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Fig. 6. Effects of clarithromycin (CAM) on intedeukin-8 (IL-8) expression and nuclear factor-«B (NF-«B) activation in human adenoidal
fibroblasts. (A) Adenoida! fibroblasts were pretreated with 10~% moV/L CAM or dexamethascne {DEX] for 30 minutes, then stimulated with 100
pg/mL interleukin 18 (IL-1p). Total RNA was isolated 8 hours after stimulation, and [L-8 messenger RNA (mRNA) was evaluated by Northemn
blot analysis. The arrows indicate specific bands for IL-8 and B-actin mRNA. (B) Adenocidal fibroblasts were pretreated with different
concentrations of CAM (1077, 1078, 10~% and 10~® mol/L) for 30 minutes, then stimulated with 100 pg/mL IL-18, Nuclear proteins were
extracted 30 minutes after stimulation; then electrophoretic mobility shift assay was performed. The arrows indicate specific NF-xB DNA
complexes and free probe. Results are representative of three separate experiments.

for the treatment of OME, chronic sinusitis, sinobronchial
syndrome, diffuse panbronchiolitis, and the other chronic
respiratory infectious diseases. 222 Although the mecha-
nism by which macrolides improve these chronic inflam-
mations remains unclear, anti-inflammatory effects
rather than antimicrobial effects are associated with the
action of macrolides. Supporting this, maximum serum
levels of erythromycin during treatment were below the
minimum inhibitory concentration of clinically isolated
bacteria, yet erythromycin was effective for patients in-
fected with macrolide-resistant Pseudomonas aerugi-
nosa.3®*° Recently, several investigators have demon-
strated that CAM and erythromycin suppress the release
of IL-8 protein as well as IL-8 mRNA production from
human nasal and bronchial epithelial cells at therapeutic,
noncytotoxic concentrations as observed in the present
study using adenocidal fibroblasts.*®»*4% In contrast,
Nonaka et al.?5 reported that roxithromycin, another new
macrolide, has no effect on lipopolysaccharide (LPS)-
induced IL-8 synthesis by nasal polyp fibroblasts, al-
though this drug suppressed proliferation of fibroblasts in
a dose-dependent manner. However, Suzuki et al.**
showed that roxithromycin effectively inhibits secretion of
IL-8 from cultured human nasal epithelial cells in re-
sponse to the stimulation with LPS. Since the cytokine
profile induced by LPS in nasal fibroblasts is distinet from
pharyngeal, tracheal, bronchial, and lung fibroblasts,*?
the ineffectiveness of roxithromyein in inhibiting the pro-
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duction of IL-8 in nasal polyp fibroblasts might be due to
distinct characteristics of cultured cells rather than to the
differences in pharmacological effects.

In the present study, CAM was demonstrated to re-
markably decrease activation of IL-18-induced NF-«B,
which was correlated with decreased expression of IL-8
mENA. The effects were similar to that of TPCE. Our
previous study also showed that CAM reduces the DNA-
binding activity of NF-«B in both human nasal epithelial
cells and fibroblasts stimulated with HIE or IL-13.% Abe et
al2® investigated the effects of CAM on TNF-a—induced
IL-8 gene expression using a human bronchial epithelial
cell line transfected with a segment of the IL-8 gene and
found that CAM repressed IL-8 gene transcription mainly
through the AP-1 binding site, On the other hand, LPS-
induced IL-8 production by human monocytes is sup-
pressed by CAM through NF-«B and AP-1.1% Although it
cannot be denied that CAM affects activation of AP-1,
those findings suggest that the transeriptional factors re-
sponsible for the expression of IL-8 vary with the stimu-
lants and the cells chosen for the experiment.

CONCLUSION

The present study demonstrates that expression of
both IL-8 protein and mRNA in adenocidal fibroblasts is
induced by HIE and IL-18. In addition, NF-«B is activated
in those cells by HIE and IL-1B8. The expression of IL-8
protein and mRNA, as well as the induction of NF-«B

Takaki et al.: Inflammatory Cytokines in Adenoids
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activity, is reduced by treatment with NF-«xB inhibitor
TPCK. The same findings are observed after treatment
with CAM. The results suggest that the adenoids produce
IL-8 in response to nasopharyngeal colonization by NTHi
through NF-xB activation. Further, the inhibitory effects
of CAM on production of IL-8 might explain, in part, the
mechanism of macrolides in improving OME and chronic
sinusitis.
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Hypoxia in Paranasal Sinuses of Patients with Chronic Sinusitis With or
Without the Complication of Nasal Allergy
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Matsune S, Kono M, Sun Dy, Ushikai M, Kurono Y, Hypoxia in paranasal sinuses of patients with chronic sinusitis with or
without the complication of nasal allergy. Acta Otolaryngal 2003; 123: 519-523. '

Objective—In order to elucidate the pathogenesis of the radiologic opacity of the sinuses frequently observed in patients
with allergic thinitis, the mechanisms underlying their sinus mucosal swelling were studied clinically.

