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The functional maturation of M cells is dramatically
reduced Iin the Peyer’s patches of aged mice

A Kobayashi"*®, DS Donaldson™®, C Erridge’, T Kanaya®, IR Williams>, H Ohno®, A Mahajan' and
NA Mabbott'

The transcytosis of antigens across the follicle-associated epithelium (FAE) of Peyer’s patches by microfold cells
(M cells) is important for the induction of efficient immune responses to mucosal antigens. The mucosal immune
response is compromised by ageing, but effects on M cells were unknown. We show that M-cell density in the FAE of
aged mice was dramatically reduced. As a consequence, aged Peyer’s patches were significantly deficient in their ability
to transcytose particulate lumenal antigen across the FAE. Ageing specifically impaired the expression of Spi-B and the
downstream functional maturation of M cells. Ageing also dramatically impaired C-C motif chemokine ligand 20
expression by the FAE. As a consequence, fewer B cells were attracted towards the FAE, potentially reducing their ability
to promote M-cell maturation. Our study demonstrates that ageing dramatically impedes the functional maturation of M
cells, revealing an important ageing-related defect in the mucosal immune system’s ability to sample lumenal antigens.

INTRODUCTION

The gastrointestinal tract is continuously exposed to large
amounts of microorganisms. As well as mounting an effective
immune response against food-borne pathogens, the mucosal
immune system must also recognize the harmless antigens
associated with food and commensal microorganisms and
generate immunological tolerance against them. The lumenal
surface of the intestine limits the access of pathogenic
microorganisms to the underlying host tissues and is protected
by a single layer of epithelial cells bound by tight junctions. In
order to mount an immune response, gut luminal antigens
must first be transported across the intestinal epithelium.
Located within the specialized follicle-associated epithelia
(FAE) overlying the gut-associated lymphoid tissue such as
Peyer’s patches and isolated lymphoid follicles are microfold
cells (M cells). This unique subset of epithelial cells is
specialized for the transcytosis of lumenal macromolecules,
particulate antigens, and pathogenic or commensal micro-
organisms.' > Following their uptake and transcytosis by M
cells, antigens exit into the intraepithelial pocket beneath the
basolateral membrane where they are subsequently processed

by macrophages and classical dendritic cells. In the absence of
M cells, antigen-specific T-cell responses in the Peyer’s patches
of mice orally infected with Salmonella typhimurium are
significantly impaired.*

The mucosal immune response in the intestine is signifi-
cantly compromised by ageing.”™® The age-related decline in
immune competence is associated with diminished antigen-
specific immunoglobulin A antibody titers in the intestinal
lumen®® and a decreased ability to generate tolerance to
harmless antigens.” The age-related increases in the incidence
and severity of gastrointestinal infections, cancer, inflamma-
tory diseases, coupled with decreases in the efficacy of
vaccinations, illustrate the importance of studies aimed at
understanding the factors involved in this immunosenescence.
Many studies have addressed the age-related changes to
systemic immune responses, particularly the ageing effects
on T-cell responses, but little is known of the mechanisms
underlying the decline in intestinal immunity.

The transcytosis of antigens by M cells is an important initial
step in the induction of efficient immune responses to certain
antigens, such as microorganisms. Furthermore, the targeted
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delivery of vaccine antigens to M cells has been shown to be an
effective means of inducing antigen-specific immune
responses.' " However, despite the important role of M cells
in mucosal immunity, nothing was known about the effects of
ageing on their development and function. The identification of
the cellular and molecular factors affected in the senescent
mucosal immune system is crucial for the development of
mucosal vaccines and effective strategies to improve intestinal
immunity in the aged. Therefore, in the current study, a mouse
model was used to determine the effects of ageing on M-cell
status. Our data show, for the first time, that there is a dramatic
decline in the functional maturation of M cells in the Peyer’s
patches of aged mice.

RESULTS
M-cell density is significantly reduced in the FAE of aged
mice
First we used whole-mount immunohistochemistry (IHC) to
compare the number of M cells in the FAE of Peyer’s patches
from young adult (6-8 weeks old) and aged C57BL/6] mice
(> 18 months old). Glycoprotein 2 (GP2) is a specific surface
marker for mature M cells.'>'* As anticipated, large numbers of
GP2" M cells with characteristic basolateral pockets were
detected in the FAE of Peyer’s patches of young mice. However,
the number of GP2* M cells in the FAE of aged mice was
dramatically and significantly reduced (Figure 1a,b; P<0.0001,
Mann-Whitney U test). The number of M cells in the FAE of
aged mice was <25% that observed in young mice. Real-time
quantitative PCR analysis showed that there was also a
significant reduction in Gp2 mRNA expression in Peyer’s
patches from aged mice (Figure 1¢; P <0.022, Student’s ¢-test).
Although the number of Peyer’s patches was not affected by
host’s age,'* morphometric analysis suggested that the size of
the FAE in those from aged mice was typically 30% smaller
(Figure 1d; P <0.0039, Student’s t-test). However, the reduced
number of M cells in aged Peyer’s patches was not simply due to
a reduction in the overall size of the FAE, as the density of M
cells in aged mice was also significantly reduced (Figure 1le;
P<0.001, Mann-Whitney U test). In contrast to the effects of
ageing on M cells, the density of goblet cells recognized by their
morphology, lack of GP2 expression, and binding of the lectin
Ulex europaeus agglutinin-1 (UEA-1; GP2~ UEA-17 cells) in
the FAE of aged mice was similar to that observed in the FAE of
young mice (Figure 1f; P = 0.704, Student’s ¢-test). These data
demonstrate that M-cell density is dramatically reduced in the
FAE of aged mice.

