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BLT1 mediates commensal bacteria-dependent innate immune
signals to enhance antigen-specific intestinal IgA responses
Takahiro Nagatake1, So-ichiro Hirata1,2, Tomoaki Koga3,4, Etsushi Kuroda5,6, Shingo Kobari6,7, Hidehiko Suzuki1, Koji Hosomi1,
Naomi Matsumoto1, Yaulia Yanrismet1, Michiko Shimojou1, Sakiko Morimoto1, Fumiyuki Sasaki8, Ken J. Ishii5,6,9,
Takehiko Yokomizo3 and Jun Kunisawa1,2,10,11

Leukotriene B4 receptor 1 (BLT1) triggers the migration of granulocytes and activated T cells; however, its role in B-cell function
remains unclear. Here we report that BLT1 is required to induce the production of antigen-specific IgA against oral vaccine through
mediating innate immune signals from commensal bacteria. B cells acquire BLT1 expression during their differentiation to IgA+ B
cells and plasma cells in Peyer’s patches and the small intestinal lamina propria, respectively. BLT1 KO mice exhibited impaired
production of antigen-specific fecal IgA to oral vaccine despite normal IgG responses to systemically immunized antigen.
Expression of MyD88 was decreased in BLT1 KO gut B cells and consequently led to diminished proliferation of commensal
bacteria-dependent plasma cells. These results indicate that BLT1 enhances the proliferation of commensal bacteria-dependent
IgA+ plasma cells through the induction of MyD88 and thereby plays a key role in the production of antigen-specific intestinal IgA.
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INTRODUCTION
Leukotriene B4 receptor 1 (BLT1) is a G-protein-coupled high-
affinity receptor for leukotriene B4 (LTB4), a metabolite of
arachidonic acid.1 BLT1 is expressed on various types of immune
cells, including activated T cells such as Th1 and Th2 cells,2 CD8+

effector T cells,3,4 and Th17 cells;5 mast cell progenitor cells;6

macrophages;7 dendritic cells;8 eosinophils;9 and neutrophils.10,11

The activation of BLT1 by LTB4 primarily induces the Gαi-mediated
signaling pathway, which induces cell migration to inflamed
tissues where LTB4 is highly concentrated.12,13 In addition, BLT1-
mediated signals enhance the FcγR-dependent phagocytic activity
of macrophages,7 and IL-12 production by dendritic cells.8

Accumulating evidence has demonstrated that the LTB4–BLT1
axis plays a key role in the development of allergic, inflammatory,
and immune diseases, including asthma,14,15 dermatitis,8,11

peritonitis,16 rheumatoid arthritis,17 and experimental autoim-
mune encephalomyelitis.18 Compared with the intensive analysis
regarding the role of the LTB4–BLT1 axis in other immune cells,
few studies address B cells. BLT1 is expressed on B cells in human
peripheral blood and bone marrow,19,20 and LTB4 enhances B-cell
proliferation and IgG and IgM production in vitro.21,22 However,
little information is available regarding the role of
LTB4–BLT1 signaling in B cells in vivo.

Intestinal tissues uniquely contain numerous B cells that
spontaneously differentiate into IgA-producing plasma cells.23,24

Peyer’s patches (PPs) are the inductive site for the generation of
antigen-specific IgA-committed B cells, and the intestinal lamina
propria (iLP) is the effector site for the production of antigen-
specific secretory IgA in the gut.23,24 In PPs, B cells are divided into
four distinct subsets, namely B220+IgM+IgA– naive B cells,
B220+IgM+IgA+ Ig-class-switching B cells, B220+IgM–IgA+

Ig-class-switched B cells, and B220–IgM–IgA+ plasmablasts.25

During their differentiation from naïve to IgA+ plasmablast cells
in the germinal center, B cells start to express CCR9 and α4β7
integrin.26 These proteins enable the IgA+ plasmablasts to traffic
into the iLP, where plasmablasts further differentiate into
B220–IgM–IgA+ plasma cells that produce copious secretory IgA.25

Lipid is a critical factor in the regulation of gut IgA. Our group
previously reported that sphingoshin-1-phosphate modulates the
egress of IgA+ plasmablast cells from PPs.25 The expression of type
I sphingoshin-1-phosphate receptor is downregulated during the
differentiation of B220+IgM+IgA– naive B cells to mature
B220+IgA+ B cells but is restored on B220–IgM–IgA+ plasmablast
cells, where it is essential for emigration from PPs and trafficking
to the iLP.25 In addition, we recently found that dietary palmitic
acid enhances the production of intestinal IgA against orally
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immunized antigen by promoting the recruitment of plasmablast
cells to the iLP and stimulating plasma cells to secrete IgA.27

Furthermore, short-chain fatty acid acetate increases gut IgA
production through GPR43-dependent induction of retinoic acid
synthesis by dendritic cells.28 Therefore, because it controls Ig
class-switching, B-cell trafficking, and IgA secretion, fatty acid is an
important regulator in the generation of IgA. However, the role of
the LTB4–BLT1 axis in the regulation of gut IgA production has not
been elucidated.
Understanding the mechanisms driving the induction and

production of intestinal IgA is key to developing effective oral
vaccines. Here we report that BLT1 expressed on intestinal IgA+

cells mediates innate immune signals from commensal bacteria in
the gut to promote the proliferation of antigen-specific IgA in
response to oral vaccines.

