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I. INTRODUCTION

The digestive and respiratory tracts are
continuously exposed to antigens, commensals,
and pathogens present in the lumen that can
sometimes cross the mucosal epithelium, a bar-
rier that is necessary for nutrient acquisition in
the gut and for gas exchange in the respira-
tory tract. However, the exposure of the
mucosal surface to exogenous materials also
makes these tissues ports of entry for poten-
tially pathogenic organisms. As a result, the
immune system devotes enormous resources
to the defense of mucosal surfaces. Although
this defense needs to effectively prevent microbes
from invading the underlying tissue, it must criti-
cally discriminate between innocuous antigens,
commensal organisms, and pathogens in order to
prevent inappropriate or inflammatory immune
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responses that might impair the physiological
function of the host organ. Therefore mucosal
lymphoid organs must have robust mechanisms
to fine-tune immune responses to the types of
antigen they encounter.

Immune responses to mucosal antigens are
initiated in a variety of secondary lymphoid
organs (SLOs) that collect antigens from muco-
sal surfaces, recruit naive B and T cells from the
blood, and utilize networks of fibroblastic stro-
mal cells to organize encounters among various
cell types and generate immune responses that
are appropriate for the type of antigen and the
tissue where the antigens are encountered. In
the gut, the inductive tissues, gut-associated
lymphoid tissues (GALT), include the Peyer’s
patches, cecal patches, colonic patches, isolated
lymphoid follicles (ILFs), and cryptopatches,
which, along with the gut-draining mesenteric
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lymph nodes (MLNSs), are inductive sites for
adaptive immune responses to gut-derived anti-
gens. In the respiratory tract, immune-inductive
tissues include the nasopharyngeal-associated
lymphoid tissue (NALT) and inducible
bronchus-associated lymphoid tissue (iBALT),
which, along with the cervical and mediastinal
lymph nodes (LNs), generate adaptive immune
responses to antigens encountered in the upper
and lower respiratory tracts, respectively [1].

Mucosal lymphoid tissues and systemic lym-
phoid organs share basic architectural features
that are required for the immune-inductive
functions of these organs. For example, each
lymphoid organ has mechanisms for recruiting
leukocytes from the blood, mechanisms for spa-
tially arranging lymphocytes and myeloid cells
to maximize the efficiency of cellular interac-
tions, mechanisms for sampling antigens from
the surrounding tissue or from the Iuminal sur-
face of the mucosal epithelium, and, finally,
mechanisms for sending activated effector lym-
phocytes back into the periphery or to distal
portions of the mucosal surface, where they
eliminate pathogens or reside as memory cells
(Chapter 3: Mucosal Antigen Sampling Across
the Villus Epithelium by Epithelial and Myeloid
Cells) and Chapter 5: Mucosal Immunity for
Inflammation: ~Regulation of Gut-Specific
Lymphocyte Migration by Integrins). Although
these activities are generally similar in each type
of mucosal lymphoid tissue, the mechanistic
details that control each of these functions are
often different, depending on the host organ
(lung or gut), the location of the mucosal tissue
in that organ, and the types of antigens that are
encountered.

Although most mucosal lymphoid tissues
are true SLOs and form at predictable sites dur-
ing embryogenesis, independently of antigen
or microbial signals, other mucosal lymphoid
tissues form after birth at sites of infection or
inflammation and require microbial or inflam-
matory signals for their development. These tis-
sues are often referred to as ectopic or tertiary
lymphoid organs (TLOs) [2]. Despite their

different developmental origins, SLOs and
TLOs share many overlapping developmental,
architectural, and functional features.
Nevertheless, the mechanistic details governing
the immune functions of these organs are often
different, in part owing to the stimuli that trig-
gered their development and to the host organ
in which they reside. Given that mucosal lym-
phoid organs can be involved in either patho-
genesis, symbiosis or immune protection in a
variety of clinical conditions and experimental
disease models, it is essential to understand the
mechanistic details controlling the develop-
ment and function of each type of mucosal lym-
phoid organ in order to intervene in local
mucosal immune responses. In this chapter, we
will discuss the specific mechanisms that con-
trol the structure, development, and function of
various mucosal lymphoid tissues in the respi-
ratory and digestive tracts.

II. EVOLUTIONARY
REQUIREMENT FOR MUCOSAL
LYMPHOID ORGANS

The oldest known receptor-based, adaptive
immune systems are found in jawless fish (lam-
prey and hagfish) and cartilaginous fish (shark)
[3,4]. The immune systems of these organisms
feature two distinct cell types that use genetic
recombination to generate diverse repertoires
of antigen receptors. For example, lampreys
have one cell type that expresses variable lym-
phocyte receptors (VLR)-A/C and another cell
type that expresses VLR-B [5,6]. These cell
types are functionally analogous to the T and B
cells that are found in higher vertebrates, and
they express diverse repertoires of recombinant
T cell antigen receptors (TCRs) and B cell anti-
gen receptors (BCRs) [3,7].

Interestingly, all vertebrates with adaptive
immune systems also have lymphoid aggre-
gates along the gut tube (Fig. 2.1). For exam-
ple, the gut lamina propria of jawless fish
contains lymphoid aggregates that fulfill both
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FIGURE 2.1 Evolution of organized lymphoid tissues. All classes of vertebrates possess some form of adaptive
immune system using recombinant antigen receptors. These animals also form aggregates of immune cells along mucosal
tissues. A higher degree of lymphocyte organization appears in the mucosa of bony fish and amphibians, in which T cell
and B cell areas are segregated by fibroblastic stromal cells. However, specialized follicular dendritic cells within the B cell
follicles are found only in birds and mammals. The presence of encapsulated lymph nodes is restricted to mammals.

hematopoietic and immune response functions,
including the development of VLR-expressing
cells as well as the proliferation and differentia-
tion of those cells after antigenic encounter
[8—10]. Similarly, the GALT of rabbits facili-
tates the diversification of the primary BCR
repertoire and promotes antigen-dependent
immune responses [11,12]. However, in other

vertebrates, the generation of the primary lym-
phocyte repertoire is physically separated from
the immune response to environmental anti-
gens. Nevertheless, the GALT in all vertebrates
is involved in immune responses to the luminal
contents of the digestive tract.

Why should adaptive immune systems and
complex lymphoid tissues coevolve? The
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likeliest explanation is that, although a widely
diverse repertoire of antigen receptors allows
the recognition of a broad array of antigens, the
frequency of any particular receptor that
recognizes any particular antigen is very low,
thereby reducing the probability that those few
antigen-specific lymphocytes will encounter
their cognate antigens. Given that mucosal
tissues are continuously exposed to the external
environment and that the digestive tract in par-
ticular is filled with a myriad of microorgan-
isms, it makes sense that vertebrates evolved
clusters of antigen-receptor-bearing lympho-
cytes directly beneath the mucosal epithelium,
where they would be in close contact with
potential antigens.

Although all vertebrates have mucosa-
associated lymphoid aggregates, the highly
organized lymphoid architecture observed in
mammalian lymphoid tissues is a more recent
evolutionary development [13]. For example,
bony fish lack an obvious segregation of B and
T cells in the lymphocyte clusters associated
with the gut, gills, and nasopharynx [14—16],
whereas amphibians and reptiles separate B
and T cell areas in the spleen but not in the
GALT [17]. In contrast, mucosal lymphoid
tissues in birds and mammals are highly orga-
nized [13,14], with separated B and T cell areas,
specialized fibroblastic stromal cells, strategi-
cally placed phagocytic and antigen-presenting
cells, and well-demarcated germinal centers.

Why is lymphoid organization important?
The evolution of specialized antigen-presenting
cells, B cells and T cells, all of which need to
interact for successful immune responses,
requires mechanisms for these cells to find each
other and additional mechanisms to support
their proliferation and survival during immune
responses [14]. In this regard, the development
of specialized stromal cells, including fibroblas-
tic reticular cells (FRCs) in the T cell area and
follicular dendritic cells (FDCs) in the B cell
area, is likely a key innovation. These cell types
provide the scaffolding of lymphoid organs

and help to spatially organize lymphocytes and
antigen-presenting cells. For example, FRCs
express the chemokine CCL19, which attracts T
cells and activated dendritic cells (DCs) into the
T cell zone [18,19], whereas FDCs express
the chemokines CXCL12 and CXCL13, which
attract B cells and T follicular helper (Tth) cells
and direct their spatial positioning in the B cell
follicle and germinal center [20—23]. Although
B and T cell separation occurs in amphibians
and reptiles, identifiable stromal cells such as
FDCs are observed only in birds and mammals
[14] (Fig. 2.1), which probably explains why
these species (and not others) are able to
support germinal center responses and gener-
ate high-affinity antibodies [24,25]. Thus the
mechanisms that control the differentiation of
stromal cell elements are critical for the proper
organization and function of lymphoid organs.

