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intestine. Unlike common enterocytes, M cells lack an organized apical brush border, and are able to
transcytose microparticles across the mucosal barrier to underlying antigen-presenting cells. We
found that in both the dextran sodium sulfate and Citrobacter rodentium models of colitis, significantly
increased numbers of Peyer’s patch (PP) phenotype M cells were induced at the peak of inflammation in
colonic epithelium, often accompanied by loosely organized lamina propria infiltrates. PP type M cells
are thought to be dependent on cytokines, including tumor necrosis factor (TNF)-a and receptor
activator of nuclear factor kappa-B ligand; these cytokines were also found to be induced in
the inflamed tissues. The induction of M cells was abrogated by anti—TNF-a. blockade, suggesting that
anti—TNF-a therapies may have similar effects in clinical settings, although the functional conse-
quences are not clear. Our results suggest that inflammatory cytokine-induced PP type M cells may be a
useful correlate of chronic intestinal inflammation. (Am J Pathol 2016, 186: 1166—1179; http://
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M cells are a specialized subset of epithelial cells that play a
central role in mucosal immune surveillance, by actively
capturing and transporting luminal microbial particulates to
underlying immune cells, where mucosal-mediated immu-
nity is generated." M cells are distinct from surrounding
enterocytes, in that they lack an organized apical microvilli
brush border, a feature that has been inversely correlated with
their efficiency in luminal microparticle binding.” Most M
cells [Peyer’s patch (PP) type M cells] are found in the
follicle-associated epithelium overlying organized lymphoid
follicles, such as PP in the small intestine and nasopharynx-
associated lymphoid tissue; a distinct M cell phenotype is the
inducible villous M cell in the small intestine.”* In contrast to
villous M cells, the PP type M cells are associated with
organized lymphoid follicles with an established stromal cell
network.”® During organogenesis, proinflammatory cyto-
kines, such as tumor necrosis factor (TNF)-o. and lympho-
toxin-f, induce NF-«kB stromal cell expression of a series of
chemokines, including chemokine (C-C motif) ligands 19
and 21 and CXCL13, which facilitate the accumulation/
maintenance of the lymphoid follicle.” The cytokine receptor
activator of nuclear factor kappa-B ligand (RANKL) has also

been implicated in M cell development, because blockade of
this ligand decreases PP M cell numbers.’*

The M cell differentiation program is driven by cytokines
provided by the underlying immune lymphoid cells within
the follicle, directly influencing the adjacent crypt stem
cells.* 'Y Consistent with this notion, our studies found that
treatment of the intestinal epithelial cell line with TNF-a.
and lymphotoxin-BR agonist resulted in the induction of M
cell—associated genes.'' Because these cytokines are also
found in inflammatory settings, inflammatory signals may be
sufficient to induce M cell development. Interestingly, villous
M cells, although not associated with follicle-associated
epithelium, are also induced by inflammatory stressors, like
cholera toxin.>'*'* Thus, M cell development and function,
regardless of phenotypic subset, seems to be intimately tied to
local production of inflammatory cytokines.
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M Cells in Colitis

Intestinal inflammation, as with inflammatory bowel disease
(IBD), which includes Crohn’s disease (CD) and ulcerative
colitis (UC), is predictably associated with production of in-
flammatory cytokines. UC and CD appear to have differing
etiologies; UC is characterized by colonic inflammation driven,
in part, by type 2 T helper cell (Th2) cytokines, whereas CD
inflammation extends into the small intestine and is driven by
Thl cytokines.'"'> Both conditions are characterized by
elevated TNF-o levels'®!”; accordingly, the current standard
clinical treatment for both UC and CD is anti—TNF-a
blockade.'®'? Anti—TNF-o. therapies have not been universally
effective; it remains unclear how efficacious they are for pro-
longed periods and whether they are more beneficial for the
treatment of CD versus UC.”" %

Because similar cytokines may drive both inflammation and
M cell development, we tested whether M cells would be
induced in colonic epithelium during inflammation and
whether this is related to increased TNF-a production. We
made use of a reporter mouse in which the promoter for the
gene encoding peptidoglycan recognition protein-short
(PGRP-S; official gene name PGLYRPI) drives expression
of dsRed in both neutrophils and M cells.'>** Previous studies
from our laboratory found that PGRP-S expression was
restricted to follicle-associated M cells (ie, PP-M cells) and not
villous M cells, which are a result of transdifferentiation.'> In
two models of colonic inflammation, we found significant
induction of PP-type M cells in the large intestine, and in one
model, M cell induction was abrogated by treatment with
anti—TNF-o blockade. Although it is not yet clear what role
the induced colonic M cells play in pathogenesis or immune
regulation, these results may have relevance to the use of
anti—TNF-a blockade in clinical settings.

Materials and Methods
Mice

Wild-type C57BL/6, CX3CRl-enhanced green fluorescent
protein (EGFP) knock-in (CX3CR1™™M%YT), and B-cell—
deficient IgH-6 (IgH6"™ " or Ighm"™' “€") mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). PGRP-S—
dsRed (referred to as PGRP-S™) mice were generated as previ-
ously described.”” PGRP-S* were crossed with CX3CRI-
EGFP** and, where indicated, PGRP-S—dsRed " x CX3CRI-
EGFP™ (referred to as PGRP-STCX3CR1"') were used.
PGRP-S mice were backcrossed for 12 generations with IgH-6
BALB/c mice (referred to as PGRP—S+IgH6KO). All mice used
were <4 months old and were bred in the University of Cali-
fornia, Riverside, vivarium under specific pathogen-free condi-
tions and were handled in accordance with Institutional Animal
Care and Use Committee and NIH (Bethesda, MD) guidelines.

