
Long-lived plasma cells are generated in mucosal
immune responses and contribute to the bone
marrow plasma cell pool in mice
A Lemke1,3, M Kraft1,2,3, K Roth1, R Riedel1, D Lammerding1,2 and AE Hauser1,2

During systemic immune responses, plasma blasts are generated in secondary lymphoid organs and migrate to the

bone marrow, where they can become long-lived, being responsible for the maintenance of long-term antibody titers.

Plasmablasts generated inmucosal immune responsesof the small intestine home to the laminapropria (LP), producing

mainly immunoglobulin A. The migration of these antibody-secreting cells is well characterized during acute immune

responses. Less is known about their lifetime and contribution to the long-lived bone marrow compartment. Here we

investigate the lifetime of plasma cells (PCs) and the relationship between the PC compartments of the gut and bone

marrow after oral immunization. Our findings indicate that PCs in the LP can survive for extended time periods. PCs

specific for orally administered antigens can be detected in the bone marrow for at least 9 months after immunization,

indicating that the mucosal PC compartment can contribute to the long-lived PC pool in this organ, independent of the

participation of splenic B cells. Our findings suggest that the compartmentalization betweenmucosal and systemic PC

pools is less strict than previously thought. This may have implications for the development of vaccines as well as for

autoantibody-mediated diseases.

INTRODUCTION

As the producers of soluble immunoglobulins (Igs), plasma
cells (PCs) are crucial effector cells of humoral immunity. In
systemic immune responses, antigen-specific plasma blasts are
generated from activated B cells in secondary lymphoid organs.
A fraction of those motile plasma blasts leave the secondary
lymphoid organs and migrate via the blood to the bone
marrow.1,2 Here plasma blasts that encounter a special micro-
environment termed the survival niche can become long-lived
PC. PC survival requires the combination of certain molecular
signals that act synergistically3 and are derived from various
cellular sources: the tumor necrosis factor–family cytokine A
proliferation-inducing ligand (APRIL) is mainly provided by
eosinophils,4 whereas the CXC chemokine ligand 12 (CXCL12)
is derived from resident stromal cells in the bone marrow.5

CXCL12, also known as stromal cell derived factor 1a, acts by
attractingmigratory plasma blasts to the bonemarrowaswell as
by supporting the survival of resident, sessile PCs.6 In addition

to those soluble factors, adhesion molecules such as very late
antigen 4 and lymphocyte function–associated antigen 1
contribute to the retention of PCs in their niches by binding
to vascular cell adhesion molecule 1 and fibronectin, respec-
tively, on the surface of stromal cells.7

The majority of plasma blasts in the blood of humans in
steady state are derived from mucosal immune responses.8 A
large fraction of antibody-secreting cells (ASCs) in the body are
located in the lamina propria (LP), and the vast majority of LP
PCs produce antibodies of the immunoglobulin A (IgA)
isotype. Gut-associated lymphoid tissue provides an environ-
ment rich in factors such as transforming growth factor beta
and APRIL, which promote class switching of B cells to IgA.9

Mucosal IgAþ plasma blasts first migrate through lymphatic
vessels to the mesenteric lymph nodes, and subsequently they
enter the blood circulation through the thoracic duct and home
back to the LP. The CC chemokine receptor 9 (CCR9) and
CCR10 on plasma blasts are responsible for homing to the small
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and large intestine, respectively. Retinoic acid has a role in
imprinting of the gut-homing mechanism of IgAþ plasma
blasts by inducing CCR9.10 The adhesion molecule integrin
a4b7 also mediates gut tropism in plasma blasts.11 It has also
been proposed that a fraction of IgAþ PCs in the diffuse LP are
generated locally, without the need for recirculation.12 By flow
cytometry analysis, up to 50%of bonemarrowPCs inmice have
been shown to be IgAþ . Although IgAþ PCs evidently
express CXC chemokine receptor 4 (CXCR4) and migrate to
the bone marrow,13 it is not known to what extent they can
contribute to the resident long-lived PC compartment. To this
date, the information about the lifespan of intestinal PCs is
sparse. Previous studies suggest that the vast majority of ASCs
in the LP are short-lived,14,15 but there is indirect evidence in
the recent literature that there might be a long-lived compart-
ment present in this tissue as well,16,17 similar to the bone
marrow.18 In general, systemic and mucosal antibody responses
are thought to be compartmentalized, and the production of
antibodies against oral antigens is therefore restricted to the gut.
Here we investigate the lifetime of ASCs induced after oral
immunization of mice in the LP of the small intestine and bone
marrow and analyze the relationship between the intestinal and
the bone marrow PC compartments.

RESULTS

Antigen-specific PCs are present in the LP and bone
marrow for at least 3 months after oral immunization

To monitor the presence of antigen-specific PCs in the LP over
time and analyze the relationship between PC compartments of
the gut and bone marrow, we immunized mice orally with
cholera toxin (CT). The oral administration of CT has been
shown previously to elicit a strong T-cell-dependent PC
response in the LP.19 After neutralization of gastric acid using
sodium bicarbonate, mice were immunized via oral gavage with
10 mg of CT and 3 weeks later the mice received a boost
immunization (Figure 1a). Six days after boost, at a time point
when the PC response was predicted to peak at the induction
site based on kinetics generated in systemic immune
responses,1 one cohort of mice was killed and the LP of the
small intestine was analyzed by ELISPOT for the presence of
CT-specific PCs. Non-immunized mice served as controls
(Figure 1b). As expected, CT-specific IgA-ASCs were not
detected at all in naive mice. In contrast, on average 4105

specific IgAþ ASCs were detected in the LP at day 6 after boost
immunization. We also detected CT-specific ASCs of other
isotypes, namely IgG and IgM at that time point; however, their
total numbers wereB10 times lower than the number of IgA-
ASCs. Ninety days after immunization, we could still detect
B2.9� 103 CT-specific IgA-ASCs in the LP, whereas IgG- and
IgM-ASCs specific for the antigen, in contrast, were undetectable.
To compare the persistence of CT-specific ASCs in the LP with
those in other lymphoid tissues, we performed ELISPOT
analyses of the bone marrow. At day 6 after oral boost, an
average of 2.6� 104 total CT-specific IgA-ASCs and 2.3� 104

of specific IgG-ASCs were present in the bone marrow
(Figure 1c). Although we noticed a reduction of each of

the two isotypes after day 6, similar to previously published data
onASC accumulation in the bonemarrow,1 we could still detect
7.7� 103 specific IgG-ASCs (1/3 of the value at day 6) and
5� 103 (1/5 of the value at day 6) IgA-ASCs 90 days after boost.
CT-specific IgM-ASCs were also present in the bone marrow,
albeit in lower numbers as the other isotypes tested (on average:
6.7� 103 and 6.4� 102 6 and 90 days after oral boost,
respectively).