Material and methods—We confirmed the presence of hypoxia in inflamed sinuses and obstruction of the sinus ostium in
operated patients with chronic sinusitis by digitally monitoring the oxygen tension. The possibility of radiologic sinus
shadow was also investigated after transient obstruction of the natural ostium.

Results—The oxygen tension was significantly lower in inflamed than non-inflamed sinuses (7 < 0.01), irrespective of the
presence or absence of allergic rhinitis. In 54.5% of patients without sinusitis, transient obstruction of the middle meatus
by gauze packing resulted in the appearance of a pathologic sinus shadow on radiograms obtained after septoplasty and
turbinotomy. In both allergic and non-allergic rhinitis, thick opacity was the most frequently encountered pattern
(r <0.01).

Conclusion—Our study revealed that in the absence of a primary allergic reaction in the sinus mucosa, blocking of the
middle meatus and ostium by allergic swelling of the nasal mucosa may induce hypoxia and secondary mucosal swelling

in the sinuses. Key words: allergic rhinitis, hypoxia, obstructed ostium, sinus opacity..

INTRODUCTION

In adult and pediatric patients with allergic rhinitis,
radiologic examination may reveal opacity in the
paranasal sinuses, as is seen in patients with sinusitis.
A diagnosis of allergic sinusitis has been proposed in
these patients (1-4). A retrospective study of allergic
rhinitis patients seen at our university hospital in
2001 showed that 52% manifested sinus opacity. This
was the case in 67% of patients aged < 16 years and
in 44% of those aged > 16 years (unpublished data).
In order to understand the etiology of this opacity, it
is necessary to determine the pathogenesis of sinus
mucosal inflammation and swelling. While an allergic
reaction in the sinus mucosa may be the primary
cause of the pathologic change in the sinuses (5-7),
ostial obstruction as a consequence of allergic
swelling of the nasal mucosa may secondarily induce
the sinus pathology due to ventilation and drainage
dysfunction (8). As clinicians are currently unable to
determine which of the putative mechanisms is the
more probable and important in individual patients,
we performed a study to shed light on this important
topic. We hypothesized that the inflamed sinus may
be hypoxic and that obstruction of the middle meatus
may result in the pathologic opacity detected on
radiograms, irrespective of the presence or absence of
allergic rhinitis. This study was designed to confirm
the possibility of this hypothesis clinically. Hypoxia
in the sinus antrum, combined with obstruction of
the middle meatus and ostium, may comprise the
most important part of the pathogenesis of allergic
sinusitis.

© 2003 Taylor & Francis. ISSN 0001-6489

MATERIAL AND METHODS

FPartial oxygen pressure in the maxillary sinuses

To investigate the extent of hypoxia in inflamed
mazxillary sinuses, we digitally monitored the oxygen
tension, pO,, in 15 patients undergoing surgery using
a POG-203 instrument (Unique Medical Co., Tokyo,
Japan) (9). Informed preoperative consent was ob-
tained from all patients. With the exception of Cases
5 and 13, who were operated on under Jocal anesthe-
sia, all patients were operated on under general anes-
thesia; measurements were taken on 22 sides in 15
patients. To measure pQ, in maxillary sinuses, a
Schmidt puncture needle, routinely used in the outpa-
tient clinic, was advanced through the lateral bony
wall of the nasal cavity into the maxillary sinus. An
electrode was inserted into the sinus cavity through
the puncture needle after removing any sinus effu-
sion, The tip of the electrode served as the sensor for
measuring pO, (Fig. 1).

