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Antigen sampling by intestinal M cells is the
principal pathway initiatingmucosal IgAproduction
to commensal enteric bacteria
D Rios1, MB Wood1, J Li1, B Chassaing2, AT Gewirtz2 and IR Williams1

Secretory IgA (SIgA) directedagainst gut residentbacteria enables themammalianmucosal immunesystem toestablish

homeostasis with the commensal gutmicrobiota after weaning. Germinal centers (GCs) in Peyer’s patches (PPs) are the

principal inductive siteswhere naive B cells specific for bacterial antigens encounter their cognate antigens and receive

T-cell help driving their differentiation into IgA-producing plasma cells. We investigated the role of antigen sampling by

intestinalM cells in initiating the SIgA response to gut bacteria by developingmice inwhich receptor activator of nuclear

factor-jB ligand (RANKL)-dependent M-cell differentiation was abrogated by conditional deletion of Tnfrsf11a in the

intestinal epithelium.Micewithout intestinal M cells had profound delays in PPGCmaturation and emergence of lamina

propria IgA plasma cells, resulting in diminished levels of fecal SIgA that persisted into adulthood. We conclude that

M-cell-mediated sampling of commensal bacteria is a required initial step for the efficient induction of intestinal SIgA.

INTRODUCTION

IgA antibodies have a major role in maintaining homeostasis at
mucosal surfaces including the gastrointestinal tract.1,2 Peyer’s
patches (PPs) are critical inductive sites in themammalian small
intestine where naive B cells are initially activated by exogenous
luminal antigens and then differentiate with T-cell help into IgA
plasmablasts that circulate in the blood before preferentially
homing to the intestinal lamina propria to become resident IgA-
secreting plasma cells.3,4 High local concentrations of trans-
forming growth factor-b and retinoic acid, and the presence of
interleukin-21-producing follicular helper T cells are all factors
that promote IgA class switching in PPs.5,6 Many of the dimeric
IgA antibodies produced by lamina propria IgA-secreting
plasma cells are transcytosed across the epithelial layer and bind
to commensal enteric bacteria after reaching the lumen.7

Secretory IgA (SIgA) directed against bacterial antigens has a
variety of effects that help to shape gut microbial populations
including immune exclusion from the inner mucus layer,
inhibition of bacterial motility, impairment of bacterial fitness
and neutralization of toxins.2,8,9 Commensal bacteria resident in
the small intestine are more efficient than those in the cecum
and colon at eliciting a robust host SIgA response that leads to

coating of the bacteria with SIgA detectable by bacterial flow
cytometry. The increased SIgA coating of small intestinal
bacteria by SIgA correlates with enhanced priming of B cells to
bacterial antigens in the small intestinal gut-associated lym-
phoid tissue (GALT).10 In addition, high levels of bound IgA on
gut resident bacteria may flag those commensal bacteria with a
propensity to elicit a strong host immune response and induce
colitis, leading to intestinal pathology.11 The meager SIgA
response of germ-free mice supports the concept that the
commensal microbiota is the major stimulus that elicits the
normal homeostatic SIgA response.12,13

Several distinct antigen-sampling mechanisms are used to
transport luminal antigens across the intestinal epithelium to
initiate an adaptive immune response.14 Antigen-sampling
cells include M cells found in the follicle-associated epithelium
overlying PPs and isolated lymphoid follicles,15 macrophages
and dendritic cells that directly sample luminal antigens by
sending transepithelial dendrites between or through epithelial
cells16–18 and goblet cells that can provide a conduit for low-
molecular-weight antigens to traverse the epithelial layer
and reach mononuclear phagocytes in the lamina propria.19

However, the relative contributions of these various
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antigen-sampling pathways to the SIgA response to antigens
from commensal bacteria are not known.

M cells are specialized phagocytic epithelial cells with several
adaptations that facilitate their ability to efficiently sample
particulate antigens. Blunted microvilli and an attenuated
glycocalyx allow antigens to come in close proximity to the
apical surface of M cells, whereas a basolateral invagination
allows for positioning of antigen-presenting cells (APCs) and
lymphocytes in very close proximity to the lumen.20 M cell
antigen sampling can occur either through clathrin-coated
endocytic vesicles21 for larger antigens or via fluid phase
pinocytosis for smaller antigens.22,23 Antigens acquired by M
cells through their apical surface are rapidly shuttled via
vesicular transport to the basolateral membrane where they are
released, enabling uptake by APCs and processing for
presentation to T cells and transport to follicular dendritic
cells present within the B-cell follicles. Differentiation ofM cells
from uncommitted precursors in intestinal crypts is dependent
on receptor activator of nuclear factor-kB ligand (RANKL)-
expressing subepithelial stromal cells that are normally
restricted to organized lymphoid structures such as PPs and
isolated lymphoid follicles.24,25

Wepreviously showed that intestinalMcells are absent in PPs
from RANKL-deficient mice.25 However, the critical involve-
ment of RANKL–RANK signaling inmultiple facets of immune
system development including lymph node formation26 and
medullary thymic epithelial cell differentiation27 detracts from
the value of global RANKL or RANK knockout mice as models
to investigate how loss of intestinal M cells perturbs mucosal
immune responses. To restrict the effects of interrupting the
RANKL–RANK signaling axis to the intestinal epithelium, we
generated a conditional knockout mouse in which Tnfrsf11a
(the gene encoding RANK) is only deleted in intestinal epithelial
cells. These RANKDIEC mice represent a first-of-its-kind model
system in which intestinal M-cell-mediated antigen uptake is
ablated, whereas other RANKL–RANK-dependent develop-
mental events required for normal immune system function are
not impacted. Our analysis of the SIgA response in the intestine
of RANKDIECmice demonstrates the pivotal roleM cells have in
facilitating sampling of the commensal microbiota by GALT,
which initiates SIgA production and is, in turn, key to the
maintenance of homeostasis in epithelial tissues richly colonized
by the commensal microbiota.