Oral administration of CT with co-administered ovalbumin
(OVA) induces long-term persistence of CT- and OVA-
specific PCs in the LP as well as the bone marrow

CT has been described to function as a potent adjuvant for
mucosal immune reactions.20 Furthermore, its adjuvant
functions have been shown to promote long-term immuno-
logicalmemory in the gut to other immunogens that are applied
orally together at the same time as CT.21 This led us to test
whether CT could promote long-term humoral immunity in
the LP against co-administered antigens. Indeed, when we
gavaged mice with a mix of CT and OVA we could detect
similar numbers of IgA-secreting cells by ELISPOT against
both antigens in the LP even at late time points, 9 months after
immunization (Figure 2a, left panel). At the same time, we
could also detect CT-specific as well asOVA-specific IgA-ASCs
in the bone marrow at numbers similar to the ones present in
the LP (Figure 2a, right panel). In contrast, bothCT- andOVA-
specific IgG-secreting ASCs were present in the bone marrow.
To further confirm the data generated by ELISPOT, we also
monitored the numbers of OVA-specific ASCs in the LP at
different time points after boost by flow cytometry. OVA-
specific ASCs were identified by staining intracellularly against
the Ig kappa light chain in combination with fluorescently
labeled OVA (Figure 2b). We confirmed that virtually all
OVA-specific PCs in the LP and in the bone marrow were
expressing the kappa light chain (see Supplementary Figure S1
online). Using this strategy, we were able to detect OVA-
specific PCs in the LP up to 9months after boost immunization
(Figure 2b,c), thereby confirming the data generated by
ELISPOT assay.

ASCs induced after oral immunization can become long-
lived and persist in the LP

The antigen-specific ASCs that we detected at 9 months after
immunization might represent long-lived PCs. Alternatively,
they could be short-lived plasma blasts generated continuously
by ongoing immune responses in the gut. To test this, we
immunized mice with OVA and CT and fed them during the
first 12 days of the boost response with the thymidine analog
5-ethynyl-20-deoxyuridine (EdU) (Figure 3a), which gets
stably incorporated in the DNA of proliferating cells.22

Proliferating plasma blasts in the LP were efficiently labeled
with EdU: at day 12, directly after termination of the EdU
feeding, 490% of OVA-specific plasma blasts had incorpo-
rated EdU (Figure 3b). The nuclear localization of EdU in
plasma blasts was confirmed by immunofluorescence histology
(Figure 3c). Microscopic examination also clearly showed EdU
uptake by OVA-specific PCs in the LP (Figure 3d).
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Next we analyzed PCs from the LP at later time points
in order to determine their lifetime (Figure 4a). Using
EdU labeling enabled us to detect long-lived PCs until
the latest time point analyzed, namely, 9 months after
boost by flow cytometry (Figure 4b,c), suggesting that PCs
generated in mucosal immune responses have the potential to
become long-lived.

Gut epithelial cells are a major source of the PC survival
factor APRIL

By immunofluorescence histology, we confirmed the presence
of EdUþ kappaþ cells in the small intestine 4 months
(Figure 5a) and even up to 9 months after oral immunization,
although at low abundance (data not shown). In line with the
results obtained by flow cytometry, the majority of PCs at
4 months after boost were EdU-negative. However, we were
able to detect scattered EdUþ IgAþ PCs in the diffuse LP.

Those long-lived intestinal PCs were localized in the villi as well
as in the areas around the crypts (Figure 5a).

In the bonemarrow, eosinophils have been shown to localize
within the PC survival niche, where they are a source ofAPRIL.4

The detection of long-lived PCs in the LP prompted us to
investigate whether a similar survival niche exists in the small
intestine. The gut has a substantial population of eosinophils.23

In line with this, we could detect cells, which stained positive for
the eosinophil marker major basic protein (MBP) in the diffuse
LP (Figure 5b). A fraction of IgAþ PCs was found to localize in
contact with those MBPþ cells in the gut by histology.
However, the majority of PCs (B70%) were not found to
contact eosinophils. Interestingly, this percentage did not differ
between EdUþ and EdU� PCs in EdU pulse-chase experi-
ments 4 months after immunization (Figure 5c,d). These results
suggested that—unlike in the bone marrow—colocalization
with eosinophils was not required for the survival of PCs in the

Figure 1 Toxin-specific plasma cells induced by oral immunization with cholera toxin (CT) persist in the lamina propria and the bonemarrow. (a) C57BL/6
mice were immunized twice in a time interval of 21 days via oral gavage using 10 mg cholera toxin. Lamina propria and bone marrow lymphocytes were
isolated at the indicated time points and analyzed by ELISPOT for the presence of toxin-specific plasma cells. (b,c) Cholera toxin-specific plasma cells of
the lamina propria (b) and the bonemarrow (c) were determined by ELISPOT 6 and 90 days after oral boost immunization. Absolute numbers of cholera
toxin-specific antibody-secreting cells (ASCs) are shown separately for immunoglobulin A (IgA), IgG, or IgM isotypes compared with non-immunized
(naive) mice. Data points represent individual mice; data are pooled from three independent experiments. Bars indicate the median.
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LP. As shown by histology, eosinophils in the bone marrow are
a major source of APRIL.4 We stained for this cytokine in the
LP in order to evaluate its distribution in this tissue. The
strongest signal for APRIL was detected in the gut epithelial
cells (Figure 5e), in line with a recent publication.24 MBPþ

eosinophils aswell as some other, yet unidentified cells in the LP
were APRILþ , albeit the signal seemed less bright than in
the epithelium. Taken together, our data indicate that in the
gut—unlike in the bone marrow—colocalization with eosino-
phils within a survival niche has a minor role in the survival of
long-lived PCs. Of note, eosinophils were reported to have a
role for PC generation in the LP, and PC numbers in the gut
have been shown to be reduced by about 50% in eosinophil-
deficient mice compared with wild-type mice,24 indicative of
other sources of APRIL contributing to the presence of PCs at
this location. Our findings indicate that the gut epithelium acts
as the main provider of APRIL in the gut.

PCs induced after oral immunization contribute to the long-
lived PC pool in the bone marrow

Plasma blasts have been shown to migrate from secondary
lymphoid organs to the bone marrow in mice1,2 and humans25

during systemic immune responses. The bone marrow is the
physiological site for the accumulation of long-lived PCs. It is
thought to contain micro-environmental niches defined by a
combination of stromal as well as hematopoietic cells, which
supply the PCs with survival factors, thereby promoting their
longevity.6 However, previous studies on long-lived PCs in the
bone marrow were done using systemic challenges, and the
mucosal and systemic PC pools have been considered to be
compartmentalized. As we had found CT-specific ASCs in
the bone marrow by ELISPOT in our previous experiments
(Figure 1c), we next sought to confirm the presence of OVA-
specific ASCs by flow cytometry up to 9 months after boost in
the bone marrow (Figure 6a). To investigate whether mucosal
immune reactions can elicit bona fide long-lived PCs in the
bone marrow, we also analyzed EdU incorporation in bone
marrow PCs in pulse-chase experiments. EdUþ kappaþ PCs
were detected up to 9 months after oral boost in the bone
marrow (Figure 6b,c). We confirmed the presence of EdUþ

PCs in the bone marrow at 9 months after immunization by
histology (Figure 6d). Notably, EdU was detected in OVA-
specific PCs at this time point (Figure 6e).

