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Abstract
Mucosal epithelium M cells are dispersed across Peyer’s patch follicle associated epithelium
(PPFAE) with minimal clustering. Since Notch signaling can influence patterning in epithelia, we
examined its influence on PPFAE M cell distribution. Conditional deletion of Notch1 in intestinal
epithelium increased PPFAE M cells and also increased M cell clustering, implying a role for
Notch in both M cell numbers and lateral inhibition. By contrast, conditional deletion of the ligand
Jagged1 also increased M cell clustering, but with a paradoxical decrease in M cell density. In
vitro, inhibition of Notch signaling reduced expression of an M cell associated gene CD137,
consistent with cis-promoting effects on M cell development. Thus, Jagged1 may have a cis-
promoting role in committed M cells, but a trans- inhibitory effect on neighboring cells. In sum,
Jagged1-Notch signaling may edit the pattern of M cells across the PPFAE, which may help
optimize mucosal immune surveillance.

Keywords
mucosal immunity; cytokines; lymphoid organs

1. Introduction
Notch receptors are transmembrane receptors that, when activated by one of several known
ligands (Delta-like/Serrate or Jagged), undergo proteolytic processing and nuclear
localization to directly activate expression of gene targets (1–3). In the immune system,
Notch signaling regulates the development and effector cell induction of several cell types
including T and B lymphocytes and dendritic cells; the expression of Notch receptors and
ligands is distributed among many cell types with many of the direct interactions still only
incompletely understood (4–7). However, known functions of Notch also extend to more
basic developmental processes, where cell fates and tissue patterning are regulated. These
decisions are made as a consequence of direct cell-cell signaling, where a cell expressing a
Notch ligand influences the fate of an adjacent cell expressing a Notch receptor. Thus, tissue
patterns can be established or reinforced by the directional interactions between cells with
regulated expression of Notch ligands and receptors. These interactions can result in lateral
inhibition or lateral activation, with Notch activation inhibiting or inducing the development
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of a particular phenotype. These effects can be used to limit the production of specialized
cells along a default pathway, or to help establish tissue boundaries.

Notch and its ligands can be used to develop rather complex patterns of specialized cell
types, and this is especially notable in the development of sensory organs, such as the
Drosophila eye disc, where Notch signaling insures regular spacing of photoreceptor cells
(8). In the mammalian inner ear, Notch signaling appears to insure the orderly arrangement
of hair cells (9–12). This appears to be in part by lateral inhibition mediated by Delta-like 1,
but in these studies it has also been suggested that there is also an (as yet unproven)
inductive signal provided by Jagged1. Thus, the possibility has been raised that a single
Notch ligand may simultaneously provide both trans-inhibitory and cis-inductive signals,
depending on the cellular context.

In the intestine, Notch has an important role in regulating intestinal epithelium lineage
specification; Notch signaling suppresses the development of secretory cell types such as
goblet cells (13–17). The production of secretory cells is not associated with sensory
function, but the production of another specialized intestinal epithelial cell, the M cell, does
fit the sensory organ pattern. M cells are mainly found in Peyer’s patch follicle associated
epithelium (PPFAE), and are responsible for the capture of lumenal particles such as
bacteria and viruses, and transcytosis across the epithelial barrier to underlying dendritic
cells, triggering mucosal immune responses (18–20). The distribution of M cells in the
PPFAE appears to be highly regulated, with a distributed checkerboard pattern (21–24). In
addition, goblet cells are less frequent in PPFAE than in neighboring villi, with
correspondingly less mucus over the PPFAE epithelium. Since the localized assembly of M
cells in PPFAE comprises a mucosal immune surveillance unit, their organized pattern may
be beneficial to their function.