The uptake of particulate antigen into the Peyer’s patches
of aged mice is significantly impaired

We next determined whether the reduced density of GP2™ M
cells in the FAE of aged mice correlated with effects on the
uptake of particulate antigen from the gut lumen. The
assessment of the uptake of fluorescent latex beads injected
into ligated loops of the small intestine is a useful quantitative
method to compare the functional ability of M cells in vivo to
take up particulate antigen from the gut lumen and transcytose
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them to underlying mononuclear phagocytes in their intrae-
pithelial pockets.>'> Peyer’s patches in groups of young and
aged mice were surgically ligated and injected with fluorescent
200-nm latex beads. The Peyer’s patches were then removed 1 h
after injection, and the number of beads taken up into each
tissue was quantified microscopically. In Peyer’s patches from
young mice, many fluorescent beads had been transcytosed
across the FAE (Figure 2). However, in tissues from aged mice,
substantially fewer, if any, beads had passed through the FAE
(Figure 2; P<0.0061, Student’s t-test).

Receptor activator of NF-kB ligand (RANKL) and RANK
expression are not adversely affected in the Peyer’s
patches of aged mice
The production of RANKL by the subepithelial stromal cells
beneath the FAE is a critical factor that stimulates the
differentiation of receptor activator of NF-kB (RANK)-
expressing enterocytes into M cells.” As M cells are depleted
in vivo by RANKL neutralization, and are absent in RANKL-
deficient mice, we determined whether the reduced M-cell
density in aged mice was due to impaired RANKL stimulation.
No difference was observed in the expression or distribution of
RANKL in Peyer’s patches from young and aged mice
(Figure 3a,b). In tissues from each group, high levels of
RANKL expression were specifically restricted to stromal cells
in the subepithelial dome. Similarly, no significant difference in
the expression of Tnfsf11 (which encodes RANKL), Tnfrsflla
(which encodes the RANKL receptor, RANK), or Tnfrsfl11b
(which encodes the RANKL decoy receptor osteoprotegerin,
OPG) mRNA levels were detected in the Peyer’s patches from
young or aged mice (Figure 3c-e, respectively). Thus, the
effects of ageing on M-cell status were not due to reduced
expression of RANKL or RANK or impaired RANKL-RANK
stimulation due to elevated expression of OPG.

Cells within the FAE have a limited lifespan of approximately
5 days and are constantly replaced by those that differentiate
and migrate from stem cells within the dome-associated crypts
adjacent to the gut-associated lymphoid tissue.'® We therefore
determined whether ageing affected cell proliferation. IHC
analysis showed that although there was a dramatic reduction
in the number of proliferating cells (Ki-67 * cells) in the Peyer’s
patch follicles of aged mice, no difference was observed in the
dome-associated crypts (Supplementary Figure S1 online).
Similarly, aging was not associated with increased levels of
apoptosis in the FAE. Apoptotic cells were rare in the FAE of
young and aged mice. As anticipated, tingible body
macrophages in the B-cell follicles contained large numbers
of TUNEL " (terminal deoxynucleotidyl transferase mediated
dUTP nick-end labeling assay positive; apoptotic) cells
(Supplementary Figure S2 online)."”

Ageing impairs the maturation of M cells

Annexin A5 (ANXAD5) is also a specific marker for M cells in the
FAE.'® The systemic treatment of mice with RANKL induces
the differentiation of RANK-expressing villous enterocytes into
M cells.” Consistent with this role, analysis of microarray data
from the intestines of RANKL-treated mice* shows that by 6 h,
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Figure1 Microfold cell (M-cell) density is significantly reduced in the follicle-associated epithelium (FAE) of Peyer’s patches from aged mice. (a) Tissues
were immunostained to detect glycoprotein 2 (GP2; green), Ulex europaeus agglutinin-1 (UEA-1; red) and f-actin (blue). The positions of the X-Z and
Y-Z projections of the FAE are indicated by the broken line in the main X-Y images. Closed arrows indicate GP2* M cells with characteristic
basolateral pockets. Open arrowheads indicate GP2'UEA-1* goblet cells. The boxed areas in each of the main X-Y images are shown below at higher
magnification. (b) Morphometric analysis indicated that the number of GP2" M cells in the FAE of aged mice was significantly reduced (P<0.0001,
Mann-Whitney U test). (¢) Quantitative real-time reverse transcriptase-PCR analysis revealed a significant reduction in Gp2 transcript levels in
tissues from aged mice (P<0.022, Student’s t-test). Gene expression data are normalized so that the mean level in young mice was 1.0. (d) Morphometric
analysis suggested that the size of the FAE in Peyer’s patches of aged mice was smaller than those in young mice (P<0.039, Student’s t-test).
(e) The density of M cells in the FAE of aged mice was significantly reduced (P<0.001, Mann—Whitney Utest). (f) Ageing did not influence the density of
GP2'UEA-1" goblet cells in the FAE (P=0.707, Student’s t-test). Data are derived from 3-5 Peyer’s patches from four mice from each group.