RESULTS

Conditional deletion of RANK in the intestinal epithelium
results in the absence of PP M cells

A villin-cre transgenewas bred tomice homozygous for a floxed
allele of RANK (RANKF/F), to generate mice lacking RANK
expression in the intestinal epithelium (designated RANKDIEC)
(Supplementary Figure S1 online). Whole mounts and cross-
sections of intestinal PPs from adult RANKF/F and RANKDIEC

mice were stained with anti-GP2 antibody to detect M cells
(Figure 1a–d). The PP domes of RANKF/F mice typically
contained 150–200 GP2-expressing M cells. In contrast, no
GP2þ cells were detected in RANKDIEC mice. Absorptive

enterocytes, goblet cells, and Paneth cells differentiated
normally in the small intestine of RANKDIEC mice (Supple-
mentary Figure S2). To further evaluate the penetrance
of the intestinal M-cell differentiation defect in RANKDIEC

mice, we used an in vitro model of RANKL-stimulated M-cell
differentiation in enteroid cultures similar to that described by
de Lau et al.28 Addition of RANKL to enteroid cultures
established from RANKF/F mice led to robust induction of
M-cell-specific genes including Spib and Gp2 after 3 days
compared with unstimulated cultures (Figure 1e). In contrast,
RANKL was unable to induceM-cell-specific genes in enteroids
from RANKDIEC mice. Thus, the villin-cre transgene-mediated
deletion of the Tnfrsf11a gene encoding RANK was fully
penetrant in uncommitted crypt enterocytes and completely
abrogated differentiation of the M-cell lineage.

PPs in RANKDIEC mice are deficient in uptake of particulate
antigens

To assess the impact of the absence of M cells in RANKDIEC

mice on uptake of particulate antigens from the intestinal
lumen, RANKDIEC and RANKF/F mice were gavage-fed

Figure 1 RANKDIEC mice lack Peyer’s patch (PP) M cells. Representa-
tive images showing the distribution of GP2þ Mcells in PPs fromRANKF/F

and RANKDIEC mice as observed on whole mounts (a,c) and cryosections
(b,d). Thewhite dashes inbandd formanarc just above theapical surface
of the follicle-associated epithelium (FAE). Bar ¼ 100 mM. (e) Enteroid
cultures of crypt cells fromRANKF/F and RANKDIEC mice were cultured for
3 days in the presence or absence of RANKL. The level of expression of
M-cell-associated genes Spib and Gp2 was determined by quantitative
PCRand the results normalized toGapdh. Dataare representative of three
experiments done with independently derived enteroid cultures. See
also Supplementary Figure 1 for additional information on the
floxed RANK allele and Supplementary Figure 2 for a histologic
comparison of goblet cell and Paneth cell differentiation in RANKF/F and
RANKDIEC mice.
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particulate antigens known to be taken up into PPs via M cells.
The uptake of fluorescent 0.2mm polystyrene beads or
fluorescently labeled Lactobacillus rhamnosus strain GG
(LGG) bacteria was measured by counting the number of
beads or bacteria observed in sections of thePPdome (Figure 2).
Numerous 0.2mm polystyrene beads were detected within the
PPs of RANKF/F mice 24 h after gavage (Figure 2a,c). In
RANKDIEC mice, uptake of polystyrene beads into PPs was
reduced by over 90%, although not completely eliminated
(Figure 2a,d). We speculate that the low level of residual
sampling of polystyrene beads in RANKDIEC mice is mediated
by one or more of the M-cell-independent antigen uptake
pathways. Examination of the uptake of fluorescein
isothiocyanate (FITC)-labeled LGG bacteria 6 h after gavage
revealed a more pronounced uptake deficit in the RANKDIEC

mice (witho1% of the uptake in RANKF/F mice), with the vast
majority of sections examined showing no bacterial uptake at all
(Figure 2b,e,f). The substantially larger size of the LGGbacteria
compared with the 0.2mm beads is likely responsible for the
greater dependence on M cells for bacterial uptake into PPs.