The majority of antibodies secreted by PCs in the LP are
shuttled into the gut lumen.26 In contrast, bonemarrowPCs are
responsible for the production of serum IgG and a fraction of
serum IgA antibodies in mice. We could detect OVA-specific
IgA aswell as IgG in the serumof orally immunizedmice up to 9
months after oral immunization, supporting the hypothesis
that long-lived bone marrow PCs induced in mucosal immune
responses contribute to the maintenance of long-term serum
antibody titers (Figure 6f). We also examined the distribution
of Ig isotypes within the EdUþ and OVA-specific PC com-
partment by flow cytometry.Whereas, as expected, IgA was the
dominant isotype of OVA-specific PCs in the LP, (median:
93.2%: data not shown), there were almost equal fractions of

Figure 2 Mucosal-induced plasma cells specific against cholera toxin
(CT) as well as the co-administered immunogen ovalbumin (OVA) persist
in the laminapropriaand thebonemarrowat least for 9months. (a)C57BL/6
mice were immunized twice in a time interval of 21 days via oral gavage
using 10 mg CT and 100mg OVA. Nine months after boost, lamina propria
and bone marrow lymphocytes were analyzed by ELISPOT for the
presence of toxin-specific as well as OVA-specific plasma cells. Absolute
numbers of CT- and OVA-specific antibody-secreting cells (ASCs) are
shown per organ and depicted separately for immunoglobulin A (IgA) and
IgG isotypes, respectively. Data points represent individual mice from one
experiment. Bars indicate the median. (b) C57BL/6 mice were immunized
as described in a and lymphocytes from the lamina propria were isolated
12 days after oral boost to identify OVA-specific ASCs by flow cytometry.
Cell suspensions were stained intracellularly with fluorochrome-coupled
antibody against kappa light chain and fluorescently labeled OVA.
Representative dot plots of immunized and naive mice indicate the
identification of OVA-specific ASCs. Data are representative for 21
individualmice from five independent experiments. (c)C57BL/6micewere
immunized as described in a and intestinal lymphocyteswere analyzed for
the presence of OVA-specific ASCs as described in b at the indicated time
points after oral boost. Absolute numbers of OVA-specific ASCs were
calculated per mouse; data points represent individual mice; data are
pooled from one to four independent experiments per time point. Bars
indicate themedian. The differences in absolute numbers of OVA-specific
plasma cells between non-immunized controls and the various time points
after boost were tested for statistical significance by Mann–Whitney U-
test. All tests yielded significant differences: day 12 after boost P¼ 0.006;
day 36 P¼ 0.003; day 72 P¼ 0.0095; 4 months P¼0.001; 9 months
P¼ 0.01.
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OVA-specific IgAþ and IgG1þ PCs present in the bone
marrow at both day 12 and day 35 (see Supplementary Figure
S2). This indicates that IgG1þ OVA-specific plasma blasts
from mucosal immune responses preferentially home to the

bone marrow compared with their IgAþ counterparts and
suggests that various isotypes generated in responses to
different antigens vary in their capacity to migrate to the
bone marrow.

Figure 3 EdU (5-ethynyl-20-deoxyuridine) incorporation by plasma blasts in the lamina propria. (a) C57BL/6 mice were immunized twice in a time
interval of 21 days via oral gavage using 10mg cholera toxin (CT) and 100mgovalbumin (OVA). Tomark proliferating cells,mice receivedEdU continually
in drinking water from day 0 (time point of oral boost) until day 12. (b) To investigate the incorporation efficiency of EdU, intestinal lymphocytes of the
lamina propria were isolated at day 12, upon termination of EdU administration. Cells were stained intracellularly with fluorochrome-coupled antibody
against kappa light chain and fluorescently labeled OVA. Staining of intranuclear incorporated EdU was performed using the Click-it EdU Alexa 647 Kit,
and cells were analyzed by flow cytometry. After exclusion of dead cells via fixable eFluor 780 (not shown), representative dot plots indicate the OVA-
specific plasma cell population. A representative histogram shows the EdU incorporation of OVA-specific plasma cells (red line) using intestinal plasma
cells of non-EdU-fed mice (gray line) as negative control. (c) Intranuclear localization of EdU was confirmed 12 days after oral boost, directly after EdU
administration via immunofluorescence microscopy. Cryosections of the small intestine were stained with anti-mouse IgA antibody, anti-mouse kappa
light chain antibody, and fluorescently labeledanti-EdUantibodyaswell asSYTOXGreen for visualization of nuclei. (d)OVA-specific, EdUþ plasmacells
in the lamina propria 12 days after oral boost. Cryosections of the small intestine were stained as described in c. FSC, forward scatter; IgA,
immunoglobulin A.
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PCs generated after mucosal challenge accumulate and
persist in the bone marrow without the participation of
splenic B cells

We detected a small fraction of OVA-specific IgAþ PCs in the
spleen at day 12 after immunization (data not shown). PCs
specific for mucosal antigens have been reported to localize in
the spleen,13 and the splenic marginal zone has recently been
proposed as a crucial site for the induction of B-cell responses
against gut-derived microbial antigens.27 We therefore tested
whether the spleen is required for the presence of PCs in the
bone marrow by comparing OVA-specific PC responses after
oral immunization in splenectomized and control mice. As in
the previous experiments, mice were fed with EdU for 12 days
after an oral challenge with OVA and CT. PCs in single-cell
suspensions from the LP and the bone marrow were identified
by intracellular staining with fluorescently labeled OVA and
antibodies against the kappa light chain and analyzed by flow
cytometry at days 12 (LP and bone marrow) and 35 (bone

marrow) after boost. There was a slight but significant increase
in total PC numbers in both the LP (two times; Figure 7a) and
bone marrow (three times; Figure 7b,c) of splenectomized
animals at all time points investigated. This is probably an effect
of the surgical manipulation in combination with the lack of the
splenic niche for the PCs. However, the frequencies of OVA-
specific PCs in the LP were similar in both the groups at day 12
(Figure 7d). This was reflected in similar frequencies of OVA-
specific PCs in the bone marrow in both the groups at this time
point (Figure 7e), indicating that migratory plasma blasts
generated in a mucosal immune response are able to reach the
bone marrow without participation of the spleen. At day 35,
antigen-specific PC frequencies continued to be equal in both
the groups (Figure 7f), indicating that PCs derived from
mucosal immune responses are able to persist in the bone
marrow without the involvement of the spleen. With respect to
the EdUþ PCs, a slight but significant decrease in their
frequency was detected at both the time points in the bone