Not surprisingly, the genetic mechanisms
that control lymphoid organ development and
organization have coevolved with changes in
immune architecture and function. For exam-
ple, the development and organization of lym-
phoid tissues are regulated, in part, by the
activities of tumor necrosis factor (TNF) super-
family members, TNFq, lymphotoxin-o (LT-o),
and LT-3, and their receptors [26—28]. These
genes are functionally expressed in lymphoid
organs of higher vertebrates and sarcoptery-
gian fish (lungfish and coelacanth) but not in
teleost fish [16], an observation that correlates
with lymphoid organization in each of these
species. Interestingly, despite being evolution-
arily advanced vertebrates, avian species appear
to have lost the gene cluster encoding TNF,
LT-o, and LT-8, as well as other TNF family
members [29—31], which perhaps explains their
inability to develop LNs [14]. However, avian
species still develop highly organized mucosal
lymphoid tissues, including cecal tonsil, esoph-
ageal tonsil, and Peyer’s patches [32—35], sug-
gesting that additional or alternative TNF family
members contribute to the development and
organization of these tissues.
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In fact, a variety of TNF superfamily mem-
bers and their ligands contribute in various
ways to the development, organization, and
maintenance of various systemic and mucosal
lymphoid organs. These cytokines are impor-
tant for the differentiation of FDCs [22,36]
and FRCs [37-39], for the expression of
lymphocyte-attracting chemokines [27,40,41],
for the development and maintenance of high
endothelial venules (HEVs) [42—44], for the
survival of some DCs [45—47], for the activation
of lymphocytes [48], and for the differentiation
of antigen-transporting microfold (M) cells
[49,50]. Importantly, the various TNF super-
family members and their receptors often have
overlapping functions. As a result, different
TNF superfamily ligand—receptor pairs are
often used for similar purposes in different
mucosal lymphoid tissues, depending on the
cell types involved and the timing of the
interactions. In the following sections, we will
highlight which TNF superfamily members are
important for the various features and func-
tions of mucosal lymphoid tissues.

III. GUT-ASSOCIATED LYMPHOID
TISSUE

The mucosal epithelium along the digestive
tract is exposed to a vast array of foreign anti-
gens derived from the diet as well as the
community of microorganisms (the microbiota)
that colonizes the gut. The gut microbiota is
essential for the digestion of food and helps to
catabolize nutrients that otherwise would be
impossible for the host [51]. However, if not
properly contained, the microbiota can breach
the mucosal barrier and cause local or systemic
infections that may lead to chronic or acute
inflammation or even death [52]. Thus although
commensal colonization is clearly beneficial to
the host, noninflammatory immune control is
required to prevent commensal encroachment
into host tissues and simultaneously maintain

microbial homeostasis at mucosal surfaces. To
accomplish this goal, the digestive tract is lined
with mucosa-associated lymphoid tissues
(MALTs) that support adaptive immune
responses to antigens derived from food and
from the microbiota itself. These tissues include
the cryptopatches, ILFs, Peyer’s patches, cecal
patches, colonic patches, MLNs, and even
ectopic lymphoid tissues that can develop any-
where between the stomach and the colon.

A. Cryptopatches

Cryptopatches are the smallest and most
numerous lymphoid aggregates in the mamma-
lian gut, numbering around 30,000 in humans
and around 1500 in mice [53]. Their distribution
is not homogenous, with a higher frequency in
the ileum and colon compared to the duode-
num and jejunum. As their name suggests,
cryptopatches are found beneath the crypts at
the base of the intestinal villi; they consist of a
small cluster (fewer than 1000 cells) of c-kit™,
IL-7R* lymphocytes, and CD11c¢*CX3CR1*
myeloid cells, but almost no B cells, T cells, or
identifiable stromal cell networks [54] (Fig. 2.2).
Initially, the c-kit"IL-7R" cells were thought to
be precursors of intestinal epithelial lympho-
cytes, and cryptopatches were thought to serve
as sites of extrathymic T cell development [55].
However, more recent data show that the
c-kit "TIL-7R™ cells in cryptopatches are actually
innate lymphoid cells (ILC3 cells) [56,57], which
depend on the transcription factor ROR~t and
produce cytokines such as IL-17, IL-22, and
GM-CSF [58,59] (Chapter 14: Innate Lymphoid
Cells for the Control of Mucosal Immunity).

The expression of the chemokine receptors
CCR6 and CXCR3 divide intestinal ILC3 cells
into two populations. Those that express CXCR3
coexpress the transcription factors RORAt and
T-bet and are located throughout the intestinal
lamina propria [60—62], whereas those that
express CCR6 also express NKp46 and c-kit and
are the adult counterparts of fetal lymphoid
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tissue inducer (LTi) cells [63—66]. Importantly,
the CCR6" ILC3 cells reside in cryptopatches
[54] and ILFs [67], where they control intestinal
epithelial homeostasis and, following infection,
promote intestinal inflammation.

Given the lack of B and T cells in crypto-
patches, these structures are probably not
primary inductive sites for adaptive immune
responses. Nevertheless, interactions between
ILC3 cells and CD11c "CX3CR1" myeloid cells in
cryptopatches are an important component of
intestinal immunity and homeostasis. For exam-
ple, in response to microbial signals, the
CX3CR1" myeloid cells in cryptopatches pro-
duce IL-23, which triggers the activation of ILC3
cells and their expression of cytokines such as
IL-17 and IL-22 [68] (Fig. 2.2). These cytokines
contribute to antimicrobial defense in the intes-
tine by promoting the expression of antimicro-
bial molecules [69], triggering the recruitment of
granulocytes [70], and enhancing epithelial pro-
liferation and repair [71,72]. Upon the appropri-
ate stimulation, CX3CR1" myeloid cells produce
additional cytokines, such as IL-13 and TL1A,
which also trigger ILC3 cell activation and the
expression of IL-17 and IL-22 [73].

FIGURE 2.2 Organization and formation
of cryptopatches. Cryptopatches (CPs) are
located beneath the crypts at the base of the
villi along the small and large intestines.
The cryptopatches contain CD11c"CX3CR1*
myeloid cells and ROR~t-dependent ILC3
cells that express either CCR6 or CXCR3. ILC3
cells in CPs are dependent on metabolites
such as aromatic hydrocarbons and retinoic
acid. Under homeostatic conditions, the
CCR6" ILC3s function as lymphoid tissue
inducer cells. Upon sensing of microbial
products, CX3CR1" myeloid cells in the CPs
produce IL-23, which induces ILC3 cells to
secrete IL-17 and IL-22, thereby promoting
granulocyte recruitment as well as epithelial

IL-17 cell proliferation and repair.
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ILC3 cells are also potent producers of
GM-CSF under both steady-state and inflam-
matory conditions [74—76]. Under homeostatic
conditions, ILC3-derived GM-CSF helps to
maintain immune tolerance by promoting the
development of DCs that promote regulatory
T cell (Treg) differentiation [75]. Conversely, the
inflammatory activation of CX3CR1" myeloid
cells leads to IL-23-driven activation and
GM-CSF production by ILC3 cells, which in turn
promotes colitis [76,77]. Moreover, GM-CSF
feeds back on ILC3 cells, leading to their mobili-
zation from cryptopatches and inflammation
throughout the gut [76]. In fact, a variety
of microbial signals trigger CX3CR1" myeloid
cells to express inflammatory cytokines, includ-
ing IL-18, IL-23, and TL1A, that activate ILC3
cells to produce GM-CSF [74,75]. Thus the inter-
actions between the microbiota, CX3CR1* mye-
loid cells, and ILC3 cells are important for
intestinal homeostasis and inflammation.

In addition to inflammatory cytokines,
microbe-derived metabolites are also essential
for the formation and activation of ILC3 cells.
For example, the production and maintenance
of ILC3 cells depend on vitamin-A-derived
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retinoic acid [78], which promotes expression
of the transcription factor RORAt in developing
ILC3 cells [79]. Similarly, the aryl hydrocarbon
receptor, AHR, is expressed by ILC3 cells and
senses soluble aromatic hydrocarbons that are
produced by commensal bacteria or derived
from the diet [80]. The AHR is essential for
ILC3, for the development of ILC3 cells, and for
their production of cytokines such as IL-22 [57].
ILC3 cells also sense oxysterols through the
G-protein-coupled receptor, GPR183 [81],
which is expressed by CCR6-expressing ILC3
cells in the cryptopatches and ILFs. Oxysterol
compounds are constitutively produced by
fibroblastic stromal cells [81], which recruit
ILC3 cells to the cryptopatches and ILFs under
steady-state conditions. Moreover, oxysterols
are produced at higher levels during inflamma-
tory responses, leading to local ILC3 activation
and promoting inflammatory responses. Thus a
variety of environmental triggers activate ILC3
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cells in cryptopatches and help to maintain
barrier function during homeostasis and trigger
inflammatory responses following infection.

