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MICROFOLD (M) CELLS
Specialized antigen-sampling
cells that are focated in the
follicle-associated epithelium
of the organized mucosa-
associated lymphoid tissues.
M cells deliver antigens by
transepithelial vesicular
transport from the aero-
digestive lumen directly to the
subepithelial lymphoid tissues
of nasopharynx-associated
lymphoid tissue and Peyer's
patches.
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NALT- VERSUS PEYER’S-PATCH-
MEDIATED MUCOSAL IMMUNITY

Hiroshi Kiyono and Satoshi Fukuyama

facilitate the development of nasal vaccines.

The mucosal immune system is responsible both for
mediating the symbiotic relationship between the host
and endogenous microorganisms (commensal bacteria),
and for functioning as a first line of physical and
immunclogical defence against invading pathogens!.
Through innate and acquired immunity, the mucosal
immune system rnaintains immunological homeostasis
along the vast expanse of the epithelial surface area, rang-
ing from the oral and nasal cavities to the respiratory,
intestinal and genito-urinary tracts.

The initiation of antigen-specific immune responses
occurs at special ‘gateways, which comprise MicroroLD (M)
ceuss Jocated in the epithelium overlying follicles of the
mucosa-associated lymphoid tissues (MALT). These
contain all of the immunocompetent cells that are
required for the generation of an immune response
(thatis, T cells, B cells and antigen-presenting cells).
Peyer’s patches, in the gut, and nasopharynx-associated
lymphoid tissue (NALT) — two of the main compo-
nents of MALT — are important inductive tissues for
the generation of mucosal immunity through the inges-
tion and inhalation of antigen in the intestinal and res-
piratory tracts respectively’ (F1G. 1). The common MucosaL
mMMUNE sysTem (CMIS) connects these inductive sites
(that is, the Peyer’s patches and NALT) with effector
sites {such as the lamina propria of the intestinal and
respiratory tracts, and glandular tissues) for the genera-
tion of antigen-spedific T helper 2 (T,,2)-cell-dependent

Abstract | Recent studies indicate that the mechanism of nasopharynx-associated lymphoid
tissue (NALT) organogenesis is different from that of other lymphoid tissues. NALT has an
important role in the induction of mucosal immune responses, including the generation of
Thelper 1 and T helper 2 cells, and lgA-committed B cells. Moreover, intranasal immunization
can lead to the induction of antigen-specific protective immunity in both the mucosal and
systermnic immune compartments. Therefore, a greater understanding of the differences
between NALT and other organized lymphoid tissues, such as Peyer’s patches, should

IgA responses, and T, 1-cell- and cytotoxic T lymphocyte
(CTL)-dependent immune responses, which function as
the first line of defence at mucosal surfaces'

In this review, we discuss three issues concerning the
biology of the NALT immune system: first, we focus on
the unique characteristics of its tissue genesis compared
with that of Peyer’s patches; second, we examine the
immunological fanction of NALT; and third, we discuss
manipulation of the NALT immune system to develop
mucosal vaccines.

Distinct features of NALT organogenesis

Despite the functional similarity of NALT and Peyer’s
patches in terms of their role as mucosal inductive sites,
their programmes of lymphoid organogenesis are dis-
tinct, On the basis of recent studies, the unique charac-
teristics of NALT development compared with those of
Peyer’s patches have become clear in terms of both
kinetics and cytokine requirements.

Chronological development. In normal mice, NAIT is
a bell-shaped tissue that is characterized by an accu-
mulation of lymphoid cells. In contrast to the migu
enpoTHELAL vENULES (HHEV's) of Peyer’s patches, which
express mucosal vascular addressin cell-adhesion
molecule 1 (MADCAMI1) (REE 3), NALT-associated
HEVs express peripheral-node addressin (PNAD).
Vascular cell-adhesion molecule 1 (VCAM1) has been
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COMMON MUCOSAL IMMUNE
SYSTEM

(CMIS). An integrated pathway
that allows communication
between the organized mucosa-
associated lymphoid tissues
{(inductive sites) and the diffuse
mucosal tissues (effector sites),
enabling the induction and
regulation of host-protective
imnunity against pathogenic
microorganisms.