RESULTS
BLT1 was expressed on intestinal IgA+ B cells
We performed flow cytometry to analyze BLT1 expression on the
surfaces of intestinal B cells. The gating strategy for identifying
each intestinal B-cell subset was based on the expression pattern
of B220, IgM, and IgA, as described previously (Supplementary
Fig. S1).25 In the PPs, BLT1 was negligible on B220+IgM+IgA– naïve
B cells but was readily apparent on IgA+ B cells, including
B220+IgM+IgA+ Ig-class-switching B cells, B220+IgM–IgA+

Ig-class-switched B cells, and B220–IgM–IgA+ plasmablast cells
(Fig. 1a). In addition, B220–IgM–IgA+ plasma cells in the iLP
showed cell surface expression of BLT1 (Fig. 1a). We then

performed quantitative RT-PCR analysis of Blt1 gene expression
in each of these B-cell populations (Supplementary Fig. S2 shows
representative purity data). Consistent with our findings from flow
cytometry, the amount of Blt1 mRNA transcripts was increased in
IgA+ B cells when compared with IgM+ naïve B cells in the PPs
and remained high in IgA+ plasma cells in the iLP (Fig. 1b).
However, the expression of Blt1 mRNA in splenic B cells was scant
to nonexistent (Supplementary Fig. S3). These findings suggest
that the cell surface expression of BLT1 in intestinal IgA+ B cells is
induced at the transcriptional level.

BLT1 KO mice failed to produce antigen-specific fecal IgA against
oral vaccine
The finding regarding BLT1 expression on IgA+ B cells prompted
us to examine the role of BLT1 in the induction of intestinal IgA
production. To address this issue, we orally immunized BLT1 WT
and KO mice by using OVA combined with cholera toxin (CT), a
mucosal adjuvant, and measured antigen-specific fecal IgA
production by ELISA. The levels of both CT-specific and
OVA-specific fecal IgAs were lower in BLT1 KO mice than in WT
mice (Fig. 2a). Concurrent ELISPOT assays revealed that the iLP of
BLT1 KO mice had fewer antigen-specific IgA-producing cells than
did that of their WT counterparts (Fig. 2b). In contrast to the
antigen-specific IgA response to oral vaccine, the total amount of
IgA in the feces and the number of IgA+ plasma cells in the iLP
were not decreased in BLT1 KO mice in the steady state
(Supplementary Fig. S4), suggesting that the effects of
LTB4−BLT1 signals become evident in the acute phase of immune
responses. Unlike oral immunization, intraperitoneal immunization

Fig. 1 BLT1 was expressed on intestinal IgA+ B cells. a Cell surface expression of BLT1 in 8-week-old BLT1 WT male mice was examined by
using flow cytometry. Data are representative of two independent experiments with n= 3 mice per group per experiment. b RNA was purified
from the indicated B-cell populations, and quantitative RT-PCR assays were performed to measure Blt1 mRNA expression. The relative amount
of Blt1 mRNA is expressed as the ratio to Actinb. Data are expressed as mean ± SEM (duplicate measurements) and are representative of three
independent experiments
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by using OVA with alum as a systemic adjuvant yielded
comparable concentrations of OVA-specific serum IgG between
BLT1 WT and KO mice (Supplementary Fig. S5).
We next examined whether the impaired fecal IgA antibody

responses in BLT1 KO mice led to faulty immunosurveillance. To
this end, we orally challenged immunized mice with high-dose CT.
Whereas nonvaccinated naïve WT mice developed severe watery
diarrhea, orally vaccinated WT mice were protected against
CT-induced diarrhea (Fig. 3a). In sharp contrast and despite oral
vaccination with CT, BLT1 KO mice developed severe diarrhea to
the same extent as nonvaccinated naïve WT mice (Fig. 3a). Indeed,
the intestinal water volume of orally vaccinated BLT1 KO mice was
comparable to that of nonvaccinated WT mice (Fig. 3b). These
results indicate that BLT1 is important for inducing the production
of antigen-specific fecal IgA against oral vaccines and thus plays a
key role in the development of protective immunity against
intestinal pathogens.

Signaling through BLT1 promoted the proliferation of IgA+ plasma
cells
We wondered why BLT1 KO mice had decreased numbers of
antigen-specific IgA+ plasma cells in the iLP and formulated three
hypotheses: (i) decreased cell migration from PPs to iLP; (ii)
decreased cell survival or increased apoptosis; and (iii) reduced
cell proliferation in the iLP. Contrary to our hypothesis of

decreased migration, cell surface levels of α4β7 integrin, CCR9,
and CCR10—molecules important in cell migration—were com-
parable between WT and BLT1 KO B cells (Supplementary Fig. S6).
In addition, an in vitro migration assay revealed that, unlike BLT1-
expressing neutrophils,10,11 IgA+ B cells isolated from PPs did not
respond to LTB4 (Supplementary Fig. S7). Refuting our hypothesis
of decreased cell survival or increased apoptosis, the ratio of
apoptotic to total IgA+ plasma cells did not differ significantly
between WT and BLT1 KO mice (Supplementary Fig. S8). Together,
these results indicate that neither cell migration nor cell survival or
apoptosis is the target of the impaired IgA production in BLT1
KO mice.
We then treated mice with BrdU to assess the proliferation of

IgA+ plasma cells in iLP. Flow cytometry revealed that BrdU+IgA+

plasma cells were decreased in BLT1 KO mice when compared
with WT mice (Fig. 4a). Consistently, staining for Ki67 protein, a
marker for cell proliferation, confirmed decreased IgA+ plasma cell
proliferation in BLT1 KO mice (Fig. 4b).29 Immunohistologic
analysis showed that WT mice had many IgA+ plasma cells, the
nuclei of which contained plentiful BrdU and Ki67, whereas BLT1
KO mice had few BrdU+Ki67+IgA+ plasma cells (Fig. 4c). These
data suggest that the impaired IgA production in BLT1 KO mice is
likely due to abnormal proliferation of intestinal plasma cells.
To confirm that a BLT1-mediated signal is required for IgA+

plasma cell proliferation in the gut, we treated orally immunized
mice with cyclophosphamide, which inhibits cell proliferation; we
then used ELISAs to measure the amount of antigen-specific fecal
IgA produced, and we performed ELISPOT assays to count IgA+

plasma cells. Whereas cyclophosphamide decreased antigen-
specific IgA responses in WT mice (Fig. 5a, b, see also Fig. 2a, b
for comparison data as cyclophosphamide nontreated groups),30

