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Abstract

Background and Aims: M cells associated with organised lymphoid tissues such as intestinal
Peyer’s patches provide surveillance of the intestinal lumen. Inflammation or infection in the colon
can induce an M cell population associated with lymphoid infiltrates; paradoxically, induction is
dependent on the inflammatory cytokine tumour necrosis factor [TNF]-a. Anti-TNFa blockade is
an important therapeutic in inflammatory bowel disease, so understanding the effects of TNFa
signalling is important in refining therapeutics.

Methods: To dissect pro-inflammatory signals from M cell inductive signals, we used confocal
microscopy image analysis to assess requirements for specific cytokine receptor signals using TNF
receptor 1 [TNFR1] and 2 [TNFR2] knockouts [ko] back-crossed to the PGRP-S-dsRed transgene;
separate groups were treated with soluble lymphotoxin f receptor [sLTBR] to block LTBR signalling.
All groups were treated with dextran sodium sulphate [DSS] to induce colitis.

Results: Deficiency of TNFR1 or TNFR2 did not prevent DSS-induced inflammation nor induction
of stromal cell expression of receptor activator of nuclear factor kappa-B ligand [RANKL], but
absence of TNFR2 prevented M cell induction. LTER blockade had no effect on M cell induction, but
it appeared to reduce RANKL induction below adjacent M cells.

Conclusions: TNFR2 is required for inflammation-inducible M cells, indicating that constitutive
versus inflammation-inducible M cells depend on different triggers. The inducible M cell
dependence on TNFR2 suggests that this specific subset is dependent on TNFa in addition
to a presumed requirement for RANKL. Since inducible M cell function will influence immune
responses, selective blockade of TNFa may affect colonic inflammation.
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1. Introduction

Mucosal immune surveillance is largely performed by organ-
ised lymphoid tissues such as Peyer’s patches [PP], isolated
lymphoid follicles [ILF], and colonic patches [CP].'-* The epi-
thelium associated with these lymphoid tissues features special-
ised epithelial cells called M cells, which provide transcytosis of

microparticles to underlying dendritic cells and lymphocytes to
trigger mucosal immunity."* The development of these tissues is
dependent on lymphoid tissue inducer cells [LTi], which produce
inducing cytokines such as lymphotoxin a1B2, a trimeric protein
that binds to the lymphotoxin-f receptor [LTBR/TNFRSF3]; LTi
cytokines induce stromal cells to develop specialised phenotypes,
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including mesenchymal cells producing organising cytokines such
as CXCL13 and CCL21.3%7

M cells in organised lymphoid tissues are additionally thought
to be dependent on the cytokine receptor activator of nuclear fac-
tor kappa-B ligand [RANKL]/TNFSF11 produced by fibroblast/
mesenchymal-type cells in the lamina propria.'®'' Moreover, interac-
tions between B lymphocytes and committed M cells are important
in the acquisition of M cell transcytosis function.!>” The genetic
programme that distinguishes M cells from neighbouring entero-
cytes may require one or more of the above mentioned cytokines;
for example, addition of TNFa and LTBR -ligand antibodies induces
expression of M cell genes in Caco-2BBe cells in vitro.'®

The cytokines mentioned above are also associated with inflam-
matory responses, and accordingly, models of inflammatory bowel
disease [IBD] were shown to induce new M cells in the colon.!”. The
induction of colonic M cells in the dextran sodium sulphate [DSS]
model appeared to be specifically dependent on TNFa, as blockade
with anti-TNFa antibodies abrogated M cell induction. Analysis of
tissue mRNAs also confirmed the induction of RANKL. The induced
colonic M cells were capable of microparticle transcytosis, suggest-
ing full surveillance function. However, these M cells were associ-
ated with variable mononuclear infiltrates in the lamina propria, and
there was only poor expression of organised stromal cell markers
including ER-TR7 and CXCL13. Induction of M cells without fully
organised mucosal lymphoid tissues raises the question of whether
the associated transcytosis function might in fact promote ongoing
colonic inflammation by increasing microbial access to the lamina
propria. Would anti-TNFa blockade provide some of its therapeutic
effects by preventing M cell induction?

