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Alcaligenes are opportunistic commensal bacteria that reside in gut-associated lymphoid tissues such as Peyer’s patches

(PPs); however, how they create and maintain their homeostatic environment, without inducing an excessive inflammatory

response remained unclear. We show here that Alcaligenes-derived lipopolysaccharide (Alcaligenes LPS) acts as a weak

agonist of toll-like receptor 4 and promotes IL-6 production from dendritic cells, which consequently enhances IgA

production. The inflammatory activity of Alcaligenes LPS was weaker than that of Escherichia coli-derived LPS and

therefore no excessive inflammation was induced by Alcaligenes LPS in vitro or in vivo. Alcaligenes LPS also showed

adjuvanticity, inducing antigen-specific immune responses without excessive inflammation. These findings reveal the

presence of commensal bacteria-mediated homeostatic inflammatory conditions within PPs that produce optimal IgA

induction without causing pathogenic inflammation and suggest that Alcaligenes LPS could bea safe and potent adjuvant.

INTRODUCTION

Intestinal commensal bacteria affects the development and
function of the host immune system, including the production
of secretory IgA (SIgA)1 and the development of intraepithelial
T lymphocytes.2 Accumulating evidence has revealed that
particular kinds of commensal bacteria control the differentia-
tion of specific T-cell populations. For example, segmented
filamentous bacteria induce the differentiation of Th17 cells3

and clostridial strains can induce regulatory T cells.4

Although these studies mainly focused on the commensal
bacteria in the intestinal lumen or mucus layers, genome-based

bacterial analysis using intestinal tissue allowed us to identify
Alcaligenes as symbiotic resident bacteria of Peyer’s patches
(PPs), a major gut-associated lymphoid tissue in the small
intestine.5 Oral inoculation of Alcaligenes into germ-free mice
resulted in the sustained growth of Alcaligenes in the PPs,
suggesting that at least some portion of the inoculum survived
in the PPs.5 Our subsequent study showed that lymphoid
tissue-resident commensal (LRC) bacteria including Alcali-
genes have a greater ability to survive in dendritic cells (DCs)
than do luminal-resident bacteria (e.g., Escherichia coli [E.
coli]) and modulate the production of cytokines such as IL-1b,
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IL-6, IL-10, IL-12p40, and IL-23 from DCs.6 We also
demonstrated that not only live bacteria, but also heat-killed
Alcaligenes induces the production of cytokines such as IL-6,
BAFF, and TGF-b from DCs, key cytokines in the enhancement
of IgA production.5 Collectively, germ-free mice mono-
associated with LRC bacteria (e.g., Alcaligenes and Bordetella)
induced IL-22-producing type 3 innate lymphoid cells in the
PPs and an increase in SIgA production in the feces.5,6 Both
type 3 innate lymphoid cells and IgA antibodies are thought to
have an important role in maintaining the restricted distribu-
tion of Alcaligenes inside PPs.5,7

Although these findings revealed the involvement of lym-
phoid tissue-resident Alcaligenes in the development and
regulation of the host immune system, how Alcaligenes
establishes symbiosis without inducing excessive inflammatory
responses in the PPs and maintains this homeostatic immu-
nological condition remains unknown. In this study, we focused
on LPS, a major component of the outer membrane of gram-
negative bacteria like Alcaligenes. It is well known that the
structure of LPS differs among the gram-negative bacteria, and
this difference determines the degree of toll-like receptor 4
(TLR4)-mediated inflammatory activity.8,9 In this study, we
found that Alcaligenes-derived lipopolysaccharide (Alcaligenes
LPS) acts as a weak TLR4 agonist and thus creates a homeostatic
inflammatory condition that includes IgA responses in PPs
without the excessive pathological inflammation that is generally
caused by classical LPS. These findings suggest Alcaligenes LPS
could be used as a safe and effective vaccine adjuvant.

