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ABSTRACT

Mucosal surfaces are constantly bombarded with commensal bacteria and foreign
antigen. To prevent constant inflammation, tolerance is induced to many of the foreign
antigens encountered in Peyer’s patches (PP) and isolated lymphoid follicles (ILF).
Microfold cells (M cells), found as part of the follicle-associated epithelium (FAE)
overlaying the PPs and ILFs, are specialized epithelial cells that constantly transcytosing
antigen. The factors driving M cell development were previously unknown; the
commonly held model being factors from the B cells and developing follicle foster the
growth of M cells, as most M cells develop over follicles. RANKL, a member of the TNF
superfamily, has been shown to be critical in development of lymphoid aggregates
including lymph nodes and isolated lymphoid follicles. Direct interaction of RANKL"
stromal cells in the subepithelial dome and RANK™ epithelial cells on the FAE appears to
be essential to M cell differentiation.

In the absence of RANKL, M cells are reduced 98% and have a disrupted pattern
across the follicle; these changes contribute to a reduction in germinal centers in PP and
fecal 1gA. Recombinant RANKL can rescue M cell development in RANKL " mice and
promote the development of villous M cells on all of the small intestinal villi, drastically
increasing the ability of the small intestine to take up antigens. The development of
villous M cells can also be induced by the enteric flora, specifically the enteric flora
found in mice lacking IgA. These villous M cells were dependent on systemic RANKL,
supporting a model in which the commensal microflora and RANKL coordinately

regulate the extent of vM cell differentiation in the small intestine.



Next, a model of acute B cell depletion was used to better understand the role of
B cells in M cell development. After two weeks of continuous B cell depletion, M cell
development on the PP dome is virtually unchanged. Furthermore, B cell deficient mice
maintain a wild type M cell density on the PP domes, though the absolute number of M
cells is decreased as the follicle and FAE shrinks. Finally, in the absence of RANKL
development small lymphoid tissue aggregates in the small intestine, cryptopatches and
ILFs, is disrupted. Cryptopatches are reduced four-fold, and ILFs are completely absent.
This lack of ILF development is due to the lack of CXCL13 in these aggregates and a
failure to attract B cells to the follicle. Interestingly a dependence on RANKL for
cryptopatch and ILF development is not seen in the large intestine, where CXCL13
expression is controlled by some other mechanism, perhaps the increased density of
enteric flora.

In conclusion, the data presented here suggests a new model of M cell
development in which the major signal is derived from RANKL and secondary
contributions may come from the enteric flora. Additionally, RANKL is critical in the
development of ILFs in the small intestine. These novel functions of RANKL suggest this
single cytokine is imperative in two events in the development of the mucosal immune
system. By controlling both antigen sampling within the PP and ILFs, and the
development of ILFs, RANKL is an important factor in orchestrating peripheral
tolerance. Alongside RANKL, the enteric flora exerts collaborative and partially

redundant signals to induce and maintain M cells in the FAE and ILFs.
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Introduction

The dynamic relationship between the enteric flora and the intestine are controlled
by two related processes: antigen sampling and the induction of tolerance. Microfold
cells (M cells) are epithelial cells that constantly transcytose particulate antigens from the
lumen. M cells are most commonly found as part of the follicle-associated epithelium
(FAE) over Peyer’s patches (PP) and isolated lymphoid Follicles (ILFs) in the small
intestine, and the cecal patch, colonic patch, and colonic ILFs in the large intestine. These
gut-associated lymphoid tissues (GALT) are the main inductive sites where immune
responses are initiated that lead to the production of the IgA that is continually secreted
into the lumen controlling the enteric flora. The full development of GALT requires
internal signals from regulated cytokines and chemokines, and external signals from the
enteric flora. The data presented describes previously undefined inducers of M cell
development: a critical cytokine being the receptor activator of NF-xB ligand (RANKL)
and the enteric flora. We also show RANKL to be critical in the development of ILFs in
the small intestine. These novel functions of RANKL suggest there is a common pathway
between the development of small GALT structures and the M cells that overlay them.

The specific aims of this dissertation were 1) to characterize the role of RANKL
in intestinal M cell development, 2) to determine if there is any synergy between B cells
and RANKL in PP M cell development, 3) to investigate if the enteric flora can influence
the development of M cells, and 4) to describe the role of RANKL in small lymphoid

tissues in the intestine.



The nature of the mucosal immune response

The mucosal immune response is coordinated differently from the rest of the
systemic immune response (1). Systemic responses initiated in lymph nodes are mostly
inflammatory in an attempt to remove all pathogens and kill all infected cells. The
development of memory responses for stronger and faster secondary responses is a
hallmark of a strong systemic immune response. The intestinal tract is full of antigen
introduced from the lumen of the gut into either PP or ILFs (2), the inductive lymphoid
tissues of the intestine, akin to lymph nodes. Strong inflammatory responses to antigens
from food or commensal bacteria would certainly cause harsh disease, so most antigens
seen in the gut require tolerogenic responses: the induction of IgA for secretion into the
lumen (3) and T regulatory cells to prevent inflammatory future T cell responses (4).
Though relatively low levels of IgA are found in the serum, IgA is the most abundantly
produced antibody isotype, comprising 70% of all antibodies produced (5, 6). Most of
this protective IgA is secreted into the lumen of the intestine via the polymeric
immunoglobulin receptor on epithelial cells (7) and neutralizes bacterial antigens and
toxins before they can damage tissue (8). While IgA prevents future bacterial attacks
occurring from the lumen, mucosal induced T cell responses prevent systemic
inflammatory responses from occurring against common oral antigens (9). Utilizing the
mucosal immune response and the commonly observed phenomenon of oral tolerance,
when animals orally fed antigens become tolerant to the same antigen if subsequently
given systemically (10), has been viewed as a hopeful vaccine strategy in a number of
models from inducing protective immune responses to pathogens to suppressing systemic

responses to autoantigens or allergens (11).



Organized Lymphoid Tissue in the Intestine

The small intestine contains three types of organized lymphoid tissue: PP, ILFs,
and CPs. Similar structures are found in the large intestine, which contain both ILFs and
CPs, and also colonic patches, which are similar to PP (12). PP and colonic patches
contain multiple follicles and form during embryonic development requiring lymphotoxin
(LT) signaling similar to lymph node development (13, 14); by disrupting LT signaling
during the embryonic stage, development of these patches can be completely blocked and
will not be rescued during adulthood (13, 15) (16). Most lab strains of mice develop
between eight to twelve PP spread down the length of the small intestine; PPs are not
found in specific locations along the gut, though generally there is one in the first 2 cm
and last 2 cm of the small intestine. In the large intestine, the cecal patch develops on the
tip of the cecum (17), and the colonic patch generally develops within the first 2 cm of
the colon (12). Most of these patches contain five to nine B cell follicles capable of
generating IgA-producing B cells. Covering each follicle is a single layer of follicle-
associated epithelium (FAE) which separates the follicles from the lumen (18). Antigen
from the lumen is introduced into the follicles through antigen-sampling M cells, which
are part of the FAE. Without M cells, both oral tolerance and IgA responses could be
drastically reduced.

ILFs also serve as sites of IgA production and secretion (2). Unlike PPs, they
develop postnatally throughout adulthood in response to internal and external stimuli.
Though most specific pathogen free mice develop a very limited number of ILFs, they

can be found in increased numbers in mice lacking PPs (19) acting as a compensatory



mechanism for the production of IgA, though ILFs alone cannot compensate for the lack
of PP in the induction of T cell dependent oral tolerance(20). Interestingly mice lacking
activation-induced cytidine deaminease (AID) still have PP, but have a significant
increase in ILF development due to the expanded number of anaerobic bacteria found in
these mice (21), showing the ability of the ILFs to attempt to regulate the microflora back
to homeostasis. ILFs contain single follicles of B cells, are also covered by M cell-
containing FAE, and function similar to PP in response to luminal antigen. As M cells are
not normally part of the villous epithelium, the introduction of antigens through M cells
to the local area where an immature ILF may be developing is probably not the
mechanism which induces the development of ILFs in response to commensal load.
Instead bacterial stimulation of NODL1 in the epithelium can start a signal cascade leading
to ILF development (22), revealing the crosstalk between the epithelium and lymphoid
tissue.

A third type of organized lymphoid tissue included in the gut-associated lymphoid
tissue (GALT) is the cryptopatch (CP), a small aggregate of cells in the lamina propria of
the small intestine comprised of 1000+ lymphoid tissue inducer cells (LTic) and
lymphoid tissue organizer cells (LTo), developing in the lamina propria around the crypts
of the small intestine. The smallest of all the GALT, CPs are reminiscent of the early
stages of organized mucosal lymphoid tissue (23). CP begin to develop around postnatal
day 14 in wild type mice, and are maintained at a stable level of around 1500 CP during
adulthood (24, 25). Currently evidence shows that de novo development of CP does not
continually occur throughout adulthood (26): as needed, CP may grow to fill a villi and

develop further into an ILF (27). CP are present in germ-free mice and ILF can develop



from this population only with commensal signals (15, 24). Recently it has been
hypothesized that CP and ILF are not distinct organs, but rather two extremes on a
continuum of solitary intestinal lymphoid tissue (SILT), with CP developing into ILF in

response to signals originating from the commensal enteric flora (28).

M cells and antigen uptake

Both PP and ILF are covered by follicle-associated epithelium (FAE) and
constantly bombarded with antigenic protein, though very little of this antigen material
represents “danger” for the organism. Constant sampling of the luminal contents is a
function of M cells, which are specialized epithelial cells found in the FAE. M cells differ
from surrounding enterocytes by their ability to transcytose particulate antigen, and by
their short and stubby microvilli on the apical side compared to the longer microvilli of
the enterocyte (29, 30). An invaginated pocket on the basolateral side of the cell is often
occupied by lymphocytes or dendritic cells, shortening the distance endocytic vesicles
must traverse through the cell and allowing immune cells to rapidly phagocytose the
antigens transcytosed by M cells (31). Functionally very different from enterocytes (32),
M cells are the gatekeepers of the mucosal immune response, acting as the functional
equivalent of an afferent lymphatic vessel.

M cells are generally studied through the use of various microscopy techniques,
first being identified as an epithelial cell distinct from enterocytes through transmission
electron microscopy in the early 1970’s (29, 33). Though it was known the FAE had
some mechanism of transport into the lymphoid epithelium, the recognition that a single

specialized cell type provided this function was a landmark discovery (34). Hundreds of



subsequent studies have examined the use of targeting M cells in vaccine development
for the intentional initiation of mucosal specific immune responses (35). Few M cell-
specific markers exist; the most commonly used reagent for staining mouse M cells is a
lectin from Ulex europaeus known as UEA-I. UEA-I, binding an 1,2 fucose linkage
found on the surface of M cells and in mucus, is not specific for M cells, as it also stains
goblet cells and Paneth cells, mucous containing epithelial cells. PPs are generally
mucous free, and rarely are goblet cells found on the FAE. Recently two monoclonal
antibodies to mouse M cells have been described; the first, NKM 16-2-4, binding an a1,2
fucose group, similar to the UEA-I target (36). The other is an antibody against the
glycoprotein 2 (GP2) receptor found specifically on M cells (37). GP2 binds fimbrial
proteins found on both commensal and pathogenic enterobacteria and facilitates their
uptake through M cells. Other proteins from pathogenic viruses, bacteria, and even prions
have also been shown to bind to M cells, although the specific targets on the M cell are
not always. For example, sigma 1 protein of reovirus binds sialic acids in the glycocalyx
of M cells (38). Species of Yersinia adhere to B1 integrin on M cells (39). M cells can
bind the cellular prion protein, PrPC facilitating prion uptake (40, 41). Such proteins have
been suggested as reagents to target M cells either for identification or vaccine purposes
(42). Bacterial products can also be recognized by pattern recognition receptors such as
TLRs found on M cells (43); attachment to M cells through any means generally results in
activation of transcytosis (44). Besides receptor-mediated endocytosis, M cells also
utilize endocytosis of clathrin-coated vesicles, actin-dependent phagocytosis, and fluid-
phase pinocytosis or macropinocytosis, accommodating a variety of soluble or particulate

antigens from nanometers to microns in diameter (45). M cells do not process or present



antigen in the manner professional antigen-processing cells do; rather the payload is
dropped off to dendritic cells or lymphocytes waiting in the basolateral pocket of the M
cell. These cells are then free to initiate responses against the antigens, if the right signals

are present (46).

M cells: a differentiated epithelial cell or a variant of enterocytes?

A key question is whether M cells represent a fully differentiated epithelial cell
type, or if they are a transient phase of enterocyte development. Enterocytes develop
from Lgr5" stem cells located in the crypts surrounding villi. These long-lived stem cell
are nestled between Paneth cells, and producing either new stem cells or transit
amplifying cells which begin to differentiate into one of the epithelial cell types as they
migrate up or down the villi (47). If these cells migrate down toward the bottom of the
crypts, they become Paneth cells which secrete defensins and other antimicrobial
products. The rest of the cells migrate up toward the tip of the villi or PP dome during a
three or four day process, destined to become a member of the absorptive epithelium or
the secretory lineage, which includes goblet cells and enteroendocrine cells. The
signaling mechanisms that lead to the differentiation of a transit amplifying cell into
either a enterocyte, goblet cell, enteroendocrine cell, or a Paneth cell have been
extensively analyzed (48). Questions still exist regarding where M cells fall in the
classification of intestinal epithelial cells, including how they develop and what factors
may influence their differentiation.

PPs are surrounded by specialized follicle-associated crypts that produce mostly
enterocytes or M cells, and only rarely goblet or enteroendocrine cells. Cells are either

sloughed off along the way or undergo apoptosis at the top of the dome, taking about four

7



days to reach the apex. Approximately 5-10% of the PP epithelial cells are M cells in
mice and humans, though this percentage can be more in other animals: rabbit PP FAE
contains about 50% M cells (18). M cells develop from specialized epithelial crypts
adjacent to PP, and migrate upwards in a line, creating radial strips amongst the
enterocytes (49). These columns also contain enterocytes in between individual M cells,
and it is unclear what factors induce M cell differentiation and when this signaling needs
to occur.

It has been suggested M cells transdifferentiate from enterocytes and only
transiently possess the ability to take up antigen before transitioning back to enterocytes
as they reach the apex of the PP dome (50). This idea has been propagated by the popular
in vitro systems replicating the M cell phenomenon using Caco-2 cells, a human
epithelial cell line (51). When Raji B cells are added to Caco-2 cells, the Caco-2 cells
differentiate into cells that are better able to transcytose nanoparticles (52, 53). Whether
the end product of this system truly replicates M cells is a concern as studies have failed
to elucidate the exact mechanism behind the differentiation of the M like cells. Most in
vivo studies suggest M cells represent a fully differentiated type of enterocyte, which
have stopped dividing, and cannot transcytose antigen outside of the FAE
microenvironment (54).

Another lingering idea about M cell development from the Caco-2 model is the
hypothesis that B cells are an important factor in M cell development. B cell deficient
mice have reduced number of M cells (55). M cells were still found on the PP of these
mice, but injection of lymphocytes beneath the epithelium that appeared to induce M cell

differentiation (51). However it has become apparent separating direct induction of M



cells and full development of the entire FAE is convoluted at best; absence of B cells
correlated with a decrease in the size of the FAE (56). The requirement of B cells for the
maintenance of M cells and homeostasis of the FAE rather than the development of M
cells has been suggested (57), though attempting to demonstrate this using mice with
genetic B cell deficiency does not separate M cell maintenance from the initial
development of the FAE. If B cells directly induce M cell development, the specific
signaling mechanism is still unknown as well. B cells do not need to be activated by T
cells or secrete immunoglobulin to induce M cell differentiation (55), and no mechanism
has emerged from studies using the Caco-2/Raji model. Furthermore, this phenomenon
has yet to become universally applicable with other intestinal cell cultures. When a
mouse intestinal epithelial cell line (MIE) is cultured with murine B cells alone, no
transformation into antigen-transporting M cell-like cells is seen (58). Only when
activated T and B cells are cocultured with epithelial cells do the MIE cells increase their

ability to transcytose nanoparticles.

Villous M cells

If little is known about classical FAE M cells, even less is known about the M
cells occurring on the villi of the small intestine, villous M cells. These M cells are UEA-
I+, NKM 16-2-4+, able to transcytose antigen, and only found rarely naturally in wild
type mice, though may develop in increased numbers in mice lacking PP, such as in utero
LT-pR-Ig-treated, LTa-/-, or TNF-o/LTa-/- (36, 59, 60). If ILF become increased in mice
when normal PP induced immune responses are not enough, perhaps villous M cells

represent a similar induced mechanism, substituting for classical FAE M cells when they



are missing, or assisting during an infection. Villous M cells are distinct from M cells that
are part of the ILF FAE, and overlay villi that do not have an organized lymphoid
structure inside. Presumably villous M cells would hand off transported antigens to
resident CD103" dendritic cells which readily migrate to the mesenteric lymph node and
are able to initiate adaptive responses (61). Alternatively gut resident CX3CR1"
macrophages can pick up antigen taken up by villous M cells and interact with intestinal
T cells to maintain oral tolerance (62).