In this study, we examine the specific requirements for cytokine
signalling for inflammation-induced colonic M cells. The role of
TNFa in M cell induction may be differentially dependent on the two
receptors for TNFa: TNFR1/TNFRSF1A and TNFR2/TNFRSF1B.
Differences in signalling by these receptors may have important con-
sequences; in the central nervous system, inflammatory syndromes
such as multiple sclerosis [MS] and cuprizone-induced demyelina-
tion show differential dependence on TNFR1 versus TNFR2. For
example, in cuprizone-induced demyelination, TNFR2 signalling
appears to be critical to promoting oligodendrocyte proliferation
and restoration of axonal myelination; yet interestingly, TNFR2 is
not required for normal myelination during early development.'®”
Thus in clinical settings, global blockade of TNFa can exacerbate
MS symptoms, or even induce new-onset MS in patients treated
with TNFa blockade.?** As cited above, M cells may also depend
on lymphotoxin a1f2 or RANKL, so the contributions of each of
these cytokines in the inflammation-induced induction of colonic M
cells needs to be examined. Our findings suggest that normal devel-
opment of ‘constitutive’ organised lymphoid tissues and associated
M cells may depend on signals rather different from those involved
in inflammation-inducible colonic M cell populations. These dif-
ferences suggest that in clinical IBD, carefully targeted therapeutic
strategies may significantly affect the induction of M cells and their
impact on inflammation and immunity in the intestine.

2. Materials and Methods

2.1. Animals

Animal studies were performed in accordance with institutional
TACUC and NIH guidelines, with approved protocols. All mice
were housed in specific pathogen-free conditions in microisola-
tor cages. The peptidoglycan recognition protein-S [PGRP-S]-
dsRed transgene* was back-crossed to at least two generations to

TNFR1ko [Jax strain #003242] and TNFR2ko [Jax strain #003246]
both on the C57BL/6 background; in some experimental replicates,
PGRP-S-dsRed/CX3CR1-EGFP mice on a partial C57BL/6 back-
cross were used as controls and in others, TNFR2ko heterozygous
[“TNFR2het’] mice on the C57BL/6 background were used as indi-
cated. Data shown here present results using the latter control group,
though nearly identical results were obtained in all experimental rep-
licates. A separate group of PGRP-S-dsRed mice were back-crossed
more than five generations to the BALB/c background in the LTBR
blockade studies. All mice used were 2-4 months old.

2.2. Colitis induction

All animals were given 5% [w/v] dextran sodium sulphate [DSS] [M.W.
36,0000-50,000 MP Biomedicals, Solon, OH] in drinking water ad
libitum for 6 days; control mice were given regular drinking water. It is
known that different mouse strains [C57BL/6 versus BALB/c] respond
differently to DSS,?**” and back-crosses to C57BL/6 and BALB/c might
not have been far enough to present the strict strain-specific response.,
Thus 5% was used as a dose giving uniform pathology in all groups, as
preliminary studies found that inconsistent results were obtained using
a 3% dose. Mice were weighed every day, and at the end of the study,
intestines were excised for histological studies.

2.3. Lymphotoxin 3 receptor [LTBR] blockade
PGRP-S-dsRed mice [BALB/c backcross| were given three intra-
peritoneal [i.p.] injections containing 100 pg mouse LTPR-mIgG1
[soluble LTBR, or SLTPBR’] or an IgG1l isotype control antibody
[MOPC-21 clone 113] [Biogen Idec, San Diego, CA] at Days 0, 3,
and 5 of DSS treatment.?®