Figure 4 Identification of long-lived intestinal plasma cells by intranuclear incorporated 5-ethynyl-20-deoxyuridine (EdU). (a) C57BL/6 mice were
immunizedand treatedwithEdUasdescribed in (Figure3a). After termination ofEdU labeling, laminapropria (LP) lymphocyteswere investigated by flow
cytometry in the following EdU-free period (chase) at indicated time points for the detection of EdUþ plasma cells, which represent long-lived plasma
cells. (b) For identification and quantification of EdU-incorporating LP plasma cells via flow cytometry, isolated intestinal lymphocytes were stained
intracellularly with fluorescently labeled antibodies binding the kappa light chain as well as intranuclear-incorporated EdU as described above in
(Figure 3b). Representative dot plots permit differentiation of EdUþ andEdU� subpopulations of intestinal plasmacells at indicated timepoints after oral
immunization. Gating was defined for each time point using control mice that had not been fed with EdU. (c) Frequencies of EdUþ fraction within total
intestinal plasma cells were determined as decribed in b by flow cytometry until 9 months after oral immunization. Data points represent individual mice;
data are pooled from one to three independent experiments per time point. Bars represent the median. ASC, antibody-secreting cell; CT, cholera toxin;
FSC, forward scatter; OVA, ovalbumin.
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Figure 5 Localization andmicroenvironment of long-lived plasma cells (PCs) in the lamina propria. (a) Detection of long-lived PCs in the small intestine
laminapropria by5-ethynyl-20-deoxyuridine (EdU) staining.Micewere immunizedorally, fedwithEdU for 12daysafter boost, andanalyzed4months later
by confocal microscopy. The left confocal micrograph shows villi stained with a nuclear dye (blue) and fluorescently labeled antibodies binding
immunoglobulin A (IgA; red) and EdU (green) to identify long-lived PCs. The right panel represents a zoom of the white boxed area; the arrow denotes an
EdUþ long-lived PC. (b) Immunofluorescence microscopy of lamina propria 4 months after oral boost. Cryosections of the small intestine were stained
with antibodies against EdU (blue), kappa light chain (green) to identify PCs, and major basic protein (MBP, red) as a marker for eosinophils.
Colocalization of eosinophils and PCswas defined aso5-mmdistance between them. Solid arrow indicates an EdUþ PCnot in contact with eosinophils;
dotted arrowmarks a PC in the vicinity of an eosinophil. (c) PCs from histological sections of the small intestine 4 months after boost immunization were
counted and evaluated for their EdU incorporation. Numbers of EdUþ and EdU� PCs are shown, enumerated from four to eight sections from three
individual mice. Each color represents one animal. Total PC numbers counted per animal were 779 (red), 397 (yellow), and 456 (orange). Bars represent
themedian. (d) Frequencyof PCswith eosinophils in their vicinity. The number of EdUþ andEdU� antibody-secreting cellswas counted and their vicinity
to eosinophils (within a radius of 5 mm around the outer border of the PCs) was determined. The plot shows the percentage of PCs in contact with
eosinophils in the lamina propria among EdUþ and EdU� PCs. Bars represent the median. No significant difference with respect to eosinophil
colocalization was detected among the EdUþ and EdU� population using the two-tailed Mann–WhitneyU-test. (e) Immunofluorescencemicroscopy of
the lamina propria at 4 months after oral boost reveals a strong APRIL (A proliferation-inducing ligand) signal in the epithelium. Cryosections of the small
intestine were stained with antibodies against APRIL (green), kappa light chain (red) to identify PCs, andMBP (blue) as amarker for eosinophils. NS, not
significant.
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marrow (Figure 7h,i), whereas their frequency was equal in the
LP of both cohorts (Figure 7g). Notably, there was no
difference in the frequency of the EdUþ fraction among
the OVA-specific PCs in both the organs at day 12 and in the
bone marrow at day 35 (Figure 7j–l). Splenic B cells did not

have a crucial role in the isotype composition of the bone
marrow compartment as the frequencies for all three isotypes
tested did not differ significantly between splenectomized and
control cohorts at both the time points (see Supplementary
Figure S3A,B).
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Bone marrow PCs secrete antibodies specific for
components of commensal bacteria

Having found that the bone marrow compartment includes
PCs specific for orally administered antigens, we next
investigated whether there are also antibodies against mucosal
antigens, such as components from commensal bacteria
produced in this compartment. To this end, we tested the
reactivity of bone marrow PCs from individual mice against
bacterial lysates isolated from stool samples of littermates by
ELISPOT. In humans, an increased permeability of the
gastrointestinal barrier has been associated with a higher level
of systemic antibodies against bacteria in the gut.28,29 As CT is
known to cause permeability of the intestinal barrier, we
therefore examined the anti-stool lysate reactivity of PCs from
mice that had received CT orally twice (56 and 35 days before
analysis). PCs producing IgM as well as class-switched isotypes
(IgA and IgG) were detected in comparable numbers among
bone marrow PCs in both CT-treated mice and in untreated
controls (see Supplementary Figure S4A,B). From these
experiments, we conclude that the bone marrow compartment
includes PCs specific for commensal bacteria components and
that the ability to mount these responses is independent from a
barrier leak in the intestine. In this respect, it should be noted
that we also detected EdUþ IgAþ PCs in the bone marrow in
unimmunized mice kept under specific pathogen-free
conditions (see Supplementary Figure S4C,D), which
might include long-lived cells secreting antibodies directed
against structures from commensal bacteria.

DISCUSSION

Long-lived PCs persist in the bone marrow, where they are
located in survival niches that are defined by a combination of
cellular and molecular factors. Together, these factors promote
PC survival, enabling them to provide long-term antibody titers
over an individual’s lifespan.18,30 Whereas the existence of
long-lived bone marrow PCs and their contribution to protec-
tive as well as pathogenic antibody titers has been shown
extensively in systemic immune responses,31 the situation is less
clear for PCs generated in mucosal immune responses.