We recently reported that in a cell culture model of M cell function, the expression of the
Notch ligand Jagged1 was increased in M cell-like cells (25), raising the possibility that its
expression and interaction with Notch receptors may influence development of M cells in
the PPFAE. However, in a survey of Notch and Notch ligand expression in the gut (26),
Jagged1 expression was primarily detected in the intestinal crypt, suggesting that if Jagged1
is indeed influencing M cell development, it may be primarily at the earliest stages in
lineage decisions (14–17). Here we report the results of studies on the requirements for
Notch and Jagged1 in M cell development and distribution in PPFAE. Our results are
consistent with the notion that M cell expression of Jagged1 and Notch may have an editing
effect on the production and distribution of M cells across the PPFAE, while also having a
slight inductive influence on committed M cells.

2. Material and Methods
2.1. Animals

VilCre mice (Jax #4586, expressing Cre recombinase under the Villin promoter),
FloxNotch1 mice (Jax #6951), and FloxJag1 mice (Jax #10618), all on the C57BL/6
background, were purchased from Jackson Labs (Bar Harbor, ME, USA) and bred in the UC
Riverside vivarium under SPF conditions. All mice were genotyped according to Jackson
Lab website protocols. Conditional Notch1 KO mice were generated by crossing VilCre
with FloxNotch1; conditional knockouts were homozygous for FloxNotch1, while controls
were heterozygous. The same strategy was used to generate conditional knockout Jagged1
KO mice. All mice were used around 8 weeks of age. Mice were handled according to
institutional IACUC and NIH guidelines.
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2.2. Cell line and tissue culture
Caco-2BBe cells were obtained from ATCC and cultured with ADMEM with 10%FBS,
1.5% penicillin/streptomycin, and 10mM HEPES. For qPCR analysis, 500,000 cells were
plated in 12 well plates for 24 hours. Cytokines were added at the time of plating at the
concentration of 100ng/ml for TNFα (Peprotech, Rocky Hill, NJ, USA) and 5ug/ml of
LTβR agonist (R&D Systems, Minneapolis, MN, USA). Conditions for cytokine induction
were developed and reported by Wang et al. (27). Jagged1 peptide (Anaspec, Fremont, CA,
USA) was used at 4 or 40uM in culture, added at the time of plating and continued culture
for 24 hours. For DAPT (Tocris Bioscience, Minneapolis, MN, USA) treatment, DAPT was
added to the culture at the time of plating at the concentration of 10uM and 100uM and
followed by combined cytokine treatment 4 hours after plating. DAPT treated samples were
compared with control samples treated with DMSO at the same concentration. The data for
cytokine induction of CD137 and Jagged1, and CD137 inhibition by DAPT shown in the
figures is the mean “fold-increase” compared to control non-cytokine treated cultures,
determined from three independent biological replicate experiments (shown as the mean and
SEM of the three experiments together), with each individual experiment showing the same
trends.

2.3. Real Time-PCR
For quantitative PCR analysis of gene expression in Caco-2BBe cells, RNA was harvested
after 24 hours of culture with TRIZOL (Invitrogen, Grand Island, NY, USA); next, 2μg of
total RNA was made into cDNA using Superscript III first-strand synthesis system
(Invitrogen). Quantitative PCR was performed using a CFX96 Real-Time PCR detection
system (BioRad, Hercules, CA, USA) using SYBR Green for quantification of PCR product.
All samples were calibrated for relative expression using GAPDH in parallel reactions as the
reference housekeeping gene. All PCR assays were done in triplicate in 96 well plates with
at least 3 replicate experiments with similar results; error bars shown reflect the variation in
three independent biological replicate experiments. Relative mRNA expression was
calculated using the ΔΔCT method. Primers used for Real-time PCR (all sequences are 5’ to
3’) were: GAPDH, For- CATGAGAAGTATGACAACAGCCT, Rev-
AGTCCTTCCACGATACCAAAGT; CD137, For-
AGGTGTTTTCAGGACCAGGAAGGA, Rev- GTCGACAGATGCCACGTTTCTGAT;
Jagged1, For- TACACTGCCTGCCTTAAGTGAGGA, Rev-
CACGGTCTCAATGGTGAACCAACA.

