mouse CD11b monoclonal antibody (5 wg/ml) for 30 min. The data are presented as the mean relative adhesion or phagocytosis * standard deviation. These
experiments were done in triplicate. Asterisks represent statistically significant differences compared to the results for the controls (no antibody treatment). (B)
The effect of TLR2 on the relative levels of IL-10 and IL-6 mRNA expression by RAW 264.7 macrophages was analyzed by pretreatment of macrophages with
antibodies against TLR2 (5 to 10 pg/ml) for 30 min and then coincubation with L. rhamnosus GG strains for 3 h. Bacteria were administered at a ratio of 1:50 of
cells to bacteria. The results are mean values = standard deviations from three separate experiments. The values are normalized against those for GAPDH.

Asterisks denote statistically significant differences from the results for the control (no antibody treatment).

have indicated that there are large differences in the adherence
capacities of lactobacilli (reviewed in, e.g., reference 42). We re-
cently showed that the long flexible pili of L. rhamnosus GG pro-
mote a strong interaction with substrates by a zipper-like mecha-
nism involving SpaC adhesin subunits present at the tip but also
along the pilus fibers (29). In addition, these SpaCBA pili seem to
show a remarkable elasticity imparting nanospring properties that
might help them to retract closer to substrates even under condi-
tions of shear flow or peristalsis (29). Thus, given its high adher-
ence capacity mediated by pili, L. rhamnosus GG is an interesting
model strain with which to investigate the interplay between ad-
hesion and immunomodulation. Here, we aimed to explore the
importance of the presence of these pili on native L. rhamnosus
GG cells in the interaction with phagocytic innate immune cells,
i.e., macrophages. Interest in macrophages as important modula-
tors of the interaction with gut microbiota and probiotics has been
renewed, since it has been shown that they can also pass their
dendrites through intestinal epithelial cells (26, 43). Moreover,
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macrophages can differentiate into classical (M1) or alternative
(M2) subsets, with the first group promoting T helper 1 (Thl)
immune responses and the second one being related to immuno-
suppression by having an anti-inflammatory phenotype (44, 45).

In this work, we demonstrated that SpaCBA pili of L. rhamno-
sus GG are crucial for its capacity to adhere to a murine macro-
phage (RAW 264.7) cell line and that this interaction stimulates
bacterial uptake. Additionally, we observed that the pilus-medi-
ated adhesion and enhanced cell-to-cell contact are coupled to an
anti-inflammatory response, as monitored by the induction of
IL-10 mRNA, since EPS-deficient mutant CMPG5351 with en-
hanced exposure of the pili and the L. lactis subsp. cremoris mutant
with overexpression of the SpaCBA pili showed a markedly in-
creased ability to induce this anti-inflammatory cytokine in RAW
264.7 cells compared to that of their respective wild-type strains.
However, we could not observe any significant differences in the
expression of IL-10 mRNA when the cells were stimulated with
the nonpiliated spaCBA mutant CMPG5357 strain and the wild-
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type L. rhamnosus GG strain, suggesting that the pili per se are not
required for the induction of IL-10 mRNA. IL-10 was selected as a
biomarker for immunological activities due to its crucial role in
the suppression and prevention of inflammatory responses (46,
47). This cytokine is produced by several immune cells, such as
regulatory CD4™ T cells, which are key players in anti-inflamma-
tory immune responses (48), and M2 macrophages, which express
an IL-10"&" phenotype (49, 50). Interestingly, the level of IL-10
mRNA induced was similar to or even greater than that induced
by LPS (1 pg/ml), a previously documented bacterial ligand
shown by different groups to activate IL-10 gene expression in
macrophages (51-53). Our findings after heterologous expression
of the SpaCBA pili in L. lactis subsp. cremoris for IL-10 induction
in murine macrophages are in agreement with those of previous
work of von Ossowski and coworkers using moDCs (23). Given its
zipper-like adhesion role, it is highly likely that the pili do not
directly induce large amounts of IL-10 mRNA but, rather, mediate
close interaction with the macrophages, resulting in an enhanced
delivery of anti-inflammatory molecules. The exact IL-10-induc-
ing molecules in L. rhamnosus GG thus remain to be determined,
but our Transwell experiments suggest that they are located on the
bacterial cell wall. Documented Lactobacillus molecules with anti-
inflammatory properties include polysaccharide chains of rham-
nose-rich EPSs produced by L. rhamnosus RW-9595M that induce
immunosuppression by the production of anti-inflammatory
IL-10 in macrophages (54), but they do not seem to be present in
L. rhamnosus GG (20). Bernardo and coworkers identified a pep-
tide (STp) secreted by L. plantarum BMCM]12 that could induce
intracellular IL-10 in human blood and intestinal DCs (67). Like-
wise, the S-layer protein A (SIpA) from L. acidophilus NCFM was
found to mediate the interaction of bacteria with DCs by specifi-
cally binding their C-type lectin PRR DC-SIGN, resulting in the
induction of IL-10 in the presence of LPS, but IL-10 was not as
highly induced by LPS or SIpA alone (18). Furthermore, teichoic
acids (TAs) from L. plantarum ATCC 14917 were found to be
recognized by TLR2, activate the extracellular signal-regulated ki-
nase pathway, and act synergistically with L. casei Shirota YIT9029
to induce IL-10 production in mouse peritoneal macrophages
(55). However, other studies showed that expression of IL-10 was
almost entirely unaffected in THP-1 cells after treatment with
LTA isolated from L. plantarum KCTC10887BP (56) and that LTA
from L. plantarum NCIMB8826 promotes IL-12 rather than IL-10
induction (57). Clearly, multiple Lactobacillus cell wall or secreted
molecules could be directly involved in IL-10 mRNA induction.
Furthermore, our results indicate that the SpaCBA pili of L.
rhamnosus GG do not directly influence the expression of proin-
flammatory cytokine IL-6 mRNA. We could observe an increased
induction for the SpaCBA pilus mutant CMPG5357 compared to
that for the wild type, whereas EPS-deficient mutant CMPG5351,
showing an enhanced exposure of the pili, had the same levels of
expression of IL-6 mRNA as the wild type. In support of the
above-mentioned results, further experiments indicated that the
SpaCBA-piliated lactococcus GRS1185 also reduced the level of
IL-6 mRNA induction in RAW 264.7 cells compared to that
achieved with nonpiliated L. lactis subsp. cremoris. However, these
data are not in agreement with those from previous work using
human moDCs (23), where the SpaCBA-piliated lactococcal con-
structs had increased levels of IL-6 production. It is worthy of
mention that in the previous study (23), IL-6 production was
measured according to the protein levels, while in the present
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work, gene expression at the mRNA level was evaluated. More-
over, different antigen-presenting cells (i.e., human monocyte-
derived DCs and murine macrophages) were used in both studies,
so that a variation in the pattern of cytokine production can be
expected due to differential receptor expression (58). Taken to-
gether, our data suggest that the presence of pili probably indi-
rectly prevents the induction of IL-6 mRNA by other surface mol-
ecules. Interestingly, a former study has demonstrated a role for
pathogenic pneumococcal pili in the induction of proinflamma-
tory cytokines, as higher levels of IL-6 were found in the serum of
mice previously challenged with S. pneumoniae strain T4, which
expresses pili, than in the serum of mice treated with its isogenic
nonpiliated deletion mutant (59). Although the results from this
in vivo study cannot be easily compared with those of our molec-
ular interaction studies with cell lines, it is intriguing that pili from
pathogenic bacteria induce proinflammatory immune responses
in the host, while our data for the pili of the probiotic strain under
study showed instead an indirect antipathogenic role. Neverthe-
less, future studies will have to investigate the role of pili on pro-
biotic lactobacilli in modulating other anti- and proinflammatory
biomarkers in different cell types and hosts with different disease
states and genetic backgrounds.