Germinal center development is delayed in the PP follicles
of RANKDIEC mice

In wild-type adult mice, all PP follicles contain active germinal
centers (GCs), with GC development occurring rapidly after
mice are weaned from their mothers.29 To determine whether
loss of M cells and M-cell-mediated particulate antigen uptake
affected the maturation of PP follicles, we compared the size of
PP follicles in RANKF/F and RANKDIEC mice at 1 and 3 weeks
after weaning by measuring the follicular area in sections.
RANKDIECmice showed a significant reduction in the size of the
B-cell follicles at 1 week after weaning (Supplementary
Figure 3). Follicle size increased between 1 and 3 weeks
after weaning in both groups, with the follicles remain-
ing smaller in RANKDIEC mice compared with RANKF/F

littermates. To directly assess the formation of GCs within these
follicles, we stained PP sections with anti-GL7, a marker of GC B
cells, and anti-IgD todefine the borders of theGCs (Figure3a–d).
In PP follicles from RANKF/F mice, a few IgD� cells in the
center of the follicle were already GL7þ at 1 week after weaning
and by 3 weeks after weaning almost all follicles had easily
appreciated clusters of GL7þ cells within the IgD� GC area. In
contrast, only a minority of the PP follicles in RANKDIEC mice
had clusters ofGL7þ cells within the IgD� area of the follicle at
3 weeks after weaning. Analysis of PP cell suspensions by flow
cytometry confirmed that fewer CD19þ IgD� GL7hi GCB cells
andCD4þ PD-1hi CXCR5þ follicular helper T cells are present
in the PPs of RANKDIEC mice at 2 weeks after weaning
(Figure 3e,f and Supplementary Figure 3). By 6 weeks after
weaning, the density of GL7þ GC B cells and CD21/35þ

follicular dendritic cells was comparable in RANKDIEC and
RANKF/F mice (Supplementary Figure 4). Thus, GC forma-
tion in PP follicles is delayed in RANKDIECmice lackingMcells.

The density of lamina propria IgA-secreting plasma cells
and the concentration of fecal IgA are reduced in RANKDIEC

mice

GCs in PP follicles are known to be major inductive sites where
B-cells class switch to IgA and differentiate into IgA-secreting
plasma cells that home to the intestinal lamina propria. We
investigated whether the impaired antigen uptake into PPs of
RANKDIEC mice was associated with a deficiency in cells
producing SIgA (Figure 4). By 1 week after weaning, groups of
IgAþ antibody-secreting cells (ASCs)were present at the base of
small intestinal villi inRANKF/Fmice; at 4weeks afterweaning, a
high density of IgAþ ASCs was found throughout the villi
(Figure 4a,b). In contrast, only rare scattered IgAþ ASCs were
present in the lamina propria of RANKDIEC mice 1 week after
weaning (Figure 4c). By 4 weeks after weaning, the density of
IgAþ ASCs in RANKDIEC mice had increased (Figure 4d), but
remained lower than that observed in RANKF/F littermates
(Figure 4b). Flow cytometry of small intestine lamina propria
cell suspensions was performed at 1 and 4 weeks after weaning,
to quantify the extent of IgA plasma cell differentiation
(Figure 4e and Supplementary Figure 5). Very few IgAþ

CD138þ plasma cells were detected in RANKDIEC mice at 1
week after weaning. At 4 weeks after weaning, a population of

Figure 2 Peyer’s patches (PPs) lackingMcells have reduced capacity to
phagocytose particulate antigens. RANKF/F and RANKDIEC mice were
gavage fed with either 1�1011 0.2-mm diameter fluorescein
isothiocyanate (FITC)-labeled polystyrene beads (a) or 1�109 colony-
forming unit (CFU) FITC-labeled L. rhamnosus strain GG (LGG) (b),
followed by excision of the PPs after 6 h (a) or 24 h (b). Individual points on
the scatter plots represent the number of beads or bacteria manually
counted in cryosections of a single PP follicle (a) or the entire PP (b).
(c,d) Representative images showing 0.2 mm diameter beads within PPs
from RANKF/F (c) and RANKDIEC (d) mice. The dashed circles show
individual phagocytic cells containingmultiple beads. (e,f) Representative
images showing FITC-LGG within PPs from RANKF/F (e) and RANKDIEC

(f) mice. Bar ¼ 100 mM. Data from each group are summarized as
mean±s.e.m. and are representative of two experiments with three mice
per group. ***Po0.001 (t-test).
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IgAþ CD138þ cells was present in RANKDIEC mice but the
frequency of these cells remained less than that in RANKF/F

littermates. There were no significant differences in frequencies
of IgAþ plasma cells at any time points in themesenteric lymph
node or spleen (Supplementary Figure 5). As most of the IgA
produced by IgAþ ASCs in the intestinal lamina propria is
transcytosed across the epithelium and released into the lumen
as SIgA, we also compared the concentration of fecal IgA in
control and mutant mice at multiple time points beginning 4
days before weaning (Figure 5a). As neonatal mice transition
frommother’smilk tomouse chow as their primary food source,
the concentration of fecal IgA drops to a nadir reached around 1
day after weaning. Tracking the production of fecal IgA at daily

time points revealed that by 4 days post weaning there was a
significant increase above baseline in fecal IgA production in all
RANKF/F mice (Figure 5b). In contrast, there was not a
significant uptick in fecal IgA production in any RANKDIEC

mice until at least 7 days after weaning. In M-cell-deficient
RANKDIECmice, fecal IgA levels were lower throughout the first
5 weeks after weaning compared with RANKF/F littermates
(Figure 5a). Although fecal IgA levels did progressively increase
in RANKDIEC mice, the rate of this increase and the plateau
concentration of fecal IgA reached in adults were significantly
decreased compared with RANKF/F controls (Figure 5c).
Although most of the IgA produced in the intestinal lamina
propria endsup as SIgA,we also investigatedwhether serum IgA
levels were affected in RANKDIEC mice. RANKDIEC mice also
had significantly lower serum IgA levels thanRANKF/Fmice at 1
week after weaning but this difference was no longer apparent
by 3 weeks after weaning (Supplementary Figure 6). The
concentrations of serum IgM and IgG were equivalent in both
genotypes at all time points tested.