2.4. Histology and morphometrics

M cell counts were performed as follows. Colons were excised and
opened longitudinally along the mesenteric side and pinned villus
side up onto Whatman paper. Tissue was fixed in 4% PFA [Electron
Microscopy Sciences, Hatfield, PA], 30% sucrose [Fisher Scientific,
Waltham, MA] in PBS solution for 2 h at 4°C. The fixed, flattened
colon was cut into 0.5 cm pieces and placed on end in OCT [Sakura
Finetek, Torrance, CA] and frozen before 16-pm cryostat sections were
taken; 4% PFA/30% sucrose/PBS-fixed Peyer’s patches from each
mouse were mounted into the same OCT mould as their colon pieces.
Cryostat sections were treated with 0.5% Tween-20 in PBS [Fisher
Scientific, Waltham, MA], washed 3 times in 0.1% Tween/PBS and then
blocked using 0.1% Tween-20 in blocker casein solution [Thermo
Fisher Scientific, Rockford, IL]. For biotin-labelled antibodies, the
Avidin/Biotin Blocking Kit [Vector Labs, Burlingame, CA] was used
per manufacturer’s instructions before blocking with casein-Tween.
Primary antibodies, B220/CD45R [BD Pharmingen, 553086, 1:200
dilution] and RANKL/CD254 [eBioscience, 14-5952-82, 1:100
dilution] were added to fresh casein blocking solution and incu-
bated for 1 h at room temperature. Samples were again washed
three times in 0.1% Tween/PBS. Secondary antibodies, Streptavidin
647 [Molecular Probes, $32357, 1:500] and Donkey Anti-Rat 647
[Jackson ImmunoResearch, 712-606-153, 1:500 dilution] were
added to fresh casein blocking solution and incubated for 30 min
at room temperature. Samples were washed three times in 0.1%
Tween/PBS before mounting with Prolong Gold antifade reagent
containing DAPI [Thermo Fisher Scientific, Rockford, IL]. Tissues
were allowed to cure overnight and imaged. For M cell counts, 24
random images of full-thickness colon sections at 40X magnification
were taken for each animal, and dsRed+ M cells were counted by
visual inspection to include cells in the epithelial layer and excluding
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small dsRed+ neutrophils in the lamina propria using Volocity soft-
ware v6.1 [Perkin Elmer, Waltham, MA].

Data figures show total M cell counts summed from all 24 images for
each animal. For RANKL:M cell ratios, M cell dsRed+ cross-sectional
areas and RANKL+ cross-sectional areas in both Peyer’s patches and
colon were measured with Volocity software using common thresholds
for black point and white point settings. For each image, these areas
were used to calculate a RANKL:M cell ratio, and data presented show
ratios for individual images. All images were acquired on a BD CARV 1I
spinning-disk confocal imager [BD Biosystems] attached to a Zeiss Axio
Observer inverted microscope. Hardware, including the confocal micro-
scope and digital camera [Qimaging Rolera EMC?|, was controlled by
Metamorph imaging software. Images were further optimised by using
Volocity deconvolution software [v 6.1; PerkinElmer].

2.5. Statistics analysis

All statistics analysis was performed using GraphPad Prism software
[v 6.0h]. For DSS colitis weights, groups were compared by standard
unpaired t tests. M cell counts were analysed using unpaired t tests, and
RANKL:M cell ratios were analysed using the unpaired Mann-Whitney
test [*, p < 0.05; **, p < 0.005; ***, p < 0.0005; ****  p < 0.0001].

3. Results

3.1. DSS induces similar colonic inflammatory
disease in both TNFR1- and TNFR2-deficient mice

In studies on colonic inflammation induced by DSS treatment and
Citrobacter rodentium infection, we found significant induction of
M cells associated with loosely organised lymphocyte infiltrates in the
lamina propria.'” Detection of the M cells was dependent on the use of
a reporter transgene with the PGRP-S promoter driving expression of
the fluorescent protein dsRed [‘PGRP-S-dsRed’] transgenic mice.?>*
These induced cells were shown to possess the capability to transcy-
tose fluorescent bacteria across the mucosal barrier, consistent with
their identification as M cells, despite the absence of well-organised
compact lymphoid tissues. The induction of M cells was found to be
dependent on TNFa, as anti-TNFo antibody treatment completely
abrogated M cell induction in the colon, though inflammation was
not markedly reduced. Additional factors in the M cell induction were
not tested.