Appearance of a radiologic shadow in maxillary
sinuses

The population for this portion of the study consisted
of 21 patients (13 men, 8 women; age range 17-66
years) with a deviated septum and chronic rhinitis but
no radiologic opacity in the paranasal sinuses. Of
these 21 patients, 14 (8 men, 6 women; age range
17-58 years) had allergic rhinitis and 7 (5 men, 2
women; age range 18-66 years) had non-allergic
chronic rhinitis. None of the 21 patients manifested a
pathologic opacity in the maxillary sinuses on radio-
grams obtained before septoplasty and turbinotomy.

DOI 10.1080/0036554021000028113
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Fig. 1 (@) A puncture
needle (asterisk) was in-
serted into the maxillary si-
nus during surgery and the
effusion in the sinus was
drained wsing the con-
nected syringe. (b) The tip
of the sensor (arrowhead)
for monitoring pO, was in-
serted into the maxillary si-
nus through the puncture
needle.

Each patient underwent follow-up radiologic exami-
nation on the 4th postoperative day, immediately
after removal of the endonasal gauze tampon packing
the middle meatus. The pattern of radiologic opacity
was recorded as diffuse, effusion, polypoid or thick.

RESULTS

PO, in the maxillary sinuses (Table I)

Case 1 was a 74-year-old woman with unilateral
maxillary sinusitis without allergic rhinitis (Fig. 2a).
pO, was as low as 43 mmHg on the pathologic side
and as high as 152 mmHg on the normal side, Case 2

was a S6-year-old man with bilateral maxillary sinusi-
tis with allergic rhinitis (Fig. 2b). pO, was as low as
22 and 33 mmHg on the right and left sides, respec-
tively. As shown in Fig. 3, pO, was significantly
lower in cases with than without pathologic opacity
(p <0.01). There was no significant difference be-
tween patients with and without allergic rhinitis.
Cases 5 and 13 were operated on under local
anesthesta; pO, was as low as 94 mmHg on the
pathologic side and as high as 155 mmHg on the
normal side. When the oxygen concentration in the
anesthetic of Case 4 was increased from 20% to 50%
during surgery, pO, changed from 155 to 151 mmHg
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Table 1. pO, in maxillary sinuses with or without pathologic opacity

Left Right
Patient No. Age (years) Sex Allergy X-ray p0O, (mmHg) X-ray p0O, (mmHg)
1 74 F NA N 152 P.O. 43
2 56 M A PO. 33 P.O. 27
3 26 M A N 158 N 153
4 37 M NA N 1557 P.O. 34v
N 151¢ P.O. 49¢
5 584 M A - - P.O. 94
6 54 M NA P.O. 65 - -
7 49 M NA P.O. 85 - -
8 74 F NA - - P.O. 71
9 63 M NA P.O. 33 - -
10 49 M NA - - P.O. 59
11 65 M NA - P.O. 70
12 74 M NA P.O. 26 - -
13 37 M A 155 - -
14 28 M NA 159 N 101
15 59 F NA P.O. 71 - -

= Operation performed under local anesthesia.
® Concentration of oxygen in the anesthetic = 20%.
¢ Concentration of oxygen in the anesthetic = 50%.

A = complicated allergic rhinitis; NA = uncomplicated allergic rhinitis; N = normal; P.O. = pathologic opacification.

on the left side and from 34 to 4% mmHg on the right
side.

Appearance of a radiologic shadow in maxillary
sinuses

The bilateral sinuses were examined in 21 patients
with (#n = 14) or without (n =7) allergic rhinitis. In
23/42 (54.8%) of the sides studied, radiologic exami-
nation revealed a pathologic opacity in the maxillary
sinuses on the 4th postoperative day, immediately
after removal of the tampon packing the middle
meatus (Fig. 4). Of the 14 patients with allergic
rhinitis, 7 (50%) manifested a radiologic opacity post-
operatively; this was the case in 5/7 (71.4%) patients
without allergic rhinitis. The difference between the
two groups was not significant. Similarly, as shown in
Table II, the presence or absence of allergic rhinitis
did not significantly affect the opacity pattern. In
both allergic and non-allergic patients, the incidence
of opacity graded as thick was significantly higher
than that of any other pattern (p < 0.01).