2.4. Immunohistochemistry and confocal microscopy
For whole mount Peyer’s patch microscopy, freshly dissected Peyer’s Patches from the
small intestine (typically 6 to 8 Peyer’s patches recovered from stomach to cecum) were
washed briefly in PBS then kept in 4% paraformaldehyde in PBS/ 30% sucrose for 30
minutes. Samples were then washed with 0.1% Tween in PBS twice and blocked with
Casein 0.1% Tween for another 30 minutes. For primary antibody staining, Rhodamine
conjugated UEA-1 (Vector Laboratories, Burlingame, CA, USA) was used. Whole mount
Peyer’s patches were then cleaned and mounted after 10 minutes of 4% PFA post-fix.
Samples were washed with 3 times PBS 0.1% Tween and followed by secondary staining
(Streptavidin Alexa 647 (Invitrogen)). For goblet cell staining, intestines (also from the
small intestine between stomach and cecum) were kept on ice in 4% paraformaldehyde/PBS/
30% sucrose for 3 hours before freezing. Cryostat sections were stained with Alcian blue
(Sigma-Aldrich, St. Louis, MO, USA) for 1 minute and cleaned using tap water until washes
were clean. Images were taken using bright field microscopy. Staining of Caco-2BBe cells
for CD137 and Jagged1 was performed as follows: 50,000 Caco-2BBe cells were plated in
chamber slides (BD Biosciences, San Jose, CA) with the same cytokine concentrations as
for qPCR culture for 48 hours before staining. Staining was done using Jagged1 rabbit
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antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and CD137 goat antibody
(Santa Cruz), using donkey anti-goat Alexa 488 and donkey anti-rabbit Alexa 647
(Invitrogen) as secondary reagents.

2.5. Goblet cell count and M cell density analysis
Goblet cell counts was assessed by counting the number of goblet cells over the distance on
the basement membrane obtained from stained intestinal cryostat sections. Each data point
was the analysis from a single confocal z-stack image. For M cell quantification, mice were
used at 8 weeks of age. Images were taken from whole mount Peyer’s patches through
confocal microscopy and analyzed using Volocity 5 software (PerkinElmer, San Jose, CA,
USA). M cell counts were counted based on UEA-1 staining, which distinguishes goblet
cells and M cells by differences of brightness and shapes. Adjacent cell percentages were
calculated by the number of M cells with contiguous edges in direct contact over a length of
>3 μm, divided by the total M cells counted from the same follicle. Each data point was the
analysis from a single image, and data was accumulated from multiple Peyer’s patches from
at least three different mice for each genotype. Statistical tests were performed using Prism
software (GraphPad, La Jolla, CA, USA). We used a two-tailed t-test for M cell and goblet
cell density counts, and Mann-Whitney for percentage clustering analysis, though similar
results were obtained using either method. For quantitative PCR analysis, three independent
biological replicate cultures and each associated PCR assay result (in fold induction) was
combined for statistical analysis.

3. Results
3.1. Removal of epithelial Notch increases both goblet cell and M cell lineages in the
intestine

Notch signaling has a critical role in intestinal epithelium lineage fate decisions; blocking
Notch signaling resulted in the nearly exclusive production of goblet cells at the expense of
other cell types (16; 17). However, in the epithelium overlying intestinal Peyer’s patches,
the influence of cytokines from lymphoid cells including lymphoid tissue inducer cells (LTi)
changes the local context, dramatically altering patterns of gene regulation (28). For
example, in contrast to neighboring villous epithelium, PPFAE show expression of genes
such as CCL20 (29; 30). The development of M cells is even more complex, since local
conditions only induce a subset of epithelial cells to the M cell lineage; the regulation of this
selective induction remains to be explained. If Notch influences M cell lineage decisions in
the same way it affects goblet cells, then an increase in M cell numbers in mice lacking
epithelial Notch expression might be evidence for Notch regulation of M cell production.