HIGH ENDOTHELIAL VENULES
(HEVs}. Venules (srnall veins
that join capillaries to larger
veins) that have a high-walled
endothelium and are present in
the paracortex of lymph nodes
and tonsils, as well as in the
interfollicular areas of Peyer’s
patches. HEVs are essential for
lymphocyte homing to
secondary lymphoid organs.

shown to be associated with the tissue genesis of
Peyer’s patches, because a cluster of VCAM1* stromal
cells occurs at the site of Peyer’s-patch development
on day 15.5 after coitus'. To determine when NALT
develops, we used immunohistochemistry to analyse
PNAD expression in wild-type mice of various ages.
NALT formation was not observed during embryo-
genesis or in newborn mice® (FIG. 2), whereas Peyer’s
patches were already present in the embryo as dome-
shaped lymphoid tissues®. Instead, PNAD* HEVs with
associated lymphocytes were first detected bilaterally
in nasal tissue at 1 week after birth, and the complete
formation of bell-shaped NALT (including lymphoid
cells) was not observed until 5-8 weeks after birth®

Inductive sites

<
X
IgA

Blood circutation

(FIG. 2). In rats, the development of NALT is also
observed postnatally as a small accumulation of lym-
phoid cells”, These findings indicate a prenatal initiation
of lymphoid organogenesis for Peyer’s patches and a
postnatal initiation for NALT. An intriguing possibility
is that the NALT-genesis programme is triggered after
birth through stimulatory signals that are provided by
environmental antigens and mitogens. This view is sup-
ported by the finding that nasal administration of
cholera toxin, a well-known mucosal immunogen with
adjuvant activity, resulted in the acceleration of NALT
organogenesis and the development of the bell-shaped
lymphoid tissue®. Therefore, environmental stimulation
might be essential for NALT organogenesis, although

Effector sites

\)Ei )_e »f’ Secretory IgA

Figure 1 | The common mucosal immune system. Luminal antigens are transported to the nasopharyrx-associated yrmphoid
tissue (NALT) and Peyer's patches through microfold (M) celis that are present in the epithefium overlying NALT and Peyer's-patch
follicles. Dendritic cells process and present antigens 1o T cells in these ympheid tissues, CD4* T cells that are stimulated by
dendritic cells then preferentially induce IgA-committed B-cell development in the germinal centre of the lymphoid follicle, After IgA
class switching and affinity maturation, B calls rapidly migrate from NALT and Peyer's patches to the regional cervical lymph nodes
and mesenteric ymph nodas respectively, through the efferent iymphatics. Finally, antigen-specific CO4* T cells and Igha* B cells
migrate to effector sites (such as the nasal passage and ntestinal lamina propria) through the thoracic duct and biood circulation.
IgA* B cells and plasmablasts then differentiate into IgA-producing plasma cells in the presence of cylokines (such as intereukin-5
{L-5) and IL-6) that are produced by T helper 2 (T,,2) celis, and they subsequently produce dimeric {or polymeric} forms of IgA.
These dimeric forms of IgA then become secretory IgA by binding to polymeric [g receptors (which become the secretory
component in the process of secretory igA formation) that are displayed on the monolayer of epithefial cels lining the mucosa.
Secratory IgA is then released into the nasal passage and intestinal tract. TCR, T-cell receptor.
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NASOPHARYNX-ASSOCIATED
LYMPHOID-TISSUE (NALT)
ANLAGEN

The site for the initiation of
NALT developtnent At this
site, the accurnulation of
CD3CD4*CD45* cells and the
expression of peripheral-node
addressin (PNAD) by venules
are observed in infant nasal
tissues.

Newborn mice

we have observed the formation of NALT in adult
mice that were born and raised under germ-free con-
ditions (H.K. and 5.F., unpublished observations).
Nonetheless, it is a strong possibility that initdation of
NALT genesis is programmed to be activated after birth,
and the subsequent maturation process is controlled by
environmental antigens.