Due to the very low percentage of M cells among intestinal
enterocytes, histological methods were used to provide quantifica-
tion of M cell numbers. Indeed, although histological methods could
identify as much as 20-25% M cells among Peyer’s patch follicle
epithelium [not shown], induced colonic M cells were found to be
below 1% of total epithelial nuclei by histological methods, even in
DSS-induced tissues. Differences between flow cytometric analysis
and histological assays may suggest significant under-counting of
M cells by flow cytometry; indeed, whereas we estimated 20-25%
M cells in Peyer’s patch follicle epithelium, one analysis using flow
cytometric methods® only counted approximately 7% M cells.
Similar differences would apply to detection of M cells in DSS-
induced colon. This difference may be due to the observation that
M cells have dramatic morphological differences compared with
conventional enterocytes, such as the inclusion of one or more baso-
lateral pocket B lymphocytes. Such morphological differences may
lead to M cell-specific loss due to cell fragility, or exclusion due to
light scatter characteristics during cytometry gating. The histologi-
cal approach also ensures that our counts are specific to epithelial
M cells and not infiltrating dsRed-expressing neutrophils known to
infiltrate the inflamed lamina propria of DSS-induced mice.!”

To dissect the requirements for TNFR signalling in the induction of
colonic M cells, in the present study we back-crossed the PGRP-S-dsRed
transgene in both TNFR1 and TNFR2 knockout mice on the C57BL/6
genetic background, and assessed the response to DSS. Figure 1 shows
that in both sets of knockout mice, colonic inflammation is triggered
by DSS in drinking water, with shortening of the colon and progressive
weight loss. These results are consistent with previous reports that both

types of knockout mice are susceptible to DSS colitis.?!-*

3.2. TNFR1 and TNFR2 are not required for
development of constitutive Peyer’s patch and

colonic patch lymphoid tissues

Since M cells are most commonly associated with organised lym-
phoid tissues in the intestine, we first confirmed that conventional
Peyer’s patches and colonic patches were normally present in both
TNFR1 and TNFR2 knockout mice. Figure 2 shows that compact
B lymphocyte follicles and the associated M cells are evident in a
normal number and distribution in the follicle-associated epithelium
[expressing the PGRP-S-dsRed reporter| of both Peyer’s patches
[Figure 2a] and colonic patches [Figure 2b]. From these results, it
appears that these ‘constitutive’ mucosal lymphoid tissues are not
dependent on either TNFR1 or TNFR2 during normal development.

3.3. TNFR2, but notTNFR1, is required for
DSS-induced colonic M cells
We next studied the influence of the TNFR1 and TNFR2 knockouts
on DSS-induced colonic M cells. In similar fashion as in our previ-
ous study on M cell induction, we performed counts of M cells using
surveys of histological sections of colon, though these surveys were
extended to include greater areas of tissue. As previously reported!”
and shown in Figure 3, although there were no significant differences
in the Peyer’s patches [Figure 3a], the colon showed mononuclear
infiltrates in the lamina propria [Figure 3b] that were often only
loosely organised with weaker expression of stromal cell markers
compared with Peyer’s patches, though consistently associated with
induced dsRed-expressing M cells in the overlying epithelium. As
noted above, constitutive colonic patch M cells are present in all
knockout mice, so they will be counted among the induced M cells,
as we have no way to distinguish these cells by phenotype. Due to the
small size of colonic patches [compared with Peyer’s patches], they
could not be dissected out from the colonic tissues before prepara-
tion of tissues for histological analysis. However, DSS-induced M
cells, whether associated with colonic patches or new lymphoid infil-
trates, should show the same TNFa dependence previously reported.
With respect to the TNFR1 knockout mice, DSS treatment
induced a significant increase in overall M cell numbers in the colon,
similar to that seen in our previous study. However, by contrast,
TNFR2 knockout mice showed no significant increase in the over-
all number of colonic M cells above background counts [Figure 3c].
Even in areas where B cell infiltrates were found associated with
M cells, the number of M cells was low relative to similar infiltrates
in wild-type and TNFR1 knockouts. Thus, it appears that in accord-
ance with our previous study, ‘inducible’ M cells in the colon are
strictly dependent on TNFa cytokine signalling; moreover, they are
specifically dependent on signalling through TNFR2 but not TNFR1.