RESULTS

Detection of Alcaligenes in the DCs of the subepithelial
dome region of PPs

Our previous study demonstrated that Alcaligenes are initially
taken up by M cells located in the follicle-associated epithelium
of PPs.10 Building on these results, we sought to elucidate the
distribution of the commensal bacteria inside PPs, including
examining the possibility of intracellular habitation since the
region underneath the follicle-associated epithelium, known as

the subepithelial dome region, is enriched with antigen-
presenting cells.11 To examine the microlocalization of
Alcaligenes in the PPs, we initially performed an intestinal
loop assay with GFP-expressing Alcaligenes (GFP-Alcaligenes).
Histological analysis revealed that Alcaligenes were predomi-
nantly located in CD11cþ DCs in the subepithelial dome
region of the PPs (Figure 1a). To confirm this finding, we
performed fluorescent in situ hybridization analysis using
CD11c diphtheria toxin (DT) receptor transgenic (CD11c-
DTR tg) mice. Alcaligenes were detected in the PPs of mock-
treated CD11c-DTR tg mice, whereas limited signals derived
from Alcaligenes were detected in the absence of DCs in the DT-
treated CD11c-DTR tg mice (Figure 1b and Supplementary
Figure S1 online). We further showed that the uptake efficiency
of Alcaligenes was higher than that of E. coli (Figure 1c). These
data indicate that DCs are the primary residential site for the
preferential and efficient retention of Alcaligenes in the
subepithelial dome region of PPs.

Heat-killed Alcaligenes have low inflammatory activity

We next examined the inflammatory properties of Alcaligenes
against DCs. DCs were cultured with heat-killed Alcaligenes or
E. coli as a control, and IL-6 production in the culture
supernatant measured. Heat-killed Alcaligenes promoted IL-6
production from bone marrow-derived DCs in a dose-
dependent manner, but its ability was weaker than that of
heat-killed E. coli (Figure 2a). The IL-6 50% effective dose
(ED50 value) of heat-killed Alcaligenes was 30 times that of heat-
killed E. coli (Figure 2b). Similar results were obtained with
DCs isolated from PPs (Figure 2c). To exclude the possibility
that the reduced amounts of IL-6 were owing to Alcaligenes-
mediated cell death, we confirmed that the viability of the DCs
treated with heat-killed Alcaligenes was comparable to that of
the DCs treated with E. coli (Figure 2d). These results suggest
that Alcaligenes are less effective than E. coli at inducing
inflammatory cytokines such as IL-6.

In addition to inflammatory cytokines (e.g., IL-6), bacteria
also induce the production of the inhibitory cytokine IL-10,
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Figure 1 Detection of Alcaligenes in the DCs of the subepithelial dome region of PPs. (a) GFP-expressing Alcaligenes was injected into an intestinal
loop containing a single PP. After a 2-h incubation, the PP was isolated for immunohistological analysis with CD11c-specific Ab (red) and DAPI (blue).
Arrows indicate Alcaligenes in the DCs. Two representative pictures are shown; similar results were obtained from three independent experiments.
(b) CD11c-DTR tg mice were intraperitoneally injected with DT or PBS (mock). After 24 h, PPs were isolated for whole-mount fluorescence in situ
hybridization analysis. The presence of Alcaligenes was visually identified with an Alcaligenes-specific probe (ALBO). The number of fluorescent dots per
dome of PP was calculated. Data are representative of three independent experiments (three mice per group for each experiment). DT, diphtheria toxin.
(c) GFP-expressing Alcaligenes or E.coli was injected into an intestinal loop containing a single PP. After a 2-h incubation, the PP was isolated to
measure the bacterial uptake efficiency. Data are representative of two independent experiments (three mice per group for each experiment).
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which prevents the production of inflammatory cytokines by
inhibiting the activation of nuclear factor kB, a transcription
factor involved in inflammatory cytokine gene expression.12

We therefore measured the production of IL-10 from DCs
cultured with heat-killed Alcaligenes or E. coli. IL-10 produc-
tion induced by heat-killed Alcaligenes was weaker than that
induced by heat-killed E. coli (Figure 2e). These findings
suggest that the decreased production of IL-6 from DCs
cultured with heat-killed Alcaligenes was not owing to IL-10-
mediated inhibition. Together, these results demonstrate that
Alcaligenes are less effective than E. coli at inducing both
inflammatory and inhibitory cytokines, at least in the heat-
killed form.

Alcaligenes LPS acts as a weak TLR4 agonist

LPS is a major biologically active component of the outer
membrane of gram-negative bacteria including Alcaligenes and
E. coli.8,9 Several lines of evidence have demonstrated that the
inflammatory activity of LPS differs among bacteria.8 We found
that depletion of LPS from Alcaligenes by using alkaline
treatment decreased its ability to enhance IL-6 production from
DCs (Figure 3a). These findings led us to examine the
inflammatory activity of Alcaligenes LPS compared with that of
E. coli. We measured the amount of LPS isolated from the same
number of Alcaligenes and E. coli and found that more LPS was
isolated from Alcaligenes than from E. coli (Supplementary
Figure S2a). In contrast, the viability of DCs treated
with Alcaligenes LPS was identical to that of DCs treated
with E. coli LPS (Supplementary Figure S2b). Together with
the heat-killed Alcaligenes data (Figure 2), these results indicate
that the inflammatory activity of heat-killed Alcaligenes is

weak even though the amount of LPS per cell is greater than that
of E. coli.