Contribution of cytokines to Peyer’s-patch and lymph-
node organogenesis. To show that cytokine-mediated
NALT organogenesis is unique, it is important to
summarize the mechanisms of Peyer’s-patch and
lymph-node organogenesis for comparative purposes.
A family of pro-inflammatory cytokines that consists
of lymphotoxin (LT} and tumour-necrosis factor

b
NALT
Peyer's
patches
T T T T H—I
E10.5 E158.5 E17.5 QO days 7 days 58 wocks
| -] Peyer's patches NALT
12.04 3.0+
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»
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Figure 2 | Chronological differences between NALT- and Peyer's-patch tissue genesis,

a | Nasal tissue frorn newbom mice (day 0) Is characterized by an absence of peripheral-node
atdressin (PNAD)-expressing high endothelial venules (HEVS). The NASOPHARYNX-ASSOCIATED
LYMPHOID-TISSUE (NALT) ANLAGEN from one-week-oki mice shows a small accumuation of lymphold
cells around a single PNAD-expressing HEV in the nasal tissue. In eight-week-old rmice, NALT
contains numerous PNAD-expressing HEVs. This figure is reproduiced with permission from REE 5
© Elsevier 2002). b| The formation of NALT therefore starts after birth, whereas the development
of Peyer's patches is initiated during embryogenesis. € | These kinetic differences in the inftiation of
tissue genesis of NALT and Peyer's patches are also supported by the appeararce and frequency
of CD3CD4*CD45* indhucer cells in nasal and intestinal tissues. The inducer cells accumulate
postnatally at the site of NALT formation, whereas high numbers of these cefls are observed in
Pevyer's patches during the gestational period. E, embryonic day.

(TNF), and their corresponding receptors (LT-B
receptor (LT-PR), TNF receptor p55 (TNFRp55) and
TNFRp75), creates a condition of ‘programmed
inflammation’, which controls secondary lymphoid-
tissue genesis®® (TABLE 1), LT are essential for secondary
lymphoid-tissue organogenesis that is associated with
the mucosal immune system, because deletion of either
the genes that encode LT or the LT receptors, or artificial
blockade of the interaction between the cytokine and its
receptor during the embryonic period, results in the
inhibition of both Peyer's-patch and peripheral lymph-
node development®'®!!, For example, deletion of the
Lt-o gene prevented Peyer’s-patch formation and
greatly limited the number of lymph nodes that devel-
oped®. LT-o forms LT-c. B, heterotrimers that can
transduce an activation signal through the I'T-BR, con-
tributing to the organization of secondary lymphoid
tissues', When an LT-BR-Ig fusion protein was infused
to antagonize the biological function of the LT-ot, B,
heterotrimer, lymphoid tissue formed at different
anatomical locations depending on which embryonic
stage was perturbed by introduction of the fusion pro-
tein'®. This finding shows that the timing of secondary
lymphoid-tissue development is regulated during
embryogenesis'®'2, We also found that the infusion of
LT-BR-Ig between embryonic day (E) 15 and E17 sup-
pressed Peyer’s-patch development but had no effect on
the formation of lymph nodes'®. These studies clearly
indicate the importance of the programmed inflamma-
tion that is mediated by LT-c 8, and the LT-BR for the
genesis of Peyer’s patches (TABLE 1; FIG. 3), but it is also
known that another membrane-bound member of the
TNF family, LIGHT, can bind to the LT-BR.
However, lymph nodes and Peyer’s patches develop in
the absence of LIGHT"®. These findings indicate that
the LT-o, B,~LT-BR interaction is the essential compo-
nent of programmed inflammation that initiates
Peyer’s-patch genesis at a particular time during the
gestational period.