M cells also represent a potential weak link in an otherwise tight epithelial barrier
(63). Indeed pathogens can hijack M cells as a means to enter the small intestine tissue,
leading to infection (64), which may suggest why only a small number of villous M cells
develop naturally, minimizing the number of ‘holes’ in the epithelium. If any pathogens
did commandeer M cells for their own entry purposes, a number of mechanisms are in
place to contain these rogue pathogens. First, a population of CX3CR1" APCs resides in
villi and is ready to phagocytose any potential threat. These cells maintain close contact
to the epithelium, which express the ligand for CX3CR1, fractalkine/CX3CL1 (65), and
can expand in response to commensal bacteria load (66). Second, if pathogens do get
past the lamina propria, they become detained in the mesenteric lymph node (67). Thus it
may be in the best interest of the organism to risk the potential danger of M cells for the
preferred result of better immune surveillance, when it is only the extremely rare
pathogen that can bypass the variety of containment mechanism the mucosal system

[pOSSESSES.
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Targeting classical and villous M cells for tolerance or administration of oral
vaccinations

M cells have been touted as specific targets for oral vaccines to better induce
desired immune responses. Indeed targeting orally delivered antigens along with a strong
mucosal adjuvant to M cells has shown strong results in the establishment of mucosal and
systemic immunity as a strategy of vaccination (36). Entrance through an M cell does not
dictate a specific immune response in a natural setting, and the same is true for vaccines.
Depending on the antigen and how it is presented, a variety of immune responses can be
induced and for this reason, M cell targeting has been implicated as a potential strategy in
a number of models. A protective vaccine for HIV is, perhaps, the holy grail of vaccines
currently. It is an attractive idea to elicit a protective mucosal immune response where the
initial danger of infection occurs (68). Other more common infections also require
protective mucosal responses, like bacterial infections resulting in acute gastroenteritis, or
viruses which enter through the oral route. Whole Campylobacter targeted to M cells
results in protective immunity without any added adjuvant, the danger signals internal to
the bacteria presumably being enough to trigger the response (69). Nanopatrticles
containing hepatitis B antigens targeted to M cells initiated secretory IgA and a systemic
inflammatory response, exemplifying how the use of an appropriate adjuvant can break
oral tolerance (70). Vaccine trials targeting M cells have been taken into higher
mammals, establishing these strategies can work in primates (71). Targeting oral vaccines
to dendritic cells has been shown to increase protective immunity against Bacillus
anthracis (72); the ability of one vaccine to target M cells, followed by dendritic cells

could only synergize these effects resulting in a drastic increase in efficacy. Now that

11



tools exist to get through the clutter of the luminal load of the small intestine, a plethora
of options exist to build better oral vaccines, combining M cell targeting with adjuvants,
immune cell targeting, nanoparticles, encapsulated microparticles, DNA vaccines,
bacterial vectors, or other vaccine technology.

Due to the naturally tolerogenic PP environment, targeting M cells may result in
better tolerance induction as well (73). Allergic hypersensitivies occur when abberant
inflammation leading to allergen-specific IgE production is induced against inhaled or
ingested allergens affecting 12% and 4% of Americans, respectively (74). Targeting low
doses of OVA to M cells resulted in continued unresponsiveness to peripheral OVA
challenges (75). In the same vein, targeted birch pollen to PP M cells induced Tyl and
1gG2 responses in the lungs after challenge(76), (77). It would be interesting to discern if
this technique could desensitize animals with models of allergy and switch Ty2 and IgE
responses to more appropriate responses. These studies also show the potential of
immune responses originating in the gut to protect other mucosal tissues such as the lung,
though this theory could also be applied to the desensitization of food allergies.

Though only discussed as part of the intestinal FAE, M cells are also identified on
FAE of almost every other mucosal associated lymphoid tissue. In the eye, M cells have
been found in the tear duct-associated lymphoid tissue (78) and the conjunctiva-
associated lymphoid tissue (79). In the upper airway, M cells can be found in both the
nasal-associated lymphoid tissue (80) and salivary duct-associated lymphoid tissue (81).
In the lung bronchial-associated lymphoid tissue contains M cells (82). Most of these
lymphoid tissues are difficult to study and only develop when induced to by bacterial

stimulation, so little data is available as to whether or not these M cells are similar to

12



intestinal M cells other than the ability to transcytose antigen (49). With the popularity of
intranasal immunization, the NALT has been studied, though without the success seen in
the PP. Targeting NALT M cells in intranasal vaccines currently appears to not be a

strong enough inducer of protective immunity, and can block uptake (83, 84).

RANKL

Receptor activator of NF-xB ligand (RANKL) is a member of the TNF
superfamily and also referred to as TNF-related activation-induced cytokine (TRANCE)
and TNFSF11 (85). Like TNF-a,, RANKL is a type 2 transmembrane protein, initially
synthesized as a transmembrane protein, but able to be released from the cell surface
following cleavage by one of several metalloproteases (86, 87). It binds to the receptor
activator of NF-xkB (RANK) and signals through a downstream pathway that involves
TRAF6 and the activation of NF-kB (88, 89).The RANKL-RANK interaction has been
best described in the skeletal system where RANKL is needed for osteoclast development
and bone remodeling (90, 91). Deficiencies in RANK or RANKL lead to abnormal
skeletal development because of a lack of osteoclast development and bone remodeling
(91). The RANKL-RANK pathway also is essential for lymph node development, AIRE
expression on the medullary thymic epithelial cells, mammary gland lactation, and
provision of survival signals to dendritic cells (91-96).

RANKL-deficient mice lack lymph nodes, but still develop PPs (90, 91). Recent
data from our lab showed that RANKL was also important in the gut-associated
lymphoid tissue. RANKL staining was found on the stromal cells throughout CP, but in

PP and ILF, RANKL staining is confined to the subepithelial dome, or the area right
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beneath the FAE (97), suggesting RANKL could play multiple roles in the development

and function of these lymphoid tissues.

14



Chapter 1

RANKUL is necessary and sufficient to initiate development of antigen-

sampling M cells in the intestinal epithelium

Kathryn A. Knoop*, Nachiket Kumar', Betsy R. Butler', Senthil Sakthivel', Rebekah T.
Taylor', Tomonori Nochi®, Hisaya Akiba?, Hideo Yagita®, Hiroshi Kiyono®, and Ifor R.

Williams!

!Department of Pathology and Laboratory Medicine, Emory University School of
Medicine, Atlanta, GA

“Division of Mucosal Immunology, Department of Microbiology and Immunology,
University of Tokyo, Tokyo, Japan

Department of Immunology, Juntendo University School of Medicine, Tokyo, Japan

Published in The Journal of Immunology, vol. 183 (9) pp. 5738-47. 20009.

Copyright 2009. The American Association of Immunologists, Inc.

All experiments in this study were performed by Kathryn A. Knoop, with assistance from

Betsy R. Butler and Tomonori Nochi.

This manuscript was written by Kathryn A. Knoop and Ifor R. Williams.

15



Abstract

Microfold cells (M cells) are specialized epithelial cells found in Peyer’s patches (PP)
and other organized mucosal lymphoid tissues that take up particulate antigens and
deliver them to antigen-presenting cells. The TNF superfamily member RANKL is
selectively expressed by subepithelial stromal cells in PP domes. RANKL null mice had
less than 2% of wild type levels of M cells and markedly diminished uptake of particulate
antigens. These deficits were corrected by systemic administration of exogenous
RANKL. Treatment with RANKL also induced the differentiation of villous M cells on
all small intestinal villi. Antibody-mediated neutralization of RANKL in adult wild type
mice eliminated most PP M cells. Availability of RANKL is the critical factor controlling

the differentiation of M cells from RANK-expressing intestinal epithelial precursor cells.
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Introduction

The organized lymphoid tissues of the intestine are inductive sites for both the
generation of secretory IgA and the generation of T cell tolerance to antigens present in
the intestinal lumen, including those derived from food and the commensal flora (1, 2).
The follicle-associated epithelium (FAE) that covers the lymphoid follicles of both
Peyer’s patches (PP) and isolated lymphoid follicles (ILF) contains specialized epithelial
cells known as microfold cells (M cells) that provide a portal for efficient sampling of
particulate antigens from the lumen (3, 4). Antigens acquired through this major pathway
for antigen sampling in the intestine are delivered into intraepithelial pockets within the
M cells that lymphocytes and APC access from the subepithelial dome region. The M
cell-mediated antigen-sampling pathway has a central role in the development of immune
responses to both pathogenic bacteria and commensal bacteria. Production of protective
fecal IgA in mice after oral infection with invasive Salmonella species requires the
presence of PP with M cells (5, 6). In addition, some commensal bacteria internalized
through M cells are passed into dendritic cells that travel with their cargo to the draining
mesenteric lymph node, leading to both IgA antibody production and establishment of T
cell tolerance (7). M cells also promote the development of T cell tolerance to antigens
acquired through the gastrointestinal tract. Targeting OVA to mouse M cells via the
reovirus sigma 1 protein resulted in enhanced development of oral tolerance in CD4™ T
cells (8). While most M cells in the small intestine of wild type mice are localized to the
FAE of PP and ILF, occasional villi contain clusters of cells known as villous M cells

that exhibit all the major defining characteristics of PP M cells including reactivity with
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the UEA-I lectin recognizing a.1-2 fucose, stubby microvilli, and the capacity to ingest
and transcytose particles the size of bacteria (9). The relative density of villous M cells
separates villi into those with diffuse and dense patterns of villous M cells.

While the basic functional and ultrastructural features of M cells were initially
described over 30 years ago (10), many basic questions about M cell differentiation and
function remain unsolved. It has been proposed that specific factors released from the
lymphoid microenvironment immediately beneath the FAE have the potential to elicit M
cell differentiation in the FAE and promote the function of M cells, but specific signaling
mediators with such activity have not been identified to date (11, 12). Debate continues
on whether M cells are a distinct lineage arising from crypt stem cells like other
differentiated intestinal epithelial cells or whether M cells can instead arise from normal
FAE enterocytes with the plasticity to transition into M cells upon encountering the right

set of stimuli (13-15).

RANKUL (receptor activator of NF-kB ligand) is a member of the TNF
superfamily (16) that is also referred to as TNF-related activation-induced cytokine
(TRANCE) and TNFSF11. Like TNF-a, RANKL is initially synthesized as a
transmembrane protein that can be released from the cell surface following cleavage by
one of several metalloproteases (17, 18). RANKL signals through its receptor RANK
(receptor activator of NF-kB) and a downstream pathway that involves TRAF6 and the
activation of NF-xB (19, 20). Osteoprotegerin (OPG) is a soluble decoy receptor for
RANKL that allows for tight regulation of the circulating levels of RANKL (21). A
major breakthrough in establishing a biological role for RANKL-RANK interactions was

the discovery that RANKL signaling through RANK is required for normal osteoclast
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function (22, 23). Mice deficient in either RANKL or RANK have osteopetrosis and
severe skeletal abnormalities because they lack the number of osteoclasts needed to
remodel bone normally. RANKL-RANK signaling is also involved in several other
critical biological processes including development of lymph nodes, development of
medullary thymic epithelial cells (ImTEC), mammary gland lactation, and provision of
survival signals to dendritic cells (22-27). The absence of all lymph nodes in RANKL-
deficient mice demonstrates that RANKL is an essential mediator in lymphoid
organogenesis (22, 28). RANKL induces lymphotoxin (LT) o132 expression by
lymphoid tissue inducer cells in the lymph node anlage (29). RANKL is not required for
PP development, but the reduced size of PP reported in two independent lines of
RANKL-deficient mice indicates that RANKL signaling is contributing to normal PP
function (22, 23). More specific studies of PP and mucosal immune function were not
reported as part of the initial characterization of these mice.

We previously showed that RANKL is selectively expressed by stromal cells in
the subepithelial dome region beneath the FAE of both PP and ILF (30). Stromal cells
with phenotypic characteristics similar to neonatal lymph node organizer cells including
RANKL expression were recently identified in multiple secondary lymphoid tissues
including mucosal-associated lymphoid tissues and lymph nodes (31). The polarized
pattern of RANKL expression by stromal cells beneath the FAE of PP and ILF suggested
a possible function for RANKL in regulating the induction of mucosal immune responses
to particulate luminal antigens taken up through the FAE. In this study, we evaluated the
function of PP in RANKL null mice and found that absence of RANKL is associated

with loss of the vast majority of UEA-I" M cells in the FAE. The depletion of M cells
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correlated with a profound functional defect in uptake from the intestinal lumen of
fluorescent beads used as model particulate antigens. Systemic administration of
exogenous soluble RANKL restored functional UEA-I" M cells to the PP of RANKL null
mice and simultaneously led to widespread induction of functional M cells on the
epithelium covering small intestinal villi in both RANKL null mice and wild type mice.
These findings demonstrate that the RANKL-RANK pathway plays a pivotal
nonredundant role in establishing the M cell-mediated pathway of antigen acquisition and

handling.
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Materials and Methods

Mice

Mice carrying a RANKL null mutation on a C57BL/6 background (28) obtained from Dr.
Yongwon Choi at the University of Pennsylvania were used to establish a breeding
colony in a conventional mouse facility at Emory University. Because RANKL null mice
lack teeth, weanling null mice born in this colony are routinely given powdered mouse
chow. Mice heterozygous for the RANKL null mutation were also backcrossed to
BALB/c mice (Taconic) for a total of 4 generations. Male C57BL/6 RANKL"" mice and
female BALB/c RANKL™*" mice were intercrossed to produce RANKL null mice and
littermate controls on a background roughly equivalent to (C57BL/6 X BALB/c)F; mice.
RANKL null mice on this “F1 equivalent” genetic background are closer in weight to
their heterozygous and wild type littermates and less likely to die prematurely compared
to RANKL null mice on the two inbred backgrounds. Experiments using RANKL null
mice were done with either the C57BL/6 background mice or the mice with a mixed
C57BL/6 and BALB/c background. BALB/c mice (Taconic) were used for experiments
examining the effects of anti-RANKL mAb on PP M cells. Two models of B cell
deficient mice were used: uMT mice obtained from Dr. Sam Speck at Emory University
and Jy” mice (Taconic). CCR6 deficient mice were from a colony of homozygous
Cer6™ESFPI mice maintained on a C57BL/6 background (32). All animal studies were
reviewed and approved by the Emory University Institutional Animal Care and Use

Committee.
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Recombinant mouse RANKL

A bacterial expression construct encoding a glutathione S-transferase (GST) fusion
protein containing amino acids 137-316 of mouse RANKL was assembled in the pGEX-
5X-1 vector (GE Healthcare) using a modification of a previously described method (33).
The primers 5’-CACCCCCGGGTCAGCGCTTCTCAGGAGCT-3’ and 5°-
CTCGAGTCAGTCTATGTCCTGAAC-3’ were used to PCR amplify a cDNA clone for
mouse RANKL (Open Biosystems). After the PCR product was cloned into the pENTR-
D-TOPO cloning vector (Invitrogen) and sequenced, the Smal-Xhol fragment was
subcloned into pGEX-5X-1. The construct was transformed into the BL21 E. coli strain
(Stratagene) for fusion protein expression. The cultures were induced with 20 uM IPTG
for 16 hours at 20°C and the GST-RANKL purified from bacterial lysate by affinity
chromatography on a GSTrap FF column (GE Healthcare) followed by dialysis against
multiple changes of PBS. Recombinant GST used as a control was prepared by the same
method using empty pGEX-5X-1. Biological activity of the GST-RANKL fusion protein
was confirmed by its ability to induce differentiation of the RAW?264.7 macrophage line
(American Type Culture Collection) into multinucleate osteoclasts positive for tartrate
resistant acid phosphatase. The GST-RANKL fusion protein was administered to
RANKL null mice by daily i.p. or s.c. injections of 50 to 250 ug per day for up to 7 days.
Recombinant GST prepared from empty pGEX-5X-1 vector was used as a control for

GST-RANKL.
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Bacterial strains

A wild type strain of Salmonella enterica serovar Typhimurium (SL3201) transformed
with the DsRed-Express plasmid (Clontech) encoding a cytoplasmic red fluorescent
protein was kindly provided by Dr. Andrew Neish at Emory University. A Yersinia
enterocolitica isolate (ATCC 29913) was purchased from the ATCC (Manassas, VA) and
labeled with Alexa546-succidymyl ester (Molecular Probes) for 1 hour at room
temperature following the manufacturer’s suggestions. The bacteria were grown

overnight in LB broth and washed in PBS prior to injection into loops of small intestine.

In vivo assessment of M cell uptake of fluorescent beads and bacteria

The uptake of 200 nm diameter fluorescent polystyrene latex nanoparticles (Fluoresbrite
YG; Polysciences) and fluorescent bacteria by M cells in the FAE of individual PP or by
villous M cells induced by exogenous RANKL treatment was assessed by either oral
gavage or by using a modification of previously described isolated small intestinal loop
models (34, 35). In oral gavage experiments examining uptake of the by RANKL-
induced villous M cells, aliquots of 1 X 10** 200 nm diameter nanoparticles in a volume
of 100 ul were fed to the mice. To prepare isolated small intestinal loops, mice were
anesthetized using an isoflurane vaporizer. After opening the peritoneum through a
longitudinal midline incision, 2 or 3 segments of small intestine measuring 2-5 cm in
length and containing either a single PP (to assess PP M cell uptake) or no PP (to assess
villous M cell uptake) were tied off with nylon filament. For bead uptake studies, the
loops were injected with 200-400 ul of a suspension of 200 nm nanoparticles diluted in

PBS to a concentration of 1 x 10*? beads/ml and returned to the peritoneal cavity. The
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mice were euthanized 90 to 120 minutes after the loops were injected, and the individual
PP were excised, washed in 0.5% Tween 20-PBS, fixed in 4% paraformaldehyde in PBS
for 15 minutes, and embedded in OCT. Frozen sections cut from these PP were
examined by microscopy after counterstaining with DAPI, leaving out a cold acetone
fixation step because acetone dissolved the polystyrene Fluoresbrite beads, preventing
their visualization. For bacterial uptake studies, loops containing no PP were injected
with 300 to 500 pl of bacterial suspension at a concentration of 5x10° organisms/ml.
After 120 minutes the mice were euthanized and the intestine tissue within the loop was
embedded in OCT as a Swiss roll. Frozen sections from this tissue were fixed with -20°C

acetone since this fixation did not interfere with detection of the fluorescent bacteria.