DSS

Dextran sodium sulfate (DSS; mol. wt. 36,000 to 50,000,
MP Biomedicals, Solon, OH) was added to the drinking
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water at 5% (w/v) during the course of the experiment. The
mice were monitored daily for signs of morbidity (piloer-
ection and lethargy), weight loss, and rectal bleeding.”>**°
Age-matched mice administered normal drinking water
were used as controls.

Citrobacter rodentium Infection Model

Mice were infected by oral gavage with a 0.2-mL culture
containing approximately 2.6 x 10® GFP reporter Citrobacter
rodentium (containing a chloramphenicol resistance gene) in
Luria broth.”” To enumerate the bacteria, fecal pellets were
weighed and homogenized in phosphate-buffered saline (PBS);
serial dilutions were plated onto MacConkey agar plates
(Sigma-Aldrich, St. Louis, MO) and incubated overnight at
37°C. Bacterial colonies were counted the next day.

Anti—TNF-o. Blockade

Mice were given either DSS in their drinking water or control
water. Mice were then given three i.p. injections containing 100
ng of a functional-grade anti-mouse TNF-a (eBioscience, San
Diego, CA) at days D 0, 3, and 5 of DSS treatment. These mice
were also assessed daily for signs of colonic distress.

Tissue Pathology and Histological Analysis

Mice were sacrificed, and colons were excised and split via a
longitudinal incision. Colons were rinsed with PBS, rolled
distal to proximal, and transected with a 27-gauge needle.
Tissue was then placed into a specimen cup containing Bouin’s
fixative (Sigma-Aldrich) and allowed to fix for 3 hours. The
samples were then washed several times using 70% ethanol to
remove excess fixative. These samples were then processed for
hematoxylin and eosin staining. Finally, blinded clinical scoring
was performed according to the following criteria: crypt
hyperplasia,' > inflammation,'  and ulceration.'

Immunohistochemistry

Colons were excised and rolled. Tissue was placed in 4%
paraformaldehyde (PFA; Electron Microscopy Sciences,
Hatfield, PA) and 30% sucrose (Thermo Fisher Scientific,
Waltham, MA)-PBS solution for 2 hours. Cryostat sections
were treated with 0.5% Tween-20 in PBS (Thermo Fisher
Scientific), washed 3x in 0.1%Tween/PBS and then blocked
using 0.1% Tween-20 in casein solution (Thermo Fisher
Scientific). Primary antibodies, goat anti-mouse CXCL13
(R&D Systems Minneapolis, MN), rat anti-mouse ER-TR7
(AbD Serotec, Raleigh, NC), rat anti-mouse GP2 (MBL,
Woburn, MA), and biotin-conjugated Ly6G and B220
(eBioscience) were then added diluted in blocking solution,
and samples were again washed. Secondary antibodies were
Alexa Fluor 488 (donkey anti-rat; Life Technologies, Carls-
bad, CA), Alexa Fluor 647 (donkey anti-goat A21447 and
chicken anti-rat; Life Technologies), and streptavidin Alexa
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Fluor 647 (Life Technologies). Tissue was again washed, post-
fixed with 4% PFA in PBS, and mounted with Prolong Gold
antifade reagent (Life Technologies) containing DAPI,
which was used as a nuclear counterstain. Images were ob-
tained by using a BD Carvll spinning-disk confocal imager
(BD Biosystems, San Jose, CA) attached to a Zeiss Axio
Observer inverted microscope (Carl Zeiss, Thornwood, NY).
Hardware, including the confocal microscope and digital
camera (Qimaging Rolera EMCz, Surrey, BC, Canada), was
controlled by Metamorph imaging software version 7.7.9.0
(Molecular Devices, Sunnyvale, CA). Images were further
optimized by using Volocity deconvolution software version
6.1 (PerkinElmer, Waltham, MA).