An additional cytokine that is associated with the
mucosal immune system, namely interleukin-7 (IL-7),
also has a crucial role in the initiation of Peyer’s-patch
genesis. IL-7 is produced by both mouse and human
intestinal epithelial cells'¢!’, and it provides stimula-
tion and growth signals for neighbouring intestinal
intraepithelial yrceis'®, In mice that are deficient in
the IL-7 receptor t-chain (II-7ra™-), only the forma-
tion of Peyer’s patches, and not lymph nodes, was
impaired®. Similarly, when IL-7R¢ function was
blocked by administration of a single injection of an
antagonistic monoclonal antibody to pregnant mothers
on E15.5, the resulting offspring were deficient in
Peyer’s patches but showed normal lymph-node devel-
opment'?, These findings further emphasize that the
LT-BR- and IL-7R-mediated tissue-genesis programme
is erucial for the initiation of Peyer’s-patch formation
at the appropriate stage of embryogenesis (E14-E17)
{FIGS23).

Recently, 2 model that describes the development
of Peyer’s patches was proposed on the basis of this
evidence. It was shown that lymphoid-lineage
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6T CELLS

T cells that express heterodimers
consisting of the ¥ and &-chains
of the T—cell receptor. They are
presznt mainly in the intestinal
epithelium as intraepithelial
tymphocytes (IELs). Although
the exact function of 5 T cells
(or IELs) is still unknown, it has
been suggested that mucosal Y6
T cells are involved in the innate
immune responses of the
mucosal immune system.

PEYER'S-PATCH INDUCERS
CDICD4°CD45" cells that
express the interlenkin-7
receptor and lymphotoxin-or f,.
They differentiate from fetal
liver cells and can induce
Peyer's-patch formation during
the embryonic stage.

PEYER'S-PATCH ORGANIZERS
Lymphotoxin-fi-receptor-
positive stromal cells that are
present in the anlagen of Peyer's
patches and also express both
VCAM] (vascular cell-adhesion
molecule 1) and ICAM1
(intercellular adhesion
molecule 1). Peyer's-patch
development is initiated with
the cooperation of Peyer’s-
patch inducers.

Table 1 l Unlque organogenesla of NAI.T characterized by mdy of gene-manlpulated mice

,Mloe IA_’NALT : s Lymphnodes ,Peybr’spatches Veferencas_
PG ' 'Disorganized o - 51931
et . Disorganized: - . = BB
up+ 'Dlsorgan{zad - 5,11
LTBR—Ig + - 5,10
aely(NKF) | Disorganized ol TS T BT
o N P e T X S o
Trance™- ' Diéofgénizéd C + s
GRS Oxe1g . ND e T CUN and MLN - "' Reduced number 21,94

aly/aly, alymphoplasia mouss; CLN, oendcallymphmde Cxcit3, CXC-chemokine ligand 13; CxerS, CXC-chemokine receptor 5

{raceptor for Cxcl13); Jd2, inhibitor of DNA binding 2; I-7r, interleuldn-7 receptor; Lt, ymphaotoxdn; Li- £, Lt-f receptor; {T-fR-g,
lymphotoxin-B-receptor—tg fusion protein; MLN, mesenteric lymph node; NALT, nasopharynx-asscciated kmphoid tissue; ND, not
determined; Nk, nucisar-factor-xB-inducing kinase; Ror-y, retinic-acid-receptor-related orphan mceptory; Trancs, Tumour-necrosis-

factor-related activation-induced cytokine.