Antibodies and lectins

Monoclonal and polyclonal antibodies were purchased from eBioscience, unless
otherwise stated. The mAbs used for immunofluorescence staining of frozen sections
were anti-RANKL (IK22-5), anti-RANK (R12-31), PE-conjugated anti-B220 (RA3-
6B2), biotinylated GL7 (for detection of activated germinal center B cells), APC-
conjugated anti-Thy-1.2 (53-2.1; BD Biosciences), and anti-CD68 (FA-11; AbD
Serotec). The rat mAb NKM 16-2-4 specific for mouse M cells was purified from
hybridoma supernatant and labeled with FITC (36). A purified rat 1gG2a isotype control
mADb (BD Biosciences) was used as a control for staining of frozen tissue sections with
the rat 1IgG2a anti-RANKL and anti-RANK mAbs. Biotinylated polyclonal goat anti-rat
IgG (BD Biosciences) was used as a secondary reagent for detection of most

unconjugated rat primary antibodies. Alexa546-conjugated goat anti-rat IgG (Invitrogen)
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was used for the detection of the anti-CD68 mAb. Rhodamine-UEA-I was purchased
from Vector Labs. The anti-RANKL antibody (1K22-5) used for in vivo RANKL
neutralization experiments was prepared as described previously (37). Mice were treated

with 250 pg of antibody i.p. every 2 days.

Immunofluorescence staining of frozen sections

Frozen sections of PP and adjacent intestinal tissue were cut on a cryostat and prepared
for antibody staining experiments as previously described (30). The sections were
washed in PBS and blocked in TNB buffer (PerkinElmer Life Sciences). Antibodies
diluted in TNB buffer were applied for one hour at room temperature or overnight at 4°C.
Biotinylated primary mAbs were detected using streptavidin-conjugated peroxidase
followed by FITC-tyramide from a tyramide signal amplification kit (PerkinElmer Life
Sciences). Unconjugated primary rat mAbs were detected by a combination of
biotinylated polyclonal goat-anti-rat IgG (BD Biosciences) followed by streptavidin-
peroxidase and FITC-tyramide. DAPI (Sigma-Aldrich) at 10 ng/ml was used as a nuclear
counterstain. The slides were mounted in ProLong antifade reagent (Invitrogen). Images
were acquired using a Nikon 80i fluorescence microscope and edited when necessary

with Photoshop (Adobe Systems).

Electron microscopy

Mice were perfusion fixed using 2.5% glutaraldehyde solution in 0.1M cacodylate buffer.
For transmission electron microscopy, individual PP were isolated, bisected through the
center of the domes, and embedded in Epon resin. Thin sections from the PP domes of
control and RANKL null mice were examined using a JEOL JEM-1210 microscope. For
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scanning electron microscopy, small intestinal villi were subjected to critical point
drying, sputter coated with gold, and examined on a Topcon DS-130F field emission

scanning electron microscope.

Whole mount staining of small intestine tissue for detection of UEA-I" M cells

For detection of M cells in PP, individual PP were excised and vortex mixed in 0.5%
Tween20-PBS followed by a shaking incubation with 100 ug/ml DNase for 20 minutes at
37°C to promote dissociation of mucus from the epithelial layer. The PP were blocked
with TNB buffer for 15 minutes at 4°C, and stained with rhodamine-UEA-I in TNB for
40 minutes at 4° C. Each stained PP was mounted under a 20 mm X 20 mm coverslip in
100 ul PBS. A count of UEA-1" M cells was done for the PP follicle with the most M
cells. This method resulted in some degree of underestimation of the full extent of M cell
depletion in RANKL null mice because often only one of several PP follicles had any M
cells in the mutant mice, while all the follicles in wild type PP typically had a comparable
number of M cells. To examine small intestine tissue for the presence of villous M cells,
thin strips of tissue were cut and stained with rhodamine UEA-I as described above for
PP. Villi with M cells on their surface were classified as showing a dense or diffuse
pattern of villous M cells using criteria based on the initial description of these patterns
by Jang et al. (9). Specifically, villi with one or more clusters of M cells in which 75% or
more of the area within the cluster was occupied with M cells were considered to have a
dense distribution of villous M cells. Villi with at least one characteristic UEA-I" M cell
on the surface, but not meeting the dense distribution criteria, were considered to have a

diffuse distribution.
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Quantitative analysis of fluorescent bead and bacteria uptake by M cells
Analysis of the degree of bead uptake from loops containing PP was done by threshold

analysis using ImageJ v1.36b software (http://rsb.info.nih.gov/ij/). Images of the

fluorescent beads found within sections of individual PP follicles were saved as 8-bit
grayscale images and then converted to binary images showing the beads by thresholding
at a grayscale cutoff point of 75 out of 255. The percentage of the pixels with a signal
intensity that exceeded this cutoff was calculated for the area occupied by each PP
follicle. Analysis of the bead uptake from loops lacking PP was done by a similar
approach. Images of sections showing just the fluorescent beads within epithelial cells
and the villi were thresholded at a grayscale cutoff point of 55 out of 255. Images of the
DAPI-stained nuclei in the same field acquired in a separate channel were thresholded at
a cutoff point of 70. The extent of bead uptake was expressed as the ratio of pixels with
fluorescent beads to pixels with DAPI after normalization to a mean value of 1.0 for
loops from mice not treated with RANKL. Analysis of fluorescent bacteria uptake from
loops lacking PP was done by counting of the number of organisms present in sections of
villi showing the villus from its base to the tip. The data were reported as the percentage
of villi that included at least one organism and the average number of organisms per
villus. The latter statistic was normalized to a value of 1.0 for loops from mice not

treated with RANKL.

ELISA for measurement of fecal IgA
Fecal pellet samples were collected and extracted by making a 1:10 suspension (w/v)

with PBS. After the suspension was vortexed and spun for 10 min at 12,000g, the
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supernatant was stored at -70°C. Polyclonal goat anti-mouse IgA antibody (Southern
Biotechnology) was used as a capture antibody. The bound mouse IgA was detected with
peroxidase-labeled goat anti-mouse IgA antibody (Southern Biotechnology) using TMB
(BD Biosciences) as the peroxidase substrate. A mouse IgA,k isotype control mAb (BD

Biosciences) was used to establish a standard curve.

Statistical analysis

Differences between the mean values for groups were analyzed by either two-tailed
ANOVA with Tukey correction (for multiple groups), two-tailed Student’s t test, or two-
tailed Mann-Whitney test as calculated using Prism (GraphPad Software). Differences in
the frequency of bacterial uptake into villi were analyzed by Fisher’s exact test and also

calculated with Prism. A p value of less than 0.01 was considered significant.
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Results

UEA-1" M cells are dramatically decreased in the FAE of PP from RANKL null mice

M cells in mouse PP can be detected using the UEA-I lectin specific for a(1,2)-
fucose linkages. In wild type mice, whole mount microscopy of PP follicles revealed an
average of over 100 radially arranged UEA-1" M cells that extended from the edges of the
follicles towards the central subepithelial dome area. In contrast, UEA-I" M cells were
either completely absent or very sparsely represented in individual follicles from the PP
RANKL null mice (Fig. 1A). The few remaining UEA-I" cells in RANKL null mice were
mostly located at the periphery of the follicle and did not have the usual polygonal shape
of normal M cells, features suggesting these remaining M cells were abnormal. The loss
of M cells in PP from RANKL null mice was confirmed by staining PP sections with
NKM 16-2-4 (Fig. S1), a recently described rat mAb that is more selective than UEA-I
for the specific a(1,2)-fucose moiety characteristically displayed by mouse M cells (36).
Cells with the defining ultrastructural features of M cells by transmission electron
microscopy (i.e. presence of intraepithelial pockets and blunting of the apical microvilli
in comparison to normal enterocytes) were readily apparent in the FAE from control
mice, but absent from the FAE of RANKL null mice (Fig. 1B). While the number of
UEA-I" M cells was significantly decreased in all PP examined from RANKL null mice,
a proximal to distal gradient in the number of UEA-I" cells per dome was observed in
RANKL null mice that was not seen in wild type mice (Fig. 1C). UEA-I" M cells were
almost completely absent in the most proximal PP from RANKL null mice, and

progressively increased in more distal PP. In RANKL null mice, the highest number of
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residual UEA-1" cells was consistently detected in the most distal ileal PP. Taking into
account the decreases in RANKL null mice in the number of PP, the number of follicles
in each PP, and the number of M cells per follicle, loss of RANKL is associated with a
73-fold overall depletion of UEA-I" M cells. This extent of loss of M cells is roughly 10-
fold greater than the losses we observed in both uMT B cell deficient mice and CCR6
deficient mice (data not shown), strains of mutant mice previously shown to have a

significant reduction in the number of M cells (38, 39).

UEA-1" M cells can be restored in RANKL null mice by treatment with exogenous
RANKL

To determine if the deficiency of M cells in the FAE of RANKL null PP could be
restored by replacement of RANKL, RANKL null mice were injected i.p. for 7
consecutive days with 250 ug per day of either recombinant GST-RANKL fusion protein
or recombinant GST as a control. On day 7, the PP follicles of RANKL null mice treated
with GST-RANKL had a near normal number of UEA-1" M cells distributed in the
typical radial pattern, while GST-treated mice remained profoundly M cell deficient (Fig.
2A). Daily treatment of RANKL null mice with rGST-RANKL for shorter intervals
demonstrated that day 5 was the first time point at which the number of UEA-I" M cells

was significantly increased over untreated RANKL null mice (Fig. 2B).

RANKL null mice have a defect in the uptake of 200 nm fluorescent beads into PP

follicles that is corrected by administration of RANKL
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While UEA-I is a useful immunohistochemical marker of mouse M cells, this
method of identification does not detect M cells based on their specialized ability to take
up particulate antigens from the lumen and transport them to meet APC in the
intraepithelial pockets. Measuring uptake of fluorescent nanoparticles injected into loops
of small intestine is a method that directly assesses M cell function in the FAE of PP (34,
35). Frozen sections of PP in isolated loops of small intestine from RANKL null mice
and RANKL null mice treated with GST-RANKL or GST (as a control) were compared
at 90 minutes after injection of fluorescent 200 nm nanoparticles into the loops. In the
GST-RANKL-treated mice more UEA-I" M cells were present and some of these cells
contained multiple fluorescent beads (Fig. 2C). Beads that had already passed through
the epithelial layer to reach the PP follicle were observed in APC in the vicinity of the
subepithelial dome or deeper in the B cell follicle. Image analysis was used to quantify
the magnitude of bead uptake in the GST-RANKL reconstituted mice and controls (Fig.
2D). Untreated RANKL null mice or those treated with GST had over 10-fold less
uptake of beads than control wild type mice. GST-RANKL treatment for 7 days restored

bead uptake to near wild type levels.

Systemic administration of RANKL also leads to widespread induction of villous M cells
In the course of treating RANKL null mice with GST-RANKL and evaluating the
reconstitution of M cells in PP, we noticed that the number of UEA-1" cells present on
small intestinal villi was also increased. This effect of RANKL treatment was further
evaluated in BALB/c mice, in which less than 10% of small intestinal villi have any

villous M cells at baseline, with most of these rare villous M cells arranged in a diffuse
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pattern (Fig. 3A). Treatment with systemic GST-RANKL i.p. for 4 consecutive days
induced substantial increase in the number of UEA-I" cells with the features of M cells
on the surface of the villi (Fig. 3B). Induction of an increased number of villous M cells
began by 24 hours after the first injection of GST-RANKL,; 4 days after the start of
RANKL treatment all small intestinal villi had at least some UEA-1" cells present, with
70% of villi showing a diffuse pattern and the remaining 30% exhibiting a dense pattern
(Fig. 3C). In villi showing a diffuse pattern of villous M cells, UEA-1" cells represented
approximately 3% of the total number of cells with DAPI™ nuclei. Scanning electron
microscopy of villi from RANKL-treated mice revealed slightly sunken cells with the

characteristic stubby microvilli characteristic of M cells (Fig. 3D).

RANKL-induced villous M cells are functional M cells capable of taking up 200 nm beads
and enteric bacteria

To determine whether the villous M cells induced by systemic RANKL treatment
were capable of increased transport of particulate antigens across the epithelium, mice
were treated with s.c. injections of RANKL for 4 consecutive days and gavaged with 200
nm diameter fluorescent nanoparticles at the same time as the last 2 RANKL injections.
PP from these mice were excised 24 hours after the second dose of beads and frozen
sections cut to identify beads that had been taken up into the PP by M cells. Bead uptake
was readily apparent in M cells and within the villi of the RANKL-treated mice, but
barely evident in the control untreated mice (Fig. 4A). Uptake of fluorescent beads was
increased by an average of 74-fold over the baseline of untreated mice as a result of

RANKL-induction of villous M cells (Fig. 4B). To test whether the RANKL-induced
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villous M cells were also capable of enhanced uptake of enteric bacteria, isolated
segments of small intestine lacking any PP from mice treated with RANKL for 4 days
were injected with fluorescently labeled live enteric bacteria. Sections of the intestinal
wall taken 2 hours after the introduction of the bacteria revealed substantially enhanced
uptake of both Salmonella enterica serovar Typhimurium (35-fold) and Yersinia
enterocolitica (46-fold) as a consequence of villous M cell induction by RANKL (Fig. 4C

and 4D).

Neutralizing antibody to RANKL reproduces the M cell deficiency observed in RANKL
null mice

Some of the developmental defects in RANKL null mice, such as the total
absence of lymph nodes, cannot be corrected by simply injecting the mice with the absent
cytokine as adults. This raises the issue of whether the M cell deficit observed in PP
from RANKL null mice might be a byproduct of early developmental alterations in the
PP of these mice. To address this issue, wild type BALB/c mice were treated i.p. with a
neutralizing anti-RANKL antibody to determine if acute blockade of RANK/RANKL
signaling would lead to loss of PP M cells. Mice were treated i.p. with 250 pg of the
IK22-5 rat anti-mouse RANKL mADb every 2 days, a dose previously shown to block the
activity of RANKL in vivo (37). The number of M cells in the PP follicles was evaluated
after various lengths of treatment by both UEA-I staining and by uptake of fluorescent
200 nm beads from isolated small intestinal loops. After 8 days of antibody treatment,
the number of M cells present in the PP and the degree of uptake of fluorescent beads by

PP in isolated loops were both dramatically decreased (Fig. 5A-C). Analysis of the
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kinetics of the anti-RANKL effects showed that the number of UEA-I" M cells dropped

precipitously between 2 and 4 days, and declined further between 4 and 8 days (Fig. 5D).

Epithelial cells in the small intestine express RANK

RANK is expressed by multiple cell types including osteoclasts, dendritic cells,
mammary epithelial cells, and thymic epithelial cells. Since our experiments with
RANKL null mice and neutralizing anti-RANKL antibody showed that RANKL is
essential for normal M cell development within the FAE, we used immunohistochemical
staining with anti-RANK antibodies to determine what cells in the vicinity of PP
expressed the RANK. Staining for RANK was observed on epithelial cells in the FAE
and was also detected on villous and crypt epithelial cells (Fig. 6). Serial sections of the
same PP showed that RANKL expression was restricted to stromal cells concentrated
beneath the FAE as previously shown (30). These results suggest that RANKL exerts its
effects on M cell differentiation through short-range delivery from the stromal cells to the

FAE on the other side of the basement membrane.

RANKL null mice exhibit decreased PP germinal center formation and fecal IgA
production

PP were previously reported to be smaller than normal in two independently
derived strains of RANKL null mice (22, 28), but other aspects of PP function were not
examined in the initial reports. We asked whether the loss of M cell function in RANKL
null mice was associated with impaired B cell responses to antigens internalized from the

intestinal lumen. We compared the frequency and extent of germinal center development
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in PP from RANKL null mice and littermate controls using an antibody (GL7) that
preferentially binds activated germinal center B cells. Compared to PP from controls, PP
from RANKL null mice at 10 to 12 weeks of age exhibited a smaller percentage of
germinal centers containing GL7" cells in the B cell zones and a relative expansion of the
T cell zones (Fig. 7A). This finding suggested that the production of secretory IgA might
also be impaired in RANKL null mice. Fecal IgA concentrations in mice from 4 to 12
weeks of age were consistently decreased in RANKL null mice compared to littermate

controls (Fig. 7B).
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Discussion

Antigen-sampling M cells have been described in both mammalian and avian
species as part of the FAE covering the organized lymphoid structures of the respiratory
and digestive tract (3, 40, 41). However, the specific signals and signaling pathways that
trigger the differentiation of these M cells from precursor cells located in the stem cell
zone of the crypts or from the enterocytes on the surface of the FAE remain to be
identified (12). Some clues have emerged from analysis of strains of mutant mice created
by gene-targeting that retain PP but exhibit decreased numbers of M cells in these PP.
Specifically, B cell deficient mice such as uMT mice exhibit significantly reduced
numbers of M cells in PP (38). Additional support for a role of B cells in promoting M
cell development has come from in vitro studies in which co-culture of freshly isolated B
lymphocyte or B lymphocyte lines with model intestinal epithelial cell lines cultured on
semipermeable supports promoted the development of M cell-like features by the
epithelial cells, including transcytosis of particulate antigens (11, 42). However, neither
in vivo analysis of PP from B cell deficient mice or experiments based on the in vitro M
cell differentiation system have elucidated a specific mechanism by which B cells
promote differentiation of M cells in the FAE.