a significant increase in Anxa5 mRNA expression was observed
in the villous epithelium, reaching peak levels by 48h
(Figure 4a). However, Gp2 expression was not induced
until 48 h after exposure (Figure 4a). These data show that
GP2 is restricted to more mature M cells, whereas ANXAS5 is
also expressed by immature/differentiating M cells.>* Ageing
did not significantly influence the expression level of Anxa5
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mRNA (Figure 4b). As anticipated, many GP2" ANXA5* M
cells were detected by IHC in the FAE of Peyer’s patches of
young mice (Figure 4c). However, consistent with the mRNA
expression data (Gp2, Figure 1¢; Anxa5, Figure 4b) our double
IHC analysis showed that although the expression of GP2 was
significantly reduced in the aged FAE (Figure 4c,d; P<0.0001,
Mann-Whitney U test), the expression of ANXA5 was
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Figure2 The uptake of particulate antigen into the Peyer’s patches of aged mice is significantly impaired. (a) In Peyer’s patches from young mice, many
fluorescent beads (arrows, green) had been transcytosed across the follicle-associated epithelium (FAE). Substantially fewer, if any, beads
appeared to have passed through the FAE of aged mice. Sections were counterstained to detect f-actin (blue). Broken line indicates the lumenal surface
of the FAE. (b) The number of beads transcytosed across the FAE of aged mice was significantly less than that observed in Peyer’s patches from
young mice (P<0.0061, Student’s t-test). Data were collected from 10 sections from each Peyer’s patch. Data are derived from 3-5 Peyer’s
patches from four mice from each group. SED, subepithelial dome.
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Figure 3 Ageing does not influence the expression of receptor activator of NF-kB ligand (RANKL), RANK, and osteoprotegerin (OPG) in Peyer’s
patches. (a) Immunohistochemical (IHC) analysis suggested that there was no observable difference in the expression or distribution of

RANKL on subepithelial dome (SED) of the stromal cells in Peyer’s patches from young and aged mice. Broken line indicates the lumenal surface of the
follicle-associated epithelium (FAE). (b) Morphometric analysis confirmed that the magnitude of RANKL-specific immunostaining observed in the
SED of Peyer’s patches from young and aged mice was similar. Quantitative real-time reverse transcriptase—PCR analysis suggested that there was no
significant difference in the expression of (¢) Tnfsf11 (RANKL), (d) Tnfrsf11a (RANK), or (e) Tnfrsf11b (OPG) mRNA levels between Peyer’s
patches from young or aged mice. Gene expression data are normalized so that the mean level in young mice was 1.0. Data are derived from 3-5 Peyer’s
patches from at least four mice/group.

unaffected (Figure 4c,e; P=0.340, Student’s t-test). These
data show that ageing specifically affects the differentiation
of immature ANXAS5 * cells into functionally mature GP2 M
cells.

to effects on Spi-B expression. Our analysis showed that
although large numbers of Spi-B* cells were detected
throughout the FAE of young mice, they were significantly
reduced in the FAE of aged mice (Figure 5; P<0.0001,
Student’s t-test).

Expression of the Ets transcription factor Spi-B is reduced

in the FAE of aged mice

The maturation of M cells has been shown to be mediated by
their intrinsic expression of the Ets transcription factor Spi-B.*
Cells in the FAE of Peyer’s patches from Spi-B-deficient mice
express equivalent levels of the immature M-cell marker
ANXA5 compred with wild-type mice but lack expression of
mature M-cell markers such as GP2 and are defective in their
ability to transcytose antigens.* As these characteristics were
similar to those observed in the aged FAE, we examined
whether the reduced maturation of M cells in aged mice was due

1030

Ageing dramatically impairs the expression of C-C motif
chemokine ligand 20 (CCL20) by the FAE

The FAE-specific expression of the chemokine CCL20 also has
an important role in M-cell differentiation. CCL20 mediates the
chemoattraction of CCR6-expressing lymphocytes and leuko-
cytes towards the FAE." In the absence of CCL20-CCR6
stimulation M-cell maturation is impaired.”” In young mice, as
anticipated, dense CCL20-specific immunolabeling was
detected exclusively in association with the FAE. However,
CCL20 expression was significantly reduced in the FAE of aged