Fig. 2 Oral immunization failed to induce antigen-specific IgA
production in BLT1 KO mice. BLT1 WT and KO male mice (age,
8 weeks) were orally immunized by using OVA plus CT on days 0, 7,
and 14. a One week after the final immunization, fecal extracts were
prepared, and the amount of antigen-specific IgA was analyzed by
ELISA. Data are combined from five independent experiments and
expressed as mean ± SEM (WT, n= 13; KO, n= 11). Statistical
significance was analyzed by using the Mann–Whitney test; **P <
0.01. b One week after the final immunization, cells were isolated
from the iLP, and antigen-specific IgA+ plasma cells were counted by
using ELISPOT assays. Data are combined from five independent
experiments, and each data point represents an individual mouse;
bars indicate median values. Statistical significance was analyzed by
using the Mann–Whitney test; **P < 0.01 and ***P < 0.001. Repre-
sentative ELISPOT plates from each group are shown

Fig. 3 Oral vaccination failed to protect BLT1 KO mice from
CT-induced diarrhea. BLT1 WT and KO male mice (age, 8 weeks)
were orally immunized by using OVA with CT on days 0, 7, and 14. a
One week after the final immunization, mice were orally challenged
with a high dose of CT. Representative photos of intestines from two
independent experiments with n= 2 or 3 per group are shown;
arrows indicate the cecum, where water accumulates when diarrhea
occurs. b Intestinal water volume was measured. Data are combined
from two independent experiments and are expressed as mean ±
SEM (WT without vaccination, n= 4; WT with vaccination, n= 5; and
KO with vaccination, n= 5)
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we noted no treatment-associated change in BLT1 KO mice
(Fig. 5a, b). Therefore, the amount of antigen-specific intestinal IgA
production did not differ between WT and KO mice (Fig. 5a, b).
Given that decreased cell proliferation in IgA+ plasma cells in iLP is
the causative factor in the decreased IgA response in BLT1 KO
mice against oral vaccine, we next sought to evaluate whether
disrupting germinal centers in PPs by treating WT mice with anti-
CD40L Ab alters the IgA response. As expected, anti-CD40L
treatment disrupted germinal centers in the PPs of WT mice
(Supplementary Fig. S9a). However, despite the defective germinal
center formation in PPs, IgA+ plasma cells in the iLP compartment
of anti-CD40L-treated mice proliferated at a comparable level to
those in the PBS-treated control group (Supplementary Fig. S9b
and c). Moreover, we found that antigen-specific fecal IgA
responses were not diminished by treatment with anti-CD40L
Ab (Supplementary Fig. S9d). These results collectively demon-
strate that cell proliferation is a prerequisite factor in the BLT1-
mediated enhancement of antigen-specific intestinal IgA
responses.

BLT1 KO B cells produced less IgA than did WT cells
Because BLT1 occurs in various immune cells other than B cells,
including T cells and granulocytes, we next asked whether intrinsic
expression of BLT1 on B cells is crucial for IgA production. To
address this issue, we isolated B cells from PPs and incubated
them in vitro with or without the IgA-inducing cytokines IL-4, IL-5,
IL-6, and TGF-β.31–38 We revealed that the IgA content in the
supernatant from BLT1 KO B cells was less than that of WT B cells
(Fig. 6a and Supplementary Fig. S10). In addition, the number of

BLT1 KO IgM–IgA+ B cells was decreased after in vitro culture,
whereas counts of IgM+IgA– naïve B cells were comparable
between WT and BLT1 KO samples (Fig. 6b). The selective
reduction of IgA+ B cells in BLT1 KO samples was consistent with
our in vivo finding that IgA+ B cells—but not IgM+ naïve B cells—
expressed BLT1 (Fig. 1a). The cellular source of the LTB4 in these
in vitro experiments is unclear; however, we found that IgA+

plasma cells—but not IgM+ naïve B cells—expressed all necessary
enzymes responsible for LTB4 production (i.e., Alox-5, Flap, and
LTA4 hydrolase) (Supplementary Fig. S11). Collectively, these results
showed that BLT1 intrinsically expressed on IgA+ B cells plays a
key role in enhancing IgA production by inducing cell
proliferation.

BLT1 signaling upregulated microbe-dependent proliferation of
intestinal IgA+ cells through the induction of MyD88 for mucosal
IgA production
Given that BLT1 signaling promoted intestinal but not systemic
antibody production, we considered it likely that environmental
differences between the mucosal and systemic compartments
influence BLT1-mediated IgA production. Because the intestine is
exposed to the abundant microbiota, we treated mice with
antibiotics and then orally immunized them with OVA plus CT.30

As expected, antibiotic-treated WT mice had decreased level of
antigen-specific IgA in their feces when compared with antibiotic-
nontreated WT mice (Fig. 7a). We also found that this decreased
level of antigen-specific IgA in antibiotic-treated WT mice was
comparable in antibiotic-treated BLT1 KO mice (Fig. 7a). Although
statistically no different, WT mice with antibiotics yet tend to show