Here we show that, following oral immunization with CT,
PCs can be detected over at least 9 months in the diffuse LP.
Moreover, if CT and OVA are co-administered, the adjuvant
activity of CT promotes the generation of long-lived OVA-
specific PCs in the LP, which are detected over even longer
periods, at least 9 months after immunization. Although the
majority of ASCs in the small intestine are considered to be
short-lived,14 there is accumulating evidence in the literature
that PCs specific for a certain antigen are present at late time
points after antigen challenge in the LP. Specifically, this has
been shown in mice for PCs not only specific for CT32 but also
for commensal bacteria,17 as well as in human tissue cultures
derived from the small intestine.16 In mucosal immune
responses, Toll-like receptor stimulation has been suggested
to trigger B-cell activation independent of B cell receptor
stimulation,33 thus PCs present at late time points after
challenge could be generated de novo from activated B cells,
even independent of the presence of their antigen. However,
our work for the first time demonstrates that PCs can persist
in vivo in the LP without proliferation, as shown by EdU
positivity 9 months after the cessation of EdU administration.
We show that a fraction of PCs in the LP can persist despite a
strong competition for survival factors coming from short-lived
PCs, which are generated constantly in the intestine of live
animals. Hence, LP PCs are able to become long-lived, similar
to PCs in the bone marrow, and suggesting that survival niches
similar to the ones in the bone marrow are present in the LP.
Hapfelmeier et al.17 suggested that the turnover of PCs in the LP
is regulated by attrition, indicating that the level of antigenic
stimulation regulates the lifespan of these cells via the
generation of new PCs. A similar concept has been discussed
for bonemarrow PCs: newly generatedmigratory plasma blasts
have been suggested to compete with resident PCs for a limited
number of available survival niches.6,34 Tomaintain residentPCs
at sufficient numbers to provide protection and to accommodate
as many new specificities as possible, an optimal influx rate of
new PCs to the bone marrow per immune response was
estimated to be three times higher than the minimally required
number of PCs providing protection.35 It will be interesting to

Figure 6 Mucosal-induced plasma cells contribute to the long-lived plasma cell pool in the bonemarrow (BM). (a) C57BL/6mice were immunized twice
in a time interval of 21 days as described above. Lymphocytes of the BM were isolated at the indicated time points, stained intracellularly with
fluorochrome-coupled antibody against kappa light chain and fluorescently labeled ovalbumin (OVA), and were analyzed by flow cytometry. Absolute
numbers of OVA-specific antibody-secreting cells (ASCs) of the BM were calculated per mouse; data points represent individual mice; data are pooled
from one to three independent experiments per time point. Bars indicate the median. The differences in absolute numbers of OVA-specific plasma cells
between non-immunized controls and the various time points after boost were tested for statistical significance byMann–WhitneyU-test. All tests yielded
significant differences: day 12 after boost P¼ 0.03; day 36 P¼ 0.02; day 72 P¼0.01; 4 months P¼0.004; and 9 months P¼ 0.02. (b) To analyze 5-
ethynyl-20-deoxyuridine (EdU) incorporation of BM plasma cells, isolated lymphocytes were stained intracellularly for kappa light chain and intranuclear-
incorporated EdU, as described for intestinal ASCs inFigure 3. Representative dot plots permit differentiation of EdUþ andEdU� subpopulations of BM
plasma cells at the indicated timepoints after oral immunization.Gatingwas defined for each time point using controlmice that had not been fedwith EdU.
Results are representative of 4–9 individual mice from one to three independent experiments per time point. (c) Frequencies of EdUþ ASCs within total
BM plasma cells were determined as described in b by flow cytometry. Data points represent individual mice; data are pooled from one to three
independent experiments per time point. Bars represent the median. (d) EdUþ plasma cell in the BM 9 months after oral boost. Cryosections of the BM
were stained for kappa light chain, EdU, and DAPI (4,6-diamidino-2-phenylindole) to visualize nuclei. (e) Frequencies of EdUþ fraction within OVA-
specific BMplasmacells. Datapoints represent individualmice; data arepooled fromone to three independent experiments per timepoint. Bars represent
the median. (f) Systemic OVA-specific antibodies of immunoglobulin A (IgA) and IgG isotypes, respectively, were analyzed by serum enzyme-linked
immunosorbent assay at the indicated time points until 9months after oral boost. Optical density (O.D.) was determined at 450 nm.Data points represent
individual mice from one experiment. Bars represent the median. FSC, forward scatter.
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determine these parameters in the LP as in this case, unlike in the
bone marrow, induction sites and persistence sites for PCs are
localized within the same tissue. Therefore, a much stronger
competition for niches is expected, and it will be important to
determine whether certain PC specificities are more prone to
survive under these conditions as others.

In the bone marrow, eosinophils have been described as a
crucial cellular component of the PC survival niche.4 They
produce APRIL, which is known to promote PC survival by
binding to B-cell maturation protein. This results in the pro-
duction of the anti-apoptotic proteinmyeloid cell leukemia 1,36

which sustains PC survival. Genetic deficiency of eosinophils

Figure 7 Analysis of the plasma cell response in splenectomized animals. (a–c) C57BL/6 mice were immunized twice in a time interval of 21 days as
describedbefore. In onecohort, a splenectomywasperformed2–3weeksbefore the first immunization. Lymphocytes from thebonemarrow (BM)and the
lamina propria (LP) were stained intracellularly with fluorochrome-coupled antibody against kappa light chain and analyzed by flow cytometry. Absolute
numbers of total antibody-secreting cells of the LP at the day 12 (a) and the BM at days 12 and 35 (b,c) after immunization were calculated per mouse.
Data points represent individual mice pooled from three–four independent experiments per time point. The differences in absolute numbers of plasma
cells betweennon-splenectomized controls and splenectomizedanimalswere tested for statistical significancebyMann–WhitneyU-test. All tests yielded
significant differences (*Po0.05; **Po0.01). (d–f) Frequencies of the ovalbumin (OVA)-specific fractionwithin total LPplasma cells at day 12 (d) andBM
at days 12 and 35 (e and f) in splenectomized and non-splenectomizedmicewere determined as described inFigure 6a. Data points represent individual
mice; data are pooled from three to four independent experiments per time point. Bars represent the median. The differences in frequencies of
OVA-specific plasma cells between non-splenectomized controls and splenectomized animals were analyzed for statistical significance by Mann–
Whitney U-test. All tests yielded no significant differences. (g–i) Frequencies of EdUþ (5-ethynyl-20-deoxyuridine positive) fraction within total total
plasma cells in LP at day 12 (g) and BM at days 12 and 35 (h and i) in splenectomized and non-splenectomized mice were determined as described in
Figure 3 and Figure 6. Data points represent individual mice, data are pooled from three to four independent experiments per time point. Bars represent
the median. The differences in frequencies of EdUþ plasma cells between non-splenectomized controls and splenectomized animals were tested for
statistical significance byMann–WhitneyU-test. Tests for BM yielded significant differences at both time points (Po0.05). In LP, there was no significant
difference. (j–l) Frequencies of the EdUþ fraction within OVA-specific plasma cells in LP at day 12 (j) and BM at days 12 and 35 (k, l) in splenectomized
and non-splenectomized mice. Data points represent individual mice; data are pooled from three to four independent experiments per time point. Bars
represent themedian. The differences in frequencies of EdUþ plasma cells within OVA-specific plasma cells between non-splenectomized controls and
splenectomized animals were tested for statistical significance by Mann–Whitney U-test. All tests yielded no significant differences. NS, not significant.
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results in the depletion of about 70% of long-lived bonemarrow
PC in vivo, underlining the role of eosinophils in promoting
bonemarrow PC survival.4 In our experiments, one-third of the
ASCs localize in the vicinity of eosinophils in the LP. This
percentage did not differ between long-lived and short-lived PC
populations (Figure 5c). However, APRIL acts as a soluble
survival factor, and we have recently shown that in the bone
marrow eosinophils are not required to make prolonged
contact with PCs to promote their survival.37 In contrast to PCs
and stromal cells, which are static components of the PC
survival niche, eosinophils are dynamic elements of this niche,
and are exchanged frequently, thereby explaining a low rate of
direct contact counts.37