RANKL emerged as a cytokine with a potential role in the differentiation of the
FAE and M cells as a result of experiments demonstrating RANKL expression on stromal
cells located immediately beneath the FAE in ILF and PP (30). To determine if PP were
functionally compromised in the absence of RANKL, we characterized the PP of

RANKL null mice. Staining of PP from RANKL null mice with the UEA-I lectin
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reactive with murine M cells revealed a profound depletion in UEA-1" cells compared to
wild type mice. Taking into account all of the factors that contribute to the total number
of M cells within small intestinal PP (i.e. number of PP, number of follicles per PP,
number of M cells per follicle), we find that RANKL null mice have less than 2% of the
number of UEA-I" M cells found in wild type mice. While the UEA-I lectin is the
immunohistochemical reagent we relied on the most to establish that RANKL null mice
are deficient in M cells, we have used several independent means of confirming this
deficiency in M cells including functional measurements of M cell activity using uptake
of fluorescent nanoparticles and bacteria, transmission electron microscopy, and
immunostaining with the NKM 16-2-4 monoclonal antibody specific for mouse M cells.
RANKL acting through its specific receptor (RANK) plays an important
developmental role in multiple tissues. The most striking and best-studied of the deficits
in RANKL null mice are the absence of any lymph nodes and the failure of osteoclast
development, leading to osteopetrosis and a malformed skeleton. One potential
explanation of the loss of M cells we observed in PP from RANKL null mice is an early
developmental defect in PP development that permanently compromises the capacity of
the FAE to generate conventional M cells. Two types of experiments were done to test
this possibility. First, we examined whether the M cell defect was reversible if a source
of exogenous recombinant RANKL was provided. Daily injections of GST-RANKL
given for 5 or more days provided a nearly complete reconstitution of the number of M
cells per PP follicle. Second, we used neutralizing mAb to RANKL to test whether acute
depletion of RANKL in adult wild type mice would also cause loss of M cells. After 4

days of anti-RANKL treatment to inhibit normal RANKL-RANK interactions, the
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number of UEA-I" M cells in each PP follicle plunged to levels approaching those in the
RANKL null mice. Thus, production of RANKL must be sustained in the adult PP to
permit the continued production and/or survival of M cells.

RANK is expressed on multiple cell types including osteoclasts and their
precursors, dendritic cells, endothelial cells, mTEC, and mammary epithelial cells. The
simplest model to explain the observed effects of RANKL on M cell differentiation is to
propose that RANKL derived from the subepithelial dome stromal cells in the PP acts in
a paracrine fashion on the adjacent epithelial cells of the FAE. Because RANKL is a
type 1l membrane protein that is synthesized in a transmembrane form, cleavage by
metalloproteases is needed to generate a soluble form of the cytokine (17, 18). We favor
the hypothesis that RANKL is acting directly through RANK on enterocytes because
immunohistochemical staining of small intestinal tissue including a PP showed that the
bulk of the RANK staining is localized to the epithelium, with roughly equivalent levels
of RANK on the FAE and villous epithelium. Gene expression profiling studies
comparing flow sorted PP M cells and villous enterocytes revealed that both of these
intestinal epithelial cell types express mRNA for RANK (36) (gene expression data for
RANK archived in NCBI Gene Expression Omnibus under accession number GSE7838).

The capacity of soluble recombinant RANKL injected systemically to induce the
appearance of M cells on all small intestinal villi provides further insights into the
mechanism of action of RANKL. RANK-expressing epithelial precursor cells located in
both dome-associated crypts next to PP follicles and in standard small intestinal crypts
have the potential to differentiate into M cells if exposed to sufficient stimulation with

RANKL. RANKL-induced villous M cells have most of the same features as PP M cells,

38



including reactivity with UEA-I, stubby surface microvilli observed by scanning electron
microscopy, and most importantly the capacity for constitutive uptake of particulate
antigens. Under normal conditions, M cell development is primarily restricted (other
than a small number of scattered villous M cells) to the organized lymphoid tissues of the
small intestine (i.e. PP and ILF) because constitutive expression of RANKL is restricted
to subepithelial stromal cells at these sites. When the spatial restriction of RANKL
availability in the small intestine is bypassed by systemic injection, RANKL is able to
trigger M cell differentiation in a fraction of epithelial precursors in both dome-associated
crypts adjacent to organized lymphoid tissues and normal crypts.

While our results identify RANKL as a key cytokine signal involved in inducing
the differentiation of M cells from precursors in the FAE, we consistently observed a
trace number of residual UEA-1" M cells in a few of the PP follicles in RANKL null
mice. Our results fit best with a model that postulates that there are additional signals
besides RANKL that contribute to the development of M cells. We found that the most
distal PP in RANKL null mice was invariably the PP with the largest number of residual
M cells per follicle, suggesting that an increased density of luminal commensal bacteria
can accentuate the extent of M cell differentiation locally in situations in which loss of an
M cell-inducing factor results in a global decrease in M cell differentiation. One of the
other signals capable of promoting M cell development may be contributed by local B
cells in the PP, since absence of mature B cells also leads to depletion of PP M cells (38),
although the degree of M cell deficit is far less pronounced. Exogenous administration of
GST-RANKL to B cell deficient J4"~ mice does not increase the number of PP M cells

(unpublished observations), indicating that the contribution of B cells to the development
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of M cells does not involve simply providing RANKL. Given that TNF family members
are known to have overlapping and partially redundant functions in other developmental
contexts (e.g. the known contributions of LT 32, RANKL, and TNF-a. to the normal
formation and organization of secondary lymphoid structures) (43), other TNF family
members may contribute to the induction of M cell differentiation and account for the
low level of residual M cell formation in the absence of RANKL. Cooperation of
RANKL with the TNF family member CD40L has recently been established for the
induction of mTEC differentiation (24, 25). RANKL is the most critical TNF family
member in inducing normal mTEC differentiation during embryonic development of the
thymus, with CD40L playing a complementary role in the postnatal thymus (24).
Interesting parallels exist between the role of RANKL in inducing differentiation of
UEA-I" M cells in the FAE of PP and its role in inducing the differentiation of UEA-I"
MTEC in the thymus. The RANKL-induced mTECs are critical for establishment of
central T cell tolerance, while RANKL-induced M cells contribute to the establishment of
peripheral T cell tolerance to bacterial antigens at mucosal surfaces normally colonized
by commensal bacteria.

The identification of RANKL as a key switch factor that can elicit M cell
development by intestinal epithelial precursors has the potential to yield valuable
translational applications in the areas of mucosal vaccine development and oral tolerance
induction. Specifically targeting orally administered antigens to M cells using either
monoclonal antibodies to M cell surface receptors, lectins, or bacterial adhesins specific
for M cells remains an active area in the development of vaccines for oral delivery (44).

Combining antibody-mediated M cell targeting of antigen with a strong mucosal adjuvant
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(e.g. cholera toxin) already shows promise as a strategy for the establishment of both
mucosal and systemic immunity to vaccine antigens (45). The efficacy of such
approaches may be boosted if preceded by systemic or ideally local delivery of
exogenous RANKL aimed at increasing the frequency of human M cells in the PP FAE
and particularly in the villous epithelium to supraphysiologic levels, thereby increasing

the efficiency of delivery of M cell-targeted vaccines administered at mucosal surfaces.
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Figure Legends
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Figure 1. PP of RANKL null mice contain very few M cells. A, UEA-I staining reveals
far fewer M cells in a representative follicle from a RANKL null PP compared to a wild
type control PP. The number of M cells counted in the follicle is indicated in the lower

left hand corner. The follicles shown are from the middle portion of the small intestine.

Scale bar, 200 um. B, FAE of RANKL null mice showed a lack of characteristic M cell
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features by transmission electron microscopy. The long arrowheads indicate
intraepithelial pockets within the M cells. The short arrowheads point to the shorter
microvilli found on the apical surface of M cells. Scale bars, 50 um. C, Scatter plot
summarizing frequency of UEA-I" M cells in individual PP follicles from RANKL null
and control mice (n=5 mice for both groups). All PP examined were assigned to 1 of 5
groups based on proximal to distal position. **, p <0.001 compared to control mice by

ANOVA.
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Figure 2. Administration of rRANKL to RANKL null mice restores PP M cells. A,
RANKL null mice were treated i.p. for 7 days with 250 ug/day of GST-RANKL or GST
as a control. UEA-I staining of representative follicles from the distal small intestine
shows restoration of the normal number and pattern of UEA-I" M cells by GST-RANKL,
but not by GST. Scale bar, 200 pm. B, Reconstitution of UEA-1" M cells requires 5 days
of treatment with GST-RANKL. The results are based on 3 to 6 mice at each time point
and include data from all PP except the most distal PP. ** indicates p < 0.001 compared
to untreated mice by ANOVA. C, Uptake of 200 nm diameter fluorescent beads from
isolated small intestinal loops into PP of RANKL null mice 90 minutes after bead
injection is restored to near wild type levels by prior treatment with GST-RANKL for 5
days. Merged images of bead fluorescence and DAPI fluorescence from frozen sections
of PP are shown with the white circles indicating the location of individual beads or
clusters of beads. The inset shows a magnified image of the boxed area additionally
merged with the rhodamine-UEA-I signal to show that the clusters of fluorescent beads
(indicated by arrowheads) within 2 adjacent UEA-1" M cells on the surface of the FAE.

Scale bar, 100 um. D, Summary scatter plot showing that GST-RANKL treatment
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reconstitutes uptake of fluorescent beads as assessed by image analysis of the percentage
of pixels containing green fluorescent beads within the area of the PP follicles. *, p <

0.01 compared to untreated mice by ANOVA.
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Figure 3. Administration of rRANKL induces development of villous M cells on all
small intestinal villi. A, Whole mount staining of villous M cells in untreated BALB/c
mice, BALB/c mice treated for 4 days with GST (an initial injection of 50 ug i.p.
followed by 100 pg s.c. of GST every 24 hours), or BALB/c mice treated for 4 days with
GST-RANKL (an initial injection of 50 pg i.p. followed by 100 pug of GST-RANKL
every 24 hours) with rhodamine-UEA-1 and DAPI. Villous M cells in diffuse patterns are
found on occasional villi. GST-RANKL treatment leads to an increased fraction of villi
with M cells and an increase in the number of M cells per villus. Both diffuse and dense
patterns of villous M cell distribution were observed. Scale bar, 200 um and 500 pum. B,
Summary graph showing kinetics of induction of villous M cells in the diffuse and dense
patterns of distribution following GST-RANKL administration. C, Scanning electron
microscopy reveals the presence of cells with a depressed surface and attenuated and

blunted microvilli characteristic of M cells.
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Figure 4. RANKL-induced villous M cells are functional for bead and bacteria uptake
from the intestinal lumen. A, Wild type (C57BL/6 x BALB/c)F; mice were treated with
100 pg of GST-RANKL, or GST s.c. once a day for 4 consecutive days. On the last two
days of injections, the mice and untreated controls also received 1 x 10™ 200 nm
fluorescent beads by gavage. One day after the last dose of GST-RANKL or GST,
segments of small intestine were harvested and sectioned to check for the presence of
green fluorescent beads. Alternatively, isolated small intestinal loops were prepared in
anesthetized mice treated for 4 days with RANKL, or GST and untreated controls and
these loops were injected with Salmonella enterica serovar Typhimurium expressing
DsRed-Express or Yersinia enterocolitica labeled with Alexa546. After 2 hour
incubation, the tissue was harvested for frozen sections. The merged images show
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representative villi with DAPI positive nuclei and either green fluorescent beads or red
fluorescent bacteria within the villi. B, Uptake of beads was quantitated by image
analysis and normalized so that the average uptake in untreated controls was 1.0. *, p <
0.01 by Mann-Whitney test. C, The percentage of villi containing at least one bacterial
organism was substantially increased in RANKL-treated mice. **, p <0.001; *, p <0.01
(both by Fisher’s exact test). D, Uptake of bacteria was quantitated by counting
individual bacteria within villi. The mean number of bacteria found per villus was

normalized to a value of 1.0 for the untreated controls.
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Figure 5. Treatment of wild type mice with neutralizing anti-RANKL leads to loss of PP
M cells. A,B, BALB/c mice were treated i.p. with 250 ug of IKK22-5 mAb, or functional
isotype control rat IgG2a antibody on days 0, 2, 4, and 6. On day 8, isolated bowel loops
containing PP were injected with fluorescent beads and the mice euthanized after 90
minutes. Anti-RANKL treatment led to loss of UEA-I" M cells detected by whole mount
staining (A) and a decrease in the uptake of fluorescent beads detected on frozen sections
of PP from the bead-injected loops (B). Scale bar, 200 um in A and 100 um in B. C,
Summary of data from all PP analyzed in A and B for UEA-I" cells and fluorescent bead
uptake. D, Anti-RANKL-induced loss of UEA-I" M cells detected by whole mount
staining begins by 4 days after start of antibody treatment. ** in C and D indicates p <

0.001 compared to untreated mice by t-test (C) or ANOVA (D)
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Figure 6. Intestinal epithelial cells express RANK. Frozen sections of a PP from a wild
type BALB/c mouse were stained with rat mAbs to mouse RANK (A, B), mouse
RANKL (C), or an isotype control rat 1gG2a antibody (D), followed by a biotinylated
secondary antibody, streptavidin-peroxidase, and FITC-tyramide plus DAPI as a
counterstain. A. RANK expression is localized to epithelial cells in the FAE and on the
adjacent villi. Scale bar, 200 um. B. Higher magnification of RANK staining show
RANK is present throughout the cell, including the apical and basolateral membranes.
Scale bar, 100 um. C. Reticular stromal cells concentrated immediately beneath the

epithelial layer are the only cells on which RANKL is detected. Scale bar, 200 pm.
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Figure 7. RANKL™ mice have fewer germinal centers in their PP follicles and lower
levels of fecal IgA. A, RANKL™" PP have fewer and less developed germinal centers
identified by GL7" cells than control PP. B, Fecal IgA concentrations (mean + S.D.)
measured by ELISA were consistently decreased in RANKL™ mice compared to
littermate controls based on analysis of samples from 5 to 16 mice of each genotype in

each age range tested. *, p < 0.01; **, p < 0.001 (compared to control mice by t-test).
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Supplemental Figure 1. PP from RANKL null mice have very few cells reactive with the NKM

16-2-4 monoclonal antibody specific for M cells. A.B, sections of PP from the middle portion of
the small intestine from wild type mice (A) and RANKL null mice (B) were stained with FITC-
NKM 16-2-4 and rhodamine-UEA-1. The small arrowhead indicates a cell positive from UEA-I,

but negative from NKM 16-2-4. Scale bar, 100 pm.

58



Chapter 2

Differentiation of Peyer’s patch M cells does not require signals from B cells

Kathryn A. Knoop®, Betsy R. Butler, Nachiket Kumar®, Hideo Yagita?, and Ifor R.

Williams!

!Department of Pathology and Laboratory Medicine, Emory University School of
Medicine, Atlanta, GA 30322
’Department of Internal Medicine, Washington University School of Medicine, Tokyo,

Japan

Manuscript in progress

All experiments in this study were performed by Kathryn A. Knoop, with assistance from

Betsy R. Butler.

This manuscript was written by Kathryn A. Knoop.

59



Abstract

Microfold (M) cells are antigen-sampling cells in the epithelium covering Peyer’s
patches (PP) and other mucosal lymphoid tissues, imperative for immune surveillance in
the gut. The exact cues for M cell differentiation have long been sought after. The
previously demonstrated reduction in the number of PP M cells in B cell deficient mice
led to a model proposing that B cells provide critical signals supporting M cell
differentiation. We show with a model of acute antibody-mediated B cell depletion, the
number of PP M cells per dome was essentially unchanged. Comparing the number of M
cells per dome to the dome surface area shows while B cell deficient mice do have fewer
M cells and smaller domes, the density of M cells on the PP dome is the same for
BALB/c, B cell depleted, or B cell deficient mice. The only mouse model that shows a
significant decrease in the M cell density is the RANKL™ mouse. We conclude that B
cells from PPs are not required normal differentiation of PP M cells. Rather, the modest
decrease in the number of PP M cells observed in B cell deficient mice appears to be a
consequence of abnormal embryonic PP and FAE development rather than just absence of

B cells.
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Introduction

In the small intestine, the ability to constantly sample luminal antigens is essential
in preserving homeostasis and maintaining tolerance to antigens derived from food and
commensal bacteria while still maintaining the ability to launch an effective response
against pathogens (1). Acting as the main sampling mechanism in the gut, M cells are
specialized epithelial cells able to transcytose particulate antigen (2). M cells differ from
enterocytes on both the apical and basolateral sides of the cells. M cells lack the longer
brush border seen in enterocytes cells and instead are lined with short microvilli
containing unique glycoproteins (3, 4). M cells have an invagination on the basolateral
side of the cell is often occupied by lymphocytes or dendritic cells, referred to as the
intraepithelial pocket. (5, 6). The majority of M cells are found part of the follicle-
associated epithelium (FAE) overlaying Peyer’s patches (PP) or isolated lymphoid
follicles (ILFs) (4, 7). All of the small intestinal epithelium, including the FAE is a
single-cell layer of epithelium that undergoes replacement every 3 days (8). Proliferating
stem cells in the crypts give rise to a variety of cells, including enterocytes, M cells,
Paneth cells, goblet cells, and enteroendocrine cells, based on different signals the cells
receive (9, 10). Because M cells are primarily found over lymphoid tissue, and only
rarely are found on villi, it has been hypothesized that lymphocytes (vs. lymphoid tissue)
somehow trigger the development of M cells. Idea of B cells vs. stromal molecule.
RANKL data suggests stroma plays a major role, but some RANKL could still be coming
from hematopoietic cells (cite manuscripts showing B cell subsets with RANKL and

activated T cells making RANKL).