Fig. 4 BLT1 signaling promoted the proliferation of IgA+ plasma cells. BLT1 WT and KO male mice (age, 8 weeks) were orally immunized by
using OVA combined with CT on days 0, 7, and 14. Mice were treated with BrdU on day 20 and euthanized on day 21. a BrdU uptake by IgA+

plasma cells in iLP was analyzed by flow cytometry to examine cell proliferation. Data are combined from three independent experiments, and
each data point represents an individual mouse; bars indicate median values. Statistical significance was analyzed by using the Mann–Whitney
test; **P < 0.01. b IgA+ plasma cell fraction from the iLP was examined for the expression of Ki67 by flow cytometry. Data are representative of
three independent experiments with n= 3 per group. MFI mean fluorescence intensity. c Small intestine was examined by
immunohistochemistry. Frozen tissue sections were stained with the indicated antibodies and reagents. Arrows indicate IgA+BrdU+Ki67+

cells. Data are representative of three independent experiments with n= 3 per group. Scale bars, 100 μm
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certain a higher extent than BLT1 KO mice with antibiotics
(Fig. 7a), indicating that microbiota-dependent and -independent
pathway are involved in BLT1-mediated enhancement of IgA.
These results indicate that the intestinal microbiota mainly
contribute to BLT1-mediated enhancement of the antigen-
specific intestinal IgA response.
Regarding a possible underlying mechanism, a previous study

showed that BLT1-mediated signals induced phosphorylation of
STAT1 and JAK2, which induced the expression of MyD88,39 an
important TLR-mediated signaling molecule for the proliferation of
IgA+ cells.40 These studies prompted us to examine whether
MyD88 expression in gut B-cell populations differed between WT
and BLT1 KO mice. We found that BLT1 KO IgA+ B cells had less
Myd88 mRNA than WT IgA+ B cells (Fig. 7b).
We next examined whether the expression of MyD88 is

involved in the production of intestinal IgA against orally
administered antigen. To address this issue, we orally immunized
MyD88 KO mice and BLT1/MyD88 double-KO (DKO) mice by using
OVA with CT and then used an ELISA to measure antigen-specific
fecal IgA. We found that antigen-specific IgA responses were
diminished in MyD88 KO and BLT1/MyD88 DKO mice and were
similar to those of BLT1 KO mice (Fig. 7c). These results indicate
that MyD88 facilitates the BLT1-mediated promotion of IgA
production. Taken together, our results suggest that
BLT1 signaling enhanced the microbe-dependent proliferation of

intestinal IgA+ cells through the induction of MyD88 for gut
mucosal IgA production.

DISCUSSION
In this study, we showed that BLT1 expression was required for full
activation of antigen-specific IgA production against oral vaccine.
Of note, BLT1 expression was synchronized with the differentia-
tion of intestinal B cells into IgA+ cells. This process is induced by
several molecules, including cytokines such as TGFβ.35,37,38 In
addition to cytokines, retinoic acid reportedly induces Ig class-
switching from μ to α.41 Interestingly, BLT1 initially was cloned
from a human promyelocytic leukemia cell line (HL-60) that had
been stimulated with retinoic acid.1 These findings suggest that
retinoic acid likely is a master regulator for the induction of BLT1
and IgA transcription. Mechanistically, retinoic acid loosens the
chromatin structure around the BLT1 enhancer region, thus
leading to increased binding of Runx1.42 It is noteworthy that
Runx proteins activate transcription of the germline Ig Cα
promoter by cooperating with TGFβ–Smad signaling.43–45 There-
fore, retinoic acid and TGFβ likely together create the appropriate
environment for the simultaneous induction of BLT1 expression
and IgA class-switching.
Our group previously identified a commensal bacteria-

dependent and highly proliferative population of IgA+ plasma
cells that secretes a large amount of IgA in the gut.30 Furthermore,
this highly proliferative plasma cell population requires the
expression of MyD88 for their development.30 Therefore, com-
mensal bacteria-mediated stimuli through MyD88 likely are a key
signaling cascade for the enhancement of IgA production in the
gut. MyD88 primarily mediates TLR signaling, whose ligands
include lipoprotein, peptidoglycan, LPS, flagellin, and bacterial and
viral DNA and RNA; all of these components are abundant in the

Fig. 5 BLT1-mediated cell proliferation was required for fecal
antigen-specific IgA after oral vaccination. BLT1 WT and KO male
mice (age, 8 weeks) were orally immunized by using OVA with CT on
days 0, 7, and 14 and then were treated with cyclophosphamide on
days 18, 19, and 20 to inhibit cell proliferation. a Fecal extracts were
prepared on day 20, and the amount of antigen-specific IgA was
analyzed by ELISA. Data are combined from three independent
experiments, and expressed as mean ± SEM (WT, n= 7; KO, n= 5).
Statistical significance was analyzed by using the Mann–Whitney
test; N.S. not significant. b On day 21, cells were isolated from iLP,
and antigen-specific IgA+ plasma cells were counted by using
ELISPOT assays. Data are combined from three independent
experiments, and each point represents an individual mouse; bars
indicate median values. Statistical significance was analyzed by
using the Mann–Whitney test; N.S. not significant. Representative
photos of ELISPOT plates from each group are shown

Fig. 6 BLT1-deficient B cells produced less IgA. B220+ cells were
isolated from the PPs of 8-week-old BLT1 WT and KO male mice.
Isolated B cells were cultured with lipopolysaccharide (LPS) in the
presence or absence of the IgA-inducing cytokines IL-4, IL-5, IL-6,
and TGFβ. a After culturing, the supernatant was collected, and the
amount of total IgA was quantitated by ELISA. b After culturing, cell
counts were calculated by using flow cytometry. Data are combined
from two independent experiments with n= 3–4 per group.
Statistical significance was analyzed by one-way ANOVA; **P <
0.01; N.S. not significant
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intestine, which contains tremendous numbers of commensal
bacteria. In the current study, we found that MyD88 indeed was an
essential molecule for the production of antigen-specific fecal IgA
to oral vaccines. Precisely which ligand–TLR interactions are
involved in the generation of intestinal IgA is unknown. Because
in vitro stimulation with a combination of either LPS or
peptidoglycan and IgA-inducing cytokines decreased the produc-
tion of IgA in BLT1 KO B cells compared with that in WT B cells, we
propose that the LPS–TLR4–MyD88 axis and the
peptidoglycan–TLR2–MyD88 axis both contribute to the enhance-
ment of IgA production, which was promoted by BLT1-mediated
signaling.
The PPs are the induction site for the differentiation of IgA+ B