Using LPS isolated from Alcaligenes and E. coli, we next
compared the production of IL-6 from DCs cultured with the
LPS from these two microorganisms. In agreement with our
findings regarding heat-killed Alcaligenes (Figure 2a),
Alcaligenes LPS-treated DCs induced a lower level of IL-6
production than did DCs treated with E. coli LPS (Figure 3b).
The IL-6 ED50 value of Alcaligenes LPS was 30 times that of E.
coli LPS (Figure 3c). Similar results were obtained with DCs
isolated from PPs (Figure 3d). Similar to pathogenic E. coli
(O111), LPS derived from commensal E. coli (S17) was better
able to induce IL-6 production than was Alcaligenes LPS
(Supplementary Figure S3). Furthermore, Alcaligenes LPS-
treated DCs induced a lower level of TNF-a than did DCs
treated with E. coli LPS (Supplementary Figure S4). There was
also no difference in IL-10 production from DCs with
Alcaligenes LPS compared with those treated with E. coli
LPS (Figure 3e). These data are in agreement with the results
from heat-killed bacteria (Figure 2) and indicate that
Alcaligenes LPS has a weak biological activity and thus
induce lower levels of IL-6 and TNF-a from DCs relative
to those induced by E. coli LPS.

LPS derived from certain gram-negative bacteria, such as
Rhodobacter sphaeroides and Porphyromonas gingivalis, can act
as an antagonist or a competitive inhibitor of other types of
LPS.13,14 To test the possibility whether Alcaligenes LPS acts as
an antagonist and thus competitively inhibits the activity of
E. coli LPS, DCs were cultured with E. coli LPS in the presence of
different amounts of Alcaligenes LPS. When DCs were co-
cultured with a small amount of E. coli LPS and excess
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Figure 2 Heat-killed Alcaligenes induce low levels of cytokine production from DCs. BMDCs (a, b, d, e) or DCs purified from the PPs (c) (1�105 cells
per well) were cultured with various concentrations of heat-killed E. coli, heat-killed Alcaligenes, or PBS (mock) for 48 h (n¼3 per group). (a, c, d) Culture
supernatant was collected for the measurement of IL-6 (a, c) and IL-10 (e) by ELISA. (b) The IL-6 ED50 values were calculated from IL-6 production vs. log
concentration curves. (d) Cell viability was determined by using the trypan blue exclusion assay. Data are representative of three independent
experiments. ED50, effective dose 50.
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Alcaligenes LPS, additive effects on IL-6 production were noted
rather than inhibition (Figure 3f). These data indicate that
Alcaligenes LPS does not act as a competitive inhibitor of E. coli
LPS.

We next used TLR4-deficient mice to confirm that the LPS-
induced IL-6 production was mediated by TLR4. Unlike those
from wild-type mice, TLR4-deficient DCs failed to respond to
both Alcaligenes- and E. coli-derived LPS, whereas TLR2-
deficient DCs produced comparable levels of IL-6 following
LPS stimulation (Figure 4). These results suggest that both
Alcaligenes- and E. coli-derived LPS act as TLR4 agonists.

