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Introduction
The mucosal surface of the intestinal tract is exposed to vari-
ety of foreign antigens, including harmful pathogens for host 
animals. To avoid the infectious risks posed by these patho-
gens, the mucosal tissue uses multiple layers of barrier mech-
anisms. For instance, the tightly integrated intestinal epithelial 
cell (IEC) monolayer physically blocks the invasion of mac-
romolecules, including bacteria—the mucus layer generated 
by goblet cells physicochemically impairs the attachment of 
pathogens to the epithelial cell surface—and antimicrobial 
proteins mainly produced by Paneth cells sterilize the mu-
cosal surface (Gallo and Hooper, 2012; Zhang et al., 2015). 
Recently, it has also been reported that epithelial fucosyla-
tion contributes to the protection against intestinal pathogens 
(Goto et al., 2014). These epithelial barriers are indispensable 
for the maintenance of intestinal homeostasis.

IECs also contribute to mucosal immune responses. The 
follicle-associated epithelium (FAE) is composed of special-
ized IECs that cover the luminal side of the lymphoid follicles 
of gut-associated lymphoid tissue (GALT; Neutra et al., 2001), 
such as Peyer’s patches (PPs), colonic patches, cecal patches, 
and isolated lymphoid follicles distributed throughout the in-
testine. A principal role of the FAE is the uptake and transport 

of luminal antigens into GALT, and this task is thought to be 
single-handedly accomplished by microfold or membranous 
cells (M cells) located in the FAE (Kraehenbuhl and Neutra, 
2003). M cells possess a high phagocytic and transcytotic ca-
pacity, which is responsible for the rapid transport of bacterial 
antigens to antigen-presenting cells in GALT (Neutra et al., 
2001). We previously demonstrated that this M cell–medi-
ated antigen transport largely contributes the antigen-specific 
immune responses, such as the activation of T cells and the 
production of IgA from plasma cells (Hase et al., 2009; Kanaya 
et al., 2012; Rios et al., 2015).

Despite the important role of M cells in mucosal im-
mune responses, the mechanisms for the development of 
M cells are not well characterized because of their rarity in 
the intestine (Kanaya and Ohno, 2014). M cells are a sub-
set of IECs derived from Lgr5-positive epithelial intestinal 
stem cells (ISCs) located at the bottom of crypts (de Lau 
et al., 2012). M cells are restricted to FAE that is closely 
associated with GALT stromal cells and immune cells, 
implying that these cells influence M cell differentiation 
from ISCs. Indeed, receptor activator of NF-κB (RANK) 
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ligand (RAN​KL) produced by stromal cells underneath 
the FAE was shown to critically regulate M cell differen-
tiation (Knoop et al., 2009). Notably, exogenous RAN​KL 
administration elicits ectopic M cell differentiation in vil-
lous epithelium (VE) normally devoid of M cells (Knoop 
et al., 2009). Taking advantage of this phenomenon, we 
screened the profile of RAN​KL-responsive genes in IECs 
to identify a transcription factor essential for M cell dif-
ferentiation, the Ets-family transcription factor Spi-B 
(Kanaya et al., 2012). Our study also revealed that Spi-B is 
indispensable for the expression of some M cell–associated 
molecules but not sufficient for the expression of other M 
cell–specific molecules, suggesting that additional factors 
are required for M cell differentiation (de Lau et al., 2012; 
Kanaya et al., 2012; Sato et al., 2013).

The ligation of RANK is known to activate both 
canonical and noncanonical NF-κB signaling pathways 
(Akiyama et al., 2008). Canonical NF-κB signaling is tran-
sient and rapid and is involved in inflammatory responses, 
whereas noncanonical NF-κB signaling is slow and persistent 
and contributes to cellular differentiation. The RAN​KL– 
RANK-mediated noncanonical NF-κB pathway activates the 
NF-κB transcription factor RelB, which is required for the 
development of medullary thymic epithelial cells (mTECs; 
Akiyama et al., 2008) and osteoclasts (Vaira et al., 2008). 
Likewise, it has recently been reported that RelB is essential 
for the initiation of RAN​KL-induced ectopic M cell dif-
ferentiation (Kimura et al., 2015). However, the molecular 
basis of RAN​KL–RANK-mediated M cell differentiation 
has not been established.

Here, we evaluated the significance of RANK-induced 
NF-κB in M cell differentiation using an in vitro M cell dif-
ferentiation system established using cultured intestinal or-
ganoids. Inactivation of NF-κB by the deletion of RelB and 
RelA abolishes lymphoid tissues, including GALT (Weih 
and Caamaño, 2003), resulting in a lack of FAE and M cells; 
as a result, there is a limitation in in vivo analyses to deter-
mine the significance of the NF-κB pathway in the devel-
opment of M cells. In organoids, M cell differentiation is 
activated by the ligation of RANK on the epithelium with 
exogenous RAN​KL, which enables us to evaluate the sig-
nificance of epithelial-intrinsic activation of NF-κB in vitro 
independently of any defects in GALT architecture in the 
mice from which the organoids are derived. Consequently, 
we demonstrate here that M cell differentiation requires the 
activation of both canonical and noncanonical NF-κB. We 
also examine the role of TNF receptor (TNFR)–associated 
factor 6 (TRAF6) in M cell differentiation. A conditional 
deletion of TRAF6 in IECs causes a complete loss of M 
cell–lineage commitment, resulting in impairments in anti-
gen uptake into PPs and antigen-specific IgA responses. We 
further show that TRAF6 is also critical for the expression 
of FAE-associated molecules, which provides novel insights 
into the molecular basis for the development of both M 
cells and FAE enterocytes.

Results
Epithelial-intrinsic noncanonical NF-κB is essential to 
evoke M cell differentiation
We and others identified Spi-B as a crucial transcription 
factor for M cell differentiation downstream of RAN​KL–
RANK signaling (de Lau et al., 2012; Kanaya et al., 2012; Sato 
et al., 2013). In addition, our recent study has indicated that 
noncanonical NF-κB transcription factor RelB is essential 
for RAN​KL-induced ectopic M cell differentiation (Kimura 
et al., 2015). To further establish the molecular basis of M 
cell differentiation, we took advantage of an in vitro M cell 
differentiation model. When intestinal crypts harboring ISCs 
are cultured under defined conditions, they grow and form 
an organoid structure (Fig. 1 A; Sato et al., 2009). ISCs are 
maintained in these organoids, and M cells can be induced in 
organoids upon addition of RAN​KL (Fig. 1 B; de Lau et al., 
2012; Rios et al., 2015). This in vitro M cell differentiation is 
a suitable model for determining the epithelial-intrinsic fac-
tors required for M cell differentiation because organoids can 
exclude the involvement of factors derived from non-IECs 
such as stromal and immune cells.

The RelB-deficient (Relb−/−) mouse is well known to 
completely lack activation of the noncanonical NF-κB path-
way (Sun, 2012). Examining M cell formation in Relb−/− 
mice is one experimental approach to assess the importance 
of the noncanonical NF-κB pathway in M cell differentiation. 
However, these mice completely lack PPs and, therefore, FAE 
because of the requirement of the noncanonical NF-κB in 
lymphoid tissue generation (Miyawaki et al., 1994; Yilmaz et 
al., 2003), precluding the examination of M cell differentia-
tion in vivo using these mice. To overcome this problem, we 
generated organoids from the small intestine of Relb−/− mice 
and stimulated with RAN​KL for 3 d to evaluate their po-
tential to differentiate into M cells. The expression of M cell 
marker genes was prominently induced in the organoids from 
Relb+/− mice as positive controls. On the other hand, Gp2 was 
not induced by RAN​KL in the organoids from Relb−/− mice, 
and induction of other M cell markers, including Spib, was 
drastically decreased compared with the controls (Fig. 1 C).