3.4. RANKL induction in the colon is independent of
both TNFR1 and TNFR2 signalling

Studies have suggested that the cytokine RANKL is important for
Peyer’s patch M cell development; blockade of RANKL in vivo
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Figure 1. TNFR1 and TNFR2 knockout mice are susceptible to dextran sodium sulphate [DSS] colitis. a. Treatment protocol used in this study. b. Colonic
shortening is evident in both TNFR1 and TNFR2 knockout mice. Representative images of colons are shown next to centimetre ruler. c. Weight loss is uniformly
seen in both TNFR1 and TNFR2 knockout mice in parallel with controls [TNFR2 heterozygous mice]. Results were similar in three replicate studies.

reduced the number of Peyer’s patch M cells,’® and addition of
exogenous RANKL in organoid cultures'>* also promoted M cell
development. To assess the potential involvement of RANKL in the
induction of M cells in our studies, we stained Peyer’s patch and
colonic tissues for RANKL [Figure 4]. The rationale for histological
analysis of RANKL is that although general tissue levels of RANKL
transcripts may increase overall in DSS-induced inflammation,” the
actual measurable induction by quantitative polymerase chain reac-
tion [qPCR] within whole tissue extracts was only about 2-fold in
some groups of mice. This was likely due to pre-existing background
levels, dilution of induced RANKL mRNA transcripts by whole tis-
sue extracts, compounded by the specific inhibitory effects of DSS on
mRNA extraction and cDNA synthesis.*® In this context, the dynamic
range in detecting overall tissue levels of RANKL would poten-
tially mask the more critical effect of local inflammation-induced
RANKL in their effect on adjacent epithelial M cell precursors.
Therefore, a histological analysis to assess the specific expression
of RANKL by cells adjacent to induced M cells is more indicative
of any relationship between these cells. Accordingly, RANKL was
predictably seen in highly localised arrangements of fibroblast-like

stromal cells in Peyer’s patches directly below the follicle epithelium
M cells [Figure 4a], and there was an apparent increase in the extent
of RANKL staining in the Peyer’s patches of DSS-treated mice.

In the lamina propria infiltrates below DSS-induced colonic
M cells, RANKL was also induced in the lamina propria, again in a
highly localised pattern suggestive of stromal fibroblasts [Figure 4b].
This induction of RANKL was expected, based on our previous analy-
sis of gene transcript induction in intestinal tissue extracts in the DSS
model'7; however, immunostaining demonstrates that most RANKL
signal is very strongly induced but specifically localised to areas with
infiltrates and adjacent induced M cells, rather than uniformly induced
across the tissue. Interestingly, induction was seen in both TNFR1 and
TNFR2 knockout mice treated with DSS [Figure 4b] despite the strik-
ing deficit in M cell induction in TNFR2 knockout mice. These results
indicate that RANKL induction may be independent of either TNFR1
and TNFR2 signalling, so other as yet unknown factors may instead
be more critical to the induction of stromal fibroblast expression
of RANKL. It should be noted that in one recent study, Salmonella
infection appeared to induce de novo M cell development through
autocrine expression of RANKL by intestinal epithelial cells.’”
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Figure 2. Constitutive Peyer’s patch and colonic patch M cell development is intact inTNFR1 and TNFR2 knockout mice. a. Expression of PGRP-S-dsRed transgene
reporter [red] in M cells, with immunostaining for B cells [cyan] shows normal development and organisation of Peyer’s patches in TNFR1 and TNFR2 knockout
mice. Scale bar: 40 um. b. Constitutive colonic patch B cell follicle [cyan] organisation and associated M cells [red] are intact inTNFR1 and TNFR2 knockout mice.