Moreover, the major sources of APRIL relevant for PC
survival may differ between various tissues. Although APRILþ

eosinophils were detected in the LP by histology, the strongest
signal intensity was detected in the epithelium, consistent with
published data from humans38 and mice.24 Consistent with the
concept that eosinophils are not the sole source of APRIL in the
LP, a total absence of PCs in the LP of either eosinophil-
deficient or eosinophil-depleted mice was not observed but
rather a B50% reduction in PC numbers, concurrent with a
similar reduction in luminal and fecal IgA titers. Notably, in
addition to the effect on PCs, Chu et al.24 also found that
eosinophils were able to promote the generation of IgAþ B cells
in the Peyer’s Patches. As PCswere obviously already affected at
the point of their generation, a conclusion about the role of
eosinophil-derived APRIL regarding their maintenance could
not be drawn in vivo. The authors describe a crucial effect of
eosinophils for the survival of LP-derived PCs as demonstrated
by in vitro co-cultures, but the contribution of epithelial cells
was not investigated. Taken together, these data show that
eosinophils are not the only source of APRIL in the intestine.
They suggest a role for the intestinal epithelium in contributing
to the PC survival niche in the LP by producing APRIL and thus
a different structure of the PC survival niche in various organs.

In addition to APRIL, other molecules have been shown to
promote PC survival in the bone marrow. These include
interactions via CD28 on the PCs with CD80 on dendritic cells
in the bone marrow as well as interleukin-6 and the chemokine
CXCL12, which are derived from stromal cells. In the future, it
will be important to investigate which types of cellular
interactions have a role for sustaining PC survival in the
gut and whether there are intrinsic molecular similarities and
differences in the long-lived PC compartments of both organs.

Our experiments further show that long-lived PCs generated
in an immune response against orally delivered antigens are not
only restricted to themucosal tissue but can also be found in the
bonemarrow, thereby contributing to the long-lived PC pool at
this site. We show here that a fraction of long-lived PCs
generated after a mucosal challenge persist over comparable
time spans as PCs generated in systemic immune responses and
that these cells produce antibodies but do not proliferate
extensively.

Whether PCs generated in mucosal immune responses
occupy bone marrow niches distinct from the ones originating

in systemic responses was not investigated here. In our
preliminary histological analysis, we could not detect obvious
differences in the location between IgAþ and IgGþ bone
marrow PCs. However, at least in humans, circulating IgAþ

plasma blasts are equipped with chemokine receptors and
adhesionmolecules that are typical for cells generated inmucosal
immune responses (the gut-homing integrin a4b7 as well as
chemokine receptors CCR9 and CCR10) and therefore differ
from their counterparts in systemic immune responses, which
mainly express integrin a4b2, CXCR3, and CXCR4.34 It will be
crucial to investigate whether they keep this mucosal adhesion
molecule/chemokine receptor signature once they have reached
their niche in the bone marrow, as this would suggest different
requirements of mucosal and systemic PCs with respect to the
signals that are available to the PCs in the niches.

It is believed that the mucosal and the systemic PC
compartment in mice are compartmentalized; IgA production
to orally administered antigens is thereby largely restricted to
the intestine. However, as our data show, at least under certain
conditions, the compartmentalization between mucosal and
systemic compartments may be less strict than previously
thought. In this context, it is notable that seminal work from the
early 1970s has shown monomeric serum IgA to be derived
from the bone marrow in humans (reviewed in Heremans39).
Considerable differences between species exist in this context,
as in mice the largest fraction of total serum IgA is thought to
predominantly originate from the gut. However, even if the
fraction of IgA produced in the gut outnumbers the bone
marrow-derived serum IgA, our experiments clearly show that
long-lived PCs of IgA as well as IgG isotypes specific for
intestinal antigens can be deposited in the bone marrow and
contribute to serum Ig levels and therefore form a part of
humoral memory. The protective potential of these antibodies
against gut-derived and systemic antigens, and thus their
impact on vaccinology, will be the subject of further studies.
The migration of plasma blasts originating from mucosal
immune responses to the bone marrow has been reported
previously in murine immune responses against bacteria40 and
viruses.13 Importantly, to our knowledge the data presented
here demonstrate for the first time that splenic B-cell activation
(which has been implied in systemic B-cell responses against
commensal bacteria27), is not necessary for the generation of
long-lived bone marrow PCs specific for orally administered
antigens. These long lived PCs in the bone marrow contribute
to systemic humoral memory, as reflected in the presence and
persistence of OVA-specific antibody titers in the serum
(Figure 6f) and OVA-specific PCs in the bone marrow
(Figure 2a and Figure 6a). We also found PCs specific for
components of commensal bacteria in the bone marrow. As a
significant fraction of these cells were actually class-switched,
including IgG (see Supplementary Figure S4A,B), we can
exclude that these antibodies have a preimmune origin. The
presence of class-switched serum antibodies against commen-
sals has been described in humans, and these antibody levels
remained stable over several years.28,29 In contrast, class-
switched serum antibodies against colonizing bacteria in the
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intestine were not detected in mice.41,42 Notably, the levels of
serum antibodies against various bacteria differed significantly
between human individuals, and increased levels were detected
in inflammatory bowel disease patients compared with healthy
individuals, suggesting a role for the gastrointestinal barrier
function in determining the titer of anticommensal antibo-
dies.29 This suggested the systemic dissemination of commen-
sal microbes due to a disturbed barrier as cause of the systemic
response. A similar effect was postulated in a mouse model of
intestinal barrier dysfunction.43 In contrast, we could not find
isotype differences in CT-immunized vs. untreated cohorts (see
Supplementary Figure S4B); however, we did not perform a
detailed comparison of themicrobiome inmice of both cohorts.
The potential of a bacterial strain to elicit a systemic response
may not only depend on the ability of the bacterium to
translocate via the gastrointestinal barrier but also on the
signal strength that a B-cell receives upon activation. Various
commensal strains may thus differ in their capacity to activate
B cells in the mucosa, depending on whether they are strict
commensals or have capacities of pathobionts.44 Although the
mice used in our studies were kept under specific pathogen-free
conditions, the commensal microbiota of the mice in our facility
are likely to differ from the microbiota of mice used in the
previous studies, which could account for the observed differ-
ences, as recent studies have shown that the commensal micro-
biota in different specific pathogen-free facilities can critically
influence systemic immune reactions.45 Future studies will be
required to determine the specificity of these antibodies, as
currently we cannot exclude that they are directed against
conserved bacterial structures. Importantly,wehad to culture the
bacteria derived from the gut in order to have a sufficient amount
for the preparation of lysates for ELISPOT detection. This very
likely caused a reduction in bacterial diversity, which may have
actually led to an underestimation of the number of PCs specific
for bacterial components in our experiments, a question which
also needs to be addressed in further experiments.