VOLUME 6 NUMBER 5 | SEPTEMBER 2013 |
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Figure4 Ageing does not affect the expression of annexin A5 (ANXAS) in the follicle-associated epithelium (FAE). (a) Effect of systemic recombinant-
RANKL (receptor activator of NF-«xB ligand) treatment on the expression of Anxa5 (closed bars) and glycoprotein 2 (Gp2; open bars) in the villous
epithelium. Each bar represents mean probe-set signal intensity. The notation XXXX:12345678 represents gene symbol:Affymetrix probe-set ID.
*P<0.05; **P<0.002; P<0.0001 (Student’s t-test). (b) Quantitative real-time reverse transcriptase—PCR analysis suggested that there was no
significant difference in the expression levels of Anxa5 in young or aged mice. (¢) Immunohistochemical analysis of the expression of GP2 (red) and
ANXAS5 (green) by M cells in the FAE of young and aged mice. Arrows, GP2* ANXA5 * M cells; arrowheads, GP2'ANXA5 * immature M cells. Broken
lines indicate the boundary of the FAE. (d) Morphometric analysis confirmed that the magnitude of the GP2-specific immunostaining observed

in the FAE of Peyer’s patches from aged mice was significantly reduced when compared with young mice (P<0.0001, Mann—-Whitney U test).
(e) However, ageing did not influence the magnitude of the ANXA5-specific immunostaining observed in the FAE (P= 0.340, Student’s t-test). Data are
derived from 3-5 Peyer’s patches from at least four mice from each group. SED, subepithelial dome.

mice (Figure 6a,b; P<0.0001, Student’s ¢-test). Whole-mount
in situ hybridization analysis also demonstrated a substantial
reduction in the expression of Cc/20 mRNA in the FAE of aged
mice (Figure 6¢c). CCR6-deficient mice display a comparable
reduction in the density of mature GP2 ™ M cells in the FAE*® to
that observed in aged mice in the current study. Whether CCR6
deficiency affects the initial induction of M-cell development in
the FAE and their expression of immature M-cell markers
such as ANXAS5 is not known. Our analysis revealed that
the expression of ANXA5 in the FAE of CCR6 '~ mice
was unaffected when compared with wild-type mice
(Supplementary Figure S3 online). These data show that, as
observed in aged mice, CCL20-CCR6-signaling blockade in
CCR6 '~ mice does not affect the initial induction of M-cell
differentiation (expression of ANXAS5; Supplementary Figure
$3 online) but specifically impedes their maturation (expression

Immunology | VOLUME 6 NUMBER 5 | SEPTEMBER 2013

of GP2 and ability to transcyose Ag).”° Together, these data
suggest that the effects of aging on the functional maturation of
M cells were also due to impaired CCL20 expression by the FAE.

Pathogen-associated molecular patterns (PAMPs) derived
from intestinal bacteria, such as lipopolysaccharide and
flagellins, can modulate cytokine and chemokine expression
by intestinal epithelial cells via stimulation through Toll-like
receptors (TLRs). As flagellin can induce CCL20 expression in
the intestinal epithelium via stimulation through TLR5,"** we
determined whether the intestinal concentrations of proin-
flammatory bacterial TLR ligands were altered in aged mice.
Sterile-filtered fecal (SFE) extracts were prepared as repre-
sentative samples of the soluble PAMP in the gut lumen of mice
from each age group. PAMP specific for TLR4 (lipopolysac-
charide equivalents) and TLR5 (flagellin equivalents) in SFE
were quantified using HEK-293 cells transfected with the
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Figure 5 Effects of ageing on Spi-B expression in the follicle-associated epithelium (FAE) of Peyer's patches. (a) Immunohistochemical
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respective TLRs and calibrated with defined standard PAMP.>
Our analysis showed that ageing did not significantly alter the
intestinal concentrations of proinflammatory ligands of
TLR4 and TLR5 (Supplementary Figures S4a,b online).
Similarly, no significant difference was observed in the
ability of the PAMP within SFE from young and aged mice
to induce CCL20 mRNA expression in in vitro-cultivated Caco-
2 intestinal epithelial cells (Supplementary Figure S4c online).
These data suggest that the effects of ageing on CCL20
expression in the FAE were not due to alterations to the PAMP
profile of the gut microbiota.