RANKDIEC mice display an impaired SIgA response to oral
immunization with a protein antigen

To determine whether the absence of intestinal M cells in
RANKDIEC mice diminished their capacity to mount an antigen-
specific SIgA response following oral exposure to a foreign
protein antigen, 5-week-oldRANKDIEC andRANKF/F littermates
were immunized with horse spleen ferritin.30 Ferritin was added
to their drinking water on days 0–2 and then again on days 7–9.
Two weeks after the initial immunization, a ferritin-specific fecal
IgA response was readily detected in RANKF/F mice but anti-
ferritin IgA levels inRANKF/F littermateswere still comparable to
unimmunized controls (Supplementary Figure 7).

Enteric bacteria in fecal samples from RANKDIEC mice have
less bound SIgA

A significant portion of the normal SIgA repertoire in the
intestine is directed against antigens found on enteric bacteria.7

We prepared suspensions of fecal bacteria from RANKDIEC,
RANKF/F, and JH� /� mice, and measured the amount of IgA
bound to individual bacteria by flow cytometry with a labeled
secondary anti-IgA monoclonal antibody (Figure 6). As
expected, bound IgA was not detected on fecal bacteria
from JH� /� mice (data not shown). At 4 weeks after
weaning, the fraction of fecal bacteria coated by IgA and
the average amount of bound IgA per bacterium were both
decreased in RANKDIEC samples compared with RANKF/F

controls.

Effect of delayed and decreased SIgA production by
RANKDIEC mice on composition of the fecal microbiota

As production of SIgA is one of the pivotal host immune
responses involved in establishing homeostasis with the gut
microbiota, we investigated whether the absence of M cells and
the associated SIgA deficit in RANKDIEC mice resulted in
perturbations in the composition of the gut microbiota. Fecal
samples from co-housed littermate RANKDIEC and RANKF/F

mice were collected at 3, 7, 20, 30, and 40 days after weaning.
Illumina (San Diego, CA) sequencing of 16S rRNA amplimers

Figure 3 Germinal center (GC) formation is delayed in Peyer’s patches
(PPs) lackingMcells. Representative images of horizontal sections ofPPs
from RANKF/F and RANKDIEC mice at 1 week (a,c) and 3 weeks (b,d)
after weaning, showing the density of GL7þ GC B cells within the
IgD� region of follicles. Bars ¼ 100 mM. (e,f) Representative flow plots of
PP lymphocytes from RANKF/F and RANKDIEC mice at 2 weeks after
weaning, stained for CD19 and GL7 to detect GC B cells (e) or PD-1 and
CXCR5 to detect follicular helper T (Tfh) cells (f). Cells analyzed were
gated on live CD45þ singlets that were also B220þ (e) or CD4þ (f). Data
are representative of two experiments with threemice per group. See also
Supplementary Figures 3 and 4.
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revealed no substantive shifts at the family level in the types of
bacteria present in the two genotypes of mice and a comparable
amount of alpha diversity (Supplementary Figure 8).

Impaired induction of SIgA after conventionalization of
germ-free RANKDIEC mice

SIgA responses in the intestine of germ-free mice are markedly
suppressed due to the absence of the microbiota that normally
provides the dominant source of antigens eliciting this
response.31,32 Conventionalization of previously germ-free
mice normally results in a rapid rebound of the SIgA response.3

To examine the impact of loss of intestinal M cells on
fecal IgA responses in the germ-free condition and after

conventionalization, we established a germ-free colony of
RANKDIEC mice housed with RANKF/F littermates. Both
groups produced equally low concentrations of fecal IgA after
weaning and the IgA concentrations rose slightly to reach a
plateau around 4 weeks after weaning that was far below the
typical fecal IgA concentration detected in conventionally
housed mice (Figure 7a). When groups of germ-free
RANKDIEC mice and RANKF/F controls were acutely conven-
tionalized at the time of weaning with themicrobiota present in
the specific pathogen-free mouse colony, the M-cell-deficient
mice exhibited significantly decreased fecal IgA responses at 4
and 6 weeks after weaning (Figure 7b). This deficit in fecal IgA
production recapitulated the fecal IgA phenotype observed in
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the original specific pathogen-free colony (Supplementary
Figure 5) and confirmed that the absence of antigen-sampling
Mcells is sufficient to seriously compromise the rapid host SIgA
response elicited by conventionalization of germ-free mice.