cells from IgM+ naïve B cells in the gut.24 This inductive function in
the generation of IgA+ B cells has been attributed to PPs mainly
because of the presence of antigen-uptake M cells in the follicle-
associated epithelium, retinoic acid-producing dendritic cells,
helper T cells and T follicular helper cells for germinal center
formation.23 In addition, PPs were recently found to be an
essential site for the differentiation of commensal bacteria-
dependent and highly proliferative IgA+ plasma cells.30 Further-
more, in the current study, the expression of both BLT1 and
MyD88 was induced in IgA+ B cells within PPs. Together these
findings suggest that PP-resident commensal bacteria influence
the generation and promote the production of intestinal IgA. In
this context, it merits mentioning that our group previously
identified a unique PP-resident bacteria, Alcaligenes, which was

absent from both the iLP and luminal compartments.46 Compared
with E. coli LPS, LPS isolated from Alcaligenes only weakly activated
dendritic cells to produce less IL-6, suggesting that the intensity of
TLR4 signaling differs between bacterial LPS types.47 Therefore,
microfloral diversity or uniqueness may influence the signaling
intensity of the intestinal TLR4–MyD88 pathway, which also is
regulated by the LTB4–BLT1–MyD88 axis, for the production of
antigen-specific IgA during oral vaccination.
In addition to commensal bacteria, several lines of evidence

suggest that dietary materials (e.g., oils and vitamins) are key
factors for the regulation of intestinal immune response including
IgA production.48,49 We previously showed that dietary palmitic
acid enhanced fecal IgA production against orally immunized
antigen by increasing the number of IgA+ plasma cells and their
IgA production.27 LTB4 is synthesized from arachidonic acid, an
omega-6 essential fatty acid that is not generated in mammals
and therefore needs to be acquired through the diet. Because our
current findings suggest that the LTB4–BLT1 axis enhances
intestinal IgA production, dietary supplementation with omega-6
essential fatty acids (e.g., arachidonic acid and linoleic acid) may
be an effective tool to enhance gut immune responses.
In contrast to the intestinal immune system, the LTB4–BLT1 axis

was dispensable for the induction of systemic antigen-specific
immune responses. Consistent with this finding, we found that the
amount of BLT1 expressed in splenic B cells was scant to
nonexistent. Our group previously reported that dietary palmitic
acid enhanced the production of intestinal IgA but not of systemic

Fig. 7 BLT1 signaling enhanced microbe-dependent proliferation of intestinal IgA+ cells through the induction of MyD88 for mucosal IgA
production. a Mice were provided antibiotics mixed in drinking water beginning 1 week prior to oral immunization and continuing until the
end of the experiment. BLT1 WT and KO male mice (age, 8 weeks) were orally immunized by using OVA with CT on days 0, 7, and 14. One week
after the final immunization, fecal extracts were prepared, and the amount of antigen-specific IgA was analyzed by ELISA. Square symbols
indicate WTmice without antibiotic treatment as a control. Data are combined from three independent experiments, and expressed as mean
± SEM (n= 6 per group). Statistical significance was analyzed by using the Mann–Whitney test; N.S. not significant. b RNA was purified from
the indicated B-cell populations of 8-week-old BLT1 WT naïve male mice, and quantitative RT-PCR analysis was performed to measure Myd88
mRNA expression. The relative amount of Myd88 mRNA is expressed as the ratio to Actinb. Data are expressed as mean ± SEM (duplicate
measurements) and are representative of three independent experiments. c BLT1 WT, BLT1 KO, MyD88 KO, and BLT1/MyD88 double-KO (DKO)
male mice (age, 8 weeks) were orally immunized by using OVA with CT on days 0, 7, and 14. One week after the final immunization, fecal
extracts were collected, and the amount of antigen-specific IgA was analyzed by ELISA. Data are combined from three independent
experiments, and expressed as mean ± SEM (WT, n= 19; BLT1 KO, n= 17; MyD88 KO, n= 5; BLT1/MyD88 DKO, n= 6)
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IgG.27 In addition, supplementation with acetate in drinking water
of mice promoted intestinal IgA but not systemic antibody
production.28 These findings suggest that the intestinal immune
system is more sensitive to dietary components than is the
systemic immune system. Therefore, we propose that nutritional
control is a key factor for the development of effective oral
vaccines.
The LTB4–BLT1 axis induces the migration of effector T cells,

macrophages, eosinophils, and neutrophils.50 In contrast, LTB4
promoted the proliferation of IgA+ intestinal B cells rather than
their migration. Recent studies have indicated that the expression
of receptors for advanced glycation end products on neutrophils
not only promotes cell migration but also enhances LTB4–BLT1-
mediated activation of ERK and inhibits the production of
inflammatory cytokines.51,52 Therefore, intracellular signaling
through BLT1 may influence the output following stimulation of
LTB4 (i.e., cell migration, cytokine production, or cell proliferation).
CT is used as a mucosal adjuvant.53 CT binds to GM1

ganglioside, which is expressed on several types of cells, including
epithelial cells and antigen-presenting cells. In its mechanism of
action as a mucosal adjuvant, CT increases the permeability of
intestinal epithelial cells, thereby enhancing the uptake of
coadministered antigens, and activates both antigen presentation
and Ig class-switching in B cells.53 In the current study, we found
that oral immunization of mice with CT induced antigen-specific
fecal IgA in WT but not BLT1 KO mice, suggesting that LTB4
production is another key mechanism of CT-mediated immune
induction. Indeed, exposure of animals to CT induced LTB4
production in the gut.54 Therefore, CT likely acts as a mucosal
adjuvant through the induction of LTB4, thus stimulating gut IgA+

plasma cells to proliferate and enhancing the production of IgA.
In summary, the results of our current study show that the

expression of BLT1 on gut IgA+ B cells is important for inducing
the production of antigen-specific fecal IgA after oral vaccination
by promoting commensal bacteria-dependent proliferation of
IgA+ plasma cells through the induction of MyD88.