Whole Mount Tissue Preparation and M Cell Counts

Colons were opened longitudinally, laid out flat, and placed
into a petri dish containing 4% PFA and 30% sucrose-PBS
solution for 2 hours on ice. The samples were washed and
placed into a solution containing 150 mmol/L Tris-HCI, pH 8
(Thermo Fisher Scientific), 2 mmol/L. dithiothreitol (Life
Technologies), and 20% ethanol for 45 minutes. Samples were
again washed and cut into 0.5-cm pieces, and placed onto a
glass slide, where a gasket was generated using two binder
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Figure 1 Disease course with dextran sodium
sulfate (DSS) colitis. A: DSS treatment protocol: 5%
DSS w/v was given to peptidoglycan recognition
protein-short (PGRP-S)—dsRed transgenic mice ad
libitum for 7 days. B: Transgenic mice treated with
DSS show a significant weight loss compared with
control (Ctrl) animals. Data assessed by unpaired
t-test. C: DSS-treated mice show significant reduction
in colon length, with data assessed by unpaired
t-test. D: Hematoxylin and eosin staining indicating
inflammation, ulceration, and loss of crypt architec-
ture (arrows) in DSS-treated mice. Blinded pathology
scoring (M.G.N.) indicates increased pathology in
DSS-treated animals; data assessed by unpaired
t-test. Data represent means + SEM (B—D). n = 3
mice per group (B); n = 5 mice per group (C); n = 3
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reinforcements placed on top of one another. The samples were
mounted with Prolong Gold antifade reagent (Life Technolo-
gies), and a coverslip was held in place by putty. Tissues were
allowed to cure overnight and imaged. The number of M cells
was quantified by setting limits on both size and intensity using
Volocity software. Each group contained three mice; four to six
0.5-cm pieces of tissue were used per mouse, and three to five
randomly chosen frames were taken per piece of tissue. Images
were taken at x40 magnification with an x and y dimension of
100 pm (tissue surface area per image was 10,000 pm?). The
number of M cells per image was quantified by setting limits on
both size and intensity using Volocity software to exclude
neutrophils and image noise, and visually confirmed by eye.
Objects <115 um? were excluded to prevent counting dsRed ™
neutrophils, objects >2500 pum?> were excluded, so closely
associated M cells were not counted together, and objects
crossing Z-stack image boundaries were excluded as not whole
cells. Data points recorded in the figures were the number of M
cells per 10,000 pm?® randomly sampled image.

Scanning Electron Microscopy Fixation and Viewing

Colons were fixed with 2.5% glutaraldehyde solution (Ted
Pella, Redding, CA) for 2 hours. Samples were then washed in
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Figure 2  Scanning electron microscopy scans of colonic epithelium.
A: Typical surface morphology of M cells (circles in left panel) against a
background of uniform enterocytes, corroborated by an image from
three-dimensional electron microscopy (right panel), showing an apical
surface with thick disorganized projections characterized as fat micro-
villi (arrows in right panel) distinguished from neighboring compact
brush border (arrowheads), which can also merge into a smooth apical
surface. B: Morphology of goblet cells (circles), showing surface bumps
from apical mucus granules. C: Lower magnification of typical colonic
patch (dotted line), found deep within a fold in the colonic surface. D:
Higher magnification showing dense arrangement of colonic patch M
cells with varying morphologies (asterisks). E: Goblet cells (red arrows)
and M cells (white arrows) across the surface of control and dextran
sodium sulfate (DSS)—induced colonic epithelium.

double-distilled water, and 4% osmium tetroxide (Ted Pella)
was added for 30 minutes. Samples were then gradually
dehydrated in 25%, 50%, 75%, 90%, and 100% ethanol for 5
minute intervals. Dehydrated samples remained immersed in
100% ethanol. Critical-point drying was performed by using a
Balzar critical-point dryer. Samples were then mounted onto

pin stub mounts (Ted Pella) with carbon-coated conductive tape
and finally sputter coated with platinum/palladium for 60 sec-
onds (Cressington 108 Auto sputter coater). The samples were
viewed by XL-30 Field Emission Gun scanning electron mi-
croscope at 10 kV. Electron microscopy of the cross section of
an M cell was performed using the 3D-EM Zeiss Sigma VP
scanning electron microscope (Carl Zeiss), on mouse PP tissue
(Renovo Neural, Inc., Cleveland, OH).

Whole Intestine Imaging

Mice were euthanized and colonic tissue was excised and
opened longitudinally. The tissues were imaged on the Texas
Red channel using the iBox Explorer imaging microscope
(UVP, Inc., Upland, CA). Images were then pseudocolored to
show dsRed fluorescence signal. Tissues from treated and
control animals were imaged side by side and thus treated the
same.

Quantitatve PCR

A 1-cm piece taken from both the distal and proximal colon
was flash frozen in liquid nitrogen and stored at —20°C until
used. Colonic tissue RNA was isolated by Trizol (Invi-
trogen, Carlsbad, CA) in accordance with the manufac-
turer’s instructions. RNA from DSS-treated animals was
further processed after initial Trizol precipitation on the
basis of an earlier described method.”® Briefly, the precip-
itated RNA was suspended in RNAase-free water and then
incubated with 0.1 volume of 8 mol/L lithium chloride
(Sigma-Aldrich) for 2 hours on ice, then centrifuged for 30
minutes at 14,000 x g, then suspended in RNAase-free
water; this was repeated once more. The RNA was precip-
itated at —20°C for 30 minutes, in 0.1 volume of 3 mol/L
sodium acetate (pH 5.2) and two volumes of 100% absolute
ethanol. RNA was again centrifuged and washed once with
70% ethanol and finally dissolved in 50 pL of RNAse-free
water. RNA was reversed transcribed into cDNA using
Super Script III First Strand synthesis kit (Invitrogen) in
accordance with the manufacturer’s protocol. cDNA was

Table 1  Scanning Electron Microscopy Scans of Colon
Variable M cell M cell Goblet Goblet Uncertain Uncertain
Microvilli morphology 1: Bare and  2: Fat microvilli ~ 3: Bare and  4: Fat microvilli ~ 5: Fat microvilli 6: Fat microvilli
smooth and smooth bumpy and bumpy and organized and disorganized
surface
DSS treated (scanning 4.06 (1.6) 9.61 (2.8) 22.3 (4.3) 63.7 (7.2) 18.4 (5.1) 24.2 (6.3)
electron microscopy)
Water control (SEM) 2.83 (1.3) 6.47 (1.8) 7.24 (2.8) 36.1 (6.4) 24.0 (6.9) 12.8 (4.4)
P value 0.56 0.35 0.0057* 0.0075* 0.52 0.15