DISCUSSION

One of the cardinal features of mucosal immunity in mammals
is the synthesis and transepithelial transport of large amounts of
SIgA that contribute to maintaining homeostasis with the
enteric microbiota.4,33 Endogenous SIgA production normally
begins shortly after weaning, coincident with a shift from breast
milk to solid food as the main nutrition source and accelerated
colonization of the intestine by commensal bacteria. The initial
endogenous SIgA response is dominated by IgA antibodieswith
few, if any, mutations in their variable regions and low avidity
for the bacteria in the lumen.34 As the mucosal immune system
matures, most of the SIgA antibodies secreted in the intestine
carry mutations concentrated in the complementarity-deter-
mining regions of VH and VL domains. These mutations occur
as a result of T-cell-dependent somatic mutation in GCs and
lead to increased avidity of the antibodies for target antigens.
B-cell clones responding to foreign antigens that persist can
undergo additional rounds of somatic mutation in GALT GCs
contributing to further increases in antibody affinity.35

A major source of antigens driving SIgA production in the
intestine is the commensal enteric flora. As a result, germ-free
mice have a markedly attenuated SIgA response.31,36 Further-
more, SIgA production in germ-free mice can be restored to

near normal levels over the course of several weeks after
conventionalization with bacterial species that can establish
stable residence in the intestine.3 For the host immune system
to mount an IgA response to antigens originating with the
commensal microbiota, bacterial antigens must cross the
epithelium and reach APCs that display the antigens enabling
stimulation and expansion of reactive B cells and T cells. This
antigen sampling process can potentially involve either soluble
antigens or whole bacteria. The relative contributions to the
overall SIgA response of the main cellular pathways that
participate in in vivo sampling of antigens from the intestinal
lumen (i.e., M cells, mononuclear phagocytes, and goblet cells)
have not been established.14 A series of technical limitations
have made it impractical or impossible to selectively eliminate
just one of these antigen sampling pathways in vivo in the
intestine. For example, mice lacking any intestinal goblet cells
die shortly after weaning due to severe problems with
establishment of the normal mucus barrier.37 Although some
knockout mouse strains either lack or have induced defects in
specific DC and macrophage subsets, there is not yet an
established model with a complete absence of all mononuclear
phagocyte subsets. The absence of suitable mouse models
featuring complete abrogation of individual intestinal antigen
sampling pathways has hampered efforts to assess the
individual contributions of each cellular pathway.

We sought to develop mice with selective absence of
intestinal M cells by drawing on previous work that established
the dependence of intestinal M-cell differentiation on
RANKL–RANK signaling.25 Cre-mediated deletion of a floxed
Tnfrsf11a gene restricted to enterocytes yielded mice in which
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RANKL-directed differentiation of intestinal M cells from
uncommitted precursors in follicle-associated crypts did not
occur. The functional consequence of the absence of M cells in
these ‘M-less’ mice was a profound deficit in the uptake of
several types of model particulate antigens (0.2 mm beads and
bacteria) into PPs, confirming that M cells are responsible for
the vast majority of uptake of these classes of antigens into
GALT structures. The other major cell types responsible for
intestinal antigen sampling (mononuclear phagocytes and
goblet cells) remain functionally intact in these mice, which
enabled us to investigate whether loss of the M-cell antigen-
sampling pathway alone interfered with specific types of
mucosal immune responses.

Seminal work by Craig and Cebra38 identified PPs as a rich
source of lymphocyte precursors capable of differentiating into
IgA-secreting plasma cells in the intestinal lamina propria after
adoptive transfer. AlthoughM-cell-mediated antigen sampling
is restricted to GALT structures such as PPs, the other major
antigen sampling mechanisms described in the intestine are
also functional in GALT structures and could therefore
contribute to inducing IgA responses at these sites. The
substantial deficit in the post-weaning SIgA response observed
in theRANKDIECmousemodel proves that antigen sampling by
GALTM cells is pivotal for the efficient early generation of IgA
responses. A closely correlated feature of the deficient inductive
environment in PPs from RANKDIEC mice was delayed
appearance of recognizable GCs within the B-cell follicles.
The decreased amount of total fecal IgA secreted into the
intestinal lumen of RANKDIEC mice also correlated well with
flow cytometry results showing a decreased amount of IgA
bound to fecal bacteria. RANKDIEC mice also displayed a defect
in the induction of fecal IgA responses to a newly introduced
oral protein antigen, confirming that lack of intestinal M cells
results in a generalized defect in the rapid induction of IgA
responses to foreign antigens encountered in the gut lumen.

When the normal commensalmicrobiotawas eliminated as a
potential source of antigens inducing the SIgA response by
studying germ-free RANKDIEC mice, the weak residual SIgA
response was not significantly different from that of the control
RANKF/F littermates. Thus, the normal SIgA response of mice
that briskly develops following weaning depends on sampling
of the commensal microbiota byM cells. The availability of this
efficient M-cell-mediated antigen-sampling pathway is one of
the major factors responsible for the high frequency of
precursors to mature IgA-secreting plasma cells in PPs
compared with the blood and peripheral lymph nodes.38