MATERIALS AND METHODS
Mice
BLT1 KO mice14 and MyD88 KO mice55,56 were generated as
previously described, and maintained in specific pathogen-free
conditions at the National Institutes of Biomedical Innovation,
Health and Nutrition (NIBIOHN; Osaka, Japan). For experiments,
BLT1 KO mice were obtained by mating heterozygous mice, and
littermate WT mice were used as controls. BLT1/MyD88 DKO mice
were obtained by mating BLT1 heterozygous mice with MyD88 KO
mice. Male mice were used for experiments after euthanasia by
cervical dislocation under anesthesia with isoflurane (AbbVie,
North Chicago, Illinois, USA). All experiments were conducted in
accordance with the guidelines of the Animal Care and Use
Committee and Ethics of Animal Experiments Committee of
NIBIOHN (<DS25-2, DS25-3, DS27-47 and DS27-48).

Cell isolation and flow cytometry
Cell isolation and flow cytometry were performed as described
previously, with modification.25 PPs were isolated and then
cut into small pieces by using scissors and incubated for 30 min
at 37 °C with stirring in RPMI1640 medium (Sigma-Aldrich, St.
Louis, Missouri, USA) containing 2% (vol/vol) newborn calf serum
(Equitech-Bio, Kerrville, Texas, USA) and 2mg/mL collagenase
(Wako Chemicals, Richmond, Virginia, USA). Cell suspensions were
filtered through cell strainers (pore size, 70 μm; BD Biosciences,
Franklin Lakes, New Jersey, USA).
Samples of iLP were prepared after removal of PPs. Small

intestine was opened longitudinally, washed vigorously with ice-
cold PBS, cut into ~2cm sections, incubated for 15min at 37 °C in
0.5 mM EDTA (Nacalai Tesque, Kyoto, Japan) to remove intestinal

epithelial cells and intestinal intraepithelial lymphocytes, and then
incubated with collagenase as described earlier. Then, LP
lymphocytes were obtained as the cell layer between 40 and
75% Percoll (GE Healthcare, Tokyo, Japan) after gradient
centrifugation (820 × g, 20 min, 20 °C).
Samples of these cell preparations were stained with an anti-

CD16/32 monoclonal antibody (mAb) (TruStain fcX; BioLegend,
San Diego, California, USA) to prevent nonspecific staining and
with 7-AAD (BioLegend) to detect dead cells. In addition, cells
were stained with the following fluorescently labeled mAbs:
FITC–anti-IgA (BD Biosciences; catalog no. 559354; dilution, 1:100),
PE–Cyanin 7 (PE–Cy7)–anti-IgM (BioLegend; no. 406514; 1:100),
BV421–anti-B220 (BioLegend; no. 103240; 1:100), PE–anti-Ki67
(BioLegend; no. 652404; 1:100), PE–anti-α4β7 integrin (BioLegend;
no. 120605; 1:20), PE–anti-CCR9 (R&D Systems, Minneapolis,
Minnesota, USA; no. FAB2160P; 1:10), Allophycocyanin
(APC)–anti-CCR10 (R&D Systems; no. FAB2815A; 1:10),
APC–Annexin V (BioLegend; no. 640919; 1:20), APC–anti-BrdU
(BD Biosciences; no. 557892; 1:50), PE–rat IgG2a isotype control
(BioLegend; no. 400508; 1:100 or 1:20), PE–rat IgG2b isotype
control (BD Biosciences; no. 553989; 1:10), PE–Cy7–mouse IgG1
isotype control (BioLegend; no. 400126; 1:20), APC–rat IgG2b
isotype control (BD Biosciences; no. 553991; 1:10), and APC–rat
IgG1 isotype control (BD Biosciences; no. 550884; 1:100). For the
staining of BLT1, cells were stained with biotinylated anti-mouse
BLT1 mAb (7A8; 10 μg/mL), followed by staining with PE-
Cy7–streptavidin (BD Biosciences; no. 557598; 1:100).57 Staining
for Ki67 was conducted after cell surface staining and was
performed by incubation in 70% ethanol for 1 h at –20 °C,
according to the manufacturer’s protocol. Staining for BrdU was
conducted after cell surface staining and included fixation,
permeabilization, and DNase treatment according to the manu-
facturer’s protocol. Samples were analyzed (MACSQuant, Miltenyi
Biotec, Bergisch Gladbach, Germany; or FACSAria II, BD Bios-
ciences) and cells were isolated (FACSAria II) by using flow
cytometry. Data were analyzed by using FlowJo 9.9 (Tree Star,
Ashland, Oregon, USA). Dead cells were excluded from analysis.

Reverse transcription and quantitative PCR analysis
Reverse transcription (RT) and quantitative PCR analysis were
performed as described previously with modification.58 Total RNA
was isolated from purified cells by using Sepasol (Nacalai Tesque)
and chloroform (Nacalai Tesque), precipitated with 2-propanol
(Nacalai Tesque), and washed with 75% (vol/vol) ethanol (Nacalai
Tesque). RNA samples were incubated with DNase I (Invitrogen,
Carlsbad, California, USA) to remove contaminating genomic DNA
and then reverse-transcribed into cDNA (Superscript III reverse
transcriptase, VIRO cDNA Synthesis Kit; Invitrogen). Quantitative
PCR analysis was performed by using a thermocycler (LightCycler
480 II, Roche, Basel, Switzerland) with FastStart Essential DNA
Probes Master Mix (Roche). Primer sequences were: Blt1 sense, 5′-
tctgatcagcatcagggaaa-3′; Blt1 antisense, 5′-gaaggtgctgcaggaga
tgt-3′; MyD88 sense, 5′-gccttgttagaccgtgaggat-3′; MyD88 anti-
sense, 5′-ctaagtatttctggcagtcctcct-3′; Alox-5 sense, 5′-aggcacggc
aaaaacagtat-3′; Alox-5 antisense, 5′-tgtggcatttggcatcaata-3′; Flap
sense, 5′-catcagcgtggtccagaat-3′; Flap antisense, 5′-agagtcccggt
cctctgg-3′; LTA4 hydrolase sense, 5′-tggaacacctggctctacg-3′; LTA4
hydrolase antisense, 5′-gtcagagtcacgtcgtaattgg-3′; Actinb sense, 5′-
aaggccaaccgtgaaaagat-3′; and Actinb antisense, 5′-gtggtacgaccag
aggcatac-3′.