IL-7R*CD3CD4*CD45* cells that are considered to be
PEYER'S-PATCH INDUCERS express CXC-chemokine receptor 5
(CXCRS5) and can produce membrane-associated
LT-c B, heterotrimer, whereas mesenchymal-lineage
VCAM1* and intercellular adhesion molecule 1
{ICAMI)* pEvERS PATCH ORGANIZERS express the LT-fR®!
(F1G.3). Following stimulatory signals that are provided
through the IL-7R, Peyer’s-patch inducers express
LT-a B,, which activates Peyer’s-patch organizers
through the LT-BR; and in turn, Peyer’s-patch organiz-
ers produce chemokines, such as CXC-chemokine Lig-
and 13 (CXCL13) and CC-chemokine ligand 19
(CCL19), which stimulate Peyer's-patch inducers
through CXCR5 and CC-chemokine receptor 7
(CCR7) (REF. 22). The reciprocal interaction between
inducer and organizer cells through chemokine and
cytokine receptors is essential for the formation of
Peyer’s patches (FIG.3), and the loss of any component of
either of the signalling programmes is sufficient to dis-
rupt secondary lymphoid-tissue development, as indi-
cated by the loss of Peyer’s patches in LT-BR-deficient
and IL-7Ra-deficient mice®**, Furthermore, deletion
of the gene that encodes CXCRS5 partially reduces the
formation and number of Peyer’s patches® (TABLE 1).
The lack of Peyer’s patches and lymph nodes in alym-
phoplasia {aly/aly) mice, which have defective NIK
(nuclear factor-xB (NF-xB)-inducing kinase) func-
tion, also fits this model, because recent analyses have
established that NIK is essential for the transduction
of signals through the TNFR family, including those
through the LT-BR*%, So, aly/aly mice lack Peyer’s
patches because the NIK mutation inhibits the recip-
rocal interaction between Peyer’s-patch inducers and
organizers that is mediated through LT-o, B, and the
LT-BR*"%, Further evidence in support of this model
comes from studies showing that mice that lack the
CD3CD4*CD45* inducer cells, owing to genetic dele-
tion of the transcriptional regulators ID2 (inhibitor of
DNA binding 2) or ROR-y {retinoic-acid-receptor-
related orphan receptor-v), also lack Peyer’s patches
and lymph nodes®%.

LT-BR- and IL-7R-independent NALT organogenesis.
Because Peyer's-patch formation requires a cytokine-
signalling cascade that involves the IL-7R and the LT-fR
(TABLE J; FIG. 3), we examined whether an identical
receptor-signalling cascade would trigger NAET devel-
opment. The formation of NALT was studied in mice
lacking Peyer’s patches and/or lymph nodes, including
Lt-cc'-, Lt-B7- and aly/aly mice, and mice that were
treated in utero with the LT-BR-Ig fusion protein®
(TABLE 1). Nasal lymphoid tissue was detected in all
mouse strains lacking Peyer's patches or both Peyer’s
patches and lymph nodes because of a deficiency in
the LT-fR-mediated pro-inflammatory cytokine cas-
cade’, A separate study by Harmsen and colleagues™
confirmed the formation of NALT in the absence of
LT-BR-mediated signalling. The authors also showed
that NALT formation was reconstituted in mice that
were deficient in both TNF and LT-c by the adoptive
transfer of wild-type bone marrow, even though
Peyer’s patches did not develop in these mice®.. These
findings further support the idea that NALT develop-
ment does not conform with the model of programmed
inflammation that is required for the genesis of Peyer’s
patches (FIG. 3}.

Because Peyer’s-patch formation has also been
shown to require the IL-7R-mediated signalling path-
way, in addition to the ET-fR cascade, NALT develop-
ment was examined in IL-7R-deficient mice. NALT,
but not Peyer’s patches, was found to develop in IL-7R-
deficient mice®?!, Taken together, these findings
directly show that NALT formation is independent of
IL-7R- and LT-BR-mediated tissue genesis {FIG. 3).

CD3-CD4*CD45" cells in NALT organogenesis, A unique
subset of mononuclear cells that are characterized as
being CD3 CD4*CD45* have been shown to function as
inducer cells for the organogenesis of secondary lym-
phoid tissues, including Peyer’s patches?\. So, a high
frequency of CD3-CD4*CD45" cells is observed in the
intestinal tract at embryonic stages of development
(FIG.2). Furthermore, Id2 has been identified as one of
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the genes that is responsible for the induction of these
CD3¥CD4*CD45* inducer cells®. Not surprisingly,
deletion of the Id2 gene completely impaired the
genesis of all secondary lymphoid tissues, including
both NALT and Peyer’s patches®®, CD3-CD4*CD45"
inducer cells were shown to accumulate at the site of
NALT formation after birth® (F1G.2), thereby dlarifying
the role of these cells in the induction of NALT devel-
opment. To directly show that CD3-CD4*CD45* cells
are responsible for the genesis of NALT, fetal liver
cells were adoptively transferred from wild-type
Id2*"* mice to newborn Id2~- mice. Seven days after
this transfer, CD3-CD4* cells were observed to have
migrated to the site of NALT formation, and 7 weeks
after transfer, a NALT-like structure was detected.
These findings are the first to show directly in vive
that CD3-CD4*CD45* inducer cells are essential for
the initiation of organogenesis of secondary lymphoid
tissues {such as NALT).