B. Isolated Lymphoid Follicles

Unlike the primitive structure of crypto-
patches, the lymphoid architecture of ILFs is
much more complex and, in many ways,
resembles that of Peyer’s patches, the classic
MALT in the gut. ILFs, which are found
throughout the small and large intestines of
mice [53], consist of a single B cell follicle that
often contains a germinal center and a network
of CD21/35-expressing fibroblastic stromal
cells, the FDCs. The B cell follicle of ILFs is
positioned beneath a specialized dome epithe-
lium containing M cells that transport antigen
from the intestinal lumen to the leukocytes
beneath [67] (Fig. 2.3). A small number of
T cells, primarily CD4" cells, are present in the

Lumen

Submucosa

differentiation

Isolated
lymphoid follicle
(ILF)

FIGURE 2.3 Organization and formation of isolated lymphoid follicles (ILFs). The transformation from cryptopatch
to ILF entails the recruitment of lymphocytes, the development of specialized epithelial M cells, and the formation of FDC
networks. Microbial products activate the intestinal epithelial cells to produce CCL20 and recruit CCR6" lymphocytes,
including ILC3 cells, which in turn express membrane-bound LTaf that reinforces M cell and FDC differentiation. Once
formed, ILFs are maintained by constitutive expression of LTa8 on B cells, which interact with M cells and FDCs. Unlike the
more complex Peyer’s patches, ILFs consist mostly of B cells, forming a single B cell follicle positioned beneath a
subepithelial dome formed by dendritic cells and a few CD4 ™" T cells.
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B cell follicle but do not form a discrete T cell
zone. Dendritic cells are found beneath the
dome and surrounding the B cell follicle [82].
Like cryptopatches, ILFs contain a significant
fraction of CCR6-expressing ILC3 cells [83].

Although the structures of cryptopatches
and ILFs are distinct, they are actually part of a
spectrum of intestinal lymphoid tissues that
ranges from nascent cryptopatches to fully
developed ILFs [84,85], with cryptopatches
vastly outnumbering ILFs. Interestingly,
although cryptopatches appear only after birth,
their development does not require signals
from the microbiota [54] (Fig. 2.3). In contrast,
the transition of cryptopatches to ILFs requires
microbial exposure, which activates intestinal
epithelial cells via innate sensing mechanisms,
including peptidoglycan recognition by NOD1
in epithelial cells [86]. As a result, starting
around 2 weeks after birth, some cryptopatches
begin to recruit B cells and develop into ILFs
[84,85].

The ability of lymphoid tissues to recruit
lymphocytes is dependent on specialized
vascular structures, known as HEVs, which
display a variety of adhesion molecules and
chemokines that allow circulating lymphocytes
to adhere to the vascular wall and migrate into
the tissue [44]. Although cryptopatches lack
fully developed HEVs, MAdACAM-1-expressing
HEVs are formed as cryptopatches become
ILFs [87], thereby allowing the recruitment of
04p37-expressing B and T cells. Although the
blockade of a437 has no effect on the numbers
or cellularity of cryptopatches, it significantly
impairs their ability to transition into ILFs [87].

Interactions between the chemokine receptor
CCR6 and its ligand, CCL20, are also important
for the formation and architecture of crypto-
patches and ILFs [83] (Fig. 2.3). For example,
mature ILFs have a dome epithelium with M
cells that express CCL20 [86], which recruits
specialized DCs, B and T cells [83,86], which
cluster beneath the M cell-containing dome epi-
thelium, where they await antigens that are

transported across the epithelium. CCL20
expression by epithelial cells is also important
for the development of ILFs, because it attracts
CCR6" ILC3 cells, which express lymphotoxin
and other activating ligands that promote the
differentiation of M cells and the maturation of
fibroblastic stromal cells that support the lym-
phoid structure of the ILF [83]. Epithelial cells
also produce IL-7, which expands ILC3 cells
and promotes their expression of lymphotoxin.
In fact, cryptopatches and ILFs fail to develop
in the absence of IL-7, primarily owing to the
absence of ILC3 cells.

Whereas the cryptopatches primarily sup-
port innate immune responses due to a paucity
of B and T cells, ILFs are important sites for the
induction of adaptive immune responses, par-
ticularly the differentiation of IgA-producing B
cells responding to the gut microbiota or food
antigens [88,89]. Interestingly, ILFs are also an
important source of T-cell-independent antimi-
crobial IgA [89], with no direct relation to the
immune responses occurring in Peyer’s patches
[90]. Recent work has broadened our under-
standing of the role of ILFs, and a general
consensus is that they act in a tolerogenic man-
ner to control intestinal immune responses by
generating both IgA-secreting plasma cells
and regulatory T cells [91,92], both of which
are involved in the noninflammatory contain-
ment of commensal organisms. Conversely, the
absence of ILFs leads to poor IgA production
and a dramatic expansion of the intestinal
microbiota [88]. Thus ILFs are powerhouses
of IgA production in response to microbial
antigens [90].

C. Peyer’s Patches, Cecal Patches, and
Colonic Patches

The Peyer’s patches, colonic patches, and
cecal patches are among the largest MALT in
the gut, and they are found in the submucosa
on the antimesenteric side of the small
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intestine, colon, and cecum, respectively
(Fig. 2.4). Structurally, the various intestinal
patches are very similar to one another, differ-
ing mostly in their location and number,
although the fine details of the cecal and
colonic patches have not been thoroughly stud-
ied. It is important to remember, however, that
the density and composition of the gut micro-
biota vary dramatically from the stomach to the
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colon [93] and will certainly affect the develop-
ment, activity, and functions of the various
lymphoid organs in different locations.

Like ILFs, Peyer’s, cecal, and colonic patches
have a prominent dome epithelium or follicle-
associated epithelium that consists of entero-
cytes as well as antigen-transporting M cells
[1,94,95]. The M cells are large epithelial cells
that lack microvilli on the luminal side and
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FIGURE 2.4 Peyer’s patches (PP) and large intestine patches. Large, multifollicular lymphoid organs found in the
submucosa of the small and large intestines are termed Peyer’s patches (small intestine), cecal patches (cecum), or colonic
patches (colon). (A) Peyer’s patches are found beneath a specialized follicle-associated epithelial layer that contains M cells.
The region immediately below the epithelium is called the subepithelial dome and contains SIRPa*XCR1~ dendritic cells
that present antigen and help B cells switch to IgA. Monocyte-derived CX3CR1" macrophages in the dome region also
contribute to the clearance and processing of lumen-derived antigens. B cell follicles separated by T-cell-rich interfollicular
areas are found below the dome region. (B) Frozen sections of Peyer’s patches showing B cell follicles (red), interfollicular
T cell areas (blue), and the follicular dendritic cell network in B cell follicles (green). (C) White arrows indicate the dome
region that contains CD11c™ cells (green). Between B cell follicles (Fo), fibroblastic reticular cells (blue) surround HEVs (red).
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have a deep invagination of the basolateral
membrane (also known as the pocket) [49,96],
which harbors a variety of DCs, macrophages,
and lymphocytes that sample and respond to
the transcytosed antigens. M cells are highly
pinocytic and mediate the transcytosis of anti-
gens from the luminal side to the basal side of
the epithelium [49,96,97]. The area immediately
below the epithelium, called the subepithelial
dome, is where immune cells, mainly DCs and
macrophages, can first encounter antigens trans-
ported from the lumen of the intestine (Chapter 3:
Mucosal Antigen Sampling Across the Villus
Epithelium by Epithelial and Myeloid Cells)
and Chapter 28: M Cell-Targeted Vaccines).

Like ILFs, Peyer’s patches have large B cell
follicles, often with germinal centers, extending
beneath the subepithelial dome toward the
muscularis layer. Unlike ILFs however, which
have a single B cell follicle and essentially no T
cell zone, Peyer’s patches have numerous folli-
cles underneath their domes. Moreover, the B
cell follicles of Peyer’s patches are separated by
interfollicular regions, which are functionally
analogous to the T cell zones of LNs and
contain both DCs and T cells [98]. Thus the
Peyer’s patches and other intestinal patches are
structurally more complex than ILFs.

A variety of DCs reside in the Peyer’s
patches under homeostatic and inflammatory
conditions [99—101]. Dendritic cells in regional
LNs are broadly divided into those that
migrated from peripheral tissues though affer-
ent lymphatics (migratory DCs) and those that
developed in the LN itself (resident DCs) [102].
In addition, both the migratory and resident
DCs can be divided into those that express
XCR1 (cDC1 cells) and those that express
SIRPa (cDC2 cells) [103]. Since Peyer’s patches
lack afferent lymphatics, they lack migratory
DCs (by definition) but have other DC subsets
that perform similar functions. For example,
the CD11b" DCs in the subepithelial dome
region (SIRPa’ cDC2 cells) lack CCR7, but
upon activation, they turn on CCR7 and

migrate to the interfollicular region [100,104],
where they present antigen to T cells.