Intestinal epithelium may use Notch1 or Notch2 to mediate signaling; here, we used a
conditional deletion of Notch1 in intestinal epithelium. A floxed Notch1 allele was crossed
to a transgene expressing Cre recombinase driven by the Villin promoter. This transgene is
expressed early in the intestinal epithelium during development (31; 32), and appears to be
specific to intestinal epithelium. As confirmation of this strategy, mice homozygous for the
floxed Notch1 allele and carrying the Vil-Cre transgene showed approximately two-fold
increased numbers of goblet cells throughout the intestinal villi as compared to mice
heterozygous for the floxed allele (Figure 1A-C). Consistent with previous effects of a
complete block in Notch signaling, these results confirm the major influence of Notch1
signaling on intestinal epithelium lineage fate.

In the PPFAE, we assayed the production of M cells, using staining with the fucose-binding
lectin Ulex Europeus Agglutinin-1 (UEA-1) (33). Goblet cells can also bind to UEA-1;
though their numbers are much lower in PPFAE compared to villi, we used analysis of z-
stack images to rule out goblet cells in our counts by using the distinctive 3-dimensional
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morphology of the different cells. We found that the density of M cells was significantly
increased by about 25% (Figure 2A). Moreover, we also observed a significant increase in
PPFAE goblet cell density (Figure 2B), leaving the M cell/goblet cell ratio unchanged
around a value of 3. It is conceivable that changes in Notch signaling might affect M cell
morphology relative to goblet cells; however, the coordinated changes in the numbers of
both M cells and goblet cells in PPFAE argue against such an effect. Notch1 may influence
both lineage fate decisions as well as M cell patterning through lateral inhibition. In support
of this mechanism, we also found that the percentage of M cells showing clustering (defined
by adjacent M cells with more than 3 microns in direct contiguous contact) was doubled
(Figure 2C-E). Thus, our data supports the hypothesis that the both the numbers and
distribution of M cells across the PPFAE are influenced by Notch.

3.2. Deletion of epithelial Jagged1 reduces PPFAE M cell numbers while increasing M cell
clustering

Goblet cell lineage commitment is determined in the intestinal crypt, regulated in part by
expression of Delta-like 1 (Dll1) expression (13; 15; 26). Interestingly, Dll1 may have both
a lateral inhibition effect on Notch-expressing cells, and a positive induction effect that may
be Notch-independent; unfortunately, details on this mechanism are limited, since Dll1
expression is only transiently evident in the crypt cells (13; 15). In the case of PPFAE M
cells, a similar challenge is present for deciphering any potential role of Jagged1, which we
identified in a cell culture model as a candidate gene in M cell development (25). As noted
earlier, Jagged1 expression is mainly limited to the lower crypt, so any influence of Jagged1
expression may be limited to the early stages in the crypt followed by reduced Jagged1
expression thereafter. In addition, we previously reported evidence that early lineage
decisions toward M cell commitment occur prior to expression of other M cell associated
genes such as CD137, gp2, and PGRP-S (24; 34), so for Jagged1 to influence M cell
development, it should also be at an early stage in lineage commitment.

We examined the development of M cells in mice homozygous for a floxed Jagged1 gene
plus the villin-Cre transgene, so that Jagged1 was specifically eliminated only in the
intestinal epithelium. As with the floxed Notch mice, we assayed for M cell numbers and
distribution. In contrast to the floxed Notch mice, M cell numbers were reduced by about
25% (Figure 3A). However, despite this reduction the proportion of clustered M cells was
actually increased (Figure 3B,C), consistent with loss of lateral inhibition. Interestingly,
PPFAE goblet cell numbers were also decreased (Figure 3D). Here too, because of parallel
decreases in both M cells and goblet cells, it seems unlikely that changes in M cell numbers
due to loss of Jagged1 signaling can be explained by alterations in M cell morphology. Thus,
the expression of Jagged1 in PPFAE appears to be involved in the control of M cell numbers
with additional effects on goblet cells, and may also mediate lateral inhibition effects to limit
M cell clustering.