The density of CD11c " B cells in the FAE of aged mice is
significantly reduced

A unique subset of CCRé6-expressing “M-cell-inducing”
CD11ct B cells has been shown to migrate towards FAE-
derived CCL20 and have an important role in stimulating M-cell
differentiation.”® We therefore compared the distribution of
T cells, B cells,and CD11c " cells in the FAE of young and aged
mice. Coincident with the effects of ageing on CCL20 expre-
ssion, the densities of T cells (CD3" cells; Figure 7a,b;
P<0.014, Student’s t-test) and B cells (CD45R™ cells;
Figure 7c,d; P<0.025, Student’s t-test) were significantly
reduced in the FAE of aged mice. Although no significant
difference in the total density of CD11c™" cells was observed
(Figure 7e,f; P = 0.656, Student’s t-test), our data implied that
the density of CD11c " B cells was significantly reduced in the
FAE of aged mice (CD1lc* CD45R™ cells; Figure 7gh;
P<0.020, Student’s t-test). The density of the CD11c ™ B cellsin
the aged FAE appeared to be more profoundly decreased than
that of the conventional B cells (38% and 65% density observed
in young mice, respectively), consistent with the higher express-
ion level of CCR6 on CD11c ¥ B cells.*” The CD11c* CD45R *
cells were not plasmacytoid dendritic cells as they lacked expres-
sion of the typical plasmacytoid dendritic cell markers, PDCA-1
and Gr-1 (Figure 7ij). Together, these data show that, as a
consequence of the impaired CCL20 expression in the Peyer’s
patches of aged mice, fewer B cells are attracted towards the FAE
(including those which appeared to express CD11c), potentially
impeding their ability to stimulate M-cell differentiation.

DISCUSSION

Here we show that the density of M cells in FAE of aged mice is
dramatically reduced, significantly impeding the transcytosis of
particulate antigen across the gut epithelium. Ageing speci-
fically impaired the expression of Spi-B and downstream
functional maturation of M cells. Expression of the chemokine
CCL20 was also reduced in the FAE of aged mice, impeding the
attraction of B cells towards the FAE. The M-cell intrinsic
expression of Spi-B* and CCL20-mediated attraction of CCR6-
expressing CD11c™ B cells towards the FAE®® each have
important roles in the induction of M-cell differentiation.
Taken together, these data suggest that the effects of ageing on
Spi-B and CCL20 expression in the FAE dramatically impede
the functional maturation of M cells in Peyer’s patches. Data in
the current study reveal an important ageing-related deficiency

MucosalImmunology | VOLUME 6 NUMBER 5 | SEPTEMBER 2013
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in the mucosal immune system’s ability to sample lumenal
antigens.

The expression of high levels of RANKL by stromal cells
directly beneath the FAE has a critical role in controlling the
differentiation of M cells from intestinal epithelial precursor
cells.” In the absence of RANKL, M-cell differentiation is
blocked. As RANKL is a critical factor that provides the initial
stimulus to trigger the differentiation of M cells from RANK-
expressing enterocytes, we compared the expression levels of
RANKL and RANK in the young and aged Peyer’s patches.
However, the expression of RANKL and RANK was not
adversely affected in aged mice. This indicates that factors
downstream of RANKL-RANK signaling are responsible for
the impaired M-cell development in aged mice. OPG is a
secreted decoy receptor of RANKL and its enhanced expression
can suppress RANKL stimulation.>* However, our data show
that the relative expression levels of OPG and RANKL were not
influenced in the Peyer’s patches of aged mice.

ANXA5 and GP2 are both specifically expressed by M
cells.>>'® Analysis of the effects of RANKL stimulation on
gene expression in the villous epithelium showed that although
Anxa5 was rapidly induced within hours of exposure, Gp2 was
induced at a much later time after treatment.* These data
support the view that GP2 is restricted to terminally diffe-
rentiated M cells and also indicate that ANXA5 is expressed by
immature (and mature) M cells.>*'® These data also suggest
that the expression of Anxa5 and Gp2 are regulated by different
transcriptional mechanisms: Anxa5 expression in the intestinal
epithelium is rapidly induced by RANKL stimulation, whereas
Gp2 is not directly induced by RANKL stimulation. The
expression of ANXAS in the FAE of aged mice was unaffected,
indicating that the RANKL-RANK signaling events leading to
ANXAS5 expression were not influenced by ageing. However,
GP2 expression was significantly impaired. These data show
that ageing does not affect the induction of M-cell differentia-
tion but specifically impedes their maturation. These data also
show that RANKL stimulation is critical for the induction of
M-cell differentiation, whereas RANKL stimulation alone is
insufficient to maintain their functional maturation.

M-cell intrinsic expression of the Ets transcription factor
Spi-B is essential for their functional maturation and expression
of mature M-cell markers, such as GP2.* However, the
expression of early M-cell markers, including ANXAS5, is
independent of Spi-B. In the current study, similar effects on
the functional maturation of M cells were observed in the FAE of
aged mice to those observed in Spi-B-deficient mice. Expression
of ANXA5 was comparable in the young and aged mice, but the
expression of Spi-B and the mature M-cell marker GP2 was
significantly reduced. Furthermore, as observed in the Peyer’s
patches of Spi-B-deficient mice, the residual ANXA5™" cells in
the FAE of aged mice were defective in their ability to transcytose
particulate antigen from the gut lumen. These data suggest that
ageing adversely affects the induction and/or maintenance of
Spi-B expression, impairing the functional maturation of M cells.