We also found that the extent of the fecal IgA deficit observed
in RANKDIEC mice compared with RANKF/F controls was
partially attenuated as the mice progressed toward adulthood.
Several factors likely contribute to this narrowing of the
difference between the two genotypes over time. As antigen
sampling is not impaired at the non-intestinal mucosal sites in
RANKDIEC mice, normal initiation of IgA responses occurs at
these other mucosal sites. Not all IgA plasma cells induced
within a single mucosal tissue end up homing back to effector
sites in the same mucosal tissue. The partial overlap in the

homing mechanisms used for IgA plasma cells to return to the
various mucosal tissues allows some IgA plasma cells induced
in non-intestinal mucosal tissues to end up localizing to the
intestine.1,39,40 Another factor in narrowing the gap between
the two genotypes is further expansion of the initial clones of
memory B cells and plasma cells that reach the intestine. As
IgA-producing B cells can re-enter GCs to proliferate further
and undergo receptor diversification,35 we speculate that the
few IgA-secreting plasma cells that initially seed the lamina
propria of RANKDIECmice have the potential to be amplified in
PPs, leading to increases in the number of lamina propria
plasma cells and the amount of SIgA even if the diversity of the
resulting IgA repertoire remains substantially constricted
compared with wild-type mice as a consequence of decreased
transport of commensal microbiota antigens into the inductive
sites via M cells. Finally, some of the SIgA normally present in
feces initially enters the gastrointestinal tract as a constituent of
bile. Hepatocytes and biliary epithelial cells expressing the
polymeric immunoglobulin receptor can transcytose dimeric
IgA and deliver this SIgA into the gut lumen to add to the IgA
transcytosed across the intestinal epithelium by enterocytes.41

Our findings support a fundamental role for M cells in drivi-
ng SIgA responses that are targeted toward commensal
bacteria. Despite the scarcity of M cells relative to other cell
types in the intestinal epithelium and underlying lamina pro-
pria,M cells have a critical and non-redundant role in establish-
ment of normal secretory immunity at inductive GALT sites.

METHODS

Conditional RANK knockout mice. Mice with a conditional allele of
Tnfrsf11a (the gene encoding RANK) featuring loxP sites flanking
exons 2 and 3 were produced at inGenious Targeting Laboratory
(Stony Brook, NY). Mice carrying this floxed allele were donated
to The Jackson Laboratory Mouse Repository (http://jaxmice.jax.org/
strain/027495.html); the official strain designation is B6.Cg-
Tnfrsf11atm1.1Irw/J. Mice with the floxed allele were bred to villin-cre
mice (Tg(Vil-cre)997Gum/J strain; The Jackson Laboratory,
Bar Harbor, ME), to produce mice homozygous for the floxed RANK
allele that also carried the villin-cre transgene (villin-cre RANKF/F

genotype; also designated RANKDIEC and referred to as ‘M-less’). Most
experimental mice used in experiments originated from breeding pairs
of male RANKDIEC mice and female RANKF/F, and consisted of a mix
of RANKDIEC mice and RANKF/F littermates used as controls. Litters
were weaned at 21 days after birth. All animal studies were reviewed
and approved by the Emory University Institutional Animal Care and
Use Committee.

Germ-free conditional RANK knockout mice. Germ-free rederiva-
tion of the RANKDIEC mouse strain was done at Taconic
(Germantown, NY). Rederived mice confirmed to be germ-free at
Taconic were shipped to the germ-free mouse facility at Georgia State
University, to establish a breeding colony. The germ-free status of the
isolators used for these studies was verified on a regular basis by
quantitative PCR with primers for 16S rDNA sequences. For con-
ventionalization experiments, germ-free mice were transferred from
isolators to conventional housing and initially exposed to drinking
water containing fecal bacteria from conventionally housed specific
pathogen-freemice in the samemouse facility. The studies done in this
facility using germ-free and gnotobiotic RANKDIEC andRANKF/Fmice
were reviewed and approved by the Georgia State Institutional Animal
Care and Use Committee.
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Immunofluorescence staining of M cells. For whole mount pre-
parations, PPs were isolated directly into cold Dulbecco’s modified
Eagle’s media and then incubated for 10min at room temperature in
1% N-acetyl cysteine followed by vigorous vortexing to dissociate the
mucus layer. The PPswere fixed in 4% paraformaldehyde for 30min at
20 1C. For frozen section preparations, PPs were cut transversely
through the dome area, embedded in optimal cutting temperature
compound, and sectioned with a cryostat as previously described.24

Both whole mounts and cryosections were incubated overnight at 4 1C
with anti-GP2 antibody (2F11-C3; MBL, Woburn, MA) and rho-
damine-UEA-I (Vector Labs, Burlingame, CA) in TBB buffer
(PerkinElmer, Waltham, MA) containing 0.25% saponin. The whole
mounts and sections were washed for 10min with TBB with 0.25%
saponin and incubated with Alexa647-conjugated polyclonal goat
anti-rat antibody (Invitrogen,Grand Island,NY) for 3 h at 20 1C.DAPI
(4’,6-diamidino-2-phenylindole; Sigma-Aldrich, St. Louis, MO) was
added to the frozen sections as a nuclear counterstain. Whole mounts
and frozen sections were mounted in ProLong Gold antifade reagent
(Invitrogen) and held for 1 h at 4 1C in the dark before image
acquisition using a Nikon (Melville, NY) 80i epifluorescence
microscope.