Alcaligenes LPS shows potent IgA-inducing activity

Our previous study suggested that the presence of Alcaligenes in
PPs, a major organized inductive tissue located in the intestinal
mucosa, seems to be beneficial for the creation of an immune
surveillance system by inducing and/or enhancing IgA
production.5 Indeed, heat-killed Alcaligenes promoted the
production of IgA-enhancing cytokines (e.g., IL-6 and
APRIL).5 We found that IgA production was enhanced when
B cells were cultured with heat-killed Alcaligenes in the presence
of DCs and that this effect was reduced when the LPS was
reduced by alkaline treatment (Supplementary Figure S5).
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Figure 3 Alcaligenes LPS induces low levels of IL-6 production from DCs. (a) BMDCs (1� 105 cells per well) were cultured with alkaline-treated, or
mock-treated, heat-killed Alcaligenes (106 CFU per well) for 48 h (n¼3 per group). Culture supernatant was collected to measure IL-6 by means of an
ELISA. Data are representative of two independent experiments. BMDCs (b, e, f) or DCs purified from the PPs (d) (1�105 cells per well) were cultured
with various concentrations (b, e, f) or 104 pg (d) of LPS per well from E. coli or Alcaligenes, or were mock-treated (PBS) for 48 h (n¼ 3 per group). (b, d, e)
Culture supernatant was collected for the measurement of IL-6 (b, d) and IL-10 (e) by ELISA. (c) The IL-6 ED50 values were calculated from IL-6
production vs. log concentration curves. (f) BMDCs were cultured with 10 pg ml-1 E. coli LPS in the presence of various concentrations of Alcaligenes LPS
for 48 h. Culture supernatant was collected for the measurement of IL-6 by ELISA (n¼3 per group). Data are representative of two independent
experiments.
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We next examined whether Alcaligenes LPS could enhance
IgA production from B cells. When cultures containing both B
cells and DCs were treated with Alcaligenes- or E. coli-derived
LPS, IgA production was enhanced relative to that of the mock-
treated group (Figure 5). The increase in IgA production
induced by Alcaligenes LPS was reduced by treatment with an
anti-IL-6-neutralizing antibody, suggesting that IL-6 is a
prerequisite for the Alcaligenes LPS-induced increase in IgA
production (Supplementary Figure S6). In contrast, no
increase in IgA production was detected when B cells alone
were cultured with either type of LPS (Figure 5). These findings
suggest that the IgA-enhancing activity of LPS is dependent on
DCs, which is consistent with previous studies.1 When B cells
were co-cultured with TLR4- or TLR2-deficient DCs in the
presence of LPS, no enhancement of IgA production was noted
in the former cultures, but in the latter cultures IgA production
was enhanced (Figure 5 and Supplementary Figure S7). These
data collectively indicate that Alcaligenes LPS enhances IgA
production through TLR4-mediated recognition by DCs.

Alcaligenes LPS induces a low inflammatory reaction
in vivo

Endotoxin activity, determined by limulus amebocyte lysate
test, has been correlated with inflammatory activities such as
pyrogenicity and mitogenicity.15 We therefore examined the
endotoxin activity of Alcaligenes LPS by using the limulus
amebocyte lysate test. Alcaligenes LPS showed low endotoxin
activity compared with that of E. coli LPS, which was used to
represent classic, characteristic gram-negative LPS
(Supplementary Figure S8). In addition, in agreement with
the in vitro IL-6 production-inducing ability of Alcaligenes LPS
(Figure 3b and Supplementary Figure S3), the serum IL-6
level was lower in Alcaligenes LPS-administered mice than in
E. coli LPS-administered mice (Figure 6a). Accordingly, we
next compared the endotoxin activity of Alcaligenes LPS and

pathogenic (O111) and commensal (S17) E. coli LPS in vivo by
examining symptoms such as hypothermia, lung inflammation,
and leukopenia. Severe hypothermia was induced in mice that
received E. coli LPS, whereas minimal changes in body
temperature were noted in mice administered Alcaligenes
LPS (Figure 6b). Consistent with previous reports,16 tissue
damage together with massive infiltration of inflammatory cells
(e.g., neutrophils and eosinophils) was observed in E. coli LPS-
administered mice, whereas Alcaligenes LPS-administered mice
showed few inflammatory symptoms in the lung and intestine
(Figure 6c and unpublished data). In addition, transient
leukopenia was mitigated in mice that received Alcaligenes LPS
compared with those that received E. coli LPS (Figure 6d).
Consistently, we found the decreased numbers of B cells in the
PPs (unpublished data); however, lymphocyte numbers
recovered to normal levels 24 h after administration of
Alcaligenes LPS, whereas the leukopenia remained severe in
E. coli LPS-administered mice (Figure 6d). Taken together,
these results demonstrate that Alcaligenes LPS exhibits
biologically benign activity with lower inflammatory
properties than those of E. coli LPS.

Adjuvanticity of Alcaligenes LPS

Our findings regarding the unique features of Alcaligenes LPS
prompted us to explore its possible application as a vaccine
adjuvant. To this end, mice were immunized subcutaneously
with ovalbumin (OVA) together with Alcaligenes LPS or E. coli
LPS. We also included alum as a control adjuvant. Comparable
levels of OVA-specific serum IgG were detected in mice
immunized with OVA plus either Alcaligenes LPS or E. coli LPS,
and these levels were higher than those induced by alum
(Figure 7a). Of note, alum preferentially induced OVA-specific
IgG1 antibody, whereas Alcaligenes LPS and E. coli LPS induced
both IgG1 and IgG2a responses, suggesting that both Th1- and
Th2-type immune responses were induced (Figures 7b and c).
In addition, Alcaligenes LPS and E. coli LPS induced IL-17-
producing T cells (Figure 7d). Together, these findings suggest
that Alcaligenes LPS can induce both humoral immune
responses as well as Th1, Th2, and Th17 cells, which are
similar immune responses to those induced by E. coli LPS.