61



B cells have long been considered an important factor in M cell development
since the finding that B cell deficient mice have a reduced number of M cells (11). Due to
the proximity of M cells to B cells as M cells are mostly found overlaying PP follicles, it
was hypothesized lymphocytes could regulate M cell development. Further adding credit
to this theory was the development of in vitro systems replicating the M cell phenomenon
using lymphocytes and epithelial cells (12). The addition of Raji B cells to Caco-2 cells
has been shown to induce the ability of Caco-2 cells to transcytose nanoparticles (13).
This system has been used to show B cells can modulate gene expression in M cells (14).
The exact signal B cells use to promote M cell has yet to be found; M cells do not
required activated B cells or secreted immunoglobulin for differentiation(11). Disruption
of the lymphotoxin system, known to be important in the development of proper
architecture of lymphoid tissues (15), via inhibition of LTBR alter can reduce M cell
development (16). However lymphotoxin from B cells is not required for M cell
development (16, 17).

The extent B cells play in M cell differentiation in vivo, however, seems to be
minimal; M cells develop in all B cell deficient mice and Ragl” (16). The
chemokine/receptor partnership CCR6, on lymphocytes, and CCL20, expressed by FAE,
is required for the homing of B cells to PPs (18). CCR6" mice have smaller PP domes,
less FAE, but still maintain M cells (18). While B cells are not required for the in vivo
development of M cells, B cells, however, are imperative for proper development of the
FAE (16); absence of B cells correlated with a decrease in the size of the FAE. The
requirement of B cells for the maintenance of M cells and homeostasis of the FAE rather

than the development of M cells has been suggested (19), though attempting to
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demonstrate this using mice with genetic B cell deficiency does not separate M cell
maintenance from the initial development of the FAE. The impaired development of PPs
and FAE in mice with genetic deficiencies of B cells may confound results when
studying M cell development and homeostasis of the epithelium.

In this study, we use a model of acute B cell depletion to reassess the role of B cells in
the development of M cells by allowing the FAE to properly develop prior to B cell
depletion. We show depletion of B cells from PPs is not correlated with a decrease in M
cells. Comparing the number of M cells per PP dome and the size of the PP dome, we
also show the density of M cells on PP domes is constant in wild type, B cell depleted, or
B cell deficient mice. We have previously shown RANKL is expressed on stromal cells
in the subepithelial dome underlying the follicle associated epithelium of Peyer’s patches
and is necessary for the development of PP M cells, demonstrating that the RANKL-
RANK pathway plays a pivotal nonredundant role in establishing the M cell-mediated
pathway of antigen acquisition and handling. The M cell density on PPs in RANKL™
mice is one tenth the density found in wild type or B cell deficient mice. We find that
RANKL, present on non-hematopoietic cells and not B cells is a specific trigger for the

development of M cells.
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Methods and Materials

Mice

Mice carrying a human CD20 (hCD20) transgene on a BALB/c background were
obtained from Dr. Mark Schlomchik at Harvard University (Boston, MA). Ju” mice were
purchased from Taconic Farms (Hudson, NY). BALB/c mice used in experiments were
purchased from Jackson Labs (Bar Harbor, ME). Mice carrying a RANKL null mutation
on a C57BL/6 background (31) obtained from Dr. Yongwon Choi at the University of
Pennsylvania (Philadelphia, PA) were also backcrossed to BALB/c mice as previously
described to produce RANKL null mice and littermate controls on a background roughly
equivalent to (C57BL/6 X BALB/c) F1 mice (20). All mice used in the experiments were
at least 8 weeks old. All animal studies were reviewed and approved by the Emory

University Institutional Animal Care and Use Committee.

Bone Marrow Chimeras

For WT into RANKL™ bone marrow chimera mice, BM was eluted from the tibia
and femur of donor mice. A single-cell suspension was prepared in complete media.
RANKL™ recipient mice were given 600 rads of gamma-irradiation from a cesium source.
C57BL/6 recipient mice were given a total of 1000 rad. Donor BM cells were
resuspended in PBS and 2 x 10’ cells were injected i.v. into recipient mice. For RANKL™
into CD45.1 chimera mice, fetal liver cells from were isolated from embryonic day 14

mice. A single-cell suspension was prepared in complete media. CD45.1 recipient mice
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were given a total of 1000 rad. Mice were given drinking water supplemented with

neomycin sulfate (2 mg/ml) for 2 wk after transfer.

Rituximab B cell Depletion of hCD20 Transgenic Mice

To acutely deplete B cells in adult mice, mice with a hCD20 transgene were
injected IP with 2mg of Rituxan® (Rituximab, Biogen Idec, Weston MA, and Genentech,
San Francisco CA), an anti-CD20 depleting antibody, every 4 days for 16 days. Depletion
was measured in both the spleens and Peyer’s patch through flow cytometry, comparing
the total number of CD19" B220" B cells in a rituximab-treated hCD20 transgenic mouse

to a rituximab-treated control mouse.

Antibodies and Lectins

Monoclonal antibodies were purchased from eBioscience (San Diego, CA) unless
otherwise stated. The mAbs used for immunofluorescence detection of mouse cells on
frozen sections included PE- and FITC-anti-Thy 1.2 (53-2.1), PE-CD19 (1D3),
allophycocyanin- and PE-anti-B220 (RA3-6B2), biotinylated GL7, unconjugated
RANKL (IK22-5), and unconjugated anti-GP2 antibody (2F11-C3, MBL, Woburn, MA).
Rhodamine-UEA-I was purchased from Vector Laboratories. The anti-RANKL Ab
(IK22-5) used for in vivo RANKL neutralization experiment; mice were treated 250 pg

of IK22-5 i.p. every 2 days.

Immunofluorescence staining of frozen sections
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Frozen sections of PPs were cut on a cryostat and prepared for staining
experiments as previously described. (21) The sections were air dried overnight, and
fixed for 10 min in acetone at -20°C. Abs diluted in TNB buffer (PerkinElmer Life
Sciences, Waltham MA) were applied for one hour at room temperature. Biotinylated
antibodies were detected using streptavidin-conjugated Alexa 488 (Invitrogen, Carlsbad,
CA). Unconjugated antibodies were detected with a secondary anti-rat Alexa 546-
conjugated antibody (Invitrogen). 4’,6-diamidino-2-phenylindole, DAPI, (Sigma-Aldrich,
St. Louis, MO) at 10 ng/ml was used as a nuclear counterstain. The slides were mounted
in ProLong anti-fade reagent (Invitrogen). Images were acquired using a Nikon 80i

fluorescence microscope.

Whole mount staining of PPs for detection of UEA-I" M cells

For detection of M cells, PPs were stained for whole mount imaging as previously
described. (20) Individual PPs were excised and vortex mixed in 0.5% Tween 20-PBS
followed by staining with rhodamine-UEA-I in TNB buffer for 40 minutes at 4°C. PPs
were then wet mounted under a 20 mm x 20 mm cover slip in 200 pl PBS. A count of
UEA-I" M cells was done for every dome on the individual PPs to calculate the average
number of M cells per dome. Because the outlines of individual UEA-1" M cells were
best delineated in images acquired using a 60x objective, some figures include composite
images representing single follicles were assembled by stitching of up to 4 overlapping

individual 60x images using Photo Stitch 3.0 (Canon).

In vivo assessment of M cell uptake of fluorescent beads
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The uptake of 200 nm diameter fluorescent polystyrene latex nanoparticles
(Fluoresbrite YG: Polysciences) by M cells in FAE of individual PP was assessed by oral
gavage. Mice were fed 200 pl aliquots of 1 x 10** 200 nm beads, 16 hours later PPs were
excised and embedded in OCT. Frozen sections were cut, briefly stained with DAPI

(Sigma-Aldrich) without fixation, and examined by microscopy.

Quantitative analysis of fluorescent bead uptake by PP M cells
Analysis of the degree of bead uptake into PPs was done by threshold analysis

using ImageJ v1.37 software (http://rsb.info.nih.gov/ij) as previously described (20). The

percentage of the pixels with a signal intensity that exceeded this cutoff was calculated

for the area occupied by each PP follicle.

ELISA for measurement of fecal IgA

To quantitate total fecal IgA, fecal pellet samples were collected and extracted by
making a 1/10 suspension (w/v) with PBS. After the suspension was vortexed and spun
for 10 min at 12,000 x g, the supernatant was stored at -70C. Polyclonal goat anti-mouse
IgA Ab (Southern Biotechnology) was used as a capture Ab. The bound mouse IgA was
detected with peroxidase-labeled goat anti-mouse IgA Ab (Southern Biotechnology)
using TMB (BD Biosciences) as the peroxidase substrate. A mouse IgA, k isotype control

mADb (BD Biosciences was used to establish a standard curve.

Statistical analysis
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Differences between the mean values for groups were analyzed by either two-
tailed Student’s t test, two-tailed Mann-Whitney test, or two-tailed ANOVA (for multiple
groups) using Prism (GraphPad Software). A P value of less than 0.01 was considered

significant.
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Results

Acute antibody-mediated deletion of B cells does not interfere with M cell differentiation

We used mice that express an hCD20 transgene as an experimental model for
examining the effect of acute depletion of B cells on M cell differentiation in PPs. The
presence of hCD20 on all mature B cells in these mice allows depletion of B cells
following in vivo treatment with rituximab, an anti-hCD20 monoclonal antibody (22). To
validate the use of this transgenic model for our studies of M cells in small intestinal PPs,
we first compared the structure and function of PPs in hCD20 transgenic mice and
littermate controls. As expected, no significant differences were observed in the number
of PPs, the architectural arrangement of B and T cell areas in PPs, the number of UEA-I"
M cells per PP follicle, or the concentration of fecal IgA (Fig. S1).

To induce and maintain systemic depletion of B cells, hCD20 transgenic mice and
littermate controls lacking the transgene were treated with 2 mg of rituximab every 4
days for a total of 16 days. The lifespan of small intestinal epithelial cells besides Paneth
cells (including M cells) is approximately 3 to 4 days(23). Maintaining the B cell-
depleted state for 16 days assured that all M cells identified at the end of this period had
arisen and differentiated under B cell-depleted conditions. Rituximab treatment led to a
>97% decrease in B220" CD19" B cells in PPs as assessed by flow cytometry (Fig. 1A),
indicating that the efficiency of depletion of B cells from PPs was similar to that
observed in the spleen. While a few residual B cells remained in the PPs, these B cells
were no longer organized into follicles (Fig. 1B) and the areas normally containing B

cells were mostly filled in with Thy-1" T cells (data not shown). We checked for the
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presence of M cells in the PPs from B cell-depleted mice by staining sections for the M
cell-specific marker GP2 and visualizing UEA-I+ cells on whole mounts of PP domes.
Despite the loss of the vast majority B cells from PPs after rituximab treatment, there
were still GP2* M cells on the dome of the PPs (Fig. 1B) and radially-arranged columns
of M cells extending from the crypts towards the apex of the PP dome (Fig. 1C). The
mean number of M cells per PP dome was slightly reduced (Fig. 1D), but the difference
was not statistically significant. To determine if the GP2" and UEA-1" M cells detected in
the B cell-depleted mice retained their ability to transcytose particulate antigens, mice
were gavaged with 200 nm diameter fluorescent beads. Sections of PPs showed a similar
degree of uptake of beads in the B cell-depleted and control mice (Fig. 1E), which was
confirmed by quantitative image analysis (Fig. 1F). Thus, depletion of B cells from PPs

does not interfere with either the differentiation or function of M cells in the PP FAE.

RANKL deficient mice have a much greater reduction in total Peyer’s patch M cells than
B cell-deficient mice

Two independent gene-targeted models of B cell-deficient mice (uMT and Jy™)
were found to have a substantial decrease in the number of PP M cells (11). The extent of
loss of PP M cells in the J mice was estimated to be between 150- and 800-fold.
Because our studies of mice acutely depleted of B cells using rituximab revealed only a
minimal decrease in the number of M cells per PP follicle, we did a quantitative
comparison of the degree of loss of M cells in rituximab-treated hCD20 transgenic mice,
uMT mice and JH"‘ mice in comparison with the relevant control mice. RANKL™ mice

that lack most M cells and their littermate RANKL** controls were also included in this
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analysis. For each strain the total number of PP M cells was calculated as the product of
the average number of PPs, the average number of domes per PP, and the average
number of M cells per PP dome. This analysis revealed that both models of B cell
deficient mice had fewer grossly detectable PP, fewer follicles per PP, and only about one
third the number of UEA-I" M cells per PP dome (Fig. 2A). The residual PP M cells in B
cell deficient mice retained expression of GP2 (Fig. 2B). Overall, we found a 14-fold
decrease in the total number of PP M cells in J4”~ mice and a 4-fold decrease of PP M
cells in uMT mice, when compared to control mice of the appropriate strain (Table 1). In
contrast, PP from RANKL™ mice retained B cell follicles (Fig. 2C), but had a much

larger 83-fold decrease in the estimated total number of PP M cells.

Density of M cells remains relatively constant in wild type, B cell-depleted and B cell-
deficient mice

A consistent correlation was observed between the number of M cells in each PP
dome and the size of the PP domes when B cell-depleted and B cell-deficient mice were
compared with the respective wild type controls (Fig. 3A-C). For example, wild type
BALB/c mice had an average of 171 M cells per dome distributed over an average PP
dome surface area of 0.46 mm? for a density of 332 cells/mm?. J4” and pMT mice had
significantly smaller domes (0.11 and 0.24 mm?, respectively) and significantly fewer M
cells per dome (30 and 51), but the density of PP M cells (323 and 343 cells/mm?)
remained remarkably similar to that calculated in the wild type controls. In stark contrast,
RANKL™ mice had a slightly reduced dome surface area coupled with a huge decrease in

the number of PP M cells, resulting in the density of residual M cells dropping to 33/mm?
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or just one-tenth the density of wild type mice. Results parallel to the density obtained by
UEA-I staining were obtained when uptake into PP of 200 nm diameter fluorescent
nanoparticles administered by oral gavage was used as a functional assay for transcytosis
by PP M cells. The observed amount of uptake of the nanoparticles was not diminished in
mice with acute depletion or absence of B cells, but was severely compromised in
RANKL" mice (Fig. 3D). Preservation of essentially the same density of M cells on the
FAE surface and the normal functional capacity of these M cells despite the acute
depletion of most B cells or the total developmental absence of B cells is a strong
indication that B cells are not supplying additional signals required for the differentiation

of M cells within the PP FAE.

M cell differentiation is not restored in chimeric mice with RANKL expression restricted
to hematopoietic cells

Immunohistochemical analysis of RANKL expression in PP showed that the
principal cells that express RANKL are stromal cells concentrated in the subepithelial
dome area. However, RANKL expression has also been reported on activated T cells and
specific subsets of B cells. Thus, T and/or B cells in the PP environment are another
potential local source of RANKL that could contribute to M cell differentiation. To
establish whether RANKL sufficient hematopoietic cells could direct the normal
differentiation of PP M cells when the stromal cells were unable to produce RANKL, two
reciprocal chimeric mouse models were established in which RANKL was absent on
either the hematopoietic or non-hematopoietic cells. To examine whether RANKL

supplied by hematopoietic cells would restore the deficiency in M cells in RANKL™"
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mice, RANKL™ or C57BL/6 CD45.2 hosts were lethally irradiated and reconstituted with
bone marrow from C57BL/6 CD45.1 donors. Because bone marrow could not be
harvested from the osteopetrotic long bones of RAN KL mice, the reciprocal chimeras
were established using E16 RANKL™ fetal liver cells were used as a source of
hematopoietic cells and transferred into irradiated C57BL/6 CD45.1 mice. After eight
weeks, both types of chimeric mice and controls were analyzed for the extent of PP M
cell development by whole mount UEA-I staining (Fig. 4A). RANKL" mice
reconstituted with CD45.1 bone marrow had an average of 15 UEA-I+ M cells per PP, or
just one-tenth the number of M cells on the PP dome of control mice (Fig. 4B). This low
number of UEA-I" cells per PP dome is similar to the number of UEA-I" M cells
previously reported in RANKL™ mice (20). In contrast C57BL/6 CD45.1 mice
reconstituted with RANKL™ fetal liver cells had an average of 131 M cells per PP dome,
indicating that RANKL provided by only non-hematopoietic stromal cells was sufficient

to support PP M cell development.