Lymphoepithelial interactions also promote M-cell differ-
entiation.”® A unique subset of M-cell inducing CCR6-expressing
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Figure 7 The density of CD11c* CD45™" B cells in the follicle-associated epithelium (FAE) of aged mice is significantly reduced. (a, ¢, e, g) Immuno-
histochemical (IHC) comparison of the distribution of T cells (panel a; CD3 " cells; green), B cells (panel ¢; CD45R ™ cells, green), CD11c™ cells
(panel e; red), and CD11c ™ CD45 " B cells (panels g, i, j) in the FAE of young and aged mice. Arrows in g indicate CD11c " CD45" B cells. (b, d, f, g)
Morphometric analysis of the density of T cells (panel b; CD3 " cells), B cells (panel d; CD45R * cells), CD11c¢ " cells (panel f),and CD11c ™ B cells (panel
h) in the FAE of young and aged mice. (i, j) IHC analysis confirmed that the CD11c* CD45R * cells were not plasmacytoid dendritic cells (DC) as they
lacked expression of the typical plasmacytoid DC markers PDCA-1 (blue, panel i) and Gr-1 (blue, panel j). Data are derived from 3-5 Peyer’s patches

from four mice from each group.

CDI11c™" Bcellshas been shown to migrate towards FAE-derived
CCL20 and have an important role in stimulating M-cell
differentiation.”® Mice deficient in CCRS, the sole receptor for
CCL20, have a reduced frequency of mature GP2 T M cells in the
FAE.”’ In the current study, the reduced expression of Spi-B and
impaired functional maturation of M cells coincided with a
similar reduction in CCL20 expression by the FAE. Indeed, the
CCR6-deficient mice show a comparable reduction in the density
of mature M cells in the FAE® to that observed in aged mice
(current study). We also show that, as observed in aged mice,
CCR6 deficiency did not affect the expression of immature
M-cell markers such as ANXA5 but specifically impeded their
maturation. Together, these data suggest that the effects of aging
on the functional maturation of M cells were also a consequence
of the reduced CCL20 expression, impeding the migration of B
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cells (including those which appeared to express CD11c¢) towards
the FAE.’

The underlying mechanism responsible for the reduced
expression of Spi-B and CCL20 in the Peyer’s patches of aged
mice, which ultimately impede the functional maturation of M
cells in the FAE, is uncertain. Our data show that these effects
were not due to reduced cell proliferation in the dome-
associated crypts, increased apoptosis in the FAE, impaired
RANKL-RANK stimulation due to elevated expression of the
RANKL decoy receptor OPG, or alterations to the concentra-
tions of proinflammatory ligands of TLR4 and TLRS5 in the
intestine.

Data in the current study provide an important advance in
our understanding of the effects of ageing on the mucosal
immune system. The effective uptake of antigens by M cells is
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an important initial step in the induction of an efficient immune
response to some microorganisms or after oral vaccination. Our
data show that due to the reduced density of mature M cells in
the FAE, the uptake of particulate antigen from the gut lumen is
significantly compromised in aged individuals. Antigen-
specific mucosal immune responses are markedly diminished
in Spi-B-deficient* and CCR6-deficient mice,'® which display a
dramatic reduction in the density of mature M cells in the
FAE.**® Furthermore, CCR6-deficient mice display a similar
reduction in M-cell density to that observed in aged mice in the
current study. Similarly, in the absence of GP2 expression by M
cells, antigen-specific immunoglobulin A responses against
type-1 piliated bacteria are also attenuated.'” This suggests that
the effects of aging on the functional maturation of M cells and
their expression of GP2 may significantly contribute to the
impaired antigen-specific mucosal immune responses observed
in aged mice.® The targeted delivery of vaccine antigens to M
cells is an effective means of inducing antigen-specific mucosal
immune responses to certain antigens.'®'" Data in the current
study suggest that such strategies may be less effective when
used to immunize the elderly. However, the effects of ageing on
M-cell status may also reduce susceptibility to some pathogens
that specifically exploit M cells to infect the host.”>* For
example, M cells are important sites of prion uptake from the
gut lumen, and disease susceptibility after oral exposure is
blocked in their absence.*® Susceptibility to oral prion infection
is dramatically reduced in aged mice.”® Thus, it is plausible that
the effects of ageing on M-cell maturation may reduce
susceptibility to orally acquired prion infection by impeding
their initial uptake into Peyer’s patches. The enteroinvasive
bacterium S. typhimurium is also considered to exploit M cells
to establish infection after oral exposure,”® and its translocation
into Peyer’s patches is impeded in the absence of M cells* or
their expression of GP2."> The significantly reduced early
uptake of S. typhimurium into the Peyer’s patches of aged
mice’' may likewise be a consequence of the effects of ageing on
M-cell status. A thorough analysis of the molecular mechan-
isms that underpin the dramatic decline in the functional
maturation of M cells in aged mice will aid our understanding of
the factors that influence susceptibility to mucosally acquired
pathogens and identify novel approaches to stimulate M-cell
differentiation and improve mucosal immunity in the elderly.