Data presented as cells per 20,000 mm?. Blinded scanning electron microscopic images (six images from each of the three mice per treatment group) were
scored by one observer into six morphological categories. DSS treatment is 5% for 7 days. Counts indicate increases in goblet cells and slightly increased M

cell—like cells but also uncertain types.
*P < 0.05.
DSS, dextran sodium sulfate.
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Figure 3  Colonic patch and dextran sodium sulfate (DSS)—induced M cell expression of peptidoglycan recognition protein-short—dsRed transgene reporter.
A: dsRed™ epithelial cells overlying normal colonic patches, stained for GP2 (green). B: dsRed ™" epithelium in Peyer’s patches in the small intestine of DSS-treated
mice, stained for GP2 (green). C: Whole tissue false-color fluorescence images of colon in DSS-treated mice showing induction of dsRed reporter. D: Confocal image
of lamina propria showing infiltrating dsRed™ neutrophils (inset) that are also Ly6G* (orange), whereas dsRed " epithelial cells are Ly6G negative. E: Most epithelial
dsRed™ cells are positive for gp2 (green), confirming their identity as M cells. Dotted lines in B, D, and E indicate the epithelial basement membrane.

analyzed by real-time PCR using SYBR Green technology CTGACGGT-3' (reverse); dsRed, 5'-AACGGCCACGAGT-
(Applied Biosystems, Foster City, CA). TCGAGAT-3" (forward) and 5'-CACTTGAAGCCCTCGG-

Primers used were as follows: TNF-a, 5'-ACGTCGTAG- GGAA-3' (reverse); lacto 5-TCCGCCAGTCACAGGAGA-
CAAACCACCAA-3 (forward) and 5'-ATAGCAAATCGG- AGT-3' (forward) and 5'-CACCATGTGACCCGGGCCTT-3’
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Figure 4  Quantitative PCR (qPCR) assays for tissue expression of

cytokine and cell-specific gene transcripts in dextran sodium sulfate
(DSS) colitis. A: gPCR was used to detect M cell—associated genes
expressed during colonic inflammation. DSS-treated animals show up-
regulation of tumor necrosis factor (TNF)-a, dsRed, lactoferrin, and
GP2 compared with control (Ctrl). ALl DSS-treated values are signifi-
cantly increased relative to water control (P < 0.05) by one-tailed
Mann-Whitney test. B: gPCR assay for tissue expression of RANKL
also shows induction by DSS treatment of both BALB/c and peptido-
glycan recognition protein-short (PGRP-S)—dsRed transgenic mice;
both are significantly increased relative to water control (P < 0.05) by
one-tailed Mann-Whitney test. Data represent means + SEM (A). n = 3
mice per group (A). RANKL, receptor activator of nuclear factor kappa-
B ligand.

(reverse); and gp2 5'-CACTGGGCAGGGAGGAAGGAT-3'
(forward) and 5-TTCCTGGGCCTCCCATAACCTTG-3'
(reverse).

The hypoxanthine guanine phosphoribosyltransferase
primer was used as the reference housekeeping gene, as
reported.’’ The AACT method was used to determine the
fold induction for each gene.

For quantitative PCR (qPCR) of RANKL transcripts,
colonic RNA was resuspended in RNAase-free water,
incubated with 0.3 volume of 8 mol/L lithium chloride
(Sigma-Aldrich) for 2 hours at —20°C, and centrifuged for
30 minutes at 16,000 x g. The RNA pellet was dissolved in
RNAase-free water, and the lithium chloride precipitation
was repeated. Then, the RNA was precipitated with 0.1
volume of 3 mol/L sodium acetate (pH 5.2) and three vol-
umes of 100% absolute ethanol for 2 hours at —80°C. The
RNA was centrifuged, the pellet was washed twice with
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70% and 75% ethanol, and finally dissolved in 30 pL of
RNAse-free water.

RNA was reversed transcribed using the Verso cDNA Kit
(Thermo Fisher Scientific) in accordance with the manu-
facturer’s protocol.

Primers used were as follows: RANKL, 5-AGCATCC-
CATCGGGTTCCCA-3 (forward) and 5'-GCCCGACCA-
GTTTTTCGTGCT-3’ (reverse); and hypoxanthine guanine
phosphoribosyltransferase, 5'-CCCTCTGGTAGATTGTC-
GCTTA-3' (forward) and 5-AGATGCTGTTACTGATA-
GGAAATCGA-3' (reverse).

Quantitative Cytokine Enzyme-Linked Immunosorbent
Assays

Atnecropsy, 1 cm distal colonic tissue was excised, flash frozen
in liquid nitrogen, and stored at —20°C until used. Tissue was
mechanically homogenized in a solution containing 0.05%
sodium azide, 0.5% Triton-X 100 (Sigma-Aldrich), 1x prote-
ase inhibitor cocktail, and 1 mmol/L phenylmethylsulfonyl
fluoride. TNF-a, IL-1, IL-6, and IL-10 ready-set-go enzyme-
linked immunosorbent assay kits (eBioscience) were used to
quantify the level of each cytokine in accordance with the
manufacturer’s instructions.