Noncanonical NF-κB directly targets Spib expression
We further corroborated the causal relationship between 
noncanonical NF-κB and Spi-B. Organoids generated from 
WT mice were stimulated with RAN​KL for relatively short 
durations of time, and expression of Spib and noncanonical 
NF-κB–associated genes, Relb and Nfkb2, was examined. 
Stimulation for 3 h with RAN​KL was sufficient to induce 
the expression of Relb and Nfkb2, whereas Spib required 
6 h to be induced (Fig.  1 D). Taken together, these obser-
vations confirmed that epithelial-intrinsic noncanonical 
NF-κB is required for M cell differentiation downstream of 
RANK and upstream of Spi-B.

We next assessed whether noncanonical NF-κB is di-
rectly involved in induction of Spib expression. Organoids 
were dissociated and treated with separate lentiviruses cod-
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Figure 1.  Epithelial-intrinsic noncanonical NF-κB is essential to evoke M cell differentiation in organoids. (A) Small intestinal crypts were iso-
lated from WT mice and embedded into Matrigel. After 5-d culture with the optimal crypt growth medium, crypts grew and formed a branching organoid 
structure. Bar, 50 µm. (B) Organoids were stimulated with RAN​KL for 3 d and fixed with 4% paraformaldehyde. Organoids were then immunostained with 
anti–GP2 antibody. Green shows GP2, and blue shows nuclei. Bars, 100 µm. (C) Organoids generated from Relb+/−and Relb−/− (top) mice were stimulated 
with RAN​KL for 3 d. The expression of M cell markers was examined by quantitative PCR analysis (normalized with Gapdh, n = 3, mean ± SEM). (D) Organ-
oids from WT mice were stimulated with RAN​KL for indicated time course (1, 3, 6, and 18 h), and the expressions of Spib, Relb, and Nfkb2 were analyzed by 
quantitative PCR (normalized with Gapdh, n = 3, mean ± SD). Data are representative of two independent experiments.
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ing p52 and RelB, resulting in a significant increase in Spib 
transcripts and protein in organoids (Fig.  2, A and B). We 
further determined whether noncanonical NF-κB targeted 
the Spib promoter using a luciferase assay. Overexpression 
of p52-RelB prominently enhanced Spib promoter activity 
in a mouse IEC line (Fig. 2 C). In addition, chromatin im-
munoprecipitation (ChIP) in RAN​KL-stimulated organoids 
revealed the specific binding of RelB to the Spib promoter 
region (Fig. 2 D). These data suggest that the noncanonical 
NF-κB transcription factor RelB directly binds to the Spib 
promoter to induce Spib expression.

Noncanonical NF-κB is not sufficient 
for M cell differentiation
On learning that the noncanonical NF-κB pathway is es-
sential for M cell differentiation, we next asked whether this 
pathway is sufficient for M cell differentiation. To this end, 
we examined the expression of M cell–associated genes upon 
overexpression of p52-RelB. The significant increase in Spib 
transcripts under these conditions suggested that Spi-B–de-
pendent M cell markers could also be induced. Indeed, Ccl9 
and Tnfaip2 were significantly up-regulated by the transduc-
tion of p52-RelB (Fig. 2 E). We also examined the expression 
of Marcksl1 and Anxa5, which are expressed in the M cell 
lineage independently of Spi-B (Kanaya et al., 2012; Sato et 
al., 2013), and found that both genes were up-regulated by 
p52-RelB (Fig. 2 E). On the other hand, the expression of 
Gp2, whose expression also requires the presence of Spi-B, 
was not induced by the overexpression of p52-RelB despite 
the induction of Spi-B expression (Fig. 2 E). Indeed, over-
expression of Spi-B itself in organoids did not induce Gp2 
expression (Fig. 2 F). This is consistent with a previous study, 
which suggests the insufficiency of Spi-B to induce Gp2 
(de Lau et al., 2012). These results suggest that noncanonical 
NF-κB is not alone sufficient for full M cell differentiation, 
especially as assessed by expression of Gp2, although it is re-
quired for early steps, including Spib induction.

Canonical NF-κB is also required for RAN​KL–
RANK-induced M cell differentiation
RAN​KL–RANK is known to activate canonical as well 
as noncanonical NF-κB pathways for the development of 
mTECs (Akiyama et al., 2008). We therefore examined the 
importance of canonical NF-κB in M cell differentiation. 
To verify this, SC-514, a specific inhibitor of IκB kinase-β 
(Kishore et al., 2003), was used. Organoids generated from 
WT mice were stimulated with RAN​KL in the presence or 
absence of SC-514. SC-514 silenced the expression of Gp2 
and Spib, indicating that canonical NF-κB is also required 
for M cell differentiation (Fig.  3  A). We also performed 
overexpression of p50-RelA to assess the contribution of 
canonical NF-κB in the expression of M cell markers. The 
overexpression of p50-RelA significantly increased the ex-
pression of M cell markers, with the exception of Gp2; how-
ever, the efficiency was much lower than that induced when 

p52-RelB was transduced (Fig. 3 C). In contrast to the other 
M cell markers examined, Marcksl1 was strongly induced by 
p50-RelA, suggesting that canonical NF-κB largely contrib-
utes to the expression of Marcksl1 but less to that of other 
M cell markers. We next examined a direct linkage between 
canonical and noncanonical NF-κB, because a previous 
study demonstrated that canonical NF-κB directly targets 
Relb transcription (Bren et al., 2001). The administration of 
SC-514 drastically suppressed RAN​KL-induced Relb induc-
tion (Fig. 3 B). Consistently, the overexpression of p50-RelA 
significantly up-regulated the transcription of Relb and 
Nfkb2 (Fig. 3 D). Furthermore, SC-514 could not suppress 
the induction of Spib and Ccl9 in the organoids transduced 
with p52-RelB (Fig. 3 E), suggesting that the noncanonical 
NF-κB pathway can induce M cell markers independently 
of the canonical pathway. Collectively, these results demon-
strated that canonical NF-κB plays a crucial role in M cell 
differentiation upstream of noncanonical NF-κB but inde-
pendently enhances the expression of Marcksl1.