METHODS

Mice. C57BL/6] mice were aged to at least 18 months old before
analysis. Six-to-eight-week old C57BL/6] mice were used as young
adults. All mice from each group received identical diets and were
housed and maintained under identical specific pathogen-free con-
ditions. Throughout this study, tissues from at least three independent
cohorts of young and aged mice were analyzed. CCR6-EGFP knock-in
mice®® were backcrossed onto C57BL/6] mice for at least eight
generations before analysis. All studies using experimental mice and
regulatory licenses were approved by the following authorities: United
Kingdom, the University of Edinburgh’s Ethical Review Committee
and performed under the authority of a UK Home Office Project
License within the regulations of the UK Home Office “Animals
(scientific procedures) Act 1986”; Japan, by the Animal Research
Committee of the RIKEN Yokohama Research Institute.
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IHC analyses. For whole-mount staining, Peyer’s patches were
dissected and fixed with BD Cytofix/Cytoperm (BD Biosciences,
Oxford, UK). Tissues were subsequently immunostained with rat
anti-mouse GP2 mAb (MBL International, Woburn, MA). Following
addition of primary Ab, tissues were stained with Alexa Fluor 488-
conjugated anti-rat IgG Ab (Invitrogen, Paisley, UK), rhodamine-
conjugated Ulex europaeus agglutinin I (UEA-1; Vector Laboratories,
Burlingame, CA), and Alexa Fluor 647-conjugated phalloidin
(Invitrogen).

For analysis of tissue sections, Peyer’s patches were removed and
snap-frozen at the temperature of liquid nitrogen. Serial frozen
sections (5 pm in thickness) were immunostained with the following
antibodies: rat anti-mouse GP2 mAb to detect M cells; rat anti-mouse
CD254 to detect RANKL (clone IK22/5; eBioscience, Hatfield, UK);
rabbit anti-Ki67 polyclonal Ab (Abcam, Cambridge, UK); rabbit anti-
annexin V polyclonal Ab (Abcam); biotinylated hamster anti-mouse
(CD3e mAb (clone 500-A2; Caltag-Medsystems, Buckingham, UK);
Alexa-Fluor 488-conjugated rat anti-mouse CD45R (B220) mAb
(clone RA3-6B2; Invitrogen); rat anti-mouse PDCA-1 mAb (clone
JF05-1C2.4.1; Miltenyi Biotec, Surrey, UK); rat anti-mouse Ly-6G
(Gr-1) mADb (clone RB6-8C5; eBioscience); biotinylated hamster anti-
mouse CDI11c (clone HL3; BD Biosciences). For the detection of
CCL20, tissues were first fixed in 4% paraformaldehyde before
sectioning and immunostaining with goat anti-mouse CCL20
polyclonal Ab (R&D Systems, Abingdon, UK). For the detection
of Spi-B in paraformaldehyde-fixed sections, antigen retrieval was
performed with citrate buffer (pH 7.0, 121°C, 5min.) before
immunostaining with sheep anti-mouse Spi-B polyclonal Ab (R&D
Systems). Appropriate species and immunoglobulin isotype control
Ab were used as controls (Supplementary Figure S5 online). Unless
indicated otherwise, following the addition of primary antibody,
species-specific secondary antibodies coupled to Alexa Fluor 488
(green) and Alexa Fluor 555 (red) dyes were used (Invitrogen).
Sections were mounted in fluorescent mounting medium (Dako, Ely,
UK) and examined using a Zeiss LSM5 confocal microscope (Zeiss,
Welwyn Garden City, UK).

In vivo assessment of M-cell-mediated transcytosis. The in vivo
uptake of 200-nm diameter fluoresbrite YG carboxylate microspheres
(Polysciences, Eppelheim, Germany) from the gut lumen was assessed
using a gut-loop model as described.” Briefly, to prepare isolated small
intestinal loops, mice were anesthetized and segments of small
intestine (~ 2 cm in length) containing a single Peyer’s patch were tied
off with nylon filament. The loops were then injected with 200 pl of a
suspension of 200-nm fluorescent nanoparticles diluted in phosphate-
buffered saline (1 x 10'' beads per ml). The isolated gut loops were
then placed back in the peritoneal cavity. Approximately 1 h later, the
injected gut loops were excised, washed in 0.5% Tween 20-phosphate-
buffered saline, fixed in 4% paraformaldehyde in phosphate-buffered
saline, and embedded in optimal cutting temperature. Frozen sections
(5um in thickness) were counter-stained with Alexa Fluor 647-
conjugated phalloidin to detect f-actin and examined using a
fluorescence microscope. Data were collected from 10 sections from
each Peyer’s patch.