To gain a better insight into the molecular interaction between
piliated L. rhamnosus GG and macrophages, we also investigated
the role of two PRRs, i.e., CR3 (CD11b/CD18) and TLR2. CR3isa
receptor present on the surface of most immune cells, including
monocytes/macrophages, DCs, neutrophils, and natural killer
(NK) cells, and plays an essential role in different immunological
processes, including cell activation, chemotaxis, cytotoxicity, and
phagocytosis (60) and tolerance induction (61). Previous studies
demonstrated that pilus-associated adhesin RrgA from S. pneu-
moniae binds to CR3 and promotes bacterial uptake by murine
and human macrophages (24). Using a similar approach with the
same anti-CD11b antibodies, our data show that SpaCBA pili of L.
rhamnosus GG promote bacterial phagocytosis by RAW 264.7
cells partially through CR3. However, the induction of IL-10 and
IL-6 mRNA in these macrophages was not affected by the treat-
ment with anti-CD11b antibodies, suggesting that L. rhamnosus
GG-mediated cytokine modulation occurs in a CR3-indepen-
dent manner. TLR2 has been found to be involved in the rec-
ognition of various MAMPs of Gram-positive bacteria. For in-
stance, we recently demonstrated that LTA from L. rhamnosus
GG stimulates TLR2/6-dependent activation of NF-k[3 signaling
in the HEK293T cell line and stimulates proinflammatory cyto-
kines, at least under certain conditions (17). Interestingly, our
present results show that induction of IL-6 mRNA by L. rhamno-
sus GG in macrophages is significantly influenced by the interac-
tion with TLR2. This L. rhamnosus GG-TLR2 interaction is at least
partially mediated by L. rhamnosus GG LTA, being a MAMP for
TLR2/6, as determined on the basis of our previous work (17).
Nevertheless, it is important to emphasize that LPS was still able to
induce much higher levels of IL-6 mRNA than all L. rhamnosus
GG strains tested, indicating that the induction of IL-6 by L. rh-
amnosus GG is subtler than that by the more immunostimulatory
LPS of E. coli. Blockage of TLR2 also significantly affected the
expression of IL-10 mRNA, but only when cells were treated with
the EPS-deficient mutant, suggesting that molecules other than
SpaCBA pili that are overexposed in this EPS-deficient mutant are
signaling through TLR2 and that TLR2 could thus also modulate
the anti-inflammatory responses. Interestingly, recent work in
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Staphylococcus aureus has also shown that its cell surface contains
both proinflammatory and IL-10-inducing immunomodulatory
molecules. These peptidoglycan-embedded IL-10-inducing mol-
ecules also bind to TLR2 on host antigen-presenting cells, activat-
ing the PI3K/Akt pathway, resulting in high levels of production of
IL-10, which in turn downregulates the adaptive T cell response
(62, 63). Thus, the exact receptor(s) by which the SpaCBA pili
could mediate cytokine induction remains to be identified. For
such studies, sufficient amounts of highly pure pili need to be
obtained and preferentially studied in their native configuration.
Such experiments are ongoing in our lab but are complicated.

Taken together, our data indicate that L. rhamnosus GG pili
play a role in the host interaction with macrophages, mainly by
promoting adhesion and internalization. As a result, other
MAMPs, both pro- and anti-inflammatory molecules of L. rham-
nosus GG, can interact more closely with their respective PRRs.
Nevertheless, it remains to be substantiated in more complex
models that the pilus-mediated high levels of adhesion of L. rham-
nosus GG to host immune cells combined with a low inflamma-
tory potential would be beneficial to humans.
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