We observed a decrease in the EdUþ fraction among
OVA-specific PCs in the bone marrow over time (Figure 6e).
This might reflect an ongoing proliferation in OVA-specific B
cells that could, on the one hand, be caused by persistence of
antigen, on the other hand, their activation could be triggered
by Toll-like receptors as has been suggested before,33,46 in
particular in memory B cells.47 In this context, it should be
noted that we have actually observed EdUþ B220þ cells
localized within Peyer’s Patches up to at least 72 days after
immunization (data not shown), which could represent memory
B cells in this tissue. Further investigations to characterize this
population are underway. Notably, a recent publication by
Pabst and co-workers demonstrated that, after Bortezomib-
induced PC depletion, the repertoire of the repopulating LP
PCs remained remarkably stable in individual mice, indicating
a recall of already existing specificities among these indivi-
duals.48 This may reflect the activation of memory B cells in the
LP, which are not sensitive to Bortezomib-induced depletion.31

In this report, we did not investigate which signals actually
trigger the proliferation of OVA-specific B cells at late time

points after immunization. However, our point is that long-
lived PCs are in principle able to persist in the LP and that
mucosally induced PCs contribute to the long-lived compart-
ment in the bone marrow. The possibility of residual antigen
leading to the de novo generation of OVA-specific PCs by
residual antigen does not change this interpretation, as long-
lived PCs are unequivocally identified in our experiments by
EdU pulse labeling, but it might lead to an underestimation of
the fraction of long-lived cells among the OVA-specific PCs in
our experiments.

Our findings also underline the potential of CT as a mucosal
adjuvant,20 as not only CT-specific but alsoOVA-specific ASCs
persisted in both LP as well as bone marrow when CT was
co-administered as adjuvant. The potential of CT to elicit long-
lived systemic PC responses may have an impact for the
development of vaccines. A fusion protein comprising the
CTA1 moiety of CT and a dimer of the S. aureus protein
D-fragment has been shown to promote long-term humoral
memory development in mice compared with other adjuvants
by promoting germinal center responses, with an effect on both
memory B-cell and PC numbers.49 Certain differences exist
between the murine and human mucosal immune systems,
which, with respect to humoral immunity, include IgA subclass
differences (one single IgA subclass in mice vs. two in
humans50,51), the presence of a specific Fc receptor solely for
IgA (FcaR1) in humans,52 as well as the dominance of polymeric
IgA in the body fluids and transport of polymeric IgA from the
circulation into the gut via the hepatobiliary route in mice,
whereas in humans IgA is not transported from the circulation
into external secretions.53 These differences have to be taken into
account with respect to the effect of bone marrow–derived anti-
bodies on the intestinal immune system. However, the finding
that plasma blasts generated in mucosal immune responses can
have an extended lifetime under certain conditions and can
contribute to systemic Ig production by joining the long-lived
bonemarrow PC pool has to be considered for protective as well
as for pathogenic humoral immune responses.

METHODS

Mice and immunizations. C57BL/6 mice were purchased from
Charles River (Sulzfeld, Germany) and kept under specific pathogen-
free conditions in the animal facility of the DRFZ, Berlin. For some
experiments, mice were bred in the DRFZ facility at the Bundesinstitut
für Risikoforschung in Berlin. Adult mice (aged between 7 and
13 weeks) were immunized with 100mg OVA (Sigma-Aldrich,
St Louis, MO) and 10 mg CT (List Biological, Campbell, CA) in 200 ml
phosphate-buffered saline (PBS) using a feeding needle that was placed
through the mouth into the stomach. Prior to the immunization,
gastric acid was neutralized by applying a 50% saturated sodium
bicarbonate solution via the feeding needle. Mice were fed with EdU
(Life Technologies, Carlsbad, CA) via drinking water (0.5mgml� 1)
constantly over a time period of 12 days after boost immunization.
To ensure individual intake and fresh supply, EdUwas changed every 3
days. All animal experiments were conducted according to German
animal protection laws and approved by the appropriate governmental
authority (Landesamt for Gesundheit und Soziales) in Berlin.

Splenectomy. Mice were anesthetized by intraperitoneal injection of
Ketamine and Xylazine. The abdominal cavity was opened by a
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subcostal incision on the left flank. The spleen was located and the
splenic vessels were ligated and cauterized. After removal of the spleen,
the abdominal wall and skin were sutured with absorbable sutures
(Surgicryl Rapid 6.0, SMI AG, Crombach, Belgium). A single dose of
Enrofloxacin was administered prophylactically subcutaneously.

Cell isolation. To harvest cells from the bone marrow, femora and
tibiae were cleaned from muscle tissue, epiphyses were removed, and
the bonemarrowwas flushed out with RPMI using a syringe with a 27-
G needle attached. The resulting suspensions were mechanically
disrupted in RPMI with a syringe plug and filtered through a 70-mm
cell strainer. Erythrocytes were lysed by adding NH4Cl at room
temperature, and then cells were washed in cold (4 1C) PBS/0.5%
bovine serum albumin (BSA). Prior to the isolation of lymphocytes
from the small intestine LP, Peyer’s patches were removed under a
stereomicroscope. The small intestine was opened longitudinally, cut
into small (5 cm) pieces, and washed in RPMI for 30min at 37 1C
under constant stirring to remove the mucus. Subsequently, intra-
epithelial lymphocytes were removed by vigorous shaking. After
washingwithRPMI, the tissuewas digested twice for 15min at 37 1C in
40ml RPMI containing collagenase D (0.12Uml� 1) and collagenase
VIII (206Uml� 1). The digestion was stopped by adding cold (4 1C)
RPMI and EDTA, and then cells were passed through a 70-mm cell
strainer. Lymphocytes from Peyer’s patches and mesenteric lymph
nodeswere disrupted in PBS/0.5%BSAwith a syringe plug, and the cell
suspension was then filtered through a 70-mm cell strainer.