TRAF6 is essential for M cell lineage commitment
To further evaluate the importance of canonical NF-κB in 
M cell differentiation in vivo, we focused on a regulatory 
molecule of RANK-mediated canonical NF-κB activation. 
TRAFs are recruited to the cytoplasmic domain of TNFRs 
upon ligand stimulation. Among them, TRAF6 is known 
to play an essential role in the RANK-mediated canonical 
NF-κB pathway (Walsh and Choi, 2014). In addition, a previ-
ous study demonstrated that TRAF6 has a critical role in the 
expression of RelB in mTECs (Akiyama et al., 2005). This 
strongly suggests that TRAF6 has a pivotal role in M cell dif-
ferentiation upstream of canonical and noncanonical NF-κB. 
To examine the requirement of TRAF6 in M cell differen-
tiation, we used TRAF6-deficient mice. Because systemic 
TRAF6 deficiency causes early mortality (17–19 d) in mice 
(Akiyama et al., 2005), we used mice harboring LoxP-flanked 
Traf6 alleles (Traf6f/f) and crossed these mice with Villin-Cre 
transgenic mice to obtain mice lacking TRAF6 specifically in 
IECs (Traf6IEC-KO mice; Fig. S1 A). In the presence of TRAF6, 
RelB is predominantly observed in the nuclei of PP FAE 
(Fig.  4  A), consistent with a previous study (Yilmaz et al., 
2003). In contrast, nuclear RelB was drastically decreased in 
PP FAE of Traf6IEC-KO mice (Fig. 4 A), indicating that the ac-
tivation of noncanonical NF-κB is severely impaired in IECs 
in the absence of TRAF6. Consistent with the severe reduc-
tion of nuclear RelB, expression of the M cell markers GP2, 
Spi-B, Marcksl1, and Annexin A5 was silenced in PP FAE 
of Traf6IEC-KO mice (Fig. 4, B and C; and Fig. S1 B). M cells 
develop not only in PP FAE but also throughout the GALT, 
including colonic patches. We therefore evaluated whether 
TRAF6 deficiency also affects M cell development in colonic 
patches. GP2+ M cells were identified in colonic patches of 
Traf6f/f mice, but not in those of Traf6IEC-KO mice (Fig. S1 C), 
indicating that TRAF6 is essential for M cell differentiation 
throughout the GALT, including the large intestine.
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Figure 2. N oncanonical NF-κB directly targets Spib but is not sufficient to induce Gp2 expression. (A) Organoids from WT mice were dissociated 
and exposed to lentivirus encoding p52 and RelB for 3 d, and the expression of Spib was analyzed by quantitative PCR (normalized with Gapdh, mean ± 
SD). *, P < 0.05 (Mann-Whitney U test, n = 4). (B) Organoids exposed to lentivirus encoding p52 and RelB were stained with anti–Spi-B antibody. Red shows 
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We next evaluated the loss of M cells in PP FAE of 
Traf6IEC-KO mice using scanning electron microscopy. Cells 
featuring sparse and irregular microvilli typical of normal M 
cells were only rarely detected in Traf6IEC-KO mice (Fig. 4 E, 
yellow arrowheads), indicating that morphologically ma-
ture M cells are mostly absent in Traf6IEC-KO mice. We could 
identify cells morphologically similar to M cells in terms of 
their surface structure (M cell–like cells) in Traf6IEC-KO mice 
(Fig. 4 E, yellow arrowheads); however, they do not seem to 
be authentic M cells because they lack the expression of M 
cell markers in immunofluorescence staining (Fig. 4, B and 
C; and Fig. S1 B). We also noticed that the number of goblet 
cells harboring large mucus granules was drastically increased 
in PP FAE of Traf6IEC-KO mice (Fig. 4, E and F, magenta ar-
rowheads). To precisely evaluate the increase in goblet cells in 
Traf6IEC-KO mice, we imaged the PP FAE of Traf6IEC-KO mice 
using alcian blue staining and transmission electron micros-
copy (TEM) and confirmed that goblet cells are markedly 
increased in PP FAE of Traf6IEC-KO mice (Fig. 4, D and G). 
However, the hyperplasia of goblet cells was not observed in 
the FAE of SpibIEC-KO mice, which completely lack mature M 
cells (Fig. S2). These suggest that TRAF6 deficiency not only 
causes the loss of M cells but also affects the differentiation of 
other enterocyte subsets in the FAE.

RANK–TRAF6 is responsible for the expression of 
FAE-associated molecules
Based on our observation that goblet cells increased in the 
FAE of Traf6IEC-KO mice, we examined the effect of TRAF6 
deficiency on the properties of the FAE. It is known that the 
features of FAE enterocytes are distinct from those of VE en-
terocytes. For instance, FAE enterocytes constitutively express 
some chemokines, such as CCL20 and CXCL16, at substan-
tially higher levels than VE enterocytes (Rumbo et al., 2004; 
Hase et al., 2006). In addition, we have previously reported 
additional genes preferentially expressed in the FAE, but not 
in villi (Hase et al., 2005; Kawano et al., 2007). We found 
that all FAE-associated genes examined (i.e., Ccl20, Cxcl16, 
and Psg18 [pregnancy-specific glycoprotein 18; Kawano et 
al., 2007] and Ubd [ubiquitin D; Hase et al., 2005]) were 
almost totally silenced in Traf6IEC-KO mice (Fig.  5  A). We 
also observed the complete loss of CCL20 protein in FAE 
of Traf6IEC-KO mice (Fig. 5 C). These results suggest that the 
RANK–TRAF6-mediated NF-κB signaling is required for 
the expression of FAE-associated molecules. To further ver-

ify the altered properties of FAE in the absence of TRAF6, 
we examined the expression of mucin genes, which are nor-
mally suppressed in FAE compared with VE (Jinnohara et al., 
2017). The expression of Muc3 was suppressed in the FAE of  
Traf6IEC-KO mice as well as in that of Traf6f/f mice. This sug-
gests that the suppression of Muc3 is independent of RANK–
TRAF6–mediated NF-κB signaling. On the other hand, 
Muc2 exhibited a slight increase in the FAE of Traf6IEC-KO 
mice (Fig. 5 B), which coincided with the observation that 
goblet cells were increased in the FAE of Traf6IEC-KO mice 
(Fig. 4, D–G). This raised the possibility that TRAF6 might 
be involved in the developmental regulation of goblet cells; 
however, the number of goblet cells in the VE appeared com-
parable between Traf6f/f and Traf6IEC-KO mice (Fig. 5 D). It is 
therefore likely that the increase in the number of goblet cells 
in the FAE of Traf6IEC-KO mice is due to secondary effects 
caused by perturbations in FAE differentiation.

We also evaluated the significance of RANK in the 
expression of FAE-associated genes using organoids. Ad-
ministration of RAN​KL enhanced the expression of all of 
FAE-associated genes examined in organoids (Fig. S3), which 
supports our finding that RANK–TRAF6 is important for 
the expression of FAE-associated molecules. On the other 
hand, a previous study indicates that LTβR signaling contrib-
utes to the development of the FAE (Rumbo et al., 2004). We 
therefore assessed the contribution of LTβR in the expression 
of FAE-associated genes in organoids. Indeed, LTα1β2, the li-
gand of LTβR, also increased the expression of FAE-associated 
genes in organoids, although the efficiency was much lower 
than RAN​KL (Fig. S3). Together, these results suggest that 
RANK–TRAF6 is predominantly responsible for the expres-
sion of FAE-associated molecules.