M cell development in J4” mice can be blocked with neutralizing RANKL antibody

The normal pattern of RANKL expression in the subepithelial dome of PPs is
maintained in B cell deficient mice (Fig. 2D). We previously showed that development of
PP M cells in wild type mice was blocked by administration of neutralizing RANKL
antibody (20). To determine if PP M cell development in Jy” mice is also fully dependent
on the availability of RANKL, we attempted to block M cell development in J" mice by
administration of 250 pg neutralizing RANKL antibody every other day for 8 days. On

day 8, the number of PP M cells was vastly decreased compared to control J4”~ mice (Fig.
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5A). This loss in PP M cells in J4”" mice after RANKL depletion correlated with an
equivalent decrease in the efficiency with which fluorescent beads were taken up into PPs

(Fig. 5B).
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Discussion

Concurrent with the initial discovery of the unusual ultrastructural appearance of
specialized antigen-sampling M cells in the intestinal epithelium of mammals was the
realization that M cell differentiation is generally restricted to a subset of the enterocytes
covering intestinal lymphoid structures including PPs and ILFs (24, 25). These early
observations about M cells paved the way for development of the basic hypothesis that
cells and/or soluble factors concentrated in these organized lymphoid structures (and not
present throughout the entire intestinal epithelium) provide the essential signals needed
for the differentiation of M cells from precursor cells in the follicle-associated epithelium
(26, 27). A series of experimental observations made using in vivo and in vitro systems
gave some preliminary support to the idea that the B lymphocytes present in the follicles
of organized lymphoid tissues have a critical role in M cell differentiation (12). A key in
vitro finding was the description of a cell culture model using the human Caco-2
intestinal epithelial cell line in which M cell-like cells could be induced in vitro by co-
culture of polarized Caco-2 cells on a permeable support with B lymphocytes or a B
lymphoblastoid cell line such as Raji cells. Since its introduction, this Caco-2 cell culture
system and various modifications of it have been widely used as an experimental
approach to study the biology of M cells. A complementary in vivo finding was the
observation that strains of knockout mice that lack all B cells also have a decreased
number of PP M cells (11). However, when viewed as a whole, these in vitro and in vivo
studies have not yet led to the identification of specific factors produced by B cells that

act to foster M cell differentiation either in vitro or in vivo. Furthermore, the results seen
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in the Caco-2 system have yet to be replicated in other intestinal cell culture systems, as
murine intestinal epithelial cells cultured with B cells alone did not convert into
transcytosing cells (28). Recently new candidate molecules that are capable of regulating
M cell differentiation and maturation have emerged from analysis of other knockout
mouse models. Our laboratory identified RANKL as a TNF superfamily cytokine
produced by stromal cells concentrated beneath the FAE of PP and ILF that is necessary
for PP M cell differentiation and capable of inducing widespread villous M cell
differentiation on the RANK-expressing villous epithelium of the small intestine after
systemic RANKL treatment (20). CD137 (4-1BB) is a TNF receptor superfamily member
that has been implicated in regulating the degree of M cell maturation in both mouse PPs
and in the murine nasal epithelium (29). The identification of these specific candidate
molecules involved in the regulation of M cell differentiation has led to a need to reassess
some of the earlier observations concerning the relationship between B cells and M cell
differentiation to determine if some or all of the M cell-promoting effects previously
attributed to B cells are explained by cytokines including RANKL and 4-1BBL.

One of the limitations of studying PP M cell differentiation in any of the knockout
mouse models with a lifelong global deficiency in B cells is that the entire developmental
sequence for PPs is substantially altered beginning in early embryonic life by the absence
of any B lymphocytes. This altered early development and the significantly reduced adult
size of PP could conceivably impair M cell differentiation independent of a true
requirement for the presence of B cells to drive M cell differentiation (16, 17). In this
study we sought to reexamine the role of B lymphocytes in M cell differentiation using a

newer transgenic mouse model of acute B cell deficiency in mice in which the vast
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majority of resident B cells are removed by initiating treatment with a depleting
monoclonal antibody (rituximab) specific for a human B cell antigen (CD20) encoded by
a transgene only expressed by B lymphocytes. This model allowed us to acutely deplete
almost all B cells from adult mice and then observe the consequences for M cell
differentiation after the state of B cell depletion was maintained for multiple weeks by
additional rituximab injections. Since the lifespan of M cells and most other subsets of
differentiated enterocytes is in the range of only 3 to 4 days (23), any M cells still present
in the FAE of PP after two or more weeks of acute B cell depletion must be able to
differentiate in the presence of few if any PP B cells.

The major conclusion emerging from our quantitative analysis of the status of PP
M cells in both the acute B cell depletion model and the B cell knockout mouse strains is
that while either acute loss or total absence of B cells reduced the size of PPs, the area of
the FAE domes, and the number of M cells per dome, the density of UEA-I" M cells
(calculated as cells per unit area) within the FAE remained relatively constant even when
B cells were mostly or totally absent. In contrast, either absence of RANKL or antibody-
mediated neutralization of RANKL resulted in a precipitous drop in the density of UEA-
I” M cells. While there are subsets of both B cells and T cells that can make RANKL, our
analysis of chimeric mice revealed that hematopoietic cell expression of RANKL alone is
not enough to support a normal level of M cell development. However, expression of
RANKL restricted to nonhematopoietic stromal cells was sufficient to allow a full degree
of M cell development. This result in chimeric mice coupled with the demonstration by
immunohistochemical staining that most expression of RANKL within PP is confined to

stromal cells preferentially located in the subepithelial dome area emphasize the crucial
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role of the PP stroma in providing a critical cytokine signal for M cell differentiation in
the PP FAE.

Our findings on the B cell-independence of M cell differentiation and the central
role of RANKL suggest that new types of in vitro and in vivo experimental models are
needed to unlock some of the remaining mysteries of M cell differentiation. In vitro
culture conditions using a combination of specific growth factors have been defined that
permit primary intestinal stem cells expressing the Lgr5 receptor to proliferate in vitro in
three dimensional “organoid” cultures to yield both daughter intestinal stem cells and a
mix of the major differentiated enterocyte subsets (absorptive enterocytes, goblet cells,
enteroendocrine cells, and Paneth cells) (30, 31). The establishment of this culture system
was a major experimental advance that will allow increased use of in vitro systems to
unravel the transcription factors and signaling pathways that regulate the differentiation
of specific lineages of enterocytes including goblet cells, enteroendocrine cells, and
Paneth cells, instead of cell culture systems that rely on transdifferentiation of
immortalized cell lines into the differentiated cell of choice . Supplementation of these
organoid cultures with additional defined growth factors and cytokines putatively
involved in M cell differentiation may yield cultures in which some of cells can adopt an
M cell fate rather than ending up in one of the other types of differentiated enterocyte
lineages. Furthermore, an improved understanding of the full breadth of the PP M cell
transcriptome by microarray studies has yielded a series of new M cell-specific markers
such as GP2 (32) that can now be used to more rigorously assess whether any cells that
closely mimic natural PP M cells can be generated via modifications of the basic

“organoid” culture system. Analysis of the expression levels of these same M cell-
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specific genes can also be as a validation tool to evaluate the various culture systems that
are based on use of established intestinal epithelial cell lines such as Caco-2.

One still unsettled issue about M cell differentiation concerns the nature of the
immediate precursor cells that can differentiate into M cells. Some laboratories have
proposed the existence of a transdifferentiation pathway that is capable of converting
normal mature absorptive enterocytes in the FAE into M cells (33, 34). Other models for
M cell development have posited that the commitment of a subset of enterocytes to
become M cells is instead largely restricted to the proliferative zone within the crypt
where both intestinal stem cells and transit amplifying cells reside (35, 36). This latter
model is better aligned with current concepts on how the other specialized enterocyte
subsets differentiate from uncommitted precursors(23). In fact, a series of transcription
factors have been described that play key roles in regulating the conversion of
undifferentiated enterocytes into one of the differentiated subsets of enterocytes (37, 38).
An in vitro system in which the degree of differentiation of uncommitted proliferating
enterocytes precursors into cells expressing signature M cell genes could be controlled by
simply modifying the cocktail of growth factors used would have great potential to
identify what types and sequence of cell fate decisions are involved in the generation of
M cells.

The appreciation of the pivotal role of the RANKL-RANK signaling pathway for
M cell development also has the potential to yield new in vivo mouse models featuring
selective intestinal M cell deficiency. While RANKL deficient mice show a profound
loss of intestinal M cells (20), their phenotype includes multiple other complex deficits

that result from the pleiotropic roles of RANKL in multiple processes including
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osteoclastogenesis, lymph node development, lactation by mammary epithelium,
medullary thymic epithelial cell development, and hair follicle growth (39). Preparation
of genetically engineered mice in which blockade of the RANKL-RANK signaling
pathway is restricted to the intestinal epithelium through the use of conditional and
inducible knockout approaches has the potential to yield mice that lack functional
intestinal M cells without all or most of the other phenotypic manifestations seen in the

global RANKL knockout mice.
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Table 1. Extent of M cell depletion seen in three mutant mouse models

Number of Domes per M Cells per Relative Fold
PP PP Dome Number Decrease in
Mice Actual Actual Actual of M Cells® M Cells®
(Normalized)*  (Normalized) (Normalized)®

RANKL+/+ 8.6 (1.00) 5.4 (1.00) 117 (1.00) 1.000 1
RANKL™ 5.3 (0.61) 2.2 (0.40) 6 (0.05) 0.012 83
C57BL/6 7.5 (1.00) 5.1 (1.00) 116 (1.00) 1.000 1
uMT 5.7 (0.76) 3.4 (0.66) 51 (0.50) 0.253 4
BALB/c 8.0 (1.00) 5.5 (1.00) 155 (1.00) 1.000 1
" 5.0 (0.62) 3.1 (0.56) 30 (0.20) 0.070 14

® The number of PP was counted in RANKL"* mice (n=4), RANKL™ mice (n=8),
C57BL/6 mice (n=2), uMT mice (n=5), BALB/c mice (n=4), and J4"~ mice (n=4). The
results are normalized to background control levels set at 1.00.

® The number of UEA-I* M cells were counted dome in the follicle with the most M cells
in each PP examined. Scatter plots of these results are presented in Figure 5A.

¢ The three normalized fractions (number of PP, domes, M cells) were multiplied to yield
the fraction of M cells relative to wild type mice, an approach modeled on that described
previously by Golovkina et al. *.

dRatio of total number of M cells in control mice to total number in the mutant strain.
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Figure 1. Mice maintain functional M cells after B cell depletion. (a) Cells from PPs
were stained for CD19 and B220 to measure the number of B cells after Rituxan
depletion via flow cytometry. (b) Sections of PPs were stained for GP2 and B220 (top
row) to visualize M cells on the FAE and the B cell follicles after B cell depletion. DAPI
was used as a counterstain, scale bar = 200 um. (c) Whole mount staining of PPs with
Rhodamine-UEA-I and (d) scatter plot summarizing the number of UEA-I+ M cells per

PP dome showed no significant difference after B cell depletion as calculated by a Mann-
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Whitney test. Scale bar = 200 um. (e) Sections of PPs from mice gavaged with 200-nm
fluorescent beads were stained with DAPI to show the M cells after B cell depletion are
able to take up particles, scale bar 100 um. (f) Bar graph summarizing beads taken up
into PP domes shows no significant difference after B cell depletion as calculated by a

Mann-Whitney test. N = 3 mice per group.
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Figure 2. Jy"" mice lack B cells, yet still have M cells, while RANKL™ mice lack M cells

in the presence of B cells. (a) Whole mount staining of PPs with rhodamine-UEA-1 show
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some UEA-1" M cells on the surface of B cell deficient PPs but no M cells on the surface
of RANKL™ PPs, scale bar = 200 um. (b) Sections of PPs were stained for GP2 to
visualize M cells on the FAE. (c) Sections of PPs were stained for Thy-1 and B220 to
visualize the B cell follicles, scale bar = 200 pum. (d) Sections of PPs were stained for

RANKL expression, scale bar = 200 um.
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Figure 3. M cell density is similar in wild type, B cell depleted, and J4” mice. (a) Bar
graph summarizing average number of M cells per PP dome in BALB/c, acute-B cell
depleted mice, J4” mice, and RANKL™" mice. (b) Bar graph summarizing average area of
the PP dome in BALBI/c, acute-B cell depleted mice, Ju” mice, and RANKL™ mice. (©)
Bar graph summarizing M cell density in BALB/c, acute-B cell depleted mice, J4"~ mice,
and RANKL™ mice. M cell density was calculated by dividing number of M cells per
dome by area of dome for an M cell density in mm?. (d) Scatter plot summarizing beads
found within PPs as a measure of functional M cells. ND indicates data not gathered.
Asterisk indicates significant difference of p<0.05, two asterisks indicate significant
difference of p<0.001 when compared to control groups indicated by connecting lines

calculated by independent student T tests.
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Figure 4. RANKL necessary for M cell differentiation is supplied by a non-hematopoietic
source. (a) Whole mount composite images of PPs from chimeras (RANKL"-> CD45.1,
CD45.1> RANKL™ , or CD45.1-> CD45.1) stained with rhodamine-UEA-I, representing
single follicles were assembled by stitching of up to 4 overlapping individual images
scale bar = 100 um. (b) Bar graph summarizing average number of M cells per follicle in
chimera models, two asterisks denotes significant difference of p<0.0001 calculated by

ANOVA with Tukey correction. N =2 mice per group.
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Figure 5. M cell development in J4”~ mice can be blocked with neutralizing RANKL
antibody. (a) Whole mount staining of PPs with rhodamine-UEA-1 show some UEA-I" M
cells on the surface of B cell deficient PPs but no M cells after anti-RANKL treatment,
scale bar = 200 um. (b) Representative images of PPs from mice gavaged with beads
illustrates functional M cells in JH"‘ mice, but not in JH"‘ mice treated with neutralizing

RANKL antibody, scale bar = 100 um. Images are representative of 4 mice per group.
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Supplementary Figure 1. The human CD20 Transgene does not affect gut humoral
responses. (a) PP sections were stained with B220, Thy-1, and GL7 to visualize B cell
zones, T cell zones and germinal centers. (b) Bar graph summarizing the average
concentration of IgA in fecal matter, no significant different was seen as calculated by a

Mann-Whitney test. N = 5 mice per group.
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Abstract

The differentiation of intestinal epithelial cells into M cells specialized for
antigen-sampling is a RANKL-dependent process that predominantly occurs in the
follicle-associated epithelium overlying lymphoid aggregates such as intestinal Peyer’s
patches. A lesser number of M cells can be found on the villous epithelium of wild type
mice, with an average density of just 0.07 villous M (vM) cells/villus in wild type mice as
detected by whole mount UEA-I staining. In wild type mice the density of vM cells is
relatively constant along the length of the small intestine. In sharp contrast, mice lacking
all B cells (Ju" and pMT strains) or IgA (IgA” and AID™ strains) exhibit a substantial
increase in the density of vM cells in the last 3 cm of the ileum to 10-17 vM cells/villus.
This expansion of vM cells in the distal ileum can be completely blocked by oral
ampicillin treatment for 3 days, indicating that the escape of the commensal enteric flora
from the normal homeostatic control of secretory IgA is one contributing factor.
Treatment of Ju”~ mice with neutralizing anti-RANKL for 4 days also blocked the
differentiation of vM cells in the distal ileum, indicating that RANKL also contributes to
the differentiation and/or survival of these vM cells. The increase of vM cells in the distal
ileum of mice when secretory IgA is absent supports a model in which the commensal
microflora and RANKL coordinately regulate the extent of vM cell differentiation in the

small intestine.
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Introduction

The small intestine is an active area of interaction between the gut immune
system and the diverse population of commensal bacteria in the lumen. The density of the
microflora increases from approximately 10* bacteria/ml of luminal contents in the
duodenum to approximately 10® bacteria/ml in the distal ileum (1). Though not as dense
as the microflora in the colon, this enteric microflora has a profound impact on the
development of the mucosal immune system (2). The composition of the enteric flora
differs greatly between separate specific pathogen free mouse facilities (3), and individual
mouse models (4). Though most commensal species aid mammals in digestion and
nutrient absorption (1), alterations in the composition of the enteric flora can contribute to
the emergence of clinical disease (5). A single-cell layer of epithelium is the main
physical barrier between the enteric flora in the lumen and the rest of the body, acting as
an “interactive barrier” (6), which can itself respond to the bacteria. The small intestinal
epithelium undergoes complete self-renewal approximately every three days. The source
of the new epithelial cells are proliferating stem cells in the crypts surrounding villi and
PPs. Each stem cell has the capacity to differentiate into one of several different
specialized cell types depending on the set of signals and factors to which the stem cells
are exposed. The villous epithelium is comprised of absorptive enterocytes,
enteroendocrine cells, Paneth cells, or goblet cells, while the follicle-associated
epithelium that overlies PPs is principally made up of absorptive enterocytes and M cells.

Microfold cells (M cells) are specialized epithelial cells that constantly

transcytose particulate antigens from the lumen (7). Lacking the longer brush border of
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enterocytes, M cells have shortened microvilli containing a distinct set of surface
glycolipids and glycoproteins which can be used to identify these cells (8-10). M cells
can be identified using the lectin Ulex europaeus agglutinin I (UEA-I), though UEA-I
also binds to goblet cells, mucus, and fucosylated epithelial cells (11). M cells can also be
identified by the expression of glycoprotein 2 (GP2), a receptor for the FimH proteins
found on a subset of Gram-negative enteric bacteria (12).