Immunization
Immunization was performed as described previously with
modification.30 For oral immunization, 8-week-old BLT1-deficient
and WT mice were fasted for 16 h and orally immunized by using
OVA (Sigma-Aldrich; 1 mg/mouse) with CT (List Biological Labora-
tories, Campbell, California, USA; 10 μg/mouse) dissolved in PBS
(200 μL/mouse) through disposable feeding needles (Fuchigami,
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Kyoto, Japan) once weekly for a total of three times (days 0, 7, and
14). In some experiments, mice were intraperitoneally treated with
cyclophosphamide (Sigma-Aldrich, 35mg/kg) once daily for a total
of three times (days 18, 19, and 20) as described previously.30 In
some experiments, mice were intraperitoneally treated with anti-
CD40L mAb (Bio X Cell, 250 μg/mouse) once daily for a total of
three times (days 15, 17, and 19) to disrupt germinal center
formation as described previously.59,60 In some experiments, mice
were intraperitoneally injected with BrdU (BD Biosciences, 1.0 mg/
mouse) once at 1 day before euthanasia to examine cell
proliferation.30 For systemic immunization, mice were intraper-
itoneally injected with OVA (25 μg/mouse) and Imject Alum
(Thermo Fisher Scientific, Tokyo, Japan; 1 mg/mouse) dissolved in
PBS (200 μL/mouse) once weekly for two times, as described
previously with modification.61

In vivo CT challenge
In vivo CT challenge was performed as described previously with
modification.30,62 At 7 days after final immunization (day 21), mice
were fasted for 8 h and orally challenged with CT (100 μg/mouse).
At 15 h after CT challenge, clinical symptoms of diarrhea were
recorded, and the volume of intestinal water was measured.

ELISA
ELISA was performed as described previously with modification.30

At 7 days after final immunization (day 21), feces or serum were
obtained for ELISA assay. Feces were weighed, dissolved in PBS
(100 mg/mL), vortexed for 30 min at 4 °C, and centrifuged (3000 ×
g, 10 min, 4 °C). Supernatants were used as fecal samples in the
ELISAs. Serum was prepared from blood by centrifugation (5800 ×
g, 10 min). Supernatants were used as serum samples in the
ELISAs.
For antigen-specific ELISAs, flat-bottom 96-well plates (Nunc

MaxiSorp, Thermo Fisher Scientific) were coated with either CT
(0.5 μg/well) or OVA (100 μg/well) and incubated overnight at 4 °C.
Plates were washed three times by using 0.1% (vol/vol) Tween-20
(Nacalai Tesque) in PBS, blocked with 1% (wt/vol) bovine serum
albumin (Nacalai Tesque) in PBS for 1 h at room temperature, and
washed three times with 0.1% (vol/vol) Tween-20 in PBS three
times. Fecal and serum samples, serially diluted with PBS
containing 1% (wt/vol) bovine serum albumin, were applied to
the plates and incubated for 3 h at 4 °C, and washed three times
0.1% (vol/vol) Tween-20 in PBS. Plates were incubated for 30 min
at room temperature with either anti-mouse IgA-HRP (Southern
Biotech, Birmingham, Alabama, USA; catalog no. SBA-1040-05-1;
dilution, 1:4000) or anti-mouse IgG-HRP (Southern Biotech; SBA-
1031-05-1; 1:4000) in 2% (vol/vol) bovine serum albumin and 0.1%
(vol/vol) Tween-20 in PBS, followed by three washes with 0.1%
(vol/vol) Tween-20 in PBS. Antigen-specific antibody titers were
visualized by adding peroxidase substrate (TMB microwell
peroxidase substrate, SeraCare Life Sciences, Milford, Massachu-
setts, USA) for 20 min at room temperature in the dark. Then, 0.5 M
HCl (Nacalai Tesque) was added to the samples, and the
absorbance at OD450 was measured (iMark microplate reader,
Bio-Rad, Hercules, California, USA).
For the total IgA ELISA, plates were coated with goat anti-mouse

Ig (H+ L) (Southern Biotech; no. 1010-01; 1:1000) and detected
with anti-mouse IgA-HRP (Southern Biotech; no. SBA-1040-05-1;
1:4000). Purified mouse IgA κ isotype control (BD Biosciences; no.
553476) was used as an IgA standard.

ELISPOT assay
ELISPOT assays were performed as described previously with
modification.63 At 7 days after the final immunization, cell samples
were prepared from iLP as described earlier. For antigen-specific
ELISPOT assays, plates were coated overnight at 4 °C with either
CT (0.5 μg/well) or OVA (100 μg/well). Plates were washed with
PBS three times and blocked in RPMI1640 containing 10% (vol/vol)

newborn calf serum for 30 min at 37 °C. Cell samples, diluted in 2%
(vol/vol) newborn calf serum in PBS, were applied to wells and
incubated for 4 h at 37 °C in a 5% CO2 incubator (Sanyo, Osaka,
Japan). Plates were washed three times with PBS and then three
times with PBS containing 0.1% (vol/vol) Tween-20, followed by
incubation overnight at 4 °C with either anti-mouse IgA-HRP
(Southern Biotech; 1:1000) or anti-mouse IgG–HRP (Southern
Biotech; 1:1000) in PBS containing 0.1% (vol/vol) Tween-20. Plates
were washed with PBS six times, and antigen-specific antibody-
producing cells were visualized by adding 3-amino-9-
ethylcarbazole (Tokyo Chemical Industry, Tokyo, Japan) in 0.1 M
acetic acid solution plus H2O2 (Nacalai Tesque). Then, plates were
washed with running water and dried at room temperature. Spots
were counted (ImmunoSpot Analyzer, Cellular Technology, Cleve-
land, Ohio, USA).