The uptake of particulate antigens is 
impaired in Traf6IEC-KO mice
The loss of M cells in Traf6IEC-KO mice raises the possibility 
that uptake of nanoparticles and bacteria into PPs is impaired 
in Traf6IEC-KO mice, because M cells are critical for the uptake 
of such luminal particulate antigens (Hase et al., 2009; Kanaya 
et al., 2012; Rios et al., 2015). We therefore examined the 
capacity for particulate antigen transport, which is a principal 
function of M cells, in Traf6IEC-KO mice. Fluorescent nanopar-
ticles were orally administered, and the number of particles in-
corporated into PPs was quantified. Consistent with the lack 
of M cell marker expression and morphologically defined M 

Spi-B, and blue shows nuclei. Data are representative of three independent experiments. Bars, 20 µm. (C) Spib promoter containing pGL3-Basic reporter 
vector and pcDNA3-expression vector containing p52, RelB, or a combination of p52 and RelB was overexpressed in mICcl2 cells. After overnight culture, 
cell lysates were harvested, and the activity of luciferase was examined. Results show the fold-change against the control group (without expression vector;  
n = 4, mean ± SD; *, P < 0.05; ****, P < 0.0001, one-way ANO​VA with Bonferroni’s post-test). (D) Organoids were stimulated for 6 h with RAN​KL, and 
cross-linked chromatin was immunoprecipitated with anti–RelB antibody. Immunoprecipitated Spib promoter region was quantified by quantitative PCR 
(n = 4, mean ± SEM; *, P < 0.05, Mann-Whitney U test). (E and F) Organoids from WT mice were dissociated and exposed to lentivirus encoding p52 and 
RelB (E) or Spi-B (F) for 3 d, and the expression of M cell markers were analyzed by quantitative PCR (normalized with Gapdh, n = 4, mean ± SD; *, P < 0.05, 
Mann-Whitney U test). Data are representative of four independent experiments.
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cells in Traf6IEC-KO mice, fluorescent nanoparticles were much 
less efficiently incorporated into PPs in Traf6IEC-KO mice than 
Traf6f/f mice (Fig.  6, A and B). We next evaluated the up-
take of orally administered Salmonella enterica serovar Typh-
imurium and Yersinia enterocolitica into PPs. As expected, 
minimal uptake of S. Typhimurium and Y. enterocolitica was 
detected in PPs of Traf6IEC-KO mice compared with control 
Traf6f/f mice (Fig. 6, C and E). This reduced uptake of patho-
genic bacteria implies that the M cell–mediated IgA response 

might also be impaired in Traf6IEC-KO mice. To evaluate this, 
we administered an attenuated S. Typhimurium strain lacking 
the aroA gene or Y. enterocolitica to Traf6f/f and Traf6IEC-KO 
mice and examined the amount of fecal IgA. Consistent with 
the significant decrease of S. Typhimurium or Y. enterocolit-
ica uptake into PPs, the amount of S. Typhimurium– or Y. en-
terocolitica–specific IgA in feces was significantly decreased 
in Traf6IEC-KO mice compared with their Traf6f/f counterparts 
(Fig. 6, D and F). Together, these findings demonstrated that 

Figure 3.  Blocking canonical NF-κB im-
pairs RAN​KL-induced M cell differenti-
ation in organoids. (A) Organoids from WT 
mice were stimulated with RAN​KL for 3 d in 
the absence or presence of 125  µM SC-514. 
Expression of Gp2 and Spib was analyzed by 
quantitative PCR (normalized with Gapdh, 
n = 3, mean ± SD). (B) Relb expression was 
analyzed in almost the same experiments as 
A with a slight difference (culture time was 
18 h). (C and D) Organoids from WT mice were 
dissociated and exposed to lentivirus encoding 
p50 and RelA for 3 d, and the expression of 
M cell markers (C) and noncanonical NF-κB 
genes was analyzed by quantitative PCR (nor-
malized with Gapdh, n = 4, mean ± SD; *, P 
< 0.05, Mann-Whitney U test). (E) Organoids 
from WT mice were dissociated and exposed 
to lentivirus encoding p52 and RelB in the 
presence of SC-514 for 3 d, and the expres-
sion of Spib and Ccl9 was analyzed by quan-
titative PCR. Data are representative of two 
independent experiments.
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Figure 4. TR AF6 deficiency in IECs causes a loss of M cells in PP FAE. (A) PPs of Traf6f/f and Traf6IEC-KO mice were immunostained with anti-RelB 
antibody (green). Dotted lines indicate the FAE. Bars, 40 µm. (B) PPs of Traf6f/f and Traf6IEC-KO mice were immunostained with anti–Spi-B antibody. Red 
shows Spi-B, and blue shows nuclei. Dotted lines indicate the FAE. Bars, 20 µm. (C) Isolated FAE was immunostained with anti–GP2 (red), anti–Muc2 
(green), and anti–E-cadherin (blue) antibodies. Bars, 50 µm. (D) Sections of PPs from Traf6f/f and Traf6IEC-KO mice were stained with alcian blue to visualize 
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the loss of M cells caused by TRAF6 deficiency impaired M 
cell–associated mucosal immune responses.

TRAF6 deficiency selectively blocks RANK-mediated 
canonical NF-κB activation in IECs
Because canonical NF-κB pathway plays important roles in 
IEC functions to maintain intestinal homeostasis (Nenci et 
al., 2007; Zaph et al., 2007), we examined the potential of 
TRAF6-deficient IECs to activate canonical NF-κB in re-
sponse to multiple stimuli. As expected, the inflammatory 
genes (Cxcl10, Nfkbia, and Ccl20) targeted by canonical 
NF-κB failed to respond to RAN​KL stimulation in the or-
ganoids generated from Traf6IEC-KO mice (Fig. 7 A). By con-
trast, the ligations of TNFR1, lymphotoxin β receptor (LTβR), 
and toll-like receptor 4 (TLR4) were almost intact, even in 
TRAF6-deficient IECs (Fig. 7, B–D). These data suggest that 
TRAF6 deficiency selectively blocks RAN​KL-mediated ca-
nonical NF-κB activation in IECs.

The crucial role of TRAF6 in canonical NF-κB has 
been well examined; on the other hand, it has been reported 
that TRAF6 has potential to directly activate noncanonical 
NF-κB (Xiao et al., 2012). This raises the possibility that the 
lack of M cells in Traf6IEC-KO mice is not directly caused by 
the loss of TRAF6-mediated canonical NF-κB activation 
but instead results from an inability to activate noncanoni-
cal NF-κB. To assess this possibility, we analyzed M cell dif-
ferentiation using mice lacking NF-κB essential modulator 
(NEMO), a molecule critical for canonical NF-κB activation 
that is not involved in noncanonical NF-κB activation. We 
crossed Nemo floxed mice with Villin-Cre transgenic mice to 
obtain mice lacking NEMO specifically in IECs (NemoIEC-KO 
mice). We used these mice and examined the expression of M 
cell markers in PP FAE. The expression of GP2 and Spi-B 
was absent in NemoIEC-KO mice as well as in Traf6IEC-KO mice 
(Fig.  7, E and F), indicating that canonical NF-κB signal-
ing is important for M cell differentiation. Additionally, we 
found that nuclear RelB was nearly absent from the FAE of 
NemoIEC-KO mice, indicating that canonical NF-κB plays a 
crucial role in the activation of noncanonical NF-κB in vivo.

TRAF6 is essential for M cell 
differentiation in human organoids
We also evaluated the requirements for TRAF6 in human M 
cell differentiation using human small intestinal organoids. 
RAN​KL stimulation could induce M cell differentiation in 
human intestinal organoids (Fig.  8  A; Rouch et al., 2016). 
We therefore generated TRAF6-deficient human organoids 
using a CRI​SPR/Cas9 system (Fig. 8 B) and examined the 
expression of M cell markers upon RAN​KL stimulation. As 

expected, the expression of GP2 and SPIB was silenced in 
TRAF6-deficient human organoids (Fig. 8 A), indicating that 
TRAF6 is essential for human M cell differentiation. Addi-
tionally, we found nuclear RelB-positive cells in the FAE of 
human PPs, and their distribution colocalized with Spi-B–
positive cells (Fig. 8 C). Together, these data suggest that the 
RANK–TRAF6–NF-κB pathway is essential for M cell dif-
ferentiation in humans as well as in mice.