The transcriptional regulator ROR-Y has also been
shown to be required for the development of
CD3-CD4*CD45"* inducer cells***, Deletion of the
gene that encodes ROR-y suppressed Peyer’s-patch
and lymph-node organogenesis®*. However, NALT

IL-7 o%
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Fetal-liver

CO3CD4-CD45+
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Fetal-fiver Ingducer cel

pracursor

Q
CD3CD4-CD45+

CD3CDA*CD45 b

development has been reported in ROR-y-deficient
mice®, This might indicate that although NALT and
Peyer’s patches have inducer cells of the same pheno-
type — that is, CD3-CD4*CD45* — those inducer
cells can be classified into two distinct groups on the
basis of their dependence on ROR-Y and ID2 (FIG. 4).
We think that a population of IL-7R-expressing
CD3-CD4*CD45" inducer cells that are essential for
Peyer’s-patch tissue genesis are regulated by both
ROR-yand ID2, whereas a subset of inducer cells that
lack IL-7R expression and are required for NALT gen-
esis are regulated by ID2 but not ROR-y (FIG. 4) —
although this has not been proven experimentally. So,
the two CD3-CD4*CD45* inducer-cell populations for
NAILT and Peyer’s-patch organogenesis might be
determined or programmed at the level of the tran-
scriptional regulator ROR-Y (FIG. 4). In addition, it is
also possible that a population of CD3-CD4*CD45*
inducer cells is absent in both Id42+- mice and Ror-y+
mice, and instead, another as-yet-undefined cell popu-
lation — which can substitute for the classicat inducer
cells during the formation of NALT — is present in
Ror-y™- mice but not Id2~- mice. Further studies are
required to investigate these possibilities and others.
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Figura 3 | Comparison of the organogenesis programma of NALT and Peyer's patches. CD3-CD4CD45+ cells are considenad
10 be the common inducers of sacondary lymphoid tissue. ID2 (inhibitor of DNA binding 2) is indispensable for the induction and
differentiation of these inducer cells from their fetal-liver precursors twhich have the phenctype CD3CD4CD45%). a | For Peyer's
patches, after activation through the interleuldn-7 recentor JL-7R) or TRANCE (tumour-necrosis-factor-related activation-induced
Cytoking), these CD3CD4+CD45+ cells express the ymphotoxin-o, ), (LT-e,B,) heterotrimer, which then binds to the LT-B receptor
{LT-BR) diisplayed on stromal cells and induces signal transduction through NIK (nuclear factor-xB (NF-xB}-inducing kinasa). In tum,
NIK promotes the expression of adhesion molecules and/or chermokines, These homing molecules trigger the accumulation of
lymphoid cells at the site of Peyer's patches. So, the IL-7R- and LT-BR-mediated signals are essential for the tissue genesis of
Peyer's patches. b | The development of CD3-CD4*CD45* calls in nasopharynx-associated lymphoid tissue (NALT) also requires
ID2; however, the inttiation of NALT organogenesis is independent of signalling that involves the IL-7R, LT, B,~LT-BA interactions
and NI CCL, CC-chemokine ligand; CXCL, CXC-chemokine ligand; ICAM1, intercsliular adhesion moleculs 1; 1KK-oc, inhibitor

of NF-xB {IxB) kinase-c; ROR-y, retinoic-acid-receptor-retated orphan receptor-y, VCAM1, vasaudar cell-adhesion molecule 1.
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