Image analysis. For morphometric analysis, digital microscopy
images were analyzed using Image] software (http://rsb.info.nih.gov/
ij/) as described.” All images were coded and assessed blindly.
Background intensity thresholds were first applied using an Image]
macro, which measures pixel intensity across all immunostained and
non-stained areas of the images. The obtained pixel intensity threshold
value was then applied in all the subsequent analyses. Next, the number
of pixels of each color (black, red, green, yellow) were automatically
counted and presented as a proportion of the total number of pixels in
each area under analysis. In each instance, tissues from at least four
mice from each group were analyzed. In order to analyze the
expression of several paramaters from each mouse, multiple sections
from at least three Peyer’s patches were analyzed, and the numbers of
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positively immunostained pixels in images of specific Peyer’s patch
regions were collected.

Quantitative real-time PCR analysis of mRNA expression. Total
RNA was isolated from Peyer’s patches using RNA-Bee (AMS
Biotechnology, Oxfordshire, UK) followed by treatment with DNase I
(Ambion, Warrington, UK). First-strand cDNA synthesis was per-
formed using 1 pg of total RNA and the First Strand cDNA Synthesis
kit (GE Healthcare, Bucks, UK) as described by the manufacturer. PCR
amplification reactions were performed using the Platinum-SYBR
Green qPCR SuperMix-UDG kit (Invitrogen) and the Stratagene
Mx3000P real-time qPCR system (Stratagene, CA, USA). All quanti-
tative PCR primers used were designed using Primer3 software (http://
primer3plus.com),** and their details are provided in Supplementary
Table S1 online. The cycle threshold values were determined using
MxPro software (Stratagene) and normalized to the value of Actb.

Whole-mount RNA in situ hybridization. A 721-bp DNA fragment of
the mouse Ccl20 gene was amplified from cDNA derived from mouse
Peyer’s patches by PCR using primers 5'-ACCCAGCACTGAGTAC
ATCAAC-3' (forward) and 5'-GAAAATCATATCAATTTAAGA
AGCAA-3' (reverse) and subcloned into pGEM-T Easy vector
(Promega, Southampton, UK). Digoxigenin (DIG)-labeled sense and
anti-sense RNA probes were synthesized using the DIG-RNA labeling
kit with SP6 and T7 RNA polymerases (Roche Diagnostics, West
Sussex, UK). Whole-mount in situ hybridization on Peyer’s patches
was performed as described.*

Measurement of relative biological activities of PAMP in SFE. SFE
from fecal pellets of individual mice were prepared as previously
described. > PAMP concentrations in SFE from young and aged mice
were quantified by measuring their capacity to induce NK-xB signaling
in HEK-293 cells transfected with TLR4/MD2 or TLR5 as described.”
Briefly, TLR-deficient HEK-293 cells were transfected with 30 ng of
human TLR4 (co-expressing MD2) or TLR5, 30 ng of CD14, 20 ng of
renilla luciferase-reporter construct, and 10ng of firefly luciferase-
reporter construct driven by the NF-kB-dependent E-selectin pro-
moter. Cell were cultivated in DMEM (Dulbecco’s modified Eagle’s
medium)/10% FCS (fetal calf serum; Sigma), and 3 days later, cells were
stimulated in duplicate with SFE, defined TLR-ligands (TLR4,
Eschericia coli R1 (NCTC-13114)-derived lipopolysaccharide repurified
to remove TLR2-stimulating lipopolypeptide contaminants; TLR5,
flagellin of S. typhimurium) or whole heat-killed bacteria (derived from
fecal samples) for 18 h. NF-kB-dependent reporter expression was then
measured using Promega Dual-Glo reagent and normalized to co-
transfected renilla expression. Fold induction was calculated relative to
the cells cultivated in medium alone, and a standard curve was prepared
by plotting the fold NF-kB-induction vs. concentration of each PAMP
standard. To determine the relative PAMP abundance in SFE, samples
were diluted until the induction of reporter occurred within the linear
range of the standard curve. PAMP abundance in SFE is presented as ng
PAMP per mg protein.

In parallel assays, human Caco-2 intestinal epithelial cells were
stimulated in triplicate in vitro with SFE, HkB, or medium alone (control).
Two hours after treatment, cells were harvested and CCL20 mRNA
expression levels compared by quantitative real-time PCR analysis using
the primers listed in Supplementary Table S1 online. Data were
normalized to the expression level of ACTB and are presented relative to
the expression level in unstimulated (medium alone control) cells.

Statistical analyses. Data are presented as meants.d. Unless
indicated otherwise, differences between the groups were analyzed
by a Student’s t-test. In instances where there was evidence of non-
normality, data were analyzed by a Mann-Whitney U test. Values of
P<0.05 were accepted as significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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