Discussion
In this study, we have demonstrated that epithelial-intrinsic 
NF-κB plays a crucial role in M cell differentiation by taking 
advantage of the intestinal organoids culture system. Our pre-
vious work has demonstrated the significance of noncanoni-
cal NF-κB in M cell differentiation using RAN​KL-induced 
ectopic in vivo M cell differentiation (Kimura et al., 2015). 
This in vivo M cell differentiation assay is useful for analyzing 
mice completely lacking PPs such as Relb−/− mice; however, it 
could not exclude the possibility that the inactivation of non-
canonical NF-κB in non-IECs might affect M cell differenti-
ation. In contrast, in vitro M cell differentiation in organoids 
demonstrates the significance of epithelial-intrinsic factors for 
M cell differentiation, because organoids are predominantly 
composed of IECs. In addition, M cells induced in organoids 
mimic the features of in vivo FAE M cells, especially in their 
expression of the full spectrum of FAE M cell markers and 
transcription factors (Haber et al., 2017), suggesting that in 
vitro–induced M cells in organoids are a powerful tool for 
understanding the M cell differentiation pathway. We gener-
ated organoids from Relb−/− mice and successfully demon-
strated a requirement for IEC-intrinsic noncanonical NF-κB 
in M cell differentiation. The in vitro organoids system also 
permitted the use of lentivirus-mediated gene transduction 
for overexpression of transcription factors implicated in M 
cell differentiation. We found that expression of Spi-B in en-
terocytes is not sufficient for terminal differentiation of M 
cells. Furthermore, we found that overexpression of neither 
p52-RelB nor p50-RelA is sufficient to complete M cell dif-
ferentiation, as assessed by expression of Gp2, indicating that 
an additional factor activated by RAN​KL–RANK might be 
required to complete M cell differentiation (Fig. 9).

We have also identified that TRAF6, the upstream trans-
ducer of canonical NF-κB activation by RAN​KL, is critical 
for M cell differentiation using Traf6IEC-KO mice. TRAF6 also 
plays an essential role in the development of mTECs (Aki-
yama et al., 2005) and osteoclasts (Kobayashi et al., 2001). 
Notably, a previous study demonstrated that Spi-B is also 
induced during mTEC development and that noncanoni-
cal NF-κB transcription factors could bind Spib promoter 

mucus-secreting cells. Bars, 50 µm. (E) PP FAE was examined by scanning electron microscopy. Bars, 5 µm. Yellow arrowheads indicate M cells in Traf6f/f or 
M cell–like cells in Traf6IEC-KO mice with sparse microvilli compared with surrounding enterocytes. Magenta arrowheads indicate goblet cells harboring large 
granules. (F) The number of M cells, M cell–like cells and goblet cells were quantified. (G) PP FAE was examined by TEM. The arrow indicates an M cell. L, 
lymphocyte. Bars, 5 µm. Data are representative of two independent experiments.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/215/2/501/1759756/jem
_20160659.pdf by guest on 05 D

ecem
ber 2025



NF-κB regulates the development of M cells | Kanaya et al.510

Figure 5. TR AF6 deficiency abolishes the expression of FAE-associated genes. (A) The expression of FAE-associated genes (Ccl20, Cxcl16, Psg18, 
and Ubd) in Traf6f/f and Traf6IEC-KO mice was analyzed (normalized with Gapdh, mean ± SD; n = 5). Solid symbols indicate the data of Traf6f/f mice, whereas 
open ones indicate those of Traf6IEC-KO mice. (B) In the same sample sets as A, the expression of mucus-associated genes was examined by quantitative PCR.  
(C) PPs of Traf6f/f and Traf6IEC-KO mice were immunostained with anti–CCL20 antibody (green). Nuclei were counterstained with DAPI (blue). Dotted lines 
indicate the FAE. Bars, 20 µm. (D) Sections of the small intestine from Traf6f/f and Traf6IEC-KO mice were stained with alcian blue to visualize mucus-secreting 
cells. Bars, 50 µm. Data are representative of two independent experiments.
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Figure 6. T he uptake of nanoparticles, S. Typhimurium, and Y. enterocolitica into PPs and S. Typhimurium– or Y. enterocolitica–specific IgA 
responses are impaired in Traf6IEC-KO mice. (A) Traf6f/f and Traf6IEC-KO mice were orally gavaged with fluorescent nanoparticles. 4 h after administration, 
PPs were collected. Cryosections of PPs from Traf6f/f and Traf6IEC-KO mice were examined using a fluorescent microscope. Dotted lines indicate the FAE. 
(B) The number of nanoparticles incorporated into PPs was quantified using MetaMorph software (mean ± SD, n = 12; ****, P < 0.0001; Mann-Whitney 
U test). (C) Traf6f/f and Traf6IEC-KO mice were intragastrically gavaged with S. Typhimurium (χ3306), and 24 h after infection, PPs were collected. PPs were 
then homogenized and plated on LB plates to calculate the amount of S. Typhimurium taken up into PPs (mean ± SD, n = 7, Mann-Whitney U test).  
(D) Traf6f/f (n = 8) and Traf6IEC-KO (n = 7) mice were intragastrically gavaged with ΔaroA S. Typhimurium (UF20). After 2 and 3 wk, feces were collected, and S. 
Typhimurium–specific IgA was analyzed by ELI​SA (Mann-Whitney U test). (E) Traf6f/f and Traf6IEC-KO mice were intragastrically gavaged with Y. enterocolitica, 
and 24 h after infection, PPs were collected. PPs were then homogenized and plated on Yersinia selection plates to calculate the number of Y. enterocolitica 
taken up into PPs (mean ± SD, n = 6, Mann-Whitney U test). (F) Traf6f/f (n = 11) and Traf6IEC-KO (n = 9) mice were intragastrically gavaged with Y. entero-
colitica. After 2 and 3 wk, feces were collected, and Y. enterocolitica–specific IgA was analyzed by ELI​SA (Mann-Whitney U test). Data are representative of 
two independent experiments.
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in mTECs (Akiyama et al., 2014). The shared dependence 
of M cell and mTEC differentiation on RAN​KL-induced 
Spib expression suggests that there may also be other shared 
mechanisms regulating the differentiation of these two spe-
cialized types of epithelial cells. In this regard, MAPK and 
AP-1 have been implicated to be involved, alongside NF-κB, 
downstream of TRAF6 (Kobayashi et al., 2003; Oeckinghaus 
et al., 2011); therefore, these pathways could cooperate with 
the NF-κB–Spi-B axis to lead to terminal differentiation of 
M cells with GP2 expression.

Our use of intestinal organoids in these studies provided 
an opportunity to expand our findings to human enterocytes. 
Gene targeting using a CRI​SPR/Cas9 system enabled us to 
generate TRAF6-KO human organoids, and evaluate the 
role of TRAF6 in human M cell differentiation. Our study 
demonstrates the conserved requirement of TRAF6 for M 
cell differentiation in mice and humans.