Though much of the sampling is passive, M cells use pinocytosis,
macropinocytosis, receptor-mediated endocytosis, and other methods to sample a diverse
range of antigens of varying sizes (12-14). Once the antigens pass through the cells, the
payload is picked up by lymphocytes or dendritic cells that can access an intraepithelial
pocket within the M cells (15, 16). Since M cells represent a major pathway by which
particulate antigens are introduced into the PPs, M cells are central to the development of
immune responses to both pathogenic bacteria and commensal bacteria; a reduction in M
cells can lead to little or no IgA production (17, 18). Secretory IgA is one of the primary
methods of controlling the luminal flora (19, 20); even non-pathogenic bacteria require
IgA production to keep the density within a manageable number and away from other
inflammatory mechanisms of the epithelium (21). Commensal bacteria can be safely
sampled through M cells and deposited to dendritic cells, which can migrate to the
mesenteric lymph node to initiate IgA production (22).

While the majority of M cells are found over PP, M cells may also develop on
villi (23). Though villous M cells are very rare in wild type mice, they are similar to PP
M cells, UEA-I+ and able to transcytose antigens similar to PP M cells. We have

previously shown Receptor Activated NF-xB Ligand, RANKL, to be a critical factor in
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the development of M cells (18). RANKL is expressed on stromal cells below the FAE,
in direct contact with the RANK™ epithelium. In wild type mice, RANKL expression is
restricted to the PP dome, restricting the development of M cells to the FAE. Upon
systemic treatment with recombinant RANKL, the villous epithelium, which is also
RANK™ can be induced to develop M cells on 100% of the villi (18), showing the
potential of the stem cells in the villous crypts to develop into M cells with the proper
stimuli.

RANKL™ mice have very few M cells on the PP domes, but interestingly the
density of PP M cells in these mice increases from almost no M cells in the proximal
small intestine to around 15 M cells on the largest dome of the most distal PP (18).
Although the proximal to distal gradient in the density of PP M cells per dome observed
in RANKL ™ mice is not seen in wild type mice, this gradient of M cell density mirrors
the density of the commensal flora, suggesting that at least under some conditions,
signals from the commensal flora may directly influence M cell development.

In this study we present evidence indicating that the enteric flora specifically
found in mice lacking IgA can induce the development of M cells on villi in the distal
ileum. These villous M cells are similar to PP M cells and fully functional. Appearing
just after weaning when the density of the enteric flora rapidly expands, these
commensal-induced villous M cells require signals from live bacteria, temporarily
disappearing after antibiotic treatment. As these commensal-induced villous M cells also
require RANKL, we find a population of M cells controlled by both commensal bacteria

and RANKL.
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Materials and Methods

Mice

Ju”" mice were purchased from Taconic Farms (Hudson, NY). BALB/c and pMT mice
used in experiments were purchased from Jackson Labs (Bar Harbor, ME). IgA”" mice
originally made by Dr. Innocent N. Mbawuke at Baylor University were obtained from
Dr. Charles Parkos (24). AID”" mice were obtained from Dr. Sidonia Fagarasan (25). All
animal studies were reviewed and approved by the Emory University Institutional Animal

Care and Use Committee.

Oral gavage of cecal contents

To induce villous M cells prior to weaning of neonates, 10 day old Ju™” or Ju™ mice were
gavaged with the cecal contents from a 10 week old J” mouse. Briefly, the cecum from
a Ju” was removed, opened, and the contents were scraped into 2mls PBS. Mixture was
vortexed for ten seconds to homogenize solution. Neonates were gavaged with 100 pl of

cecal contents and analyzed 1 week later for villous M cells.

Cholera toxin induction of fucosylated epithelial cells

Fucosylation on epithelial cells was induced by oral gavage of 10 pg of cholera toxin
(Vector Labs, Burlingame, CA ) in 200 ul PBS. 24 hours later tissue from the small
intestine was embedded in OCT and frozen sections prepared for staining with

fluorescent antibodies.
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RANKL induction of villous M cells

Villous M cell development was induced by systemic injections of recombinant RANKL
made as previously described (18). Mice were initially injected with 50 pg of protein SC
and 50 pg of protein IP, followed by daily injections of 50 pg of protein SC for three
additional days. On day four, small intestines were frozen for sections and fluorescence

imaging.

Antibodies and Lectins
Rhodamine-UEA-I was purchased from Vector Laboratories. The anti-RANKL Ab
(IK22-5) was used for in vivo RANKL neutralization experiment; mice were treated 250

pg of 1IK22-5 i.p. every 2 days for a total of 4 injections.

Immunofluorescence staining of frozen sections

Frozen sections of small intestines were cut on a cryostat and prepared for staining
experiments as previously described (26). The sections were air dried overnight, and
fixed for 10 min in acetone at -20°C. Abs diluted in TNB buffer (PerkinElmer Life
Sciences, Waltham MA) were applied for one hour at room temperature. Unconjugated
antibodies were detected with a secondary anti-rat Alexa 546-conjugated antibody
(Invitrogen, Carlsbad, CA). 4’,6-diamidino-2-phenylindole, DAPI, (Sigma-Aldrich, St.
Louis, MO) at 10 ng/ml was used as a nuclear counterstain. The slides were mounted in
ProLong anti-fade reagent (Invitrogen). Images were acquired using a Nikon 80i

fluorescence microscope.
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Whole mount staining of small intestines for detection of UEA-1" M cells

For detection of M cells, small intestines were stained for whole mount imaging as
previously described (18). Segments of small intestines were excised, opened
longitudinal, and vortex mixed in 0.5% Tween 20-PBS. The tissue was then fixed in
buffered formalin for 20 minutes, washed in PBS, and then stained with rhodamine-UEA-
I and DAPI in TNB buffer for 40 minutes at 4°C. Segments of small intestine were then

wet mounted under a 20 mm x 40 mm cover slip in 200 ul PBS.

In vivo assessment of M cell uptake of fluorescent beads and bacteria

The uptake of 1 um diameter fluorescent polystyrene latex nanoparticles (Fluoresbrite
YG: Polysciences, Warrington, PA) or Salmonella Typhimurium labeled with Alexa-546
(Invitrogen) by M cells on villi was assessed by using a modification of previously
described isolated small intestinal loop models (18), by deliberately tying 5 cm-long
loops between 5 to 0 cm from the cecum, and 15 to 10 cm from the cecum. Frozen
sections were cut, briefly stained with DAPI (Sigma-Aldrich) without fixation, and

examined by microscopy.

Quantitative analysis of fluorescent bead uptake by villous M cells
Analysis of the degree of bead uptake into villi was done by threshold analysis using

ImageJ software (http://rsb.info.nih.gov/ij) as previously described (18). The percentage

of the pixels with a signal intensity that exceeded the selected threshold was calculated

for the area occupied by small intestinal villi.
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ELISA for measurement of fecal IgA

To quantitate total fecal IgA, fecal pellet samples were collected and extracted by making
a 1/10 suspension (w/v) with PBS. After the suspension was vortexed and spun for 10
min at 12,000 x g, the supernatant was stored at -70C. Polyclonal goat anti-mouse IgA
Ab (Southern Biotechnology) was used as a capture Ab. The bound mouse IgA was
detected with peroxidase-labeled goat anti-mouse IgA Ab (Southern Biotechnology)
using TMB (BD Biosciences) as the peroxidase substrate. A mouse IgA, k isotype control

mADb (BD Biosciences was used to establish a standard curve.

Statistical analysis

Differences between the mean values for groups were analyzed by either two-tailed
Student’s t-test, two-tailed Mann-Whitney test, or two-tailed ANOVA (for multiple
groups) using Prism (GraphPad Software). A p value of less than 0.01 was considered

significant.
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Results

Mice lacking B cells have an increased density in M cells on villi in the distal ileum

Development of M cells is generally restricted to the FAE of PP. Rarely in wild
type mice, M cells capable of sampling antigen may also appear on the villi (23).
BALB/c mice contain a low density of villous M cells of an average of 0.07 M cells per
villus, throughout the small intestine. Interestingly, we observed by whole mount UEA-I
staining a much larger number of M cells per villus in the distal ileum of Jy"" mice
(Figure 1a). The increase in villous M cell density was most evident beginning
approximately 6 cm from the cecum (Figure 1b). Between 6 cm and 3 cm from the
cecum, the villous M cell density in Jy” was 7 cells per villus. This density further
increased on villi located 3 cm or less from the cecum to 15 cells per villus (Figure 1Db).
This increase in villous M cell density was not seen in BALB/c which maintained an
average density of 0.07 cells per villi.

To demonstrate that the UEA-I" cells in J4” mice are indeed villous M cells,
functional assays were set up to measure uptake of particulate antigens into villi. Loops
of the distal small intestine were tied off and injected with 1 um diameter fluorescent
beads or Alexa546 labeled Salmonella typhimurium. Only villi from the distal ileum of
Ju” mice contained beads, while villi from the proximal ileum of J” or the proximal or
distal ileum of BALB/c mice were unable to take up beads (Figure 1c). The amount of
beads found within villi corresponded to number of UEA-I cells (Figure 1d), indicating

these cells are functional villous M cells.
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The absence of 1gA is sufficient to cause an increase in villous M cells in the distal ileum

To determine if the expansion of villous M cells in the distal ileum was a general
phenomena associated with absence of B cells, uMT mice were used as a second model
of B cell deficient mice on a different strain background. uMT mice also had an increased
density of villous M cells in the distal ileum, with the greatest density of 15 M cells per
villus occurring in the far distal ileum (Figure 2). We next sought to determine if the
expansion of villous M cells seen in both JH'/' and pMT mice also occurred in mice that
retain B cells but specifically lack the ability to make IgA. AID™ mice lack the ability to
class switch or undergo somatic hypermutation, and therefore lack IgA, 1gG, and high
affinity IgM antibodies. These mice also had a similar increase in villous M cell density
in the distal ileum to the two B cell deficient strains (figure 2). Using knockout mice that
only lacked IgA, we showed that absence of just IgA was sufficient to bring about

expansion of the number of villous M cells in the distal ileum (figure 2).

Oral antibiotic treatment of J~ mice leads to loss of distal ileum villous M cells

To determine if the enteric microflora is involved in driving the expansion of
villous M cells in J4”" mice, the mice were treated in their drinking water with a mixture
of three antibiotics: ampicillin, neomycin, and metronidazole. The density of villous M
cells started decreasing after 1 day of antibiotics (figure 3). After 3 days on antibiotics,
villous M cells could no longer be found (Figure 3). Ju"~mice were given single
antibiotics in their drinking water for 3 days; while each of the individual antibiotics
alone reduced the number of villous M cells, only ampicillin alone was as effective as the

combination of antibiotics (data not show).
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Villous M cells first appear in Jy" mice at the time of weaning

Ju” mice were examined at different ages to determine when the villous M cells
occurred in the distal ileum first appeared. Neonates and mice up through two weeks of
age had no M cells on villi in the distal ileum. At 3 weeks, Jy" mice had a density of 5 M
cells per villus, which continued to increase until 5 weeks when the density of M cells in
the distal ileum reached the density seen in adult mice (Figure 4a).

To determine if the development of villous M cells in the distal ileum of JH"' mice
could be accelerated by premature introduction of the bacterial species normally resident
in the intestine of Ju” mice, 10 day old Ju” mice were gavaged with cecal contents
harvested from a 12 week-old J” mouse. One week later, the mice gavaged with cecal
contents had an increased density of villous M cells in the distal ileum compared to

control littermates gavaged with PBS alone (Figure 4b).

RANKL supports the expansion of villous M cells in J4” mice

We previously showed that antibody-mediated neutralization of RANKL blocks
the development of PP M cells (18). To determine if RANKL was involved in the
development of the villous M cells in the distal ileum, Ju” mice were treated with
neutralizing anti-RANKL antibody every other day for 8 days. Neutralization of RANKL
significantly decreased the density of villous M cells to 1.0 M cells per villus, which is

just above the average level seen in wild type mice (Figure 5).
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Discussion

The commensal enteric flora has an obligate role in the normal maintenance of
homeostasis in the mammalian intestine (27). This is evident by the many changes that
occur in mice housed under germfree conditions when they are subsequently colonized
by commensal bacteria (28). Introduction of a normal microflora into gnotobiotic mice
leads to increases in the number of mucosal B cells and specific subsets of T cells (e.g.
Th17 cells) along with the development of isolated lymphoid follicles (ILFs), organized
intestinal lymphoid structures containing B cells (29). The epithelium undergoes similar
maturation events once mice becomes in contact with commensal bacteria. In germfree
mice, the epithelium has an average turnover time of 115 hours; following colonization
with commensal bacteria the transit time of epithelial cells from the crypts to the tips of
the villi shortens to 53 hours and mucus production increases (30, 31). Thus, the
intestinal epithelium is able to recognize the presence of the commensal bacteria and
modify its pattern of gene expression in response (32). Here we report the interaction of
commensal bacteria with the intestinal epithelium also has the potential to promote the
development of villous M cells.

The distal ileum has the highest density of commensal bacteria in the entire small
intestine. In mice without IgA, the enteric flora is altered, with a roughly 100-fold
increase in several species of anaerobes (33). One anaerobic type of bacteria that inhabits
the distal small intestine and is expanded in IgA"' and AID”" mice is the segmented
filamentous bacteria, and these bacteria have been shown to preferentially stimulate the

development of Th17 cells (3). The expansion of at least some species within the normal
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commensal flora is likely responsible for inducing increased numbers of villous M cells
in the terminal ileum of B cell- and IgA-deficient mice. When these bacteria are depleted
as a result of oral antibiotic treatment, the main stimulus driving villous M cell
differentiation in the terminal ileum is lost and the number of villous M cells observed
rapidly decreases. The increased number of villous M cells in Ju” mice is first noted
around the time of weaning when the normal enteric flora colonizes the neonates and
begins its expansion towards adult levels. Prior to weaning, the epithelium is the distal
small intestine is still able to generated increased numbers of villous M cells if the proper
signals are provided. Gavaging part of the cecal contents from adult J4”~ mice into 10 day
old J4"~ mice results in induction of villous M cells approximately one week prior to their
normal time of appearance.

The villous M cells in the distal ileum of Jy”" mice were found to require RANKL
for their development as do normal PP M cells. Though we were unable to detect any
RANKL expression in subepithelial stromal cells beneath the distal ileum villi of It
mice (data not shown), neutralizing RANKL by antibody treatment significantly
decreased the density of villous M cells. In the small intestine, RANKL is normally
expressed by stromal cells in the subepithelial dome of PP and ILFs (26). RANKL also
circulates in serum as a soluble cytokine after cleavage from the cell surface mediated by
metalloproteases (34). Based on the crucial role of RANKL in the development of PP M
cells and the ability of exogenous RANKL to induce villous M cells throughout the small
intestine, it is reasonable to hypothesize that RANKL could also foster the maintenance
of villous M cells initially induced by other stimuli. In wild type mice, the normal

circulating level of RANKL is generally insufficient to induce the development of villous
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M cells that are not located immediately adjacent to a cellular source of RANKL.
However, for villous M cells induced in the distal ileum of J4”~ mice by the commensal
flora, the low levels of circulating serum RANKL might be sufficient to help sustain
these M cells. Expression of the metalloprotease MMP-7 by the intestinal epithelium is
induced after bacterial colonization (35). Other metalloproteases become more active in
the gut during inflammation for the purpose of activating defensins or inducing epithelial
wound repair (36). Thus, changes in the density and composition of the commensal
enteric flora could potentially increase the activity of the metalloproteases which cleave
the transmembrane form of RANKL found on cells, thus increasing the local soluble
level of RANKL in the vicinity of the area of enhanced metalloprotease expression.

In B cell-deficient mice, the enteric flora quickly becomes altered with generally
around a 100-fold increase in the density of several types of anaerobes (33). The specific
bacterial species represented in the commensal enteric flora in different mouse breeding
facilities could potentially influence the degree to which this flora is capable of inducing
villous M cells in the distal ileum. For example, 7 week old uMT mice examined one day
after arrival from Jackson Laboratories had eseentially no villous M cells in the distal
ileum (data not shown), while pMT mice of the same age bred at Emory University
routinely showed villous M cells. There are precedents for mice from The Jackson
Laboratory having a more restricted enteric flora with less of an immunostimulatory
effect (e.g. on Th17 development) than mice purchased from other commercial vendors
or maintained in specific-pathogen free facilities at universities (2),.Housing uMT mice
purchased from The Jackson Laboratory in the Emory mouse colony together with

Emory-bred uMT mice for just 3 weeks allowed these pMT mice an opportunity to
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acquire the same commensal flora found in the Emory-bred mice and led to the induction
of villous M cells in the distal ileum.

The intestinal epithelium recognizes commensal and pathogenic bacteria through
a variety of pattern recognition receptors including plasma membrane TLRs,endosomal
TLRs (37), intracellular NLRs (38), formyl peptide receptors, and receptors for short
chain fatty acids such as acetate and butyrate. Under homeostatic conditions, balanced
proinflammatory and anti-inflammatory signaling occurs (39). Bacteria can also directly
modulate epithelial signaling: while pathogenic bacteria generally activate inflammatory
pathways once they breach the epithelial barrier, various commensal bacteria species can
actually inhibit epithelial inflammatory signaling by disrupting NF-«xB signaling (40).
Some of these same bacterial signals may also function to initiate M cell development
when secretory IgA is lacking leading to expansion of some classes of bacteria in the
intestinal lumen. Further investigation will be needed to reveal the precise mechanism(s)
by which commensal bacteria can induce M cells and how these signaling pathways
overlap in part with the signaling mechanisms initiated by RANKL.