The other migratory DCs found in the intes-
tine are the cDC1 CD103% DCs [105,106], which
migrate through afferent lymphatics to MLNSs,
where they cross-present antigens to CD8" T
cells [107,108]. The CD103" DCs also efficiently
promote the expression of the gut-homing recep-
tors, CCR9 and o4£37 integrin, on responding T
cells [109,110]. Importantly, under steady-state
conditions, CD103" DCs can trigger naive T cells
to differentiate into Foxp3-expressing regulatory
T cells through a mechanism that requires TGF-3
and retinoic acid signaling [111—113]. Although
CD103" DCs are found in Peyer’s patches [114],
these cells are most likely resident CD8«" DCs
found in the interfollicular region. The interfolli-
cular region also has CD8a CDI11b~ (double
negative) resident DCs near the base of the dome
area near the follicle [115]. These double negative
DCs are most likely cDC?2 cells, since they express
SIRP« [115] but are distinct from the CD11b"
DCs in the dome region.

Additional antigen-presenting cells found in
the Peyer’s patches, but not in conventional
LNs, express lysozyme and are known as either
Lyso-DCs or Lyso-macrophages, the latter of
which can be further divided on their expres-
sion of the apoptotic cell receptor TIM4. All
three of these cell types express the chemokine
receptor CX3CR1 [115], a feature identifying
them as monocyte-derived cells. Lyso-DCs that
express CD11b and Lyso-Macs that express
CD4 but not TIM4 are located in the dome
region, whereas CD4" Tim4" lyso-Macs are
located in the interfollicular region [115].

As it does in other SLOs, the fibroblastic stro-
mal architecture of Peyer’s patches acts as a
scaffolding that supports the structure of the
tissue and produces a variety of factors that
promote the survival of lymphocytes and regu-
late their position. For example, the FDC net-
works of Peyer’s patches express, or at least
display, the chemokine CXCL13, which attracts
and organizes B cells and Tth cells in germinal

II. PRINCIPLES OF MUCOSAL VACCINE



III. GUT-ASSOCIATED LYMPHOID TISSUE 31

centers [21,116]. In fact, nearly every follicle in
Peyer’s patches has a germinal center filled
with rapidly proliferating, antigen-responsive
B cells, most of which have switched to IgA
[104]. The FDCs in Peyer’s patches express
typical markers such as CD21/35 and FDCM]1,
as well as the Fca/pR, which is important for
restraining germinal centers and the produc-
tion of serum IgA [117].

Peyer’s patches also have dense networks of
FRCs, which primarily define the T cell zone
(the interfollicular area in Peyer’s patches)
[19,116], where they express CCL19, the high-
affinity ligand for CCR7, which attracts naive T
cells and activated DCs. The FRCs also facilitate
T cell trafficking within the interfollicular region
[19,21] and help to coordinate interactions
between antigen-presenting DCs and naive T
cells. Importantly, FRCs in the interfollicular
areas express IL-7 [118,119], a cytokine necessary
for the homeostatic maintenance of naive T cells.
Although FRCs are primarily associated with
the T cell zones of lymphoid organs, they also
extend into the B cell follicles, where they
express IL-7 and BAFF [120], which maintains
the viability of B cells. Finally, FRCs in Peyer’s
patches modulate the activity of ILC1 cells
through the transpresentation of IL-15 [121].
Thus FRCs are essential for the placement,
movement, and survival of a variety of hemato-
poietic cell types.

In addition to the chemokines made by fibro-
blastic stromal cells, chemokines made by
epithelial cells in the dome are also important
for cellular positioning in Peyer’s patches [100].
For example, dome epithelial cells express
CCL20 and CCL9 [100], which attract subsets of
immature CCR6- and CCR1-expressing DCs to
the subepithelial dome of Peyer’s patches [100].
CCL20 is also important for attracting B cells to
the dome, where they interact with CD11b"
DCs and isotype-switch to IgA [88,122].
Another chemokine, CXCL16, is also expressed
by the dome epithelium of Peyer’s patches,
ILFs, and cecal patches [123], whereas its

receptor, CXCR®6, is observed on subpopula-
tions of activated and memory CD4" and CD8™"
T cells in the dome region. Thus the chemo-
kines expressed by the dome epithelial cells are
critical for the placement and juxtaposition of
antigen-presenting cells and subsets of acti-
vated and memory lymphocytes beneath the
antigen-transporting dome epithelium.
Although M cells nonspecifically sample
luminal antigens by pinocytosis, they also
acquire antigens by receptor mediated endocy-
tosis [124]. In fact, M cells express a variety of
receptor-like molecules that help them sample
a wide array of microbial pathogens and
antigens. Some of these receptors have been
identified by comparing gene expression pro-
files of M cells with those of enterocytes [125].
For example, the GPI-anchored glycoprotein
2 (GP2) is expressed on the luminal surface of
M cells and acts as a receptor for type I piliated
bacteria, including Escherichia coli and Salmonella
typhimurium [126]. Similarly, a homolog of
GP2, the urinary protein uromodulin, is also
expressed on M cells [127,128], where it also
binds type I piliated E. coli. Another GPI-
anchored protein, the cellular prion protein
(PrPc), is also abundantly expressed on the
luminal surface of M cells [125,129]. PrPc inter-
acts with Hsp60 of Brucella abortus and helps its
internalization into M cells [130]. Other M-cell-
expressed proteins with potential antigen-
sampling activity include ANXADS5, which binds
the lipid A domain of LPS and facilitates the
uptake of Gram-negative bacteria [131], and the
peptidoglycan recognition protein (PGLRP)-1,
which binds to bacterial peptidoglycans [132]
(Chapter 28: M Cell-Targeted Vaccines).
Although M cells use their receptors to sam-
ple antigens and microorganisms in the gut, the
reverse is also true, and some pathogens have
evolved mechanisms to use M cells as a point
of entry. For example, Yersinia enterocolitica,
Listeria monocytogenes, S. typhimurium, human
immunodeficiency virus, influenza virus, polio
virus, and reovirus all use M cells and the
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receptors they express as ports of entry
[133—135]. Moreover, the enterotoxin of
Clostridium perfringens (CPE) binds to members
of the Claudin tight-junction protein family,
one of which, Claudin 4, is expressed in the
cytoplasm of M cells, where it facilitates
endocytosis [136]. In fact, peptides from the
c-terminal domain of CPE binds to Claudin 4
can be used to target vaccine antigens to M cells
[137]. Similarly, a peptide from the outer mem-
brane protein H (OmpH (31al1) of Y. enterocoliti-
ca binds to C5aR on the luminal surface of M
cells, and it can be used to enhance antigen
uptake and mucosal vaccine responsiveness
[138]. Thus the natural antigen-sampling activ-
ity of M cells can be exploited to enhance muco-
sal vaccination and tolerance.

Of course, one of the main functions of MALT
in the gut, including ILFs, Peyer’s patches, cecal
patches, and colonic patches, is the production of
IgA in response to antigens and commensal
organisms in the gut lumen [74,95,104,139]. The
process by which naive B cells become activated
and switch to IgA is very dependent on the struc-
tural architecture and cell types in GALT. In par-
ticular, activated B cells use the chemokine
receptor CCR6 to migrate to the dome region of
Peyer’s patches, where they interact with DCs
that prompt B cells to undergo isotype-switching
to IgA [88]. Switching to IgA requires B cells to
encounter active TGF-3, which is converted from
the latent form by integrin av{38-expressing DCs
in the dome epithelium [99]. Isotype-switching to
IgA also requires ILC3 cells [56,80], which provide
lymphotoxin-3 receptor (LT3R)-dependent signals
to DCs and stromal cells. A similar process likely
occurs in ILFs, although much of the IgA produc-
tion in ILFs occurs independently of T cells [89].

IV. DEVELOPMENT OF GUT-
ASSOCIATED LYMPHOID TISSUE

The development of the GALT in many ways
is similar to the development of conventional

LNs. Both types of lymphoid organs develop
according to a developmentally programmed
series of cellular interactions that occurs inde-
pendently of exogenous antigen or inflamma-
tion [1]. This process begins during fetal
development and requires interactions between
lymphoid tissue inducer (LTi) cells of hemato-
poietic origin [63] and lymphoid tissue orga-
nizer (LTo) cells of mesenchymal origin
[140,141]. LTi cells are a subset of ILC3 cells that
express the transcription factor RORAt [66] and
produce cytokines such as TNF, LT-o, LT3,
IL-17, and IL-22 [59], all of which are involved
in some aspect of lymphoid organ development
or maturation. The development of lymphoid
organs and GALT in particular has been previ-
ous reviewed [1,53], and we will summarize
some of the most pertinent aspects here.