Intriguingly, we found that goblet cells increased in the 
FAE of Traf6IEC-KO mice, and M cells seemed to be replaced 
by goblet cells in the lack of M cell lineage commitment. 
Goblet cells, along with Paneth and enteroendocrine cells, 
are secretory lineage cells, implying that M cells might also 
belong to the secretory lineage; alternatively, the commitment 
to an M cell lineage might be closely related to that of goblet 
cells. It is well known that Notch signaling regulates secretory 
or nonsecretory cell fate decision in IECs, although little is 
known about the contribution of this lineage commitment 
in M cell differentiation. Mice harboring a spontaneous mu-
tation in Notch ligand Delta-3 (pudgy mutant strain) exhib-
ited an increase in the number of cells with abnormal apical 
membrane morphology, which are speculated to be the inter-
mediates between M cells and their precursors (Mach et al., 
2005). Independently of this, Hsieh and Lo (2012) demon-
strated the requirements of Notch signaling in M cell differ-
entiation using mice lacking Notch1 or its ligand, Jagged1. 
The conditional deletion of Notch1 increased the number of 
M cells as well as that of goblet cells, and conversely, Jagged1 
deletion decreased their numbers. These studies indicate that 
Notch signaling and lateral inhibition affect M cell differen-
tiation and support our hypothesis that M cells might be-
long to the secretory lineage. However, the increase in goblet 
cells was not observed in the FAE of SpibIEC-KO mice. We 
have previously demonstrated that Spi-B is essential for full 
M cell differentiation but dispensable for the expression of 
Annexin A5 and Marcksl1 (Kanaya et al., 2012), suggesting 

that M cell lineage commitment can be initiated in the ab-
sence of Spi-B. The lack of goblet cell hyperplasia in the FAE 
of SpibIEC-KO mice suggests that once IECs have committed 
to the M cell lineage, they cannot convert to goblet cells, 
even in the absence of further maturation into M cells. In 
addition, we did not observe hyperplasia of goblet cells in the 
FAE of RankIEC-KO mice (unpublished data; Rios et al., 2015), 
which is contradictory to our finding in Traf6IEC-KO mice. 
However, TRAF6 is known as a signal transducer for IL-1R 
and MyD88-dependent TLRs (Kawagoe et al., 2008). Thus, 
the observed goblet cell hyperplasia may not occur when 
only the RAN​KL–RANK signaling pathway is interrupted 
but may occur because of the disruption of other signaling 
pathways that converge further downstream of IEC TRAF6.

In the absence of TRAF6, the nuclear RelB remained 
(Fig.  4 A). In contrast, nuclear RelB was completely abol-
ished in NemoIEC-KO mice (Fig. 7 G). These observations sug-
gest that a certain molecule, which does not require TRAF6, 
might be involved in the residual activation of noncanonical 
NF-κB in the FAE of Traf6IEC-KO mice. We speculate that 
LTβR signaling is responsible for the residual activation of 
noncanonical NF-κB, because a previous study has reported 
the possibility that LTβR activates noncanonical NF-κB in-
dependently of TRAF6 (Qin et al., 2007). In addition, the 
present study demonstrated that the administration of LTα1β2 
increased the expression of the genes associated with nonca-
nonical NF-κB, FAE, and M cells, but its efficiency was much 
lower than that in organoids stimulated with RAN​KL (Fig. 
S3). Together, these data suggest that the residual noncanon-
ical NF-κB activated by LTβR in the absence of TRAF6 is 
not sufficient for the development of FAE and M cells.

Collectively, we demonstrated that IEC-intrinsic NF-κB 
activation evoked by the RANK–TRAF6–NF-κB axis is 
essential for the development of M cells and FAE and thus 
makes a significant contribution to the role of IEC-intrinsic 
NF-κB in maintaining intestinal homeostasis.

Material and methods
Animals
BALB/c and C57BL/6J mice were purchased from CLEA. 
Traf6f/f (Kobayashi et al., 2003), Spibf/f (KOMP Repository), 
and Nemof/f mice (Schmidt-Supprian et al., 2000) were 
crossed with Villin-Cre transgenic (Jackson) mice to obtain 
Traf6IEC-KO, SpibIEC-KO, and NemoIEC-KO mice, respectively. 
Relb−/− mice were purchased from The Jackson Laboratory. 

Figure 7. TR AF6 deficiency selectively blocks RANK-mediated canonical NF-κB. (A–C) Organoids generated from Traf6f/f and Traf6IEC-KO mice were 
stimulated with RAN​KL, LTα1β2 or TNF-α for 90 min. The organoids were harvested and the expression of inflammatory genes were analyzed by quantitative 
PCR (normalized with Gapdh, n = 3, mean ± SEM). (D) LPS was intraperitoneally injected to Traf6f/f and Traf6IEC-KO mice. After 90 min, mice were sacrificed, 
and IECs were isolated with EDTA treatment. The expressions of inflammatory genes were analyzed by quantitative PCR (normalized with Gapdh, n = 3, 
mean ± SEM). Solid bars indicate the expression profiles of Traf6f/f mice, and open ones indicate those of Traf6IEC-KO mice. (E) Isolated FAE from Nemof/f and 
NemoIEC-KO mice were immunostained with anti-GP2 antibody. Green color shows GP2, and blue shows F-actin. Dotted lines indicate the FAE. Bars, 100 µm. 
(F) PPs of Nemof/f and NemoIEC-KO mice were immunostained with anti–Spi-B antibody. Red shows Spi-B, and blue shows nuclei. Dotted lines indicate the 
FAE. Bars, 20 µm. (G) PPs of Nemof/f and NemoIEC-KO mice were immunostained with anti–RelB antibody (green). Dotted lines indicate the FAE. Bars, 40 µm. 
Data are representative of two independent experiments.
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Mice were weaned at 4 wk old, and the genotypes were deter-
mined by PCR assays. To avoid the development of changes 
in the microbiota composition of mice with different geno-

types, Traf6f/f and Traf6IEC-KO mice were cohoused. For the 
infectious experiments, 8–12-wk-old Traf6f/f and Traf6IEC-KO 
mice were used at the same time, which included littermates 

Figure 8. R equirement for NF-κB in M cell differentiation is conserved between mice and humans. (A) Normal and TRAF6-KO human organoids 
were stimulated with RAN​KL for 3 d, and the expression of GP2 and SPIB was analyzed by quantitative PCR (normalized with GAP​DH, n = 4, mean ± SEM). 
(B) The introduction of deletion mutations in the TRAF6 gene was confirmed by transit-amplifying cloning of PCR products spanning the targeted region. 
PAM, protospacer adjacent motif. (C) Human PP biopsy samples were stained with antibodies to RelB and Spi-B. Green shows RelB, red shows Spi-B, and 
blue shows nuclei. Dotted lines indicate the FAE. Bars, 40 µm. Data are representative two independent experiments.
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and nonlittermates. All mice were maintained under specific 
pathogen-free conditions at RIK​EN Center for Integrative 
Medical Sciences Animal Facility or conventional facility at 
Yokohama City University. All animal experiments were ap-
proved by the Institutional Animal Care and Use Committees 
of RIK​EN Yokohama Branch and Yokohama City University.

ISC culture (organoids)
Proximal small intestine was incubated with 2 mM EDTA/
PBS for 30 min on ice. Then, intestinal crypts were isolated 
by vigorous pipetting and embedded in Matrigel (Corning). 
Crypts were cultured in a previously described optimal me-
dium (Sato et al., 2009) consisting of Advanced DMEM/
F12 (Life Technologies) containing 10  mM Hepes, Gluta-
max (Invitrogen), 10 ng/ml epidermal growth factor (Pe-
protech), R-spondin1–conditioned medium (Ootani et al., 
2009), 100 ng/ml Noggin (Peprotech), N2 and B27 sup-
plement (Invitrogen), and 1  mM N-acetylcysteine (Sigma). 
Organoids were passaged every 3–4 d by vigorous pipetting 
with a Pasteur pipette.