DISCUSSION

The pathogenesis underlying the apparent increase in
the incidence of allergic sinusitis remains to be iden-
tified and, while a background of allergic rhinitis is
thought to be important (10), no diagnostic standard
has been established (11). Therefore, we studied the
possible relationships between hypoxia, stenosis of
the middle meatus and sinus ostium and sinus mu-

cosal swelling in patients with chronic sinusitis. Gan-
jian et al. (12) found that nasal obstruction and
maxillary ostial occlusion affected the ratio of oxygen
to carbon dioxide in the maxillary sinus of New
Zealand white rabbits. While hypoxia is considered
an important predisposing factor for human maxil-
lary mycosis (13}, hypoxia in ordinary chronic sinusi-
tis has not been studied. Our clinical study
demonstrated hypoxia in maxillary sinuses with
pathologic opacity, irrespective of the presence or
absence of allergic rhinitis, Comparison of our pO,
data obtained when the oxygen concentration was
changed in patients under general anesthesia and
those recorded in patients under local anesthesia sug-
gests the existence of hypoxia in the sinuses, irrespec-
tive of the method of anesthetic administration.
Endoscopically, the maxillary ostium was completely
obstructed during surgery on the right side in Cases 1
and 4 and bilaterally in Case 2. In Case 3, a patient
with allergic rhinitis without a pathologic shadow in
the maxillary sinuses, the ostium was endoscopically
confirmed to be wide open. Because Case 5 was
operated on under local anesthesia, endoscopic exam-
ination was performed only on the operated side; the
maxillary ostium was found to be stenotic but open,

Radiologic examination showed that pathologic
opacity was induced in the maxillary sinuses in >
50% cases by tampon obstruction of the middle mea-
tus for only 3 days. The thick pattern of opacity was
most frequently. seen. Although the incidence and
pattern of opacity were independent of an allergic
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Fig. 2. Radiologic images: (a) Case 1; (b) Case 2.

PO, background, the thick pattern occurred significantly
mmHg p<0.01 more often than any other pattern, irrespective of the
presence of allergy. This pattern may reflect not
180 I I mucosal changes due to allergic or non-allergic in-
160 A flammation but hypoxic conditions. The maxillary
140 o and nasal mucosa of patients with allergic rhinitis can
120 be the target site for type I allergy (10). However, it
100 I may be difficult for the inhaled allergen to reach the
0 a sinus mucosa through the inflamed and stenotic os-
60 e tium. Even in the absence of an allergic sinus reac-
20 — tion, the sinus mucosa may swell in response to
L

20 ° Allergic Rhinltis (+ No 50% (7) |

0 Allergic Rhinttis ()] [ Mo 29% (2) :' ns.

Opacity (+) Opacity(-) Fig. 4. Incidence of appearance of sinus opacity after post-

operative packing. Yes=shadow appeared; no =shadow

Fig. 3. Comparison of pO, in maxillary sinuses between did not appear. Values in parentheses indicate the number
patients with and without pathologic opacity. of cases.

Table II. Pattern of radiologic opacity in maxillary sinuses after postoperative packing

Pattern of radiologic opacity

Diffuse Effusion Polypoid Thick r
Allergic rhinitis 2 2 2 7 NS
No allergic rhinitis 0 2 2 6
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obstruction of the sinus ostium (8, 12). While allergic
rhinitis is not essential, it may be a causative factor in
obstruction of the middle meatus, inducing dysfunc-
tion in sinus ventilation with subsequent sinus hypoxia.
In patients with allergic rhinitis who manifest radio-
logic sinus opacity, treatment of their rhinitis may be
more itmportant than treating their sinusitis because the
opacity may reflect a hypoxic condition due to obstruc-
tion of the middle meatus and sinus ostium. Studies
designed to determine the effect of treating the allergic
symptoms in outpatients with radiologicaly confirmed
sinus opacity may provide important information. In
the current study, owing to ethical concerns we were
unable to measure postoperative pQ, in the sinuses of
patients whose middle meatus was packed with gauze
following surgery.

The possibility of sinus mucosal reaction due to type
I allergy cannot be ruled out (7) and further study of
the relationships between sinus hypoxia, ostial obstruc-
tion and the pathology of sinus mucosal swelling are
necessary in order to elucidate the pathogenesis of
sinus mucosal swelling in allergic rhinitis.