Immunohistochemistry
Immunohistochemical analysis was performed as described
previously with modification.64 Tissues samples in OCT compound
(Sakura Finetek Japan, Tokyo, Japan) were frozen in liquid
nitrogen. Freshly prepared cryostat sections (6 μm thick) were
fixed with 95% ethanol (Nacalai Tesque) for 30 min at 4 °C,
followed by incubation in 100% acetone (Nacalai Tesque) for 1
min at room temperature. After being blocked in 2% (vol/vol)
newborn calf serum in PBS (Nacalai Tesque) for 30min at room
temperature, samples were incubated with antibodies for 16 h at
4 °C. Samples were washed for 5 min each with 0.1% (vol/vol)
Tween-20 (Nacalai Tesque) in PBS and then PBS, followed by
staining with DAPI (AAT Bioquest, Sunnyvale, California, USA) for
10min at room temperature to visualize nuclei. Finally, samples
were washed twice with PBS, mounted in Fluoromount (Diag-
nostic BioSystems, Pleasanton, California, USA), and examined
under a fluorescence microscope (model BZ-9000, Keyence,
Osaka, Japan). BrdU staining was performed as described
previously with modification.65 In brief, freshly prepared cryostat
sections (thickness, 6 μm) were fixed in 100% acetone for 3 min at
room temperature, followed by blocking and staining with PE-
anti-Ki67 mAb (BioLegend; no. 652404; 1:100) and biotin-anti-IgA
mAb (Thermo Fisher Scientific; no. 13-5994-81, 1:100). Sections
were fixed in 4% paraformaldehyde (Nacalai Tesque) for 20 min
and, to cleave DNA, were incubated in 4 N HCl (Nacalai Tesque) for
20min at room temperature. To neutralize acid, sections were
transferred to 0.2 M sodium borate (pH 8.5) for 3 min and stained
with APC-streptavidin (BioLegemd; no. 405207; 1:200) and
FITC–anti-BrdU mAb (BD Biosciences, 1:50).

In vitro migration assay
In vitro migration assays were performed as described pre-
viously.25 Bone marrow neutrophils were prepared from the femur
and tibia of 8-week-old WT mice and were harvested as a cloudy
cell pellet after 62% Percoll gradient centrifugation (1000 × g,
30 min, 20 °C). Neutrophils were further purified as a
Gr1highCD11b+CD45+ population by flow cytometry (FACSAria,
BD Biosciences). IgM+IgA– B cells and IgA+ B cells were purified
from PPs by using flow cytometry (FACSAria, BD Biosciences).
These cells were applied to the upper chambers (1 × 104 cells/well)
of Transwell plates (pore diameter, 5 μm; Corning-Costar, Corning,
New York, USA). Various concentrations of LTB4 (0, 1, 10, or
100 nM; Cayman Chemical, Ann Arbor, Michigan, USA) were added
to the lower wells. After a 2-h incubation, the cells that had
migrated into the lower wells were counted by flow cytometry.

In vitro culture of PP B cells
In vitro culture was performed as described previously with
modification.25,66 RPMI-1640 supplemented with 10% (vol/vol)
heat-inactivated fetal bovine serum (Gibco, Gaithersburg, Mary-
land, USA), 50 U/mL penicillin and 50 μg/mL streptomycin (Nacalai
Tesque), 55 μM 2-mercaptoethanol (Nacalai Tesque), and 1mM
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sodium pyruvate (Nacalai Tesque) was used as a complete culture
medium. B220+ B cells were isolated from PPs by using autoMACS
(Miltenyi Biotec). For the induction of IgA class-switching and
production, cells were cultured in U-bottom, 96-well microtiter
plates (1 × 105 cells/well; Thermo Scientific) containing recombi-
nant murine IL-4 (PeproTech, New Jersey, USA; 100 ng/mL),
recombinant murine IL-5 (PeproTech; 100 ng/mL), recombinant
human TGF-β1 (PeproTech; 1 ng/mL), and either Escherichia coli
lipopolysaccharide (LPS) 0127:B8 (Sigma-Aldrich; 10 μg/mL) or
Staphylococcus aureus peptidoglycan (Sigma-Aldrich; 10 μg/mL) in
complete culture medium (200 μL/well); plates were incubated for
3 days at 37 °C in a 5% CO2 incubator. After the 3-day culture
period, half (100 μL) of the culture medium was replaced with
complete culture medium containing recombinant murine IL-6
(PeproTech; 1 ng/mL); plates were incubated for 3 days at 37 °C in
a 5% CO2 incubator. Then the supernatant and cells were
collected and used in ELISAs and flow cytometric analyses,
respectively.

Antibiotic treatment
Mice were provided ampicillin (1 g/L; Nacalai Tesque), vancomycin
(500mg/L; Nacalai Tesque), neomycin sulfate (1 g/L; Sigma-
Aldrich), and metronidazole (1 g/L; Sigma-Aldrich) in their drinking
water,67 beginning 1 week prior to oral immunization by using
OVA with CT and continuing throughout the study.

Statistical analysis
Statistical significance was evaluated by one-way ANOVA for
comparison of multiple groups and the Mann–Whitney test for
two groups by using Prism 6 (GraphPad Software, La Jolla,
California, USA). A P value less than 0.05 was considered to be
significant.
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