Mice were anesthetized by i.p. injection of avertin (tri-
bromoethanol in tert-amyl alcohol). Once the mouse was
unconscious, a small 1-cm incision at the xiphoid process
was made, using dull forceps, and the cecum was exposed.
A total of 5 x 10® bacteria were injected just below the
cecum and allowed to incubate for 30 minutes, and the
bacteria used were Yersinia enterocolitica (kindly pro-
vided by Joan Mecsas at Tufts University, Boston, MA).
Mice were then sacrificed, and colons were excised and
rolled. The tissue was fixed with 4% PFA and 30% sucrose
in PBS solution for 2 hours and frozen in OCT (TissueTek;
Thermo Fisher Scientific). Samples were cryosectioned
and imaged using a confocal microscope, as mentioned
previously. An image was taken every time dsRed™ M
cells were seen, maintaining spatial locations, to minimize
double counting. Bacteria were enumerated for every red
M cell region using Volocity software, and size and in-
tensity limits were set.

Statistical Analysis

Results represent the means &= SEM of individual animals
or replicate wells. Normality of the data values was
checked, and the unpaired #-test was used to compare two
groups. For qPCR, a one-tailed Mann-Whitney test was
used to compare fold-increased values of DSS-treated
versus water control. All graphs and statistical calcula-
tions were performed by using GraphPad Prism version
5.04 (GraphPad Software, La Jolla, CA). P < 0.05 was
considered statistically significant.
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Results

Epithelial Cell Changes in the Colon during
DSS-Induced Inflammation

The main question addressed in this study is the possibility of
M cell induction in the inflamed colon. We first studied the
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Figure 5 Colonic M cells associated with
poorly organized follicles. A: CXCL13 expression
in small intestine Peyer's patch (PP) and colon
infiltrates. Images show CXCL13 staining of PP in
control (Ctrl; left panels) and dextran sodium
sulfate (DSS)—treated (middle panels) animals,
respectively. CXCL13 staining is strong in Peyer’s
patch of control and DSS-treated animals. Right
panels: Colonic infiltrates below induced M cells
are essentially devoid of CXCL13. B: Staining of
colon infiltrates shows relative paucity of B220™"
B cells underlying induced dsRed™ M cells,
consistent with low CXCL13 expression. C: ER-TR7
is a marker of reticular fibroblasts associated with
the Peyer's patch stromal network. Left and
middle panels: ER-TR7 staining of Peyer’s patch
in water and DSS-treated animals, respectively.
Right panels: ER-TR7 identifies a few cells among
colonic infiltrates of DSS-treated mice. Dotted
lines indicate basement membrane to show
relationship between epithelium and underlying
infiltrates.

DSS model of colitis,>>>® which mimics some of the clinical
and histological features of human IBD. During the 7-day
course of DSS treatment, mice showed consistent weight
loss and colonic inflammation associated with histological
changes and shortening of the colon (Figure 1, A—D).

To develop an objective method to assess mucosal
epithelium changes during inflammation, we performed

ajp.amjpathol.org m The American Journal of Pathology
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Figure 6

Anti—tumor necrosis factor (TNF)-o abrogates M cell induction during dextran sodium sulfate (DSS) treatment. A: Schematic representation of

the dual treatment of DSS and anti—TNF-o in this study. B: Reduction of TNF-a in anti—TNF-a—treated animals is confirmed using enzyme-linked immu-
nosorbent assay. DSS-treated animals show increased TNF-a levels in the colon compared with controls; mice given anti—TNF-a during DSS show undetectable
levels of TNF-a.. Data assessed by unpaired t-test. C: M cell induction is abrogated by anti—TNF-o on the basis of counts of confocal imaging of epithelial
dsRed™ cells: DSS induces significant numbers of M cells compared with control (Ctrl), whereas anti—TNF-o—treated animals show reduced M cell induction,
not significantly different from control. Counts were from individual confocal micrographs. Statistics were determined by unpaired t-test. Data are given as
means + SEM (B and C). n = 4 to 6 mice per group (B). **P < 0.01, ***P < 0.001, and ****P < 0.0001. ND, not detectable; PGRP-S, peptidoglycan

recognition protein-short.

surface area scans of colonic epithelium using scanning
electron microscopy. The dominant identifiable cells in the
epithelium are enterocytes, with scattered goblet cells and M
cells. These latter two cells are morphologically distinct from
the smooth background of enterocytes, and stand out as iso-
lated cells breaking the smooth pattern of the background
microvilli brush border. Our identification of M cells versus
goblet cells was dependent on surface features and correlates
with known transmission electron microscopy—based char-
acteristics. Thus, in addition to the absence of a compact
apical brush border, goblet cells have recognizable surface
bumps from the apical mucus granules, whereas M cells have
either a smooth surface or disorganized thick microvilli
(Figure 2, A and B). Under normal conditions, M cells in the
colon are limited to colonic patches’ '; unlike the much
larger PPs in the small intestine, they are found densely ar-
ranged over small follicles lying deep in folds of colonic tissue
(Figure 2, C and D).