In Peyer’s patches, the first step in develop-
ment occurs around day 12.5 of embryogenesis
and involves the activation of lymphoid
tissue initiator (LTin) cells [142]. LTin cells
are defined as CD45"CD11c"c-kit" cells that
express the LT3R and the tyrosine kinase
receptor, RET [140]. LTin cells are activated by
the recognition of the RET ligands, leading to
LTin accumulation around VCAM™ LTo cells,
which become activated and express CXCL13,
thereby prompting the recruitment and clus-
tering of CXCR5-expressing LTi cells [143].
The reciprocal interactions between LTof3-
expressing LTi cells and LTQR-expressing
LTo cells reinforce the expression of CXCL13
and leads to the development of the Peyer’s
patch anlagen. Once the Peyer’s patch anlagen
is established, the developing stromal
compartment recruits additional leukocytes
via the induced expression of cytokines (IL-7,
VEGEF-C, and RANK ligand) [27], chemokines
(CXCL12, CXCL13, CCL19, and CCL21), and
adhesion molecules (VCAM-1 and ICAM-1)
[144]. Taken together, these molecules help to
recruit leukocytes and lymphocytes, maintain
their survival, and promote their spatial
positioning.
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The organogenesis of Peyer’s patches strictly
requires the function of LTi cells [66]. As a
result, mice lacking the transcription factors
ROR~t and Id2 lack LTi cells; consequently,
they do not develop LNs or Peyer’s patches
[142]. Similarly, mice lacking either CXCL13 or
its receptor, CXCR5, fail to develop LNs or
Peyer’s patches, owing to the inability of LTi
cells to cluster in the lymphoid anlagen [23].
Moreover, mice lacking LT-o, LT-3, or LTBR also
fail to form LNs or Peyer’s patches, owing to an
inability of LTi cells to activate LTo cells and
promote their eventual differentiation into
mature lymphoid stroma [145,146]. Importantly,
TNFR1 and LT3R are coupled to both the canon-
ical and noncanonical NF«B signaling pathways
[147], both of which are important in Peyer’s
patch development [148,149].

The final steps of Peyer’s patch development
occur after birth when T and B cells begin to
populate their corresponding niches. At this
time, LTi cells downregulate the expression
of CXCR5 and upregulate the expression of
CXCR4 [116], thereby changing their migration
away from the B cell follicle and toward the
interfollicular region. This process is coordi-
nated by TGF-3 and is necessary for the differ-
entiation of FRCs [150]. Once Peyer’s patches
are fully developed and populated, leukocytes
help to maintain stromal cell differentiation;
B cells are particularly important for the main-
tenance of FDCs [151], whereas DCs are impor-
tant for the maintenance of FRCs [152]. Finally,
the interactions between the microbiota and
epithelial cells are arguably as important as the
interactions between leukocytes and stromal
cells for the maintenance of Peyer’s patches
[153], particularly for the differentiation of M
cells [154], the expression of epithelial chemo-
kines, and the organization of the dome region
[129].

Although the mechanisms controlling the
development of Peyer’s patches are well
defined, those controlling the development of
colonic patches and cecal patches have not been

studied in depth; the assumption is that the
development of these organs will be similar to
that of Peyer’s patches. However, the muscu-
laris layer is different in the small intestine and
colon, and the density of commensal organisms
in the colon greatly exceeds the density of those
in the small intestine [53]. Thus the mechanisms
that control the development, maturation, or
function of these organs may be different as
well.

In this regard, there are notable differences
in the organogenesis and regulation of ILFs in
the small intestine and colon [94]. For example,
although the development and maturation of
ILFs in the small intestine require microbial
colonization, the ILFs in the colon develop
independently of microbial colonization and
signaling through CCR6, RANK, and CXCL13
[94]. In contrast, colonic ILFs have specific
requirements that the small intestine ILFs do
not. For example, colonic ILFs require MyD88-
dependent signals for maturation [94], whereas
small intestine ILFs do not. Similarly, colonic
ILFs require IL-23 signaling [155] but are sup-
pressed by IL-25 signaling. These observations
suggest that the molecular mediators of ILF
maturation differ between the small and large
intestines, with colonic ILFs more dependent
on microbial detection and small intestine ILFs
more dependent on danger signals.

The mechanisms controlling the develop-
ment of cryptopatches are different from those
controlling the development of Peyer’s patches
or LNs [53], in part because cryptopatches lack
B and T cell domains. In fact, the cryptopatches
in adults are in some ways analogous to the
Peyer’s patch anlagen in developing embryos.
However, instead of primary interactions
between CXCR5-expressing LTi cells and
CXCL13-expressing LTo cells, the formation of
cryptopatches is dependent on interactions
between CCRé6-expressing ILC3 cells and
CCL20-expressing epithelial cells [83], which
also produce IL-7 and thereby help to maintain
ILC3 cells [54]. Moreover, like the development
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of most lymphoid tissues, the formation of
cryptopatches is entirely dependent on ROR~t
[87], which is essential for ILC3 differentiation.
Interestingly, although the development of
cryptopatches requires lymphotoxin signaling,
it uses only the canonical pathway and does
not require RelB [156].

The maturation of cryptopatches into ILFs
often begins with microbial signals to the
epithelium, which increases expression of
CCL20 and IL-7 [86], leading to the activation
of ILC3 cells [83]. Alternatively, ILC3 cells can
be activated directly by metabolic products that
engage the AHR [57] or by IL-23 generated
from activated myeloid cells [155]. Once ILC3
cells are activated, they express LTof and
trigger the differentiation of LTBR-expressing
stromal cell precursors, which upregulate
CXCL13, CCL19, and CCL21 as well as VCAM-
1 and ICAM-1 for the recruitment and retention
of lymphocytes [157]. Further accumulation of
B cells, recruitment of T cells, and differentia-
tion of follicle-associated epithelium (FAE)
mark the maturation of an ILF. The cytokine
RANKL (receptor activator of NF-KB ligand)
and its receptor (RANK) are crucial for the mat-
uration of ILFs [158] but not for the formation
of CPs, primarily because of the role of RANK
signaling in the differentiation of M cells, which
will be discussed in the next section.

V. M CELL DIFFERENTIATION IN
GUT-ASSOCIATED LYMPHOID
TISSUE

The development of M cells in the dome
epithelium is a specific feature of mucosal
lymphoid tissues and, not surprisingly,
involves reciprocal interactions between vari-
ous cell types and signaling through receptors
in the TNFR family. For example, M cell differ-
entiation requires signaling through the TNFR
family member RANK, which is expressed on
epithelial stem cells [159]. RANK signaling

activates TRAF6 and NF-KB in epithelial cells
[160] and triggers the expression of the tran-
scription factor Spi-B, which is required for the
final maturation and accumulation of M cells in
the dome epithelium [160]. Interestingly, the
systemic administration of RANKL induces the
ectopic differentiation of enterocytes into M
cells throughout the villous epithelium [161],
suggesting that any enterocyte is capable of
differentiating into M cells but that the
normal availability of RANK ligand is spatially
restricted to the epithelium overlaying lym-
phoid clusters or FAE. In fact, RANK ligand is
primarily expressed by subepithelial stromal
cells in areas of lymphoid tissue (e.g., Peyer’s
patches) [162].

Interestingly, stromal cells in developing
LNs express RANK ligand following interac-
tions with lymphotoxin-expressing LTi cells
[27]. In turn, RANK ligand maintains the sur-
vival of LTi cells and increases their expression
of lymphotoxin, generating a positive feedback
loop. Given that lymphotoxin is important for
the differentiation of the M cell-containing FAE
[49] and that ROR~t-expressing ILC3 cells are
necessary for the differentiation of M cell-
containing ILFs [89], it makes sense that the
ILC3 cells in GALTs participate in M cell
differentiation.

The expression of CCL20 in the intestinal
epithelium is rapidly induced by RANK ligand
stimulation and enhanced by TNFR and LT3R
stimulation [163]. Other signals triggered by
enteroinvasive bacteria, including S. typhimur-
ium, Salmonella enteritidis, and L. monocytogenes,
also induce CCL20 expression by intestinal
epithelial cells [164]. The pathogen-mediated
expression of CCL20 and {-defensin-2 by
epithelial cells may defend against bacterial
infections by attracting CCRé6-expressing Th17
cells [165,166]. However, pathogens may also
exploit this mechanism by stimulating the
differentiation of enterocytes into M cells and
thereby facilitating their translocation from the
gut lumen.
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B cells and DCs are also involved in M cell
maturation; however, neither of these cell
types expresses RANK ligand. Moreover,
B-cell-derived TNF and lymphotoxin are each
dispensable for the development of the FAE
and M cells [163]. Nevertheless, the expres-
sion of CCR6 on B cells and DCs is required
for their attraction to the dome epithelium
[99] and for the final maturation of GP2-
expressing M cells [159]. In fact, the basolat-
eral pocket of M cells in Peyer’s patches
usually contains at least one B lymphocyte
[167]. Moreover, adding B cells to cultures of
Caco-2 intestinal epithelial cells promotes
their differentiation into M cells [168,169], and
mice that lack B lymphocytes appear to lack
M cell transcytosis function [170]. The factors
provided by B cells (or other hematopoietic
cells) that stimulate M cell differentiation
include signaling between B cells and M cells
via CD137L/CD137 [50] or macrophage
migration inhibitory factor [171].