CONCLUSIONS

Hypoxia may occur in inflamed sinus cavities. Gauze
packing of the middle meatus induced mucosal
swelling in the maxillary sinuses in more than half of
our operated patients with chronic rhinitis and was
independent of a type I allergic background. Allergic
rhinitis may be one of the important causative factors
of obstruction of the middle meatus and sinus ostium
and may result in sinus mucosal swelling. The results
of our study suggest a possible hypothesis for the
pathogenesis of the radiologic sinus opacity seen in
allergic rhinitis.
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REVIEWS

MICROFOLD (M) CELLS
Specialized antigen-sampling
cells that are located 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
immunological defence against invading pathogens!.
Through innate and acquired immunity, the mucosal
immune systern maintains 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
oceurs at special ‘gateways, which comprise McroroLD (M)
ce11s 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
(that is, 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’ (FIG. 1). The common Mucosat
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-specific 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

T helper 1 and T helper 2 cells, and IgA-committed B cells. Moreover, intranasal immunization
can lead to the induction of antigen-specific protective immunity in both the mucosal and
systemic 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 function 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 mige
enpoTHeLIAL VENULES (HEVs) of Peyer’s patches, which
express mucosal vascular addressin cell-adhesion
molecule 1 (MADCAM1) (REE. 3), NALT-associated
HEVs express peripheral-node addressin (PNAD).
Vascular cell-adhesion molecule 1 (VCAM1) has been
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COMMON MUCCSAL IMMUNE
SYSTEM

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

HIGH ENDOTHELIAL VENULES
(HEVs), Venules (small veins
that join capillaries to larger
veins) that have a high-walled
endotheliur and are present in
the paracortex of lymph nodes
and tonsils, as well as in the
interfollicular areas of Peyer's
patches. HEV' 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
Antigen

% |

Blood circutation

(FIG. 2). In rats, the development of NALT is also
abserved 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 programmme 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

Effactor sites

\ ol
}é /f__: )f’ Secretory IgA

A2 74 N

Figurg 1| The common mucosal immune system. Luminal antigens are transported to the nasopharynx-associated ymphoid
tissue (NALT) and Pever's patches through microfold (M) calls that are present in the epithelium overlying NALT and Peyer's-patch
follicles. Dendritic cells process and present antigens to T cells in these lymphoid tissues. CD4+ T cells that are stimulated by
dendritic cells then preferentially induce IgA-committed B-cell development in the germinal centre of the kmphoid follicks, After igA
class switching and affinity maturation, B cells rapidy migrate from NALT and Peyer's patches to the regional cervical lymph nodes
and mesentanic iymph nodes respectively, through the efferent lyrmphatics, Finally, antigen-specific CD4* T cells and IgA* B cells
migrate to effector sites (such as the nasal passage and intestinal lamina propria} through the thoracic duct and blood circutation.
IgA* B cells and plasmabiasts then difforentiate into IgA-producing plasma celis in the presence of cytokines (such as interleukin-5
{IL-5) and IL-6) that are produced by T heiper 2 (T, 2) celis, and they subsequently produce dimeric (or potymeric) forms of IgA.
These dimeric forms of IgA then become secretory IgA by binding to potymeric Ig receptors fwhich become the secretory
component in the process of secretory IgA formation) that are displayed on the monolayer of epithefial cells lining the mucosa.
Secretory IgA is then released into the nasal passage and intesting! tract. TCR, T-cell receptor.
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NASOPHARYNX-ASSOCIATED
LYMPHOID-TISSUE (NALT)
ANLAGEN

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

we have observed the formation of NALT in adult
mice that were born and raised under germ-free con-
ditions (H.K. and $.F., unpublished observations)}.
Nonetheless, it is a strong possibility that initiation of
NAIT 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

Peyer's
patches
Il
T T 1 1 17 1
E10.5 E15.5 E17.5 O days 7 days 5-8 woeks

c Peyer's patches NALT

120+ 3.0 4
£
»
% 8.0 204
b
&
O
+
% 40- 1.0 -
fa]
O

0.0 T T T T T 2.0 T T T T T T
E18 0 3 10 14 21 28 E18 0 3 10 14 21 28
Age (days) Age (days)

Figura 2 | Chronological differences between NALT- and Peyer's-patch tissue genesis.

a | Nasal tissue from newborn rmics (day 0) is characterized by an absencs of peripheral-node
addressin (PNAD)-expressing high endothelial venules (HEVS). The NASOPHARYNX-ASSOCIATED
LYMPHOID-TISSUE (NALT) ANLAGEN from one-week-old mice shows a small accumulation of rmphoid
cells around a single PNAD-expressing HEV in the nasal tissue. In eight-week-old mice, NALT
contains numerous PNAD-expressing HEVs. This figure is reproduced with permission from REE 5
© Blsavier (2002). b | The formation of NALT therefore starts after birth, wheneas the development
of Peyer's patches ks inftiated during embryogenesis. ¢ | These kinetic differences in the initiation of
tissue genesis of NALT and Peyer's patches are also supported by the appearance and fraquency
of CO3CD4+CDA5* inducer cells in nasal and intestingl issues. The inducer cells accumulate
postnatally at the site of NALT formation, whereas high numbers of these cells are obsarved in
Peyer's patches during the gestational period. E, embryonic day.