Flowcytometry. Single-cell suspensions were blocked with antibodies
against Fc-receptors (CD16/32, clone 2.4G2, DRFZ) and stained with
the following antibodies: rat anti-mouse CD45.2-APC (clone 104,
eBiocience, San Diego, CA), rat anti-mouse CD138-PE (clone 281-2,
BD Pharmingen, Franklin Lakes, NJ), rat anti-mouse B220-PE-Cy7
(clone RA3-6B2, BioLegend, San Diego, CA), rat anti-mouse kappa
light chain (clone 187.1) coupled to Pacific Blue, FITC, Alexa 594 or
Alexa 647 (DRFZ), polyclonal rat anti-mouse IgA-Pacific Orange
(Southern Biotech, Birmingham, AL, conjugated at the DRFZ), rat
anti-mouse IgA-PE (clone 11-44-2, Southern Biotech), rat anti-mouse
IgM-PE-Cy7 (clone II/41, eBioscience), and rat anti-mouse IgG1-
BV421 (A85-1, BD Pharmingen). Prior to intracellular staining of
immunoglobulins, samples were fixed and permeabilized (Cytofix/
Cytoperm Kit, BD). Dead cell exclusion on fixed samples was per-
formed using the fixable viability dye eFluor 780 (eBioscience),
otherwise DAPI (4,6-diamidino-2-phenylindole; Invitrogen, Carlsbad,
CA) was used. EdU was detected applying a Click-it Alexa 647 Kit
(Life Technologies, Carlsbad, CA) according to the manufacturer’s
protocol. Staining of antigen-specific PCs was performed by OVA
coupled to Pacific Blue (DRFZ) or Alexa 488 (Invitrogen) after fixation
and permeabilization of the cells. Data were acquired on a BD FACS
Canto II cytometer and analyzed using the FlowJo software (Treestar,
Ashland, OR). Total cell numbers were calculated based on population
frequencies measured in defined volumes by a MACSQuant analyzer
(Miltenyi Biotec, BergischGladbach, Germany). For the bonemarrow,
a correction factor was used as previously described.54

Quantification of ASCs by ELISPOT. MultiScreenHTS plates
(Millipore, Billerica, MA) were pretreated with 35% ethanol, washed
with PBS and coated overnight at 4 1Cwith 20 mgml� 1 of CT or OVA
in PBS. For detection of microbial components, content of the small
intestine from littermates of the mice to be analyzed was cultured for 2
days on MacConkey and Columbia blood agar plates (Henry Schein,
Melville, NY). Bacterial lysates were prepared by lysis with 10mMTris-
HCl, pH 8.0, 0.1 M NaCl, 1mM EDTA, 5% Triton X-100, and
10mgml� 1 Lysozyme (Sigma-Aldrich, St Louis, MO) at 37 1C for
30min and used for coating of ELISPOT plates. The next day, plates
were washed with PBS and blocked with RPMI1640 medium (Life
Technologies) supplemented with 10% fetal calf serum (FCS; Sigma-
Aldrich) at 37 1C for 2 h. Single cell suspensions were washed and
resuspended in RPMI/10% FCS, pipetted onto the plates, and allowed

to secrete for 2 h at 37 1C in an incubator with 95% O2 and 5% CO2.
Plates were washed with PBS/0.01% Tween (Sigma-Aldrich). Secreted
antibodies were detected using biotinylated polyclonal goat anti-
mouse IgM/IgA and IgG antibodies (Southern Biotech), and plates
were washed and incubated with streptavidin coupled to alkaline
phosphatase (SA-AP, Sigma). After washing, 25 ml of the substrate
BCIP/NBT per well was added. The color reaction was stopped with
tap water after 3min, and plates were allowed to dry for 12 h before
they were photographed in an AID ELISPOT Reader (Strassberg,
Germany) and analyzed by the ImmunoSpot software (Shaker
Heights, OH).

Detection of serum antibodies by enzyme-linked immunosorbent

assay. Flat-bottom, high-binding plates (Corning Costar, Tewksbury,
MA) were coated with 50 ml OVA (20 mgml� 1) in PBS overnight,
washed, and blocked with PBS/3% BSA for at 37 1C for 1 h. Samples in
dilution rows were incubated overnight at 4 1C and washed off with
PBS/BSA before adding the same detection antibodies that were used
in theELISPOT experiments (24 h at 4 1C).After anotherwashing step,
50 ml SA-AP was added to each well (20min, room temperature). The
substrates ALP1 and ALP2 (Roche, Rotkreuz, Switzerland/Hitachi
Cobas, Rotkreuz, Switzerland) were added, and plates were read at
405 nm on a Spectra Max Plus (Molecular Devices, Sunnyvale, CA).
Data were analyzed using SoftMax Pro.

Immunofluorescence histology. Intestines were cleaned, embedded
in OCT medium, and snap-frozen in 2-methylbutane in a beaker
surrounded by amix of dry ice and 95% ethanol. In all, 10-mm sections
were cut in a Microm HM560 (Thermo Scientific, Waltham, MA)
cryostat and transferred onto SuperFrost Plus slides (Thermo Sci-
entific, Waltham, MA). Sections were fixed in ice cold acetone for
10min, dried, and stored at � 80 1C. Femora were fixed for 6 h in 4%
paraformaldehyde (Science Services, Munich, Germany) and cryo-
protected by sequential incubations in 10, 20, and 30% sucrose.
Freezing and sectioning of whole femur bones was performed
according to Kawamoto’s method.55 Sections were stained in PBS/3%
BSA/0.1% Tween (intestine) or PBS/5% FCS/0.1% Tween (bone
marrow) for 1 h after blocking with 10% rat serum for 20min. The
following antibodies were used: monoclonal rat anti-mouse kappa
light chain FITC (clone 187.1, DRFZ), polyclonal biotinylated goat
anti-mouse IgA (Southern Biotech) using streptavidin–Pacific Blue
(Invitrogen, coupled in DRFZ), and monoclonal rat anti-mouse IgA
(clone, 11-44-2, Southern Biotech) coupled in-house to Pacific Blue.
Detection of OVA-specific PCs was performed by staining tissue
sections with fluorescently coupled OVA as described above for flow
cytometry. EdU incorporation was detected using the EdU Alexa 647
Imaging Kit (Life Technologies) according to the manufacturer’s
protocol. Nuclei were stained with DAPI or Sytox Green (Invitrogen)
for 5–10min prior to embedding the sections in ProlongGoldmedium
(Life Technologies) and adding the cover glass. Sections were analyzed
by confocal microscopy on a Zeiss LSM710 with ZEN2011 software
(Oberkochen, Germany).

Statistical analysis. The absolute cell numbers differences were tested
for the statistical significance with two-tailed Mann–Whitney U-test
using the GraphPad Prism Software, La Jolla, CA.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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