VI. LYMPHOID TISSUES OF THE
RESPIRATORY TRACT

The mucosal lining the upper and lower
respiratory tracts is constantly exposed to
inhaled antigens and has endogenous micro-
bial communities [172], although the density
of the respiratory microbiota is dramatically
less than that in the gut, and the species that
compose these communities are also different
[173]. As a result, MALTs that trigger local
immune responses are present in the upper
respiratory tract and nasal passages as well as
in the lower respiratory tract and lung. Like
the MALT of the gut (or GALTs), the mucosal
tissues of the respiratory tract can generate
local immune responses to pathogens and
inflammatory antigens and help to maintain
homeostatic symbiosis with the local microbial
communities.

A. Nasopharyngeal-Associated Lymphoid
Tissue

The upper respiratory tract has a variety of
mucosal lymphoid organs whose location
and structure differ greatly among the various
mammalian species. For example, humans lack
constitutively organized lymphoid tissues in
the nasal passages but often have diffuse
lymphoid tissues (likely ectopic lymphoid
aggregates) [174]. Instead, humans have well-
developed mucosal lymphoid tissues in the
nasopharynx (adenoids) and the oropharynx
(tonsils), which together are termed Waldeyer’s
ring [175]. Although sheep, goats, pigs, dogs,
and cats lack detectable lymphoid tissues in the
nose [175], horses have nasal structures similar
to ILFs [175,176], and rabbits have nasal-
associated mucosal tissues as well as a variety
of ILF-like structures in the nasal passages
[177]. By contrast, rodents develop constitu-
tively organized lymphoid tissues in the nasal
cavity that are termed nasal-associated lym-
phoid tissue (NALT) [178].

In mice, NALT is found on the dorsal side of
the soft palate at the bottom of the nasal
passages [179] (Fig. 2.5). In cross section, NALT
appears as two bell-shaped structures located
on the ventral region of the nasal passages
above the hard palate [175,179]. NALT extends
along the length of the nasal passages and con-
sists of multiple B cell follicles arranged like a
string of beads separated by interfollicular
areas [175,179]. Like Peyer’s patches, the inter-
follicular areas contain numerous T cells and
DCs that are arranged on a stromal network
of CCL19-expressing FRCs, whereas the B cell
follicles and germinal centers are organized
around stromal networks of CXCL13-expressing
FDCs [175,180].

Similar to MALT in the gut, NALT has a
dome epithelium that expresses the chemo-
kines CCL20 and CCL9 [181,182]. However,
unlike Peyer’s patches, it does not express
CXCL16 [123]. M cells with short microvilli and

II. PRINCIPLES OF MUCOSAL VACCINE



36 2. ANATOMICAL UNIQUENESS OF THE MUCOSAL IMMUNE SYSTEM

FIGURE 2.5

Nasopharyngeal-associated lymphoid tissue (NALT). A cross section of a decalcified mouse nose shows

NALT areas (arrows) on either side of the nasal passage (NP), above the oral cavity (OC).

microfold morphology are easily identified in
the dome epithelium of NALT as well as
turbinate epithelium of nasal cavity [96,183]
and efficiently acquire luminal antigens and
particulates [184], which they transcytose across
the epithelium. Not surprisingly, NALT M cells
express markers, including GP2, Tnfaip2, and
Spi-B [184], which are also expressed in M cells
of the intestinal tract. CCR6-expressing DCs and
B cells fill the dome region under the epithelium
and are closely associated with M cells [185].
As in Peyer’s patches, interactions between
CCRé6-expressing leukocytes and M cells are
important for the maintenance of NALT struc-
ture and function [182].

The HEVs of NALT are found in the interfol-
licular regions or at the T cell-B cell boundary
[186]. Interestingly, NALT HEVs express
peripheral node addressin (PNAd) [179,187]
alone or mostly associated with mucosal
addressin cell adhesion molecule (MAdCAM)
[179], a difference that seems to be dependent
on the molecular details of lymphotoxin signal-
ing [188]. Hence MAdCAM expression on the
HEVs is expressed only in conjunction with
PNAd [179]. HEVs in NALT also express the
chemokine CCL21 [181], which facilitates lym-
phocyte trafficking from the blood.

Like other mucosal lymphoid organs, NALT
lacks afferent lymphatic vessels. However,

efferent lymphatic vessels are found at the
outside edge of the interfollicular T cell areas of
NALT, where they collect effector cells that
were primed and expanded in NALT [180].
Interestingly, the lymphatic vasculature of
NALT connects with the lymphatic vasculature
draining the ocular region that contains another
mucosal lymphoid tissue, the lacrimal-duct-
associated lymphoid tissue (LDALT) [180,189].
Thus ocular and nasal lymphatics seem to
converge on their way to downstream cervical
LNs.

The ontogeny of NALT is unique among
mucosal lymphoid organs, perhaps because of
its position in the nasal passages. Although the
development of NALT resembles that of ILFs in
the sense that it occurs after birth in response to
antigenic or microbial encounter [190], there
are important differences in terms of the cell
types and molecular pathways required for its
development. For example, LTi cells seem dis-
pensable for NALT formation [191] as well as
for LDALT formation [189], since mice that are
deficient in the transcription factor ROR~t (and
therefore deficient in ILC3 cells, including LTi
cells [191,192]) still have apparently normal
NALT structures. Similarly, mice lacking IL-7
(which fail to support LTi cells as well as most
lymphocytes) still have rudimentary NALT
structures. In contrast, mice lacking the

II. PRINCIPLES OF MUCOSAL VACCINE



VI. LYMPHOID TISSUES OF THE RESPIRATORY TRACT 37

transcription factor Id2 (which lack all ILC cells
[142]) completely fail to develop NALT [191].
Thus it seems that an ILC population other
than ILC3 cells or LTi cells is required for
NALT development. In this regard, ILC2 cells
are more prominently represented in the respi-
ratory tract than are ILC3 cells [1,193].

The requirement of lymphotoxin signaling is
also different in NALT than it is in most lym-
phoid tissues. For example, unlike the develop-
ment of Peyer’s patches and essentially all
other lymphoid organs, the development of
NALT still occurs in the absence of LT-a
[192,194,195]. Although NALT remains in
LT-a-deficient mice, its structure is abnormal,
with poorly defined B and T cell domains, a
lack of FDCs, and reduced expression of
chemokines (CXCL13, CCL19, CCL21, and
CCL20) [194], which normally maintain the
lymphoid architecture of NALT. This result is
likely due to the fact that LTi cells are not
involved in NALT development and that LT-a
is the primary mediator of LTi cell activity in
lymphoid organ development.

NALT development also occurs normally
mice lacking CXCL13 [181], which is required
for the development of most lymphoid organs
because LTi cells use CXCRS5 to find and inter-
act with LTo cells. Again, however, the organi-
zation of NALT is impaired in the absence of
CXCL13 or CXCRS5, as FDCs fail to develop and
stromal cells are unable to organize a B cell fol-
licle [192,194]. However, increasing antigenic
encounter leads to the further organization of
NALT, even in the absence of CXCR5 or LT-«
[181,194,195], suggesting that the structural
maturation of NALT can use alternative
pathways, such as CD40-dependent signaling
[194], which may substitute for LT-« signaling
by engaging the noncanonical NFxB pathway
[196].

The differentiation of M cells and the forma-
tion of a dome region are also important for the
proper structure and function of NALT. As in
Peyer’s patches, the differentiation of NALT M

cells requires interactions between RANK,
expressed on epithelial cells, and its ligand,
expressed by stromal cells in the subepithelial
dome region [162,197]. As in the intestine, the
administration of RANK ligand to the nasal
passages activates RelB and Spi-B in epithelial
cell progenitors [184], ultimately leading to the
differentiation of additional GP2"Tnfaip2™
epithelial M cells in the nasal passages
[127,160,184,197]. Interestingly, wunlike the
development of M cells in the intestine, which
are derived from proliferating precursors in the
crypts, the M cells in NALT appear to differen-
tiate in the absence of proliferation [184].

Interactions with lymphocytes are also an
important part of M cell maturation in NALT,
as the morphology of M cells and the basolat-
eral pocket are lost when lymphocytes are
depleted [198]. The interactions between leuko-
cytes and M cells utilizes CCR6 [182,185], as the
number of M cells is reduced in the NALT of
CCRé6-deficient mice. Moreover, the antigen-
transporting ability of the M cells remaining
in CCR6-deficient mice is also impaired [182],
leading to poor IgA responses to nasally
administered antigens. Although interactions
with B cells are not required for the initial
development of M cells, B cells trigger the
TNFR family member CD137 (commonly
known as 4-1BB) on M cells by its ligand on B
cells [50], which maintains M cell morphology,
promotes the formation of the basolateral
pocket, and facilitates their ability to transport
antigens and particulates [50].