3.3. Jagged1 and CD137 are coordinately regulated in a cell culture model of M cell gene
expression

Our studies in vivo suggested that while Notch signaling has an inhibitory effect on M cell
numbers and clustering, Jagged1 has paradoxical inhibitory effects on clustering but positive
effects on M cell numbers. These results raised the possibility that Jagged1 has both cis and
trans activity, so we examined possible gene interactions in a cell culture model of M cell
associated gene regulation. In earlier studies on a Caco-2 co-culture model of M cell-like
induction, we found that Jagged1 transcripts were induced (25), so we also studied Jagged1
expression in a more recent study on the induction of M cell associated genes. We recently
reported that a combination of agonists for the TNFα receptors and the LTβR induced
upregulation of PPFAE and M cell associated genes in the intestinal epithelium cell line
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Caco-2BBe (27). Among the induced genes was CD137, a member of the TNFR
superfamily gene CD137 (27; 34), which proved to be required for M cell functional
development but not lineage commitment in vivo. In this context, we also found a consistent
2–3-fold increase in Jagged1 expression similar to the level of induction in the Caco-2
coculture studies (Figure 4A). Under similar conditions, strong induction of CD137 was also
evident (Figure 4B-D). Jagged2 induction was less than 1.5-fold (not shown). In
immunohistochemical analysis of the Caco-2BBe cells (Figure 4B,C), Jagged1 protein was
already evident in untreated cells, so upregulation was subtle. It should be noted that
expression of Jagged1 in Caco-BBe cells is consistent with studies suggesting that freshly
passaged Caco-2 cells resemble crypt cells both in terms of their initial lack of brush border
microvilli and patterns of gene expression (35–37). The staining for Jagged1 was distributed
in the nucleus, cytoplasm and in part also on the cell membrane, while CD137 was found in
cytoplasmic vesicles as previously reported (27). Both Jagged1 and CD137 were detected in
the same cells, consistent with cis interactions; however, CD137 was found in cytoplasmic
vesicles that did not co-localize with Jagged1.

To determine whether CD137 and Jagged1-Notch signaling are connected, we tested the
importance of Notch signaling in cytokine treated Caco-2BBe cells (Figure 4D). Inhibition
of Notch signaling by the use of the gamma-secretase inhibitor DAPT resulted in a slight
dose-dependent decrease in CD137 induction by cytokines. Thus, it appears that at least in
the context of cytokine-dependent induction of M cell associated genes, Notch signaling
promotes rather than inhibits the M cell phenotype. It is possible that constitutive Jagged1
expression by these cells drives persistent cis-activation of Notch and boosts the cytokine-
induced CD137 expression; this contribution was only revealed by the DAPT inhibition of
Notch. Indeed, treatment with soluble Jagged1 did not induce additional CD137 expression
(not shown). By contrast, treatment of cytokine-treated cells with CD137L showed no
consistent effect on Jagged1 expression (not shown). Thus, Notch signaling appears to have
an influence on M cell-associated gene expression in these homogeneous cultures.

4. Discussion
Our studies provide evidence that Jagged1 and Notch influence PPFAE M cell numbers and
distribution by regulating M cell development at an early stage within the crypts adjacent to
the Peyer’s patch follicle. While it is unclear what factors cause the initial commitment of
crypt stem cells to M cell versus enterocyte phenotypes, the present data suggest that the
eventual output of M cells from the crypt is subject to editing through signals such as
Jagged1-Notch interactions. The effect of Notch signaling appears to be complex and
context-dependent, as the loss of Jagged1 suggests the possibility of both trans-inhibitory
and cis-inducing effects on M cells. Consistent with this dual role, preliminary analysis of
mice with intestinal epithelium expression of a constitutively active human Notch
cytoplasmic domain showed no significant effect on PPFAE M cell numbers (not shown);
here it is likely that the Notch signaling was both inhibitory on some cells yet reinforcing in
others, resulting in a balanced effect on total M cell numbers. The possibility of
simultaneous trans-inhibitory and cis-inducing functions of Jagged1 in the editing of PPFAE
M cells is consistent with studies on other Notch ligands; for example, cell-autonomous
Delta-Notch signaling has been implicated in Drosophila hair bristle formation (38).
Considered in aggregate, the effects of Notch signaling appear to insure the scattered
distribution of M cells across the PPFAE (Figure 5), a necessarily dynamic function in the
face of continuous regeneration of the short-lived Peyer’s patch epithelial cells.