PP and ILF M cells are found naturally as part of the antigen-sampling
mechanism of the FAE that allows the introduction of antigen into the inductive
lymphoid tissues of the mucosa. RANKL-induced villous M cells represent an
experimentally generated group of M cells that are capable of temporarily increasing
antigen sampling throughout the small intestine. The newly described commensal-
induced villous M cells characterize an innate response of the epithelium to an elevated
bacterial loads in the intestinal lumen. One of the many common factors between PP M

cells, RANKL-induced villous M cells, and commensal-induced villous M cells is their
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dependence on RANKL for their continued differentiation and survival. Like PP M cells
and RANKL-induced villous M cells, commensal-induced villous M cells disappear
rapidly after RANKL is neutralized. We believe that these 3 populations of intestinal M
cells found in different locations and circumstances are derived from a common lineage
of antigen-sampling M cells that differentiate from uncommitted intestinal cells in the
proliferative zone in a process that requires at least a threshold level of RANKL to be

present.

110



References

1. Hooper LV, Midtvedt T, Gordon JI. How host-microbial interactions shape the nutrient
environment of the mammalian intestine. Annual Review of Nutrition. 2002;22(1):283-307.

2. Ivanov I, Frutos RdL, Manel N, Yoshinaga K, Rifkin DB, Sartor RB, et al. Specific
Microbiota Direct the Differentiation of IL-17-Producing T-Helper Cells in the Mucosa of the
Small Intestine. Cell Host & Microbe. 2008;4(4):337-49.

3. Ivanov Il, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al. Induction of
Intestinal Th17 Cells by Segmented Filamentous Bacteria. Cell. 2009;139(3):485-98.

4. Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S, et al.
Metabolic Syndrome and Altered Gut Microbiota in Mice Lacking Toll-Like Receptor 5. Science.
2010;328(5975):228-31.

5. Linskens RK, Huijsdens XW, Savelkoul PHM, Vandenbroucke-Grauls CMJE,
Meuwissen SGM. The Bacterial Flora in Inflammatory Bowel Disease: Current Insights in
Pathogenesis and the Influence of Antibiotics and Probiotics. Scandinavian Journal of
Gastroenterology. 2001;36(234):29-40.

6. Sansonetti PJ. War and peace at mucosal surfaces. Nat Rev Immunol. 2004;4(12):953-64.
7. Owen RL, Jones AL. Epithelial cell specialization within human Peyer's patches: an
ultrastructural study of intestinal lymphoid follicles. Gastroenterology. 1974;66(2):189-203.

8. Giannasca PJ, Giannasca KT, Falk P, Gordon JI, Neutra MR. Regional differences in
glycoconjugates of intestinal M cells in mice: potential targets for mucosal vaccines. Am J
Physiol Gastrointest Liver Physiol. 1994;267(6):G1108-21.

9. Gebert A, Rothkotter HJ, Pabst R. M cells in Peyer's patches of the intestine. Int Rev

Cytol. 1996;167:91-159.

111



10. Owen RL. Uptake and transport of intestinal macromolecules and microorganisms by M
cells in Peyer's patches-- a personal and historical perspective. Semin Immunol. 1999;11(3):157-
63.

11. Terahara K, Nochi T, Yoshida M, Takahashi Y, Goto Y, Hatai H, et al. Distinct
fucosylation of M cells and epithelial cells by Futl and Fut2, respectively, in response to
intestinal environmental stress. Biochem Biophys Res Commun. 2011;404(3):822-8.

12. Hase K, Kawano K, Nochi T, Pontes GS, Fukuda S, Ebisawa M, et al. Uptake through
glycoprotein 2 of FimH+ bacteria by M cells initiates mucosal immune response. Nature.
2009;462(7270):226-30.

13. Pappo J, Ermak TH. Uptake and translocation of fluorescent latex particles by rabbit
Peyer's patch follicle epithelium: a quantitative model for M cell uptake. Clin Exp Immunol.
1989;76(1):144-8.

14. Schulte R, Kerneis S, Klinke S, Bartels H, Preger S, Kraehenbuhl JP, et al. Translocation
of Yersinia entrocolitica across reconstituted intestinal epithelial monolayers is triggered by
Yersinia invasin binding to betal integrins apically expressed on M-like cells. Cell Microbiol.
2000;2(2):173-85.

15. Neutra MR, Frey A, Kraehenbuhl JP. Epithelial M cells: gateways for mucosal infection
and immunization. Cell. 1996;86(3):345-8.

16. Neutra MR, Mantis NJ, Frey A, Giannasca PJ. The composition and function of M cell
apical membranes: Implications for microbial pathogenesis. Semin Immunol. 1999;11(3):171-81.
17. Hashizume T, Togawa A, Nochi T, Igarashi O, Kweon MN, Kiyono H, et al. Peyer's
patches are required for intestinal immunoglobulin A responses to Salmonella. Infect Immun.
2008;76(3):927-34.

18. Knoop KA, Kumar N, Butler BR, Sakthivel SK, Taylor RT, Nochi T, et al. RANKL is
necessary and sufficient to initiate development of antigen-sampling M cells in the intestinal
epithelium. J Immunol. 2009;183(9):5738-47.

112



19. Michalek SM, McGhee JR, Kiyono H, Colwell DE, Eldridge JH, Wannemuehler MJ, et
al. The IgA response: inductive aspects, regulatory cells, and effector functions. Annals of the
New York Academy of Sciences. 1983;409:48-71.

20. Macpherson AJ, Uhr T. Induction of protective IgA by intestinal dendritic cells carrying
commensal bacteria. Science. 2004;303(5664):1662-5.

21. Garrett WS, Gordon JI, Glimcher LH. Homeostasis and Inflammation in the Intestine.
Cell. 2010;140(6):859-70.

22. Macpherson AJ, Uhr T. Compartmentalization of the mucosal immune responses to
commensal intestinal bacteria. Ann N Y Acad Sci. 2004;1029:36-43.

23. Jang MH, Kweon M-N, lwatani K, Yamamoto M, Terahara K, Sasakawa C, et al.
Intestinal villous M cells: An antigen entry site in the mucosal epithelium. Proceedings of the
National Academy of Sciences of the United States of America. 2004;101(16):6110-5.

24, Mbawuike IN, Pacheco S, Acuna CL, Switzer KC, Zhang Y, Harriman GR. Mucosal
Immunity to Influenza Without IgA: An IgA Knockout Mouse Model. The Journal of
Immunology. 1999;162(5):2530-7.

25. Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, Honjo T. Class Switch
Recombination and Hypermutation Require Activation-Induced Cytidine Deaminase (AID), a
Potential RNA Editing Enzyme. Cell. 2000;102(5):553-63.

26. Taylor RT, Patel SR, Lin E, Butler BR, Lake JG, Newberry RD, et al. Lymphotoxin-
independent expression of TNF-related activation-induced cytokine by stromal cells in
cryptopatches, isolated lymphoid follicles, and Peyer's patches. J Immunol. 2007;178(9):5659-67.
217. Hooper LV, Gordon JI. Commensal Host-Bacterial Relationships in the Gut. Science.
2001;292(5519):1115-8.

28. Macpherson AJ, Uhr T. Compartmentalization of the Mucosal Immune Responses to
Commensal Intestinal Bacteria. Annals of the New York Academy of Sciences. 2004;1029(1):36-
43.

113



29. Shroff K, Meslin K, Cebra J. Commensal enteric bacteria engender a self-limiting
humoral mucosal immune response while permanently colonizing the gut. Infect Immun.
1995;63(10):3904-13.

30. Matsuzawa T, Wilson R. The Intestinal Mucosa of Germfree Mice after Whole-Body X-
Irradiation with 3 Kiloroentgens. Radiation Research. 1965;25(1):15-24.

31. Szentkuti L, Riedesel H, Enss M, Gaertner K, von Engelhardt W. Pre-epithelial mucus
layer in the colon of conventional and germ-free rats. The Histochemical Journal.
1990;22(9):491-7.

32. Acrtis D. Epithelial-cell recognition of commensal bacteria and maintenance of immune
homeostasis in the gut. Nat Rev Immunol. 2008;8(6):411-20.

33. Fagarasan S, Muramatsu M, Suzuki K, Nagaoka H, Hiai H, Honjo T. Critical roles of
activation-induced cytidine deaminase in the homeostasis of gut flora. Science.
2002;298(5597):1424-7.

34. Lum L, Wong BR, Josien R, Becherer JD, Erdjument-Bromage H, Schlondorff J, et al.
Evidence for a role of a tumor necrosis factor-a. (TNF-a))-converting enzyme-like protease in
shedding of TRANCE, a TNF family member involved in osteoclastogenesis and dendritic cell
survival. J Biol Chem. 1999;274(19):13613-8.

35. Lopez-Boado Y'S, Wilson CL, Hooper LV, Gordon JI, Hultgren SJ, Parks WC. Bacterial
Exposure Induces and Activates Matrilysin in Mucosal Epithelial Cells. The Journal of Cell
Biology. 2000;148(6):1305-15.

36. Parks WC, Wilson CL, Lopez-Boado YS. Matrix metalloproteinases as modulators of
inflammation and innate immunity. Nat Rev Immunol. 2004;4(8):617-29.

37. Medzhitov R. Recognition of microorganisms and activation of the immune response.

Nature. 2007;449(7164):819-26.

114



38. Girardin SE, Boneca IG, Carneiro LAM, Antignac A, Jéhanno M, Viala J, et al. Nod1
Detects a Unique Muropeptide from Gram-Negative Bacterial Peptidoglycan. Science.
2003;300(5625):1584-7.

39. Mantovani A, Locati M, Polentarutti N, Vecchi A, Garlanda C. Extracellular and
intracellular decoys in the tuning of inflammatory cytokines and Toll-like receptors: the new
entry TIR8/SIGIRR. J Leukoc Biol. 2004;75(5):738-42.

40. Neish AS, Gewirtz AT, Zeng H, Young AN, Hobert ME, Karmali V, et al. Prokaryotic
Regulation of Epithelial Responses by Inhibition of IkB-a Ubiquitination. Science.

2000;289(5484):1560-3.

115



100 wm

LU m
L
| ]
00 grm

2

BALB/c

=

H‘I

Ml cells per villus
?

100 gm

d . i "
12-8em §-€8em B-3 em 30em
Distanca(em) from cecum

O
m

‘_ as ¥
L X | o
£ 2
2 & =
=
5. g‘ '
o =
n o
8 :
= 0.
w
BALBIc  J; TN Jig
1510 cm Sedll £ 1540 cim

Figure 1. Villous M cells develop in large numbers in the distal ileum of J4” mice. A,
Small intestines from J”~ or BALB/c mice were stained with UEA-1" to visualize M
cells. B, Graph showing the number of M cells per villus as compared to distance from
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the cecum. N=4 per group. C, Isolated small intestinal loops were prepared in
anesthetized J4” or BALB/c mice that were injected with 1 x 10** 200 nm fluorescent
beads. D, Graph summary of fluorescent beads taken up into villi, as determined by

ImageJ analysis. E, Graph summary of salmonella labeled with Alexa 546 taken up into

villi.
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Figure 2. Mice lacking IgA have an increased villous M cell density. A, B cell deficient
mice: Jy” and pMT, and IgA deficient mice: IgA™ and AID”" have an increase in UEA-I"

cells in the distal ileum calculated by whole mount staining. N=3 per group.
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Figure 3. Elimination of enteric flora reduces villous M cell development. Jy"" mice were
placed on mixed antibiotics containing ampicillin, metronidazole, and neomycin for 1, 2,

or 3 days. After 3 days villous M cells are significantly decreased. N=4 per group.
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Figure 4. Villous M cells appear in J4"" mice during weaning. A, Small intestines from
BALBI/c or Ju” mice at different ages were stained with UEA-1. N=2 at each time point.
B, 10 day old J”" mice were gavaged with PBS or cecal contents from 12 week old J;”"

mice. 1 week later, small intestines were stained with UEA-I. N=3 per group.
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Figure 5. Villous M cells in Ju” mice require RANKL. After J4”~ mice were treated with
neutralizing RANKL antibody with 250 g every other day for 8 days, small intestines
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Chapter 4

Other Examples of an Association of Stromal RANKL and GP2* M cells in

Organized Intestinal Lymphoid Tissues

The work in this chapter is unpublished. All experiments were performed by Kathryn A.

Knoop. This chapter was written by Kathryn A. Knoop
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Significance

While M cells are mostly studied as part of the PP FAE, they are known to
development on the epithelium overlaying lymphoid tissue found in other parts of the
body (1, 2). Some of these lymphoid tissues are induced upon infection such as the
Bronchial Associated Lymphoid Tissue (3). Other lymphoid tissues which develop as
part of the normal developmental program can be found in the large intestine: the cecal
patch, and the colonic patch and ILFs. The cecal patch is a multi-follicle organ found on
the tip of the cecum, opposite of junction where the small intestine ends and colon
begins. The colonic patch is a multi-follicle organ developing on the proximal end of the
colon, approximately 2 cm from the cecum differing from colonic ILFs, which commonly
develop throughout the length of the colon. The cecal and colonic patches are structurally
similar to Peyer’s patches, requiring cytokines such as lymphotoxin during embryonic
development (4-7). The colon also develops several ILFs, which can be more prevalent
than ILFs in the small intestine (5) (8). These large intestinal lymphoid tissues all contain

FAE and M cells (9, 10).

As RANKL was only recently shown to be necessary in small intestinal M cell
development, these observations have not been shown in the large intestine. If RANKL is
a critical factor in small intestinal M cell development, it would stand to reason RANKL
would have a similar role in M cell development in GALT in the large intestine. The
purpose of this study was to examine if RANKL is found in a similar pattern on stromal

cells below the FAE which contains antigen-sampling M cells.
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Methods and Materials

Mice

BALB/c mice used in experiments were purchased from Jackson Labs (Bar Harbor, ME).
All mice used in the experiments were at least 8 weeks old. RANKL” mice on a
C57BL/6 background were obtained from a breeding colony maintained in a
conventional specific pathogen free mouse facility at Emory University. All animal
studies were reviewed and approved by the Emory University Institutional Animal Care

and Use Committee.

Antibodies and Lectins
Unconjugated anti-GP2 antibody (2F11-C3) was purchased from MBL (Woburn, MA).
Rhodamine-UEA-I was purchased from Vector Laboratories. Anti-RANKL (I1K22-5) was

purchased from eBioscience.

Immunofluorescence staining of frozen sections

Frozen sections of large intestines were cut on a cryostat and prepared for staining
experiments as previously described. (11) The sections were air dried overnight, and
fixed for 10 min in acetone at -20°C. Abs diluted in TNB buffer (PerkinElmer Life
Sciences, Waltham MA) were applied for one hour at room temperature. Unconjugated
antibodies were detected with a secondary anti-rat Alexa 546-conjugated antibody
(Invitrogen). 4°,6-diamidino-2-phenylindole, DAPI, (Sigma-Aldrich, St. Louis, MO) at
10 ng/ml was used as a nuclear counterstain. The slides were mounted in ProLong anti-
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fade reagent (Invitrogen). Images were acquired using a Nikon 80i fluorescence

microscope.
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Results and Discussion

Though RANKL was shown to be necessary for the development of M cells in the
small intestine (12), this pathway has not been seen in other lymphoid tissues which
contain M cells. The first hint of the importance of RANKL in PP function came with the
observation of the arch-like pattern of RANKL on stromal cells just below the FAE (11).
We hypothesized that if RANKL is a critical factor in the development of M cells,
RANKL should be found below the FAE of other lymphoid tissues where M cells are
found.

The large intestine contains several GALT structures of varying sizes. Cecal
patches contain multiple follicles, similar to PP(4). ILFs develop in the colon, similar to
the small intestines (5). Sections of large intestinal lymphoid tissue were stained for
RANKL expression. RANKL was found on stromal cells in both the cecal patch and
colonic ILFs (Figure 1), in the same pattern seen in small intestine PP and ILF, in an arch
just below the FAE, suggesting a similar function in the development of M cells on large
intestinal FAE.

The epithelium in the large intestine is slightly different than the small intestine.
One difference impacting this study is the fucosylation patterns of epithelial cells. In the
small intestine, only M cells have al,2 fucose linkage on their apical surface, making
UEA-I a good reagent for identifying M cells in the small intestine. However, in the large
intestines all of the enterocytes contain a1,2 fucose on their surface, making all of the
epithelium UEA-I reactive. GP2 is an M cell specific receptor (13, 14) ; been shown to be

specific for small intestinal M cells, but believed to be a universal M cell marker.
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Sections of both BALB/c cecal patches and colonic ILFs revealed GP2" M cells develop
on the FAE of the structures (Figure 1).

RANKL™ mice have a conspicuous absence of M cells on small intestinal PP
FAE(12), demonstrating that without RANKL M cells fail to develop. To look for a
similar phenotype in the large intestine of RANKL-/- mice, sections of colon were next
examined for M cells through staining for GP2". No GP2+ cells were found on the FAE
of colonic ILFs (Figure 2), indicating without RANKL, M cells are unable to develop in
the large intestine as well as the small intestine.

Finding RANKL directly below M cells extends the association between RANKL
and M cells to GALT structures outside the small intestine. Similar to our previous
findings, the lack of RANKL in the large intestine causes a lack of M cells on large
intestinal lymphoid structures, suggesting RANKL is critical in the development of all
intestinal M cells. As with our previous report, we suggest there is a direct stimulation of
the epithelium with the RANKL" stromal cells to initiate and maintain M cells on the

FAE.
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