Immunofluorescence staining of GCs and IgA-secreting cells. For
analysis of PPGCs, horizontal sections of PPswere stained overnight at
4 1C with FITC- or phycoerythrin (PE)-conjugated anti-IgD (11-26c;
eBioscience, SanDiego, CA), allophycocyanin (APC)-conjugated anti-
GL7 (GL-7; eBioscience), and FITC-conjugated anti-CD21/35 (7G6;
BD Biosciences, San Jose, CA). Lamina propria IgA-secreting cells
were detectedwith FITC-conjugated anti-IgA (C10-3; BDBiosciences)
and the location of the epithelium was defined using APC-conjugated
anti-EpCAM (G8.8; eBioscience).

Enteroid cultures for in vitro induction of M-cell differentiation.
Small intestinal crypts from the distal 10 cm of the small intestine were
isolated and cultured in Matrigel (Corning, Tewksbury, MA) to
generate three-dimensional enteroids using a modified version of
published methods.42,43 After 3 days of culture, the media above the
Matrigel was replaced and half the wells were supplemented with
100 ngml� 1 of soluble mouse RANKL (Peprotech, Rocky Hill, NJ)
for 3 days to induce M-cell differentiation.

Quantitative real-time PCR analysis of gene expression in enter-

oids. The Matrigel droplet containing enteroids was incubated with
500ml of Cell Recovery Solution (Corning) for 1 h at 4 1C. Once the
Matrigel was depolymerized, the cell pellet was washed and used for
extraction of RNA. cDNA was synthesized with the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR was per-
formed on a CFX Connect thermal cycler (Bio-Rad) using iTaq
Universal SYBR Green Supermix (Bio-Rad) and primers for three
M-cell-associated genes. The relative expression of the M-cell-asso-
ciated genes was determined by normalization to Gapdh using the
comparative Ct method.

LGG culture and labeling. LGG provided by Dr Andrew Neish
(Emory University) was grown overnight under anaerobic conditions
with no shaking in MRS broth (BD Biosciences). To label the bacteria,
1� 1010 washed bacteria were incubated in a total volume of 20ml of
phosphate-buffered saline (PBS) with 50 mgml� 1 NHS-fluorescein
(Thermo Fisher Scientific, Waltham, MA) for 30min at 20 1C with
constant agitation. The FITC-labeled bacteria were washed three times
in PBS. Before gavage, the concentration of bacteria was determined
using a Bacteria Counting Kit (Invitrogen) on a FACSCalibur flow
cytometer (BD Biosciences).

Quantification of PP uptake of fluorescent bacteria or beads.
Aliquots of 1� 109 FITC-labeled LGG bacteria or 1� 1011 0.2-mm
diameter polystyrene nanoparticles (Fluoresbrite YG; Polysciences,
Warrington, PA) were administered by gavage to 6- to 8-week-old
mice using a 20-gauge gavage needle in a total volume of 400 ml. Mice

given LGG bacteria were pretreated 5min before gavage with 100ml of
10%w/v sodium bicarbonate, to neutralize stomach acid.Multiple PPs
were isolated either 6 h (LGG bacteria) or 24 h (nanoparticles) after
gavage and snap frozen in optimal cutting temperature com-
pound. Cryosections of PPs from mice administered nanoparticles
were immediately counterstained with DAPI (5 mgml� 1 in PBS).
Cryosections of PPs frommice given FITC-labeled LGG bacteria were
fixed for 20min in acetone at � 20 1C and mounted in 10 ml of Pro-
Long Gold antifade reagent. The sections were imaged on a Nikon
Eclipse 80i epifluorescence microscope to allow manual counting of
uptake events.

Preparation of cell suspensions for flow cytometry. PPs and
mesenteric lymph nodes were isolated andmechanically dissociated in
ice-cold RPMI-1640 (Corning). The resulting cell suspensions were
passed through a 70-mm mesh cell strainer. To prepare intestinal
lamina propria cells, PPs were excised from the small intestine, the
opened PP-free tissue was thoroughly washed in ice-cold PBS to
remove luminal contents, and the small intestine was cut into 10 equal-
sized pieces. The intestinal pieces were incubated for 15min in PBS
with 0.5mM EDTA and 10mM HEPES in a shaking incubator at
37 1C, and then strained though a large metal mesh strainer to remove
epithelial cells. This step was repeated at until no epithelial cells were
visible in the supernatant. The intestinal fragments were washed
thoroughly with PBS to remove the EDTA, minced exactly 30 times
with a small scissors in an microfuge tube and incubated in 20ml of
RPMI-1640 supplementedwith 10% fetal bovine serum, 0.25mgml� 1

Collagenase D (Roche, Indianapolis, IN), 0.25mgml� 1 Collagenase
Fraction IV (MPBiomedicals, Santa Ana, CA), and 40 mgml� 1 DNase
I (Roche) for 20min at 37 1C with constant agitation. After digestion,
intestinal fragments were shaken vigorously by hand for 30 s and
passed through a 100-mm mesh cell strainer. The cell suspension was
sedimented at 1,000 g for 10min and the resuspended pellet was
further purified from the interface of a 30%/100% Percoll density
gradient.