The antigen-transporting activity of M cells
in NALT also allows pathogen entry. For exam-
ple, pathogens such as mouse mammary tumor
virus (MMTV) [199], group A streptococcus
[200,201], and Burkholderia pseudomallei [202] all
target NALT as a portal of entry. Similarly,
molecules expressed on the surface of NALT M
cells can be targeted to enhance the uptake and
response to vaccine antigens. For example, the
Claudin-4-targeting peptide of CPE promotes
the uptake of nanoparticles through NALT M
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cells and enhances local IgA responses [137].
Moreover, M-cell-binding lectins, including
Griffonia simplicifolia 1 isolectin B4 (GSI-B4)
[203], Dolichos biflorus agglutinin (DBA) [203],
and Ulex europaeus agglutinin (UEA) [203], and
M-cell-binding proteins such as reovirus pro-
tein o1 [204] promote antigen uptake by M cells
in NALT and, when used in combination with
adjuvants such as cholera toxin [205] or heat-
labile toxin Ila-B5 [206], elicit potent IgA
responses in the nasal passages.

As a mucosal lymphoid organ, it might seem
that NALT would preferentially generate IgA
responses following vaccination. However,
mucosal lymphoid tissues in the respiratory
and digestive tracts are not functionally identi-
cal [207]. However, immunization or infection
of the nasal passages typically elicits as much
IgG as IgA [208]. These responses are clearly
biased by the type of adjuvant involved, as
immunization with cholera toxin typically leads
to IgA responses [205,209], whereas protein-
containing microparticles primarily elicit IgG
responses [210]. Infection with common respira-
tory viruses, such as influenza [211] and reovi-
rus [212], elicits both IgG- and IgA-secreting
cells in NALT. Nevertheless, B cells responding
to influenza more often switch to IgA in NALT
than in mediastinal LNs, lung, or spleen [213].
Intriguingly, IgA memory B cells generated in
NALT accumulate more somatic mutations
than do IgG memory cells [214], suggesting a
selective entry into the memory compartment,
perhaps by interactions with the CCR6-
expressing DCs in the subepithelial dome
region (Chapter 7: Induction and Regulation of
Mucosal Memory B Cell Responses).

B. Bronchus-Associated Lymphoid Tissue

The lower respiratory tract includes the tra-
chea, bronchi, bronchioles, and alveoli, which
are continuously exposed to inhaled antigens
and pathogens, including common respiratory
viruses such as influenza virus, respiratory

syncytial virus, and rhinovirus. Therefore the
lower respiratory tract has to be protected by
robust immunological mechanisms. However,
the lung is also the primary site of gas
exchange, which is most efficient when the
distance between the respiratory epithelium of
the alveoli and the vascular endothelium of the
capillaries is minimized. As a result, the deli-
cate structures of the lower lung are susceptible
to damage by inflammatory responses, imply-
ing that immune responses in the lung must be
appropriately tempered to provide protection
against pathogens without causing undue
inflammation and damage.

Given the exposure of the lung to inhaled
antigens and pathogens, one might expect that
the lower respiratory tract would be filled with
mucosal lymphoid tissues along the bronchi
and bronchioles. In fact, some species have
mucosal lymphoid structures, termed BALT,
along the respiratory tract [215—217]. However,
the lungs of healthy humans have relatively
few BALT-like areas [218,219], and the lungs of
mice from clean animal facilities completely lack
such structures [220]. Nevertheless, humans with
chronic lung diseases such as chronic obstructive
pulmonary disease [221-223], hypersensitivity
pneumonitis [224], and even pulmonary compli-
cations of rheumatoid arthritis [225—227] have
many well-developed BALT-like areas that seem
to react with local antigens. Moreover, mice also
develop BALT-like structures in their lungs
following pulmonary infection or inflammation
[228] (Fig. 2.6). These findings suggest that the
BALT-like areas in humans and mice are not
true SLOs that develop during embryogenesis
but instead are ectopic or tertiary lymphoid
tissues that develop in response to local inflam-
mation [228,229]. Interestingly, some mammals,
such as pigs and goats, develop BALT during
gestation [215,230—233], apparently indepen-
dent of exposure to antigen or microbes, sug-
gesting that in these species, BALT is a true
SLO. Therefore to distinguish between BALT
formed according to a developmental program
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FIGURE 2.6

Inducible bronchus-associated lymphoid tissue GBALT). (A) The formation of iBALT requires pulmonary

inflammation and the recruitment and activation of neutrophils, macrophages, and dendritic cells. Inflammatory cytokines
such as IL-17A, IL-1, and IL-23 promote the production of CCL19 and CXCL13 by fibroblastic cells, which recruit CCR7*
T cells and CXCR5" B cells. Activated lymphocytes provide LTaB, which promotes the differentiation of fibroblast and
epithelial cells into lymphocyte-organizing stromal cells. The structure of iBALT resembles that of other lymphoid organs in
which segregated B cell and T cell areas are located near epithelia and are supported by specialized stromal populations.
(B) H&E staining of lung sections showing iBALT. (C) Immunofluorescence staining of B220* B cells (blue) and CD4" T cells
(red). The follicle is highlighted (dashed line). (D) CD4" T cells (red) and CD21/35% FDC network (green). B, Bronchi; b,

blood vessel.

and the lung-associated lymphoid tissues that
are inducible and are formed after inflamma-
tion, we coined the term “inducible BALT”
(iBALT) [225,234,235].

As the name suggests, iBALT forms along
the bronchi and bronchioles in the lung, often
at branch points of the bronchial tree and usu-
ally next to or even surrounding a pulmonary
artery [228,234,236—238]. In fact, the structure
of iBALT often fills the perivascular space and,
depending on how the lung is sectioned, may
appear to be exclusively perivascular [237,239].
BALT-like lymphoid aggregates in the lung

have a spectrum of phenotypes, beginning with
a small, loosely organized cluster of B cells that
lacks FDCs and ending with a dense lymphoid
accumulation that includes multiple germinal-
center-containing B cell follicles arranged on
networks of CD2l-expressing FDCs and
separated by interfollicular T cell areas with
networks of podoplanin-expressing FRCs
[229,240,241]. In some cases, iBALT areas can
be found with extensive FDC networks and
germinal-center-containing B cell follicles but
no discernible T cell areas [229,241]. In other
cases, however, iBALT areas can be observed
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with dense clusters of T cells and podoplanin-
expressing FRCs but no B cell follicles [229,241].
These different structures are undoubtedly dis-
tinct at a functional level; however, the under-
lying reasons why different types of structures
are formed remain unclear.

Although BALT areas in some species seem
to have a specialized dome epithelium with M
cells [96,242], the iBALT observed in mice and
humans typically lacks this feature [1], consis-
tent with the idea that iBALT is an ectopic lym-
phoid tissue rather than a truly MALT of the
airway. However, the absence of M cells in the
iBALT of mice and humans raises the question
of how these tissues acquire antigen. In this
regard, it is clear that areas of iBALT have asso-
ciated lymphatic vessels around the B cell folli-
cle at the edge of the T cell area [243,244]. In
fact, the inflammatory processes that trigger
iBALT formation also trigger the growth of
new lymphatic vessels [245]. It seems likely
that some of these vessels are efferent lym-
phatic vessels that carry effector cells away
from iBALT and toward the downstream drain-
ing mediastinal LN. However, some of these
vessels may also be afferent lymphatics that
carry antigen and DCs from distal portions of
the lung into iBALT. In fact, nasally adminis-
tered DCs rapidly migrate into the T cell areas
of iBALT, most probably via afferent lymphatic
vessels [43,246,247].

Well-developed areas of BALT also have
HEVs in the T cell area next to the T cell-B cell
boundary [248,249]. Consistent with the idea
that iBALT is an ectopic rather than a classical
MALT, the HEVs in iBALT express CCL21 and
PNAd but not MAACAM-1 [248,249], suggest-
ing that o4f7-expressing mucosal-homing
lymphocytes are not preferentially recruited to
iBALT. Together with the lack of a dome
epithelium, these observations reinforce the
conclusion that iBALT is an ectopic rather than
a mucosal lymphoid organ.

The lymphoid chemokines CXCL13, CCL19,
and CCL21 are expressed by fibroblastic

stromal cells in iBALT and are important for its
structure and function. For example, although
iBALT develops in CXCL13-deficient mice and
even has separated B and T cell areas [241], it
lacks FDCs and fails to form true B cell follicles
or germinal centers. In contrast, the iBALT that
forms in plt/plt mice (lacking both CCL19 and
CCL21 [240,250]), has B cell follicles with FDCs
but fails to develop T cell areas and cannot
form germinal centers [250], probably owing to
the failure of Tth differentiation. Mice lacking
all three chemokines fail to form any iBALT at
all [250]. Unlike Peyer’s patches and ILFs,
CCR6 is not important for the formation or
function of iBALT [1], consistent with the lack
of an M cell-containing dome epithelium (or
FAE) in this tissue.