DISCUSSION

Unlike other peripheral lymphoid tissues, PPs are continuously
exposed to biological stimulation from numerous pathological
and beneficial antigens including commensal bacteria, which
gives rise to a homeostatic inflammatory condition that results
from the harmonizing balancing act between immune sur-
veillance and elimination, and to symbiotic conditions without
causing excessive inflammation.17 Accumulating evidence
suggests that mucosal IgA and innate lymphoid cells are
critical components for the creation and maintenance of the
balanced homeostatic composition of commensal bacteria.18,19

We previously reported that Bordetella, one of the LRC bacteria
that resides in PPs, induces the production of several cytokines
(e.g., IL-1b, IL-6, IL-10, IL-12p40, and IL-23) by DCs.6 The
production of these cytokines subsequently promotes an type 3

0

50

100

150

DC None Wild-type TLR4 KO

Ig
A 

an
tib

od
y 

(n
g 

m
l–1

)

Mock Alcaligenes E. coli

Figure 5 DC-mediated enhancement of IgA production by Alcaligenes
LPS. Purified B220þ B cells were cultured with 200 pg of LPS from E. coli
or Alcaligenes, or were mock-treated (PBS) in the presence or absence of
wild-type or TLR4-deficient DCs (n¼3 per group). After a 5-day
incubation, the culture supernatant was collected to determine the IgA
concentration by means of ELISA. Data are representative of two
independent experiments.

ARTICLES

MucosalImmunology | VOLUME 11 NUMBER 3 |MAY 2018 697



innate lymphoid cells-mediated IL-22 response and limits the
development of pro-inflammatory Th17-mediated responses.6

Among these cytokines, the production of IL-1b, IL-10, and IL-
23 was decreased after exposure to heat-killed LRC bacteria
compared with live LRC bacteria, whereas IL-6 and IL-12p40
were induced by both live and killed LRC bacteria.6 The later
finding is consistent with our original finding.5 Constitutive
colonization of DCs by LRC bacteria thus maintains the
expression of viability-dependent cytokines, including IL-1b,

IL-10, and IL-23. Our current findings revealed that IL-6 is
induced by heat-killed Alcaligenes and Alcaligenes LPS.

Our current study demonstrated that IgA production was
enhanced by Alcaligenes LPS in vitro. Our preliminary
experiments further indicated that oral administration of
Alcaligenes LPS into germ-free mice resulted in the promoted
IgA responses in the intestine (unpublished data). Further,
nasal vaccination with antigen and Alcaligenes LPS resulted in
the induction of antigen-specific IgA responses, whereas
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systemic vaccination induced antigen-specific IgG but not IgA
antibody responses (unpublished data). These findings demon-
strated Alcaligenes LPS is an effective adjuvant for supporting
antigen-specific humoral immunity. Although the link between
IL-6 and IgA production is controversial,20–22 our current
findings demonstrated that Alcaligenes and its components
(specifically LPS) induce IgA production through an IL-6-
dependent mechanism. In contrast, heat-killed Alcaligenes and
Alcaligenes LPS induced very little IL-10 production. Our
previous study demonstrated that other IgA-promoting factors,
such as TGF-b and BAFF, are induced by heat-killed
Alcaligenes,5 but these factors were barely enhanced by
Alcaligenes LPS and consequently no IgA production was
noted when IgA� IgMþ B cells were cultured under the same
experimental conditions (unpublished data). Therefore, it is
plausible that IL-6-mediated enhancement of IgA production
from IgA-switched B cells is a pathway in the Alcaligenes LPS-
mediated IgA enhancement.

In addition to LPS, other microbial components may be
involved in the enhancement of IgA class switching and pro-
duction. In this context, we found that, unlike LPS-mediated
enhancement of IgA production, IgA production was still
increased by heat-killed Alcaligenes in the absence of TLR4
(unpublished data). It has been reported that cooperative signaling
by LPS and lipoproteins, which activate TLR4 and TLR2,
respectively, is necessary for the efficient induction of
IL-10.23,24 Given that lipoprotein genes are universally distributed

in gram-negative bacteria,25 it may be that Alcaligenes lipoproteins
are needed to induce the production of IL-10 and other cytokines.