If we view the distributed array of M cells across the PPFAE as a type of sensory organ with
a defined tissue pattern (Figure 5A), then Jagged1 and Notch are appropriate candidates for
regulating intestinal crypt production of M cells. A regulated M cell distribution could have
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several benefits. First, the full surface area of the follicle epithelium would be used to
optimum efficiency, with optimum distribution of M cell-specific capture receptors such as
gp2 (39). In addition, the dendritic cells underlying the follicle epithelium would all have
similar opportunity to take up antigens transcytosed by the M cells and present them to
nearby interfollicular zone T lymphocytes. Second, because M cells have a basolateral
pocket containing B lymphocytes, the dispersal of M cells may minimize the disadvantages
of epithelial cells with reduced basement membrane contacts and potential for loss of
epithelial integrity and barrier function.

A third potential benefit of dispersed M cells was raised in our recent studies on particle
uptake by Nasal Associated Lymphoid Tissue M cells (40). We found that the ionic strength
of the dispersion buffer affected M cell-dependent uptake, suggesting a role for electrostatic
forces in M cell function. Since cell membranes and biological particles (e.g., bacteria and
viruses) are nearly always negatively charged, electrostatic repulsion between the
membranes and particles would minimize direct interactions. However, the smooth
(“microfold”) apical membranes of M cells may have lower surface charge relative to
adjacent enterocytes with extensive microvilli, so electrostatic forces might drive particles
toward the M cell membranes. Thus, dispersed M cells surrounded by microvilli-covered
enterocytes may be most effective in taking advantage of both long range electrostatic forces
and short range interactions between capture receptors and target ligands.

The contrast between intestinal villus and Peyer’s patch epithelium organization of
specialized cell types is striking in view of the common contribution of crypt stem cells to
both. We found that while Notch signaling clearly regulates the production of both goblet
cells and M cells, it is the local environment (villus vs PPFAE) that determines whether the
main non-enterocyte produced is a goblet cell or M cell. That is, the proximity to the Peyer’s
patch provides the context that promotes the generation of M cells rather than goblet cells.
In addition, cis-signaling may provide yet additional specificity in a binary choice between
goblet versus M cell phenotype; a speculative hypothesis is that Jagged1 helps support the
M cell lineage while Delta-like 1 provides cis-signaling for nascent goblet cells. In
pathological settings such as inflammatory bowel disease, these context-dependent contrasts
may be important determinants of whether the local crypts are induced to provide additional
goblet cells or M cells.
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Highlights