On the basis of random electron microscopy scans of colon,
DSS treatment induced an apparent increase in M cells,
although often they were isolated cells not associated with
identifiable colonic patches (Figure 2E). Therefore, to assess the
overall induction of M cells, blinded observers (including
K.M.B. and M.G.N.) were asked to assay the density of M cells
and goblet cells in control and DSS-treated mice from electron
microscopy scans of control and DSS-treated colon. For con-
sistency, the distal colon was used for these assays, in part
because colonic patches were already present for comparison in
control colonic tissue. Observers were able to characterize

The American Journal of Pathology m ajp.amjpathol.org

many of these cells as M cells versus goblet cells, but unfor-
tunately many cells could not confidently be placed in either
category and so were placed in intermediate undefined cate-
gories. Table 1 shows representative data (from one observer),
showing that despite the undefined categories, there was a
highly significant increase in the density of goblet cells in DSS-
treated mice. There was a slight increase in clearly identifiable
M cells in DSS-treated mice, but the increase was not statisti-
cally significant, perhaps in part because overall numbers were
so much lower than both goblet cells and undefined cells. Thus,
although DSS appeared to induce a strong increase in goblet cell
density, it could not be unequivocally established whether M
cell numbers were increased. This might be compounded by the
inability of scanning electron microscopy to visualize cells deep
in the folds of the tissue, possibly missing induced colonic
patches.

The identification of M cells in mucosal epithelium is
limited to only a few methods, including transmission electron
microscopy,””** which is not quantifiable in whole tissue, and
scanning electron microscopy, as shown herein. In the mouse,
identification of M cells can rely on detection of a fucose
moiety (eg, lectin UEA-1 binding) on the surface of both PP
and villous M cells.*® However, because terminal fucose can
also be a feature of immature glycoproteins and mucus in
goblet cells, this can be an unreliable marker, especially in the
colon. Moreover, there are no other lectins that can identify
more than only a subset of M cells in the colon.””

A few genes have also been identified as specific for
expression in M cells, including the genes gp2’° and
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PGRP-S.”’ Unfortunately, antibody staining for the gp2
protein has, in our hands, been of limited use in quanti-
tative analysis to its variable staining of intracellular
granules.'” Therefore, we have instead used a transgene
reporter with the PGRP-S promoter driving expression of
the dsRed coding sequence (PGRP-S—dsRed transgenic
micelz); this transgene is expressed in mouse M cells (and
in neutrophils), and in the nasopharynx-associated
lymphoid tissue and PP epithelium showed nearly 100%
coincidence with UEA-1 lectin binding. Expression of the
PGRP-S—dsRed transgene therefore appears to provide a
reasonable M cell marker in the colon as well; we found it
was expressed strongly specifically in a subset of colonic
patch epithelium (Figure 3A) similar to expression in
follicle epithelium of small intestine PPs (Figure 3B).

We surveyed the induction of dsRed™ epithelial M cells
in the small intestine and colon of control and DSS-treated
mice, and found significant increases in M cell numbers. We
used several different methods to quantify M cell induction.
Histologically, we used whole mounts of colonic tissue to
survey the surface of the epithelium and count M cells over
a specific area, and in separate studies we took cross sec-
tions of tissue to count the numbers of M cells per length of
the cross-sectional epithelium. In the DSS-treated colon,
whole tissue imaging showed significant increases in the
expression of dsRed (Figure 3C), which includes the dsRed
in infiltrating neutrophils expressing Ly6G in the lamina
propria (Figure 3D), but also epithelial M cell induction
(Figure 3E). These epithelial dsRed™ cells also stained
positive for the M cell protein gp2, and negative for the
neutrophil marker Ly6G (Figure 3D).

Assays for gene expression in the colon showed the in-
duction of inflammatory cytokines and genes associated with
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Figure 7 Despite reduced M cell induction,
clinical course of disease is not reduced by anti—
tumor necrosis factor-a (TNF-a) treatment. A:
Under the shown conditions, weight loss is not
abrogated by treatment. B: Whole tissue imaging
of colon shows persistence of dsRed signal
despite anti—TNF-o treatment, probably because
of persistent dsRed™ neutrophil infiltration. C:
Histopathology is not significantly affected by
anti—TNF-a treatment. Hematoxylin and eosin
staining shows inflammation, ulceration, and loss
of crypt architecture (arrows) in dextran sodium
sulfate (DSS)—treated mice. D: Blinded pathology
scoring indicates severe pathology in anti—TNF-o—
treated animals compared with control. Data were
assessed by unpaired t-test. Data represent the
means = SEM (D). n = 3 mice per group (D).
*P < 0.05, **P < 0.01, and ***P < 0.001. Ctrl,
control.
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neutrophil infiltration and M cell induction (Figure 4). qPCR
assays showed expression of the neutrophil-associated gene
lactoferrin, the M cell protein gp2, and the transgene reporter
dsRed. In addition, the cytokine TNF-a and RANKL were
also increased in the colonic tissue. In sum, histological
surveys, transgene reporter expression, and gene transcript
data altogether confirm that M cells are induced in the colon
of DSS-treated mice.

Induced Colonic M Cells and Relationship to Organized
Lymphoid Tissue

Conventional small-intestinal M cells are found overlying
organized lymphoid tissues, such as PP and isolated
lymphoid follicles (ILF); upper airway M cells are similarly
associated with nasopharynx-associated lymphoid tissue. By
contrast, villous M cells are not obviously associated with
any lymphocyte aggregates and can be found as clusters at
the tips of intestinal villi or as isolated sporadic cells. In the
colon, DSS-induced inflammation is far less organized with
both neutrophil and lymphocytic infiltrates. The distribution
of induced dsRed™ M cells includes both sporadic isolated
cells and small clusters, so we looked for organized
lymphoid tissues that may resemble PP of ILF.