IgA is the most abundant class of antibody in the intestinal
lumen and is reported to prevent pathogenic infection through
its neutralizing properties, blocking toxins and pathogens from
adhering to the intestinal epithelium.1 IgA also appears to help
maintain the homeostatic composition of commensal bacteria,
because up to 70% of commensal bacteria in the gut lumen are
coated with IgA, and this association is instrumental to the
selective transport of bacteria into PPs across M cells.18,26 In
addition, the systemic antibody response against commensal
bacteria is increased in IgA-deficient mice.27 The unique
immunological properties of LRC bacteria (e.g., Alcaligenes and
Bordetella), such as inducing cytokines (e.g., IL-23 and IL-6)
that promote the type 3 innate lymphoid cells-mediated IL-22
response and enhancing IgA production, likely are critical
factors in the host immune surveillance and maintenance of
immunological homeostasis in the gut.

Although many gut commensal bacteria induce IL-6
production from DCs via LPS, it remains unclear why LRC
bacteria (e.g., Alcaligenes and Bordetella) uniquely localize in
the PPs, where they induce IgA production. In the current
study, we found that the uptake efficiency of the DCs in the PPs
was higher for Alcaligenes than for E. coli, suggesting that some
other factors rather than the inflammatory property of LPS may
be involved. In fact, we previously reported that Alcaligenes
efficiently binds to some percentage of the total number of
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M cells located dome epithelium of PP.10 We are currently
testing our hypothesis that M cells uniquely express receptors
that recognize some ligands expressed on Alcaligenes for
efficient uptake into PPs. Together with the low inflammatory
property of Alcaligenes LPS, these functions allow the
preferential and sustained localization of Alcaligenes in the
PPs to create a harmonized immunological condition.

It is known that LPS from pathogenic bacteria has an
adjuvant effect, but its toxic properties interfere with its
practical use as an adjuvant. The LPS structure typically
consists of a lipid A and a core oligosaccharide region (an
O-antigen region), which is a primary element for the immune-
stimulating activity of LPS.28 One possibility is different ratio of
O-antigen region and lipid A may determine the difference of
the inflammatory activity of Alcaligenes- and E. coli LPS.
Another possibility is that the structure of lipid A may be
different between the two LPS. It was reported that the structure
of lipid A (e.g., length and linkage of fatty acids) differs
depending on the strain of gram-negative bacteria29 and the
culture conditions,30 which, in turn, affects its biological
activity. The lipid A component of LPS has similarly been
reported to have both adjuvant and toxic properties.31 A
previous study showed that chemically synthesized 3-O-
deacylated monophosphoryl lipid A derived from Salmonella
Minnesota Re595 LPS induced lower levels of inflammatory
cytokines (e.g., TNF-a) from DCs compared with the parental
S. Minnesota Re595 lipid A owing to a defect in CD14-
dependent TLR4/MD2 dimerization that resulted in reduced
production of inflammatory cytokines induced by downstream
signaling through TIRAP-MyD88.32 Thus, the weak activity of
Alcaligenes LPS as a TLR4 agonist raises the possibility of its use
as an adjuvant and our current findings support this concept.
Our current and separate study is aimed at the elucidating and
comparing molecular structures of Alcaligenes LPS with those
of E.coli LPS.

In conclusion, our present study identified a novel mutually
beneficial relationship between hosts and LRC bacteria.
Alcaligenes LPS promoted homeostasis rather than massive
inflammation by potentially participating in the host immu-
nosurveillance system through the production of IgA. LRC
bacteria form niches under close contact with numerous
immune cells in the GALT. The weak agonistic characteristics
of Alcaligenes LPS may be necessary for Alcaligenes survival
under this unique circumstance and may be a factor in its
effectiveness as a vaccine adjuvant.

METHODS

Mice. BALB/c mice were purchased from Japan Clea Co. (Tokyo,
Japan). CD11c-DTR tg mice (Balb/c background) were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA) and depleted of DCs
by intraperitoneal injection with 500 ng of DT (Sigma-Aldrich, St.
Louis, MO, USA).11 Mice lacking TLR2 or TLR4 (C57BL/6 back-
ground) were purchased from Oriental Bio Service, Inc. (Kyoto,
Japan). Mice were maintained under specific pathogen-free conditions
at the Institute of Medical Science, the University of Tokyo. All
experiments were conducted in accordance with the guidelines of
the Animal Care and Use Committees of the University of Tokyo and

of the National Institutes of Biomedical Innovation, Health, and
Nutrition.