Scale bar: 40 pm.

However, our staining for RANKL in DSS-treated tissues only detected
signal in the lamina propria stromal cells, and did not show any evi-
dence for induction in colonic epithelium.

Finally, since TNFR2 knockout mice were unable to induce new
colonic M cells with DSS treatment, the induction of RANKL in
the lamina propria of TNFR2 knockout mice is also apparently not
by itself sufficient to induce new inflammation-associated colonic
M cells. This suggests that constitutive mucosal lymphoid tissue M
cells require different factors compared with inducible M cells. In
this scenario, RANKL would be more strictly considered as both
necessary and sufficient for development of constitutive M cells. By
contrast, TNFR2 signalling, along with probable coordination with
RANKL, is a requirement specifically applied to development of
inflammation-inducible colonic M cells.

3.5. DSS induction of colonic M cells is independent

of LTBR blockade

M cell development is usually associated with organised lymphoid
tissues such as the constitutive Peyer’s patches and colonic patches,
as well as nasopharyngeal associated lymphoid tissues [NALT] in

the upper airway. These organised lymphoid tissues are thought to
be dependent on induction by lymphoid tissue inducer cells, recently
identified as a subset of innate lymphoid cells. These cells provide
a variety of signals to induce lymphoid stromal cell development,
including the trimeric cytokine lymphotoxin 12, known to be
the ligand for the lymphotoxin beta receptor [LTBR]. To test the
potential for LTBR involvement in DSS-inducible colonic M cells, we
treated PGRP-S-dsRed mice with soluble LTBR [sLTBR] or isotype
control antibody during DSS induction [Figure 5a]. Treatment with
sLTPR had no effect on DSS-induced clinical symptoms [Figure Sb,
c], nor on the induction of colonic M cells [Figure 5d, e].

3.6. LTPR blockade reduces DSS induction of

RANKL relative to M cells in Peyer’s patch and colon

As with our studies on TNFR1 and TNFR2 knockout mice, immu-
nostaining for RANKL also showed induction in stromal fibroblasts
in both Peyer’s patches and among colonic infiltrates, but not in
epithelial cells [Figure 6a]. Interestingly however, it appeared that
in both the Peyer’s patches and colonic infiltrates, SLTBR treatment
appeared to significantly reduce the overall level of RANKL signal
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Figure 3. Colonic M cell induction by dextran sodium sulphate [DSS] is absent in TNFR2 but not TNFR1 knockout mice. a. DSS treatment has no marked effect
on the development and organisation of Peyer’s patch B cell follicles [cyan] and associated M cells [red] inTNFR1 and TNFR2 knockout mice. Scale bar: 40 pm.
b. DSS treatment induces infiltrates in the colon with variable organisation of B cells [cyan]. M cells [red] are found associated with infiltrates although there are
fewer M cells found in TNFR2 knockout mice. Scale bar: 40 um. c. M cell counts in a histological survey of colon [24 images from each mouse] show significant
increases in M cell counts in control and TNFR1 knockout mice, but no significant increase above background inTNFR2 knockout mice. Results are representative
of three independent replicate studies. [*P < 0.05; **P < 0.005; ns, not significant].
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Figure 4. Dextran sodium sulphate [DSS] induces lamina propria RANKL expression in PP and colon. a. Immunostaining of Peyer’s patches [PP] for receptor
activator of nuclear factor kappa-B ligand [RANKL] [orange] shows expression in stromal cells, with apparent increases in DSS-treated mice, though no apparent
effect on M cells [red]. Scale bar: 40 pm. b. DSS-induced colonic infiltrates show induction of lamina propria stromal cell RANKL expression [orange], with
apparent increase in RANKL signal relative to constitutive colonic patch levels. M cells in red. Scale bar: 40 ym.
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Figure 5. Dextran sodium sulphate [DSS] M cell induction is unaffected by LTBR blockade. a. Treatment protocol shown indicating timing of injection of
soluble LTBR [sLTRR] or isotype control antibody on Days 0, 3, and 5. b. Representative colon images show that mice remain susceptible to DSS colitis despite
LTBR blockade. c. LTBR blockade has no effect on DSS-induced weight loss. d. LTBR blockade did not significantly alter the B cell follicle organisation [cyan]
in constitutive Peyer’s patches, nor did it affect M cells [red] in the follicle epithelium. Similarly, it did not affect colonic infiltrates or associated M cells. Scale
bar: 40 um. e. Colonic M cell induction was not affected by LTER blockade. Results are representative of three independent replicate studies [**P < 0.005;