Organized lymphoid tissues are characterized by the
presence of densely packed B cell follicles around CXCL13™"
stromal cells and a network of ER-TR7™ reticular fibroblasts
providing a scaffold for the lymphoid cells (Figure 5A).
Colonic infiltrates in DSS-treated mice had far fewer B220™
B cells (Figure 5B). In the colon of DSS-treated mice, some
expression of CXCL13 and ER-TR7 was detectable
(Figure 5C), though not with the compact organization nor
intensity seen in conventional PP and ILF. These results
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Intestinal inflammation caused by Citrobacter rodentium induces colonic M cells. A: Schematic depiction of C. rodentium infection used in this

study. B: Representative scanning electron micrograph further confirming the induction of colonic M cells in C. rodentium—infected mice at day (D) 6 and D10
after infection. Arrows indicate M cells. C: Representative confocal micrographs indicate the presence of dsRed® M cells in the colonic epithelium of
C. rodentium—infected mice at D6 and D10 after infection. Dotted lines indicate the epithelial basement membrane. D: M cell numbers quantified using whole
mount tissue imaging. Graph shows M cell numbers increase at D6 and D10 after infection compared with naive mice. Data are assessed by unpaired t-test. Data
represent the means & SEM (D). n = 3 mice per group (D). **P < 0.01. PGRP-S, peptidoglycan recognition protein-short.

suggest that induction of M cells may be because of a direct
influence of infiltrating cells on colonic crypt stem cells, even
in the absence of well-organized lymphoid follicles.

Anti—TNF-o. Abrogates M Cell Induction

Our previous studies showed that treatment of the colonic
carcinoma cell line Caco-2BBe with inflammatory cytokines
(TNF-o. plus lymphotoxin-BR agonist) induced some M
cell—associated gene transcripts,'' so it was possible that
DSS-induced M cells were also dependent, in part, on TNF-o.
This is of particular interest because clinical therapy of IBD
often involves TNF-a blockade. DSS-treated mice showed
increased levels of TNF-a by qPCR (Figure 4). Injections of
anti—TNF-o antibody on days 0, 3, and 5 of DSS treatment
were effective in reducing detectable tissue TNF-a levels
(Figure 6, A and B).

Using quantitative histological assays, we found that
the anti—TNF-a antibody treatment also effectively
blocked the induction of dsRedt M cells in the colon
(Figure 6C). Thus, although parallel requirements for
other cytokines (eg, RANKL or lymphotoxin) may also
be present, M cell induction in the colon appears to be, in
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large part, dependent on the presence of TNF-a. Inter-
estingly, at least in this version of the DSS colitis model
(a relatively high dose), anti—TNF-a antibody treatment
had minimal effects on the clinical and histopathological
development of disease (Figure 7, A—D). This suggests
that at this DSS dose, the clinical effects were not solely
dependent on TNF-a; in contrast, the tissue responses
leading to M cell induction are apparently more closely
tied to the cytokines in the tissue environment, especially
TNF-a.

Infectious Colitis Caused by C. rodentium Also Induces
Colonic M Cells

Although the exact mechanism of IBD pathology remains
elusive, evidence suggests that intestinal inflammation
is driven by dysregulated immune responses directed
against the microbiota.>® So, to test whether the induction
of M cells is a general phenomenon of intestinal inflam-
mation, we also used C. rodentium, an infectious model
of colonic inflammation. Citrobacter rodentium belongs
to the group of attaching and effacing bacteria and is a
murine homolog of enterohemorrhagic Escherichia coli
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and enteropathogenic E. coli, which are major causative
agents of diarrheal diseases.”’ Moreover, C. rodentium
inflammation is driven by both robust Thl and Thl7
responses.”” "~ *" We wanted to determine whether M
cells were also induced in the colon at the peak of
C. rodentium infection (days 6 and 10). Mice infected
with C. rodentium (Figure 8A) exhibited high bacterial
burdens at days 6 and 10 after infection. At day 6 and day
10 after infection, mice had the expected severe crypt
hyperplasia, and moderate reduction in colon length
compared with naive animals.

Infected mice at both day 6 and day 10 after infection
showed the presence of dsRed" M cells within the colonic
epithelium, evidenced by scanning electron microscopy
(Figure 8B) and confirmed by confocal microscopy
(Figure 8C). Quantification of M cell induction at day 6 and
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Figure 9  Detection of cytokine and cell-specific

genes in Citrobacter colitis. A: Colonic epithelium
showing induction of both dsRed and M cell—specific
marker GP2. B: Quantitative PCR was used to identify
M cell genes induced during intestinal inflammation.
Day (D) 6 and D10 infected animals show
up-regulation of tumor necrosis factor (TNF)-o,
dsRed, lactoferrin, and GP2 compared with naive an-
imals, comparable to those seen in dextran sodium
sulfate—treated animals. C: Induced M cells in C
rodentium infected mice are associated with poorly
organized infiltrates compared with Peyer’'s patches
(PP); in D6 and D10 infected mice colonic follicles
stained weakly positive for ER-TR7. Dotted Llines
indicate basement membrane to show relationship
between epithelium and underlying infiltrates. Data
represent the means + SEM (B). n = 4 mice per group
(B). eGFP, enhanced green fluorescent protein.

day 10 after infection using whole mount tissue imaging
revealed increased M cells numbers compared with their
naive controls (Figure 8D).