Bacteria culture. Alcaligenes faecalis was purchased from the National
Institute of Technology and Evaluation Biological Resource Center
(NBRC, 13111 T) and grown in Tryptic Soy Broth (BD Diagnostics,
Sparks, MD, USA) at 37 1C. GFP-Alcaligenes were generated as
previously reported5 and grown at 37 1C in Tryptic Soy Broth
containing streptomycin (50 mg/ml) and isopropyl b-D-1-thioga-
lactopyranoside (1 mM). E. coli O111 (NBRC IID561) was obtained
from the Pathogenic Microbes Repository Unit (Tokyo, Japan) and
grown in LB Broth (Nacalai Tesque, Inc., Kyoto, Japan) at 37 1C.
Bacteria were heat-killed by incubating them at 65 1C for 30 min. For
LPS depletion, heat-killed bacteria were incubated in 0.1 N NaOH in
95% ethyl alcohol (Nacalai Tesque, Inc.) at 30 1C for 60 min.33 After
this incubation, the reaction was stopped by adding an equal volume of
acetic acid (WAKO Chemicals, Tokyo, Japan) in 95% ethyl alcohol,
and the neutralized solution was rapidly cooled in an ice-water bath.33

LPS preparation and the limulus test. LPS was extracted from
lyophilized Alcaligenes and E. coli by using an LPS Extraction Kit
(iNtRON Biotechnology, Inc., Sangdaewon-Dong, Korea). The
quantity of purified LPS per cell was calculated by dividing the weight
of freeze-dried LPS by the CFU of bacteria. Endotoxicity was measured
by means of the limulus amebocyte lysate test using an Endospecy
ES-50M kit (Seikagaku Co., Tokyo, Japan) according to the manu-
facturer’s instructions.

Intestinal loop assay. Mice were anesthetized by using an isoflurane
vaporizer. An intestinal loop containing a single PP was ligated and
incubated with GFP-Alcaligenes (5� 108 CFU in 100ml of PBS) for 2
h.10 After this 2-h incubation, the PP was excised from the ligated
intestine, washed with PBS, and then subjected to immunohisto-
chemical analysis. To measure bacterial uptake efficacy, the PPs were
incubated in 100 mg/ml gentamycin solution (Nacalai Tesque, Inc.) for
30 min at room temperature and then washed with PBS. The PPs were
then homogenized with PBS and plated onto Tryptic Soy agar (BD
Diagnostics) containing 50 mg/ml streptomycin for 16 h at 37 1C.
Bacterial uptake efficiency was quantified by counting the number of
colonies.

Immunohistochemistry. PPs were fixed in 4% paraformaldehyde for
16 h at 4 1C, washed, and then incubated with 20% sucrose for 16 h at
4 1C. The tissues were then embedded in OCT compound (Sakura
Finetechnical Co., Tokyo, Japan). Sections were stained with
appropriate antibodies and underwent the tyramide signal amplifi-
cation (TSA) system (PerkinElmer, Shelton, CT, USA).11 In brief,
cryostat sections (7 mm) were treated with 1% H2O2 and an avidin/
biotin blocking kit (Vector Laboratories, Burlingame, CA, USA) to
quench endogenous peroxidase and biotin. After being blocked with
anti-CD16/CD32 antibody in TNT buffer (0.1 M Tris-HCl (pH 7.5),
0.15 M NaCl, 0.05% Tween 20) for 15 min at room temperature, the
sections were stained with a biotinylated anti-CD11c mAb (BD
Bioscience, San Diego, CA, USA). After washing twice with TNT
buffer, the sections were incubated with HRP-conjugated streptavidin
(Pierce, Rockford, IL, USA) for 30 min at 4 1C, and the fluorescent
signal was amplified by using the TSA system with a Cy5 dye. After the
specimens were stained with DAPI (Sigma-Aldrich), they were
analyzed by using a confocal laser-scanning microscope (TCS SP2;
Leica, Wetzlar, Germany).