Reagents for stimulation of organoids
For the stimulation of organoids with recombinant proteins 
or other reagents, we used organoids capable of stable growth 
after passage. To induce M cell differentiation, the glutathione 
S-transferase–mouse RAN​KL fusion protein GST-RAN​KL 
(Knoop et al., 2009) was added into organoids at a concen-

tration of 500 ng/ml. To evoke the activation of canonical 
NF-κB, 100 ng/ml mouse TNF-α (Peprotech) and 1 µg/ml 
human LTα1β2 (R&D) were added into organoid cultures. To 
block the activity of IκB kinase-β, 125 µM SC-514 (Calbio-
chem) was used (Akiyama et al., 2008).

Isolation of epithelial cells
For the preparation of VE and FAE, small pieces of the ileum 
and PPs were dissected from mice (Hase et al., 2005). Tissues 
were incubated with 30 mM EDTA/HBSS for 15 min on 
ice, and epithelial cells were peeled off from lamina propria 
or PPs. To isolate the FAE regions, surrounding VE tissue was 
carefully removed by stereomicroscope-assisted dissection.

Histological analyses
Intestinal tissues were dissected, washed with cold PBS, and 
fixed with periodate lysine paraformaldehyde solution for 
4–5 h on ice. Then, tissues were dehydrated with a graded se-
ries of ethanol and embedded in paraffin. 5-μm-thick sections 
were prepared, and these sections were used for immunohis-
tochemistry and alcian blue staining.

Antibodies
Rat anti–mouse GP2 antibody was generated in our lab-
oratory (2F11-3). Rabbit anti–Muc2 (H-300), rabbit 
anti–TRAF6 (H-274), and goat anti–Annexin V (R-20) 
antibodies were purchased from Santa Cruz Biotechnol-

Figure 9. U pdated model of M cell differentiation. RAN​KL activates canonical NF-κB through TRAF6. Canonical NF-κB transcription factor (p50-RelA) 
is essential for the activity of noncanonical NF-κB transcription factor (p52-RelB), and largely contributes the expression of Marcksl1, which is one of 
Spi-B–independent M cell markers. p52-RelB directly binds Spib promoter and is responsible for Spi-B expression. On the other hand, both canonical and 
noncanonical NF-κB is insufficient to induce GP2. Unknown transcription factors activated by RAN​KL are required for the development of mature M cells. 
TA, transit amplifying.
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ogy. Rabbit anti–RelB monoclonal antibody (D7D7W) was 
purchased from Cell Signaling Technology. Rabbit anti–
Marcksl1 antibody was purchased from Proteintech. Goat 
anti–E-cadherin, goat anti–CCL20, and sheep anti-Spi-B 
antibodies were obtained from R&D Systems. Donkey Dy-
light549 anti–rat IgG antibody and Dylight488 anti–rabbit 
IgG were purchased from Jackson ImmunoResearch. Don-
key Alexa Fluor 555 and 633 anti–goat IgG were purchased 
from Life Technologies.

Immunohistochemistry
Paraffin sections were rehydrated and washed with PBS. 
Then, tissues were incubated with 1% BSA/PBS supple-
mented with 5% normal serum donkey serum to quench 
the nonspecific binding of antibodies. Antigen retrieval 
with citrate buffer, pH 7.0 (121°C for 5 min), was required 
for staining with anti–RelB and anti–Marcksl1 antibodies. 
Primary antibodies were incubated at 4°C overnight. For 
whole-mount immunostaining, isolated FAE and organ-
oids were fixed with 4% paraformaldehyde for 1 h on ice 
and then incubated with primary antibodies. The binding 
of primary antibodies was followed by fluorescent-dye–
conjugated secondary antibodies. Nuclei were stained 
by DAPI. The sections were examined using a confocal 
microscope (SP5; Leica) or a light and fluorescent mi-
croscope (AF6000; Leica).

Scanning electron microscopy
PPs were fixed in 2.5% glutaraldehyde/0.1 M phosphate buf-
fer, pH 7.4, for 2 h and dehydrated with a graded ethanol se-
ries. Then, tissues were substituted with t-butyl alcohol. After 
being freeze dried, tissues were metal-coated using a mag-
netron sputter (MSP-1S; Vacuum Device), and examined by 
scanning electron microscopy (VE-7800; Keyence).

TEM
PPs were fixed in 2.5% glutaraldehyde/0.1 M phosphate buf-
fer, pH 7.4, for 2 h. After rinsing in phosphate buffer, tissues 
were post-fixed in 1% OsO4 for 90 min, dehydrated through 
a graded series of ethanol, and embedded in epon according 
to a conventional procedure. Ultrathin sections were pre-
pared and stained with aqueous solutions of uranyl acetate 
and lead citrate for observation under an electron micro-
scope (H-7100; Hitachi).

Expression analysis
Total RNA from each sample was extracted using the 
RNeasy mini kit (Qiagen) and reverse transcribed with 
ReverTra Ace (Toyobo). Gene expression was analyzed by 
real-time quantitative PCR with SYBR Premix Ex Taq (Ta-
kara) and specific primers (Table S1). The expression of target 
genes was assessed by a comparative cycling threshold method 
using expression of Gapdh or GAP​DH. Primer sequences are 
summarized in Table S1.

Oral gavage of fluorescent nanoparticles
Traf6f/f and Traf6IEC-KO mice were fasted for 3  h, and 
0.2-µm-diameter fluorescent nanoparticles (ThermoFisher) 
were orally gavaged. After 4 h, mice were sacrificed, and distal 
PPs were collected. PPs tissues were fixed with 3.7% forma-
lin/PBS for 2 h. Fixed tissues were incubated overnight with 
30% sucrose/PBS and finally embedded in OCTcompound 
(Sakura Fintech). Cryosections were observed by fluorescent 
microscope (AF6000; Leica), and the number of nanoparti-
cles taken up into PPs was quantified by MetaMorph soft-
ware (Molecular Devices).

Immunoprecipitation and Western blot analysis
Isolated epithelial cells and splenocytes from Traf6f/f and 
Traf6IEC-KO mice were lysed with lysis buffer. Cell lysates 
were incubated with rabbit anti-TRAF6 antibody, and 
TRAF6 proteins were immunoprecipitated with pro-
tein G magnetic beads (Millipore). Purified proteins were 
loaded on SDS-PAGE and transferred to a polyvinylidene 
difluoride (PVDF) membrane. Then, membrane was in-
cubated with anti-TRAF6 antibody, and followed with 
HRP-conjugated secondary antibody (TrueBlot; Rock-
land). Signal development was performed by chemilumi-
nescent kit (Millipore).