Numerous inflammatory or infectious stimu-
li can trigger the formation of iBALT via a vari-
ety of pathways [228]. However, many of the
core mechanisms involved in SLO development
are also involved in the formation of iBALT. In
general, iBALT is formed most easily during
the neonatal period in both mice and humans
[219,240], perhaps owing to increased frequen-
cies of ILCs or decreased frequencies of Tregs
[240,251,252]. In fact, CCR7-deficient mice
spontaneously develop iBALT, owing to the
inability of Tregs to suppress pulmonary
inflammation [251,253,254]. Conversely, the
reconstitution of CCR7-deficient mice with WT
Tregs prevents the formation of iBALT [251].
These observations are likely pertinent for the
development of iBALT and other ectopic lym-
phoid tissues in autoimmune patients, who
often have defects in Treg function.

Although MALT in the intestine (or GALT),
including cryptopatches, ILFs, Peyer’s patches,
cecal patches, and colonic patches, requires
ILC3 cells, these cells are not required for
iBALT development, as iBALT forms easily in
mice lacking the transcription factor ROR~t
[240]. This observation implies that other cell
types such as ILC2 cells, which are common in
neonatal lungs [255], may play important roles
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in iBALT formation. Despite the nonessential
role of ILC3 cells, both IL-17 and IL-22 are
important for the formation of iBALT in
response to the inert inflammatory molecules,
LPS [240]. These cytokines are provided by ~6 T
cells and follicular-homing Th17 cells during
iBALT development [240]. The role of these
cytokines is somewhat surprising, given that
iBALT forms independently of RORAt, which is
normally required for the differentiation of
ILC3 cells, A6 T cells, and Th17 cells. Thus it
seems that there are redundant mechanisms for
iBALT formation when IL-17 is limiting.

The formation of iBALT in response to IL-17
involves neutrophil accumulation via the
expression of the inflammatory chemokines,
CXCL9, CXCL10, and CXCL11 [252,256].
Neutrophils and other granulocytes cause
damage, in part because of the release of pro-
teases [257—259], which trigger the expression
of homeostatic and inflammatory chemokines
and lead to iBALT formation [259]. Similarly,
IL-17 directly promotes the expression of the
homeostatic chemokines CXCL13 and CCL19
[240,260,261], which are important for the recruit-
ment of B and T cells and for the formation of
iBALT. Although IL-17 promotes the expression
of these chemokines under inflammatory condi-
tions, lymphotoxin signaling maintains the
expression of these chemokines under homeo-
static conditions [240,241,261]. Thus once iBALT
is formed, it no longer requires IL-17 but instead
requires lymphotoxin-expressing lymphocytes
and DCs to maintain stromal architecture, che-
mokine expression, and HEV differentiation.

Importantly, IL-17 is required for iBALT
formation only under some conditions, most
notably bacterial infections or exposure to bac-
terial products [228]. However, under other
conditions, such as intranasal infection with
modified vaccinia virus Ankara (MVA), iBALT
forms independently of IL-17 [241]. As might
be expected, iBALT formation in response to
bacterial infection is dependent on TLR signal-
ing through MyD88 and Trif [241], whereas

iBALT formation in response to viral infection
is  independent of these  pathways.
Nevertheless, all of the inflammatory pathways
eventually converge on the differentiation and
maintenance of stromal cells via lymphotoxin
and the expression of homeostatic chemokines.

Other types of inflammatory stimuli trigger
iBALT formation via other mechanisms. For
example, pulmonary exposure to alum or silica
particles trigger dying macrophages to release
IL-1o, which acts as an alarmin that promotes
the recruitment of eosinophils, macrophages,
neutrophils, DCs, and T cells to the lungs and
ultimately leads to iBALT formation [262]. In
another example, pulmonary infection with
Prneumocystis murina elicits the expression of
IL-25 and IL-17, which indirectly trigger the
expression of CXCL13 by lung fibroblasts via
IL-13 and IL-6 [261]. Interestingly, the IL-25 and
IL-17 receptor complexes share a common sub-
unit, the IL-17Ra [263,264].

Once past the inflammatory stage, the
mechanisms that maintain iBALT parallel those
of most lymphoid tissues. For example, the loss
of DCs leads to the shrinkage of iBALT areas
[247,265], perhaps because DCs are required for
the maintenance of HEVs [266—268] and, with-
out them, lymphocytes fail to be recruited and
the structures fall apart. Fibroblastic stromal
cells and lymphatic endothelial cells also
contribute to the maintenance of iBALT, in part
by expression of homeostatic chemokines that
maintain the B and T cell areas [43] but also by
expression of cytokines such as IL-7 and BAFF
[120] that promote the survival of naive and
memory T and B cells. Many of these homeo-
static mechanisms require lymphotoxin or TNF
signaling between leukocytes and stromal cells
[269], similar to what occurs in other lymphoid
organs.

The areas of iBALT clearly function like
other lymphoid organs and can independently
support primary and secondary B and T cell
responses to pulmonary antigens [1,2,270,271].
This functional capacity is apparent in mice
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lacking conventional LNs and spleen [2,234].
However, the initial activation of T cells can
also be observed in iBALT following the intra-
nasal administration of antigen-loaded DCs
[247]. Moreover, the formation of germinal
centers in iBALT is a clear sign that antigen-
specific B cells are being primed locally [265].
Furthermore, antigen-specific —plasmablasts
accumulate at the border between the B cell fol-
licle and the T cell area [265], suggesting that
they were generated locally. Interestingly,
immune responses triggered in BALT do not
seem to bias the antibody class switch toward a
particular isotype, such as IgA [265]. This
observation might be explained by the lack of a
dome epithelium (or FAE) and specialized DCs
that facilitate the activation of TGF-3 and
promote IgA switching. Again, this observation
is consistent with the idea that iBALT is an
ectopic lymphoid tissue rather than a MALT.

Even though iBALT is not a constitutive SLO
in the lung, its presence has a strong impact on
the success of pulmonary immune responses.
In the context of pulmonary infection, the
presence of iBALT is uniformly beneficial and
usually leads to faster clearance of the pathogen
with less pulmonary and systemic pathology
[228]. For example, immune responses against
pulmonary infection with influenza virus, SARS
corona virus, Coxiella burnetii, Francisella tularen-
sis, and Mycobacterium tuberculosis are all more
effective when iBALT is present in the lung
[235,265,272—274]. In part, this success can be
attributed to an accelerated B cell and antibody
response [234,273,275]. Given the location of
antigen-specific germinal center B cells and plas-
mablasts, this faster B cell response may be simply
due to proximity to antigen. Alternatively, the
local differentiation of T cells may be biased
toward Tth cells rather than effector cells. Given
the unique functional attributes of iBALT, it
may be desirable to develop vaccines that
transiently induce iBALT for the initiation of
antigen-specific humoral and/or cellular immu-
nity against respiratory pathogens.

In contrast to its beneficial role in responding
to pulmonary infection, the presence of iBALT
in inflammatory lung diseases may be detri-
mental to the host, because enhanced local
immune responses to autoantigens or environ-
mental antigens would likely exacerbate
inflammation and tissue damage. For example,
areas of iBALT are found in patients with
hypersensitivity pneumonitis [224], rheumatic
lung disease [225,227], chronic obstructive pul-
monary disease [223,276,277], and even idio-
pathic pulmonary fibrosis [254,278]. These
diseases are associated with chronic inflamma-
tion and continual or repeated exposure to anti-
gens. Moreover antigen-specific B and T cells
are found in the iBALT areas [235], suggesting
that they are contributing to disease pathogene-
sis. Despite the link between chronic lung dis-
ease and the formation of iBALT, it is not clear
whether iBALT is exacerbating disease or is
actually attenuating inflammation by sequester-
ing antigens and effector cells.

Finally, despite the fact that iBALT is an
ectopic lymphoid tissue, it is clearly a critical
component of the pulmonary immune system
and has the ability to fine-tune local immune
responses and either ameliorate or exacerbate
pulmonary pathology. Given that iBALT is
formed in response to environmental exposures,
particularly during early life, it seems likely that
the type and frequency of these exposures may
set the tone of pulmonary immunity for many
years and perhaps the life span of the individual
[218,279]. Therefore it is essential that we under-
stand the mechanisms controlling the develop-
ment and function of iBALT in order to harness
its infection-preventing properties during vacci-
nation and to restrain its pathological activities
in inflammatory diseases.

VII. CONCLUDING REMARKS

In summary, the mucosal lymphoid tissues
of the intestinal and respiratory tracts share
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many developmental, architectural, and func-
tional features that allow them to sample
mucosal antigens and generate appropriate
immune responses. However, the mechanistic
details that regulate how each of these tissues
functions are often slightly different, in part
owing to the location in which they reside, the
number and type of microbial communities to
which they are exposed, and the cell types
involved in their function. As a result, vaccines
that target particular mucosal sites or immune-
modulating therapies that are directed toward
particular organs must account for these differ-
ences in order to be effective.
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