Flow cytometry analysis. The directly conjugated monoclonal
antibodies used to stain cells for flow cytometry included PE-anti-
mouse CD138 (281-2; BD Biosciences), FITC-anti-mouse IgA (C10-3;
BD Biosciences), eFluor 450-anti-mouse IgD (11-25c; eBioscience),
APC-anti-GL7 (GL7; eBioscience), FITC-anti-mouse PD-1 (294.1a12;
BioLegend, San Diego, CA), PE-anti-mouse CXCR5 (L138D7; Bio-
Legend), Brilliant Violet 605-anti-mouse B220 (RA3-6B2; BioLegend),
PE-Cy7-anti-mouse CD19 (1D3; Tonbo Biosciences, San Diego, CA),
APC-Cy7 anti-mouse CD45.2 (104; Tonbo Biosciences), and VF450-
anti-mouse CD4 (RM4-5; Tonbo Biosciences). Live/dead cell
discrimination for all antibody panels was done with Fixable Viability
Dye eFluor 506 (eBioscience). Staining was carried out for 15min at
20 1C in PBS with 1% bovine serum albumin and 0.02% NaN3. After
staining, all cells were fixed for 20min at 20 1C in BD Fix/Perm buffer.
To stain for intracellular IgA, cells were permeabilized for 20min at
20 1C in BD Perm/Wash buffer and then stained for 15min at 20 1C in
BD Perm/Wash buffer. Stained cells were analyzed on an LSRII
cytometer (BD Biosciences). Post-acquisition analysis of data files was
done with FlowJo v9.3.1 software (Ashland, OR).

Processing of fecal pellets to yield fecal supernatant and fecal

bacteria. Fresh fecal pellets were collected, weighed, and diluted 1:10
(w/v) in PBSwith 1mMEDTA. The suspension was vortexed for up to
15min, to allow complete liquefaction, followed by centrifugation at
400 g at 4 1C for 5min. The turbid supernatant was centrifuged a
second time at 12,000 g for 10min at 4 1C. The supernatant from this
spin was used to determine the fecal IgA concentration by a sandwich
enzyme-linked immunosorbent assay method using a IgA, k-isotype
control monoclonal antibody (BD Biosciences) as a standard, as
previously described.25 Fecal supernatants were stored at � 80 1C after
preparation and all supernatants from a single experiment were
analyzed by enzyme-linked immunosorbent assay at the same time.
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The concentration of IgA in serum samples was determined by the
same enzyme-linked immunosorbent assay method. The remaining
pellet containing fecal bacteria was fixed overnight in 4% paraf-
ormaldehyde. The fixed bacterial suspension was washed twice in PBS
with 1% bovine serum albumin and 0.02% NaN3, and stored in a 10%
glycerol solution at � 80 1C until the bacteria were analyzed for bound
IgA by flow cytometry.

Oral immunization with horse spleen ferritin. Five-week-old
RANKDIECmice andRANKF/F littermates were orally immunizedwith
horse spleen ferritin (Sigma) using a modification of a previously
described method.30 Ferritin was added to the drinking water
on days 0–2 and then again on days 7–9. Fecal samples were collected 2
weeks after the first day of immunization and were processed to
prepare fecal supernatants by the same methods used to do mea-
surements of total fecal IgA content. Serial dilutions of fecal
supernatant from individual mice were tested for ferritin-specific fecal
IgA by enzyme-linked immunosorbent assay using wells coated
with ferritin. Bound anti-ferritin IgA antibody was detected with
horseradish peroxidase-conjugated goat anti-mouse IgA (Southern
Biotech, Birmingham, AL) followed by use of optEIA (BDBiosciences)
as substrate.

Flowcytometric analysis of IgAbound to fecal bacteria. The density
of fixed fecal bacteria in stored samples was estimated on the basis of
OD600. The equivalent of 1� 106 live bacteria derived from a fresh
in vitro culture was incubated in a solution containing 1mgml� 1 rat
serum, 1.5% bovine serum albumin, and 0.5mgml� 1 of PE-anti-IgA
(mA-6E1; eBioscience) for 30min at 20 1C in the dark. APE-labeled rat
IgG1 antibody (R3-34; BD Biosciences) was used as an isotype control.
Bacterial suspensions were analyzed on an LSRII cytometer
(BD Biosciences) using FSC-H and FSC-W to gate on bacterial events.
The percentage of bacteria with bound IgA was determined using
gates established by analysis of fecal bacteria from B-cell-deficient
JH� /� mice (Taconic) without any bound IgA.

Analysis of fecalmicrobiota composition by 16S sequencing. Fecal
pellets from co-housed littermate RANKDIEC and RANKF/F mice
were collected at 3, 7, 20, 30, and 40 days after weaning. DNA was
extracted and amplified with forward 515F and reverse 806R primers
flanking the V4 variable region as previously described.44 Pooled
products from four independent PCRs on each sample were purified
and sequenced using an Illumina MiSeq sequencer. QIIME software
was used to assign OTUs and perform rarefaction analysis.45

Statistical analysis. Differences between the mean values for groups
were analyzed by a two-tailed Student’s t-test using Prism (GraphPad
Software, La Jolla, CA). A P-value o0.05 was considered significant.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

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