**%P < 0.0005; ns, not significant].

compared with isotype control treatment, despite overall consist-
ency in the numbers of induced M cells. Morphometric analysis of
RANKL immunostaining signal and M cell PGRP-S-dsRed reporter
signal confirmed this impression. Here, we used fluorescence signals
for both RANKL and dsRed-expressing M cells, and calculated a
ratio of the local fluorescence areas rather than attempt to perform
specific M cell counts; with this method, the comparisons can be
performed for any image regardless of the absolute RANKL or
M cell induction. Since results are calculated as a local ratio of sig-
nals, the quantification is internally controlled, and would not be
subject to the great variation from random sampling of sections
lacking M cell and RANKL induction.

The results of our morphometric analysis showed that the cal-
culated ratio of RANKL immunofluorescence to M cell cross-sec-
tional dsRed fluorescence was significantly decreased in both Peyer’s
patches and colonic M cell-associated infiltrates [Figure 6b]. Note
that overall M cell numbers were unchanged by sLTPR treatment,
so this shift in the ratio is actually indicative of specific relative loss
of the RANKL signal in each section where M cells and RANKL
appeared together. Thus, whereas blockade of LTBR had no effect
on colonic M cell induction by DSS, it did appear to affect RANKL
induction. An implication of this effect is that RANKL may be in

part dependent on LTBR signalling in both constitutive organised
lymphoid tissues [e.g. Peyer’s patches] and inflammation-associated
stromal cell changes [e.g. in the colon].

The apparent regulation of RANKL by LTPR signalling is con-
sistent with reports that LTBR and RANKL are both specifically
associated with development of constitutive M cells,*3% although
those previous studies did not distinguish an inflammation-inducible
colonic M cell population as reported in the present study. Moreover,
it also reinforces the distinction reported here of inflammation-
inducible M cells being dependent on TNFR2 signalling while less
dependent on ‘constitutive’ signals for mucosal lymphoid tissues
such as LTPBR signalling. Interestingly, based on recent in vitro enter-
oid studies, there appears to be a synergistic effect of TNFa signal-
ling with RANKL?” though that study might only reflect constitutive
M cell development, and differential roles of TNFR1 versus TNFR2
were not examined.

4. Discussion

M cell immune surveillance in the intestine is a double-edged sword.
M cell-mediated transcytosis of bacteria and viruses from the intes-
tinal lumen to organised immune tissues is a key step in initiation of
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Figure 6. Dextran sodium sulphate DSS induction of receptor activator of nuclear factor kappa-B ligand RANKL in PP and colon is reduced by LTBR blockade.
a. Immunostaining of Peyer’s patches [PP] and colonic infiltrates for RANKL [orange] show expression in stromal cells, with apparent decreased signal in DSS/
sLTBR-treated mice, though no apparent effect on M cells [red]. Scale bar: 40 pm. b. Although colonic M cell induction was not affected by LTBR blockade
[Figure 5e], morphometric analysis of RANKL:M cell ratios shows alteration of ratios indicating decrease in RANKL signal relative to M cell signal in both Peyer’s
patches and colonic infiltrates. Each data point reflects a calculated RANKL:M cell ratio from a single microscopy image; multiple images were acquired from
each of two different mice per experimental condition. Note that the y-axis is split, in order to show more clearly that among the LTBR blockade group, many of

the RANKL:M cell ratios were zero [***P < 0.0005; ****P < 0.0001].