Whole-mount fluorescein in situ hybridization (FISH) analysis. To
detect Alcaligenes, oligonucleotide probes for ALBO, which detect
position 699–716 in the 23 S rRNA of Alcaligenes spp., were purchased
from Invitrogen-Molecular Probes (Carlsbad, CA, USA). Isolated
tissue segments were fixed in 4% PFA for 16 h at 4 1C and then
washed with PBS. Tissues were hybridized for 16 h in hybridization
buffer (0.9 M NaCl, 20 mM Tris-HCl, 45% formamide, 0.1% SDS, and
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10 mg/ml DNA probe) at 60 1C. After being washed twice in washing
buffer (0.45 M NaCl, 20 mM Tris-HCl, 45% formamide, and 0.01% SDS)
for 10 min at 60 1C, the tissue segments were flushed with PBS. To
detect the epithelial layer, the specimen was stained with Alexa Fluor
633-labeled wheat-germ agglutinin (WGA, 10 mg/ml, Invitrogen-
Molecular Probes) for 1 h. After being washed with PBS, the tissue
samples were mounted and examined by using a confocal laser-
scanning microscope (TCS SP2; Leica); the fluorescent dots in each
dome were counted.

Generation of bone marrow-derived DCs and isolation of DCs from

PPs. Cells were isolated from the PPs and BM as previously
described.34,35 Briefly, PPs were stirred in 1.5 mg/ml collagenase
(Wako Chemicals) to obtain a single-cell suspension. Bone marrow
cells were flushed from femurs by using sterile RPMI 1640 medium
and treated with red blood cell lysis buffer (1.5 M NH4Cl, 100 mM

KHCO3 and 10 mM EDTA-2Na) for 5 min, then quickly washed with
RPMI 1640 medium. Cells were re-suspended with pre-warmed RPMI
1640 containing GM-CSF. Half of the DC growth media was replaced
with fresh RPMI 1640 containing GM-CSF every 2 days. DCs were
purified from cells isolated from the PPs or BM cells cultured with GM-
CSF for 6 days by using anti-mouse CD11c magnetic beads and a
Magnetic Cell Separation System (MACS; Miltenyi Biotech, Bergisch
Gladbach, Germany) according to the manufacturer’s protocols.

DC culture and ED50 value calculations. BMDCs or DCs isolated from
PPs (1� 105 cells) were cultured with various concentrations of LPS or
heat-killed bacteria. After 48 h of incubation, cells and culture
supernatant were collected for the analysis of cell viability by trypan blue
exclusion and for the measurement of IL-6, TNF-a, and IL-10 pro-
duction by means of ELISA (R&D Systems, Minneapolis, MN, USA),
respectively. IL-6 ED50 values were calculated from IL-6 production vs.
log concentration curves by using the sigmoidal curves of Prism
computer software (GraphPad Software, San Diego, CA, USA).11

In vitro IgA production assay. PP cells were isolated as previously
described.34 Purified B220þ cells (2� 105 cells) were cultured with or
without BMDCs (1� 105 cells) in the presence of 200 pg of LPS from
E. coli or Alcaligenes, or were mock-treated (PBS). After a 5-day
incubation, the culture supernatant was collected to determine the IgA
concentration by means of ELISA as previously described.36

LPS-induced inflammation. Mice were injected intraperitoneally with
LPS (1.5 mg/body), and rectal temperature was monitored every hour.
Serum was collected 7 h after the LPS injection and used to measure
IL-6 levels by means of ELISA (R&D Systems). Simultaneously, lung
tissues were collected and fixed in 4% paraformaldehyde for 16 h and
embedded in paraffin for immunohistochemical analysis by staining
with hematoxylin and eosin (WAKO Chemicals). For the analysis of
leukopenia, mice were subcutaneously injected with 100mg of LPS, and
the number of lymphocytes in the blood was determined by using Vet
Scan HMII (Abaxis, Union City, CA, USA).

Immunization and detection of OVA-specific antibodies and IL-17

production from T cells. Mice were subcutaneously immunized with
10 mg of OVA plus 100mg of LPS or 4 mg of alum (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA) on days 0 and 7. On day
14, serum was collected and tested for OVA-specific antibodies by
means of an ELISA as previously reported.37 Simultaneously, spleen
cells were collected to analyze IL-17 production from T cells. Briefly,
splenic CD4þ cells were purified by using anti-mouse CD4 magnetic
beads and a MACS System (Miltenyi Biotech). 30 Gy-irradiated splenic
cells were used as antigen-presenting cells (APCs). The CD4þ cells
(2� 105 cells) were cultured with the APCs (2� 104 cells) in the
presence of 1 mg/ml OVA. After a 4- day incubation, the culture
supernatant was collected to determine the IL-17 A concentration by
using a BD cytometric bead array kit (BD Biosciences) according to the
manufacturer’s instructions.

Statisticalanalyses. The results were compared by using the Student’s
t-test. Statistical significance was established at Po0.05.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
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