• Notch and Jagged1 genes were floxed in intestinal epithelium

• Floxed Notch1 caused a doubling of villous goblet cell numbers

• Floxed Notch1 increased both Peyer’s patch M cell numbers and clustering

• Floxed Jagged1 decreased M cell numbers but increased clustering

• In vitro, M cell genes Jagged1 and CD137 were coordinately induced
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Figure 1. Goblet cells on small intestine villi are greatly increased in the absence of Notch1
A. Control villi (single floxed Notch1) stained for goblet cells using Alcian Blue, showing
normal dispersed distribution and density of goblet cells on intestinal villi. (Scale bar: 50
um)
B. FloxNotch/VilCre villi stained with Alcian Blue. Here, there is greatly increased goblet
cell density, with many goblet cells directly adjacent to each other. (Scale bar: 50 um)
C. Quantitation of goblet cell density in wild type and Notch1 conditional knockout villi.
Goblet cell density was measured by goblet cell counts per villous basement membrane
length. The Notch1 conditional knockout villi showed approximately double the density of
goblet cells versus control villi. (single flox Notch N=22; FloxNotch N=15; ***, P<0.0005)
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Figure 2. Peyer’s patch M cells show increased numbers and clustering in floxNotch mice
A. Quantitation of M cell density across Peyer’s patch epithelium, measured by direct
counting of M cells per Peyer’s patch follicle epithelium surface area. Notch1 conditional
knockout Peyer’s patches contained a higher density of M cells. (single flox Notch N=11;
FloxNotch N=10; **, P<0.005)
B. Quantitation of goblet cell density across Peyer’s patch epithelium. In Notch1 conditional
knockout mice, goblet cell density was increased in Peyer’s patch in similar fashion to that
seen in intestinal villi, and in parallel to the increase seen for M cells. (single flox Notch
N=11; FloxNotch N=10; *, P<0.05)
C. Calculation of M cell clustering across Peyer’s patch epithelium. Adjacent cells with
more than 3 microns in direct contiguous contact are considered clustered, and counts show
the proportion of M cells in clustered arrangements. (single flox Notch N=11; FloxNotch
N=10; ***, P<0.0005)
D. Confocal image of Peyer’s patch whole mount showing dispersal of M cells in control
Peyer’s patch and occasional M cell cluster (arrow). (Scale bar: 30 um)
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E. Image showing increased clustering in FloxNotch Peyer’s patch. Clustered M cells with
increased contacts along sides (outlined by dotted lines) are identified with arrows. (Scale
bar: 30 um)
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Figure 3. FloxJagged1 Peyer’s patches have fewer M cells but increased clustering
A. Direct quantitation of M cell density across Peyer’s patch epithelium showed that, in
contrast to Notch1 conditional knockout mice, there were reduced numbers in Jagged1
conditional knockout mice compared to wild type. (single flox Jag1 N=32; FloxJag1
N=32;**, P<0.005)
B. Quantitation of M cell clustering (measured as described for Notch1 conditional
knockout). Despite the decrease in M cell density, Jagged1 conditional knockout Peyer’s
patch epithelium showed increased M cell clustering. (single flox Jag1 N=32; FloxJag1
N=32; **, P<0.005)
C. Confocal image of FloxJagged1 Peyer’s patch whole mount showing M cell clustering
(outlined by dotted lines, arrows). Two goblet cells are identified with black asterisks. (Scale
bar: 25 μm)
D. Goblet cell density counts showed a slight reduction in Jagged1 conditional knockout
Peyer’s patch compare to wild type, though not as strong as the reduction in M cell density.
(single flox Jag1 N=32; FloxJag1 N=32; *, P<0.05)
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Figure 4. Studies on Caco-2BBe cell gene expression show coordinate regulation of M cell genes
Jagged1 and CD137
A. TNFα plus LTβR agonist (“Cytokine”: 100ng/ml TNFα and 5μg/ml of LTβR agonist
antibody) induced upregulation of Jagged1 with no additional influence of soluble CD137L
agonist. (t-test analysis; **, P<0.005)
B. Confocal images of untreated Caco-2BBe cells stained for CD137 (green) and Jagged1
(red). Nuclei are blue. (Scale bar: 30 μm)
C. Confocal images of cytokine treated Caco-2BBe cells shows upregulation of CD137
(arrows), but there is no co-localization of CD137 (green) with Jagged1 (red). (Scale bar: 30
μm)
D. Cytokine treatment of Caco-2BBe cells induces expression of CD137, but expression
shows a dose-dependent inhibition by the Notch signaling inhibitor DAPT. One tailed paired
t- test comparing DMSO control to 100μm DAPT was significant (P<0.05).
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Figure 5. Model of Jagged-Notch interactions and M cell patterns in Peyer’s patch epithelium
A. A low magnification view of the overall distribution of M cells (green) across Peyer’s
patch follicle epithelium. Note that at this low magnification, dispersion of M cells derived
from crypt stem cell progenitors is evident, though the rare M cell clusters are not as visible.
B. Simplified cartoon model of M cell editing by Jagged1 and Notch interactions, indicating
a possible role for Jagged1 in both lateral inhibition of M cell development and cis-
reinforcement of M cell lineage decisions.
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