To further study the parallels between DSS and C.
rodentium models of colonic inflammation in the context of
M cell induction, we studied the regulation of M cell and
neutrophil related genes. Consistent with M cell induction, we
again saw up-regulation of the M cell—specific transcripts for
gp2 at both day 6 and day 10 (Figure 9A). Similar to the DSS
model, we saw up-regulation of transcripts encoding TNF-a,
dsRed, and lactoferrin, at both days 6 and 10 in both the
proximal and distal colon (Figure 9B). As with the DSS
model, the M cells were associated with poorly organized
mononuclear infiltrates. At days 6 and 10, these aggregates
had essentially no CXCLI13 staining (data not shown), but
stained weakly positive for ER-TR7 (Figure 9C). Taken
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together, both the DSS and C. rodentium data suggest a role
for PP-type M cells during colonic inflammation, and their
presence may be an important correlate for human disease.

Induced M Cells and Transcytosis

The induction of significantly increased numbers of M cells
in the colon would also imply increased access of luminal
bacteria to the colonic lamina propria. To confirm that these
induced M cells have transcytosis function, Y. enterocolitica
was used in uptake studies; it binds to Bl-integrin on the
apical surface of M cells to enable endocytosis.’” Suspen-
sions of Y. enterocolitica (GFP) were injected at the prox-
imal colon of anesthetized DSS-treated animals. As a
control, the PRGP-S—dsRed transgene was also back-
crossed to the B cell—deficient IgH6 knockout strain. The
absence of B cells results in deficient M cell—dependent
transcytosis, even though M cell lineage commitment from
crypt stem cells is normal.”** Regions of dsRed" M cells
were identified, and transcytosis was quantified (Figure 10,
A and B). The induction of clinical disease and M cell
numbers was similar in both strains, but the uptake of
bacteria below the induced M cells was significantly lower
in the B cell—deficient mice. These data show that the
induced colonic M cells are not simply a phenotypic marker
of inflammation because they can provide active trans-
cytosis of luminal microbes.

Discussion

M cells play an important role in the immune surveillance of
mucosal tissues, leading to both cellular immune responses
and the production of secretory IgA. Yet, the role of M cells
in chronic inflammation in the colon and the potential
relevance to clinical IBD has largely been overlooked. It
may be that the difficulty in reliably identifying M cells in
the colon has contributed to this oversight. Our present
studies have now provided support for the notion that in-
flammatory cytokines, such as TNF-a, contribute to the
induction of M cells in the colon, with consequent effects on
the access of luminal microbes to the intestinal lamina
propria. Whether the effect of TNF-a is directly on the
epithelial cells, underlying stromal cells, or other tissue in-
ducers is not known, although we suspect that at least part of
the effector function is directly on the epithelial M cell
precursors in the crypt, on the basis of our in vitro studies on
Caco-2BBe cells."'

The reduction in M cell induction by anti—TNF-a
blockade suggests that the proinflammatory cytokines have
a parallel role in promoting tissue development in much the
same way that proinflammatory cytokines promote tertiary
lymphoid tissue development in other chronic inflammatory
settings, such as autoimmune thyroiditis and autoimmune
diabetes.”” In the central nervous system, TNF-q. also appears
to be important in mediating tissue recovery from
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Figure 10  Induced M cells are capable of transcytosis. A: Dextran sodium
sulfate (DSS) peptidoglycan recognition protein-short (PGRP-5) "IgH6'C treated
mice show similar clinical induction of colitis and induction of M cells. Left
panel: Representative M cell—dependent (red) uptake of Yersinia enterocolitica
(green) in DSS-treated PGRP-S—dsRed mice. Right panel: Induction of M cells
(red) and uptake by DSS-treated PGRP-S*IgH6C. B: Quantification of Y.
enterocolitica uptake; DSS PGRP-S™ treated animals show higher Y. enterocolitica
uptake compared with PGRP-STIgH6KO consistent with the known effect of
B-cell deficiency on M-cell function. Data represent the means -+ SEM (B). n = 3
mice per group (B). ***P < 0.001 (t-test).

demyelination by promoting oligodendrocyte proliferation.’®
Interestingly, anti—TNF-o. blockade has actually been re-
ported to worsen multiple sclerosis symptoms in clinical tri-
als.””™ In this context, the induction of M cells in the
presence of colonic inflammation might be viewed as a pro-
tective or restorative function, although at this stage a specific
mechanism is not clear. For example, is the potential for
increased access of luminal microbes to the lamina propria
helpful in some way, such as promoting the development of
immune regulation? There are few studies on restorative
mechanisms in models of IBD, so the role of M cells in these
mechanisms will require further study. In the meantime, it is
worth asking whether medical treatment with anti—TNF-o
blockade has a secondary consequence apart from the reduc-
tion in the proinflammatory cytokine effects, and whether this
effect may, in fact, reduce the tissue capacity to restore tissue
homeostasis.

1177


http://ajp.amjpathol.org

Bennett et al

Finally, the association between M cell induction and
colonic inflammation, whether by infectious causes or
autoimmune dysregulation, may provide a potentially useful
clinical diagnostic. That is, once more reliable tests for M
cell induction are developed for human tissues, biopsy
specimens of colonic tissue might be surveyed for M cell
induction as evidence of chronic inflammation.
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