mucosal immunity, but it is also the route of entry for many patho-
gens including Reovidiae, Yersinia, Salmonella, and anthrax.*-
Thus, in the case of inflammatory bowel disease, inflammation-
inducible M cells in the colon raise the question of whether these
cells promote ongoing microbe-triggered inflammation or whether
they enhance mucosal immune defence. Since the induced M cells
are associated with variably organised lymphoid aggregates, it is not
known whether they are providing effective responses to luminal
microbes. Thus, it is possible that therapeutic approaches to colonic
inflammation should take into account the induction of new M
cells that may essentially provide a major breach in mucosal barrier
function.

The present report shows that we can identify specific signals
that can differentially affect the constitutively generated organised
lymphoid tissues such as Peyer’s patches and colonic patches, versus
the inflammation-inducible M cells with their poorly organised infil-
trates. Specifically, our results suggest that whereas previous studies
implicate LTBR and RANKL in constitutive mucosal lymphoid tis-
sue development, our studies have identified a distinct inflammation-
inducible M cell population that is dependent on TNFR2 signalling
but not TNFR1 nor LTBR. Distinct factor requirements for early
development versus inflammation-triggered tissue responses may
also apply to RANKL induction: during constitutive development
of mucosal organised lymphoid tissues, LTBR blockade appeared to
have no effect on TRANCE/RANKL expression by stromal cells,*
though specific quantitation was not performed. The model in
Figure 7 is a model with speculative details on interacting cells and
cytokines that attempts to incorporate our results; the top part of
the figure shows the dependence of constitutive M cells on LTR and
RANKL [Figure 7 top], and the bottom part of the figure indicates
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Figure 7. Speculative model for constitutive versus inducible M cell subsets.
Top, constitutive mucosal lymphoid tissues such as Peyer’s patches and
colonic patches are shown with speculative involvement of LTa132/LTBR and
receptor activator of nuclear factor kappa-B ligand [RANKL]/RANK signalling
in M cell development. Bottom, inducible mucosal lymphoid tissues are
shown with speculative involvement of TNFa/TNFR2 and possible additional
signals in M cell induction, and LTa1p2/LTRR signalling on stromal cells to
induce RANKL expression.
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the role of TNFR2 [and RANKL] in the inducible population in M
cell induction and speculative additional possible role of LTBR in the
regulation of RANKL on stromal cells [Figure 7 bottom].

Overall, our results are consistent with a more generalisable
hypothesis that there are distinct factor requirements in development
of constitutive mucosal lymphoid tissues versus factors involved
in inflammation-induced lymphoid structures. For example, in the
airways, whereas LTPR signalling is required for most constitutive
mucosal lymphoid tissue development, it appears not to be required
for inducible bronchus-associated lymphoid tissue [iBALT], and
cytokines such as IL-22 may be more important.*** However, it is not
yet clear whether iBALT-associated M cells*' are TNFR2-dependent.

Finally, returning to the case of intestinal inflammation, the spe-
cific cellular interactions associated with the production of the sig-
nals for each distinct M cell subset remain to be identified; but once
target signalling pathways and cellular actors are established, more
focused therapeutic approaches can be developed that may signifi-
cantly alter the inflammatory process in inflammatory bowel disease.
In addition, a dissection of the distinct requirements and functions
of inducible M cells and associated mucosal immune tissues will be
important in understanding their role in chronic inflammation; it
is not yet clear whether these induced cells help promote continu-
ing inflammation, or whether they are critical to initiating immu-
noregulatory mechanisms. Knowing these roles should lead to more
specifically targeted therapies that will promote the regulation and
resolution of chronic intestinal inflammation.
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