ChIP
For ChIP-PCR, mouse organoids were stimulated with RAN​
KL for 6  h. Chromatin was cross-linked with 1% formal-
dehyde for 15 min at room temperature. The reaction was 
stopped by the addition of glycine to final concentration of 
125 mM and then centrifuged to obtain the organoids pellet. 
Organoids were suspended with lysis buffer 1 (50 mM Hepes, 
140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, and 
0.25% Triton X-100) supplemented with cOmplete protease 
inhibitor cocktail (Roche) and 0.1 mM PMSF for 10 min on 
ice with rotation. Nuclei pellet was washed with lysis buffer 
2 (10 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 
and 0.5 mM EGTA) supplemented with cOmplete protease 
inhibitor cocktail for 10 min on ice with rotation. Nuclei 
pellet was resuspended with lysis buffer 3 (10 mM Tris-HCl, 
pH 8.0, 300 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% 
sodium deoxycholate, and 0.5% N-laurylsarcosine sodium 
salt) supplemented with cOmplete protease inhibitor cocktail 
(Roche) and 0.1 mM PMSF and then sonicated with Bio-
ruptor for 5 min (30-s pulse and 30-s rest) five times. Debris 
was removed from sonicated chromatin by centrifugation, and 
Triton X-100 was added to the final concentration of 1%. Ob-
tained chromatin solution was preincubated with Dynabeads 
M-280 Sheep anti–rabbit IgG (ThermoFisher) for 30 min at 
4°C and then incubated with anti–RelB antibody overnight 
at 4°C with rotation. Dynabeads M-280 Sheep anti–rabbit 
IgG was added to chromatin solution and incubated for 1 h 
at 4°C with rotation. To obtain immunoprecipitated chroma-
tin conjugated to magnetic beads, supernatant was removed 
using a magnetic stand. Beads were washed with low-salt buf-
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fer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 
0.1 b% SDS, and 1% Triton X-100), high-salt buffer (20 mM 
Tris-HCl, pH 8.0, 400 mM NaCl, 2 mM EDTA, 0.1 b% SDS, 
and 1% Triton X-100), and RIPA-LiCl buffer (50 mM Hepes, 
pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, and 0.5% so-
dium deoxycholate). Finally, ChIP DNA was eluted with elu-
tion buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 1% 
SDS) by incubation overnight at 65°C with vigorous shak-
ing. Input DNA and ChIP DNA were treated with RNase A 
(ThermoFisher) at 37°C for 30 min, followed by incubation 
with Proteinase K (Roche) at 55°C for 30 min. DNA was 
purified by phenol/chloroform extraction. ChIP DNA was 
quantified by real-time quantitative PCR with SYBR Premix 
Ex Taq and specific primers for the Spib promoter region.

Lentivirus infection
Lentiviral supernatants were generated by transient transfec-
tion of RelB, RelA, p50, or p52-containing SIN vector (CSII-
CMV-RfA-IRES2-Venus; 17 µg), 10 µg pCAG-HIVgp, 
and 10 µg pCMV-VSV-G-Rev into Lenti-X 293T (5 × 
106/15  ml; Clontech) using Polyethylenimine Max (Poly-
sciences) according to the manufacturer’s protocol. All of 
these vectors were provided by Dr. Miyoshi (Keio University, 
Tokyo, Japan) and RIK​EN BRC. Transfected host cells were 
incubated for 24  h, and another 48-h culture after chang-
ing the culture medium containing 10 µM forskolin allowed 
those cells to produce free virions. Viruses were purified after 
removal of host cells and ultracentrifugation, and viral titers 
were measured using Lenti-X p24 Rapid Titer kit (Clontech) 
according to manufacturer’s protocol. Dissociated organoids 
were infected by mixing with 250 µl virus-including medium 
followed by centrifugation at 600 g for 1 h at 32°C. Those 
cells were then embedded in Matrigel and incubated for 3 d.

Luciferase assay
The coding sequences of mouse RelB and p52 (Nfkb2) 
were amplified from FAE-derived cDNA and subcloned 
into pcDNA3 vector (Life Technologies). The putative Spib 
promoter region (approximately −1,930 to 0) was amplified 
from a bacterial artificial chromosome (BAC) clone (RP23-
455C13 purchased from Life Technologies), and subcloned 
into pGL3Basic vector (Promega). To determine the direct in-
teraction of noncanonical NF-κB and Spib promoter, mICcl2 
(kindly provided by Dr. Jean-Pierre Kraehenbuhl; Bens et al., 
1996) cells were transfected with the combination of these 
expression and luciferase reporter vectors by Lipofectamine 
2000 (Life Technologies). After the overnight culture, cells 
were lysed. Then luciferase activity was measured by the du-
al-luciferase reporter assay system (Promega).

Quantification of S. Typhimurium taken up into PPs
Mice were orally administered with 109 CFU S. Typhimurium 
(χ3306; Gulig et al., 1998). After 24 h, PPs were dissected and 
incubated for 30 min at 20°C with gentle shaking in sterile 
PBS containing 100 µg/ml gentamicin. Pooled PP tissue was 

weighed and homogenized in sterile PBS. The homogenates 
were serially diluted in sterile PBS and plated on LB agar 
plates containing 25 µg/ml nalidixic acid.

Evaluation of S. Typhimurium or Y. 
enterocolitica–specific IgA in feces
Mice were orally administered ΔaroA S. Typhimurium (UF20, 
5 × 109 CFU/mouse; Gulig and Doyle, 1993; the major de-
fect of ΔaroA strains is the requirement for para-amino ben-
zoic acid, which cannot be supplied by the host in sufficient 
amounts, resulting in a deficiency in replication) or Y. entero-
colitica (108 CFU/mouse). After 2 and 3 wk of infection, feces 
were collected. Feces were suspended in sterile PBS (100 µl to 
10 mg of feces), homogenized and centrifuged at 12,000 g for 
10 min, and collect the supernatant. The supernatants were 
analyzed using a mouse IgA ELI​SA kit (Bethyl Laboratories) 
to measure the amount of S. Typhimurium–specific IgA. In 
this study, 96-well plates were coated with lysates prepared 
from S. Typhimurium or Y. enterocolitica to capture S. Ty-
phimurium– or Y. enterocolitica–specific IgA in supernatant.

Human subjects
Human small intestinal organoids were established using tis-
sue from healthy human small intestine. This procedure was 
approved by the Committee on Human Subjects in RIK​
EN and Keio University. Human organoids were cultured 
in the optimal medium consisting of Advanced DMEM/
F12 (Life Technologies) containing 10 mM Hepes, Glutamax 
(Invitrogen), 10 ng/ml epidermal growth factor (Peprotech), 
R-spondin1–conditioned medium (Ootani et al., 2009), 
Wnt3a-conditioning medium (L-Wnt3a cells were a gift 
from the H. Clevers laboratory, Hubrecht Institute, Utrecht, 
Netherlands), 100 ng/ml Noggin (Peprotech), B27 supple-
ment (Invitrogen), 1 mM N-acetylcysteine (Sigma), 500 nM 
A83-01 (Tocris), and 10 µM SB202190 (Sigma). TRAF6 KO 
human organoids were generated using a CRI​SPR/cas9 sys-
tem according to a previous study (Fujii et al., 2015). To in-
duce M cell differentiation, organoids were stimulated with 
1 µg/ml sRAN​KL (Oriental Yeast) for 3 d. Biopsy samples of 
human PPs were collected from healthy small intestinal tis-
sues and analyzed by immunohistochemistry. This procedure 
was approved by the Committee on Human Subjects in RIK​
EN and Chiba University.

Statistical analyses
Student’s t test, Mann-Whitney U test, and one-way anal-
ysis of variance followed by the Bonferroni post-hoc 
test were used. P-values of less than 0.05 were considered 
statistically significant.

Online supplemental material
Fig. S1 demonstrates that M cells are also absent in the FAE 
of colonic patches of Traf6IEC-KO mice. Fig. S2 demonstrates 
that the hyperplasia of goblet cell does not occur in the FAE 
of SpibIEC-KO mice. Fig. S3 demonstrates that the expression 
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of FAE-associated genes is more dependent on RAN​KL 
than LTβR. Table S1 shows the primer sequences used for 
quantitative PCR analysis.
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