(TNF), and their corresponding receptors (LT-f
receptor (LT-BR), TNF receptor p55 (TNFRp55) and
TNERp75), creates a condition of ‘programmed
inflammation’, which controls secondary lymphoid-
tissue genesis®® (TABLE 1), LTs are essential for secondary
lymphoid-tissue organogenesis that is associated with
the mucosal immune systetn, 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-c¢ gene prevented Peyer’s-patch formation and
greatly limited the number of lymph nodes that devel-
oped®. LT-o forms LT-a,B, heterotrimers that can
transduce an activation signal through the LT-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-u B,
heterotrimer, lymphoid tissue formed at different
anatomical Jocations 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'®'%, 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-et B, and the LT-PR for the
genesis of Peyer’s patches (TABLE I; FIG. 3), but it is also
known that another membrane-bound member of the
TNF family, LIGHT, can bind to the LT-fR.
However, lymph nodes and Peyer’s patches develop in
the absence of LIGHT', These findings indicate that
the LT-c §,-LT-PR 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 4 T crL1s"*'®, In mice that are deficient in
the IL-7 receptor ai-chain (1I-7ra-), only the forma-
tion of Peyer’s patches, and not lymph nodes, was
impaired™. Similarly, when IL-7Ro 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'Z. These findings further emphasize that the
LT-PR- and IL-7R-mediated tissue-genesis programme
is crucial for the initiation of Peyer’s-patch formation
at the appropriate stage of embryogenesis (E14-E17)
(FIGS 2,3).

Recently, a 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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6 TCELLS

T cells that express heterodimers
consisting of the Y- and §-chains
of the T-cell receptor. They are
present mainly in the intestinal
epithelium a5 intraepithelial
ymphocytes (IELs). Although
the exact function of ¥8 T cells
{or IELs) is stil! unknown, it has
been sugpested that mucosal 15
T cells are involved in the innate
immune responses of the
mucosal immune system.

PEYER'S-PATCH INDUCERS
CD3CD4*CD45" cells that
express the interleukin-7
receptor and lymphotoxin-¢z, B,
They differentiate from fetal
liver cells and can induce
Peyer’s-patch formation during
the embryonic stage.

PEYER'S-PATCH ORGANIZERS
Lymphotoxin-B-receptor-
positive stromal cells that are
present in the anlagen of Peyer's
patches and also express both
VCAMI (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.lnlque organogenuis of NALT characterlzed by study of geno-manlpulated mice

Mice CUNALT _Lymphnodes .. " /Peyerspatches References
II—7ra"' 'storganuzed ' 519, 31
Lot .. Dsorganized; v .= 5831
Lt-ﬁ"“ Dlsorganlzed 5,11
aLtﬁr'" CEIND RIPEE T Cemne ol e el g
LTﬁR-—fg + R - 5,10
I+ - - - - 5,30
Rory™ B YA T = o 29,31,33
Trance™ 'D;sorgamzed - + ' 31
Oxer5TOaiI3 . CND - . CLNandMIN " Reduced number 21.24

aly/aly, alymphoplasia mouse; CLN, oemcallmnphmde Coed13, CXC-chemolkine ligand 13; Cor§, CXC-chemokdne receptor 5
(receptor for Cxcl13); k2, iInhibtor of DNA binding 2; /-7r, interleukin-7 receptor; L, lymphotodin; Lr,ﬂ' Lt-B receptor; LT-pRHg,

lymphotaxin-f-receptorg fusion protein; MLN, mesenteric lymph node; NALT, nasopharyrix-associated

lymphoid tissue; ND, not

detarmined; Nik, nucisar-factor-xB-inducing kinase; Ror-y, retincic-acid-receptor-related orphan receptory, Tranca, tumour-Necrosis-

factor-related activation-induced cytoldne.

IL-7R*CD3-CD4*CD45* cells that are considered to be
PEYER'S-PATCH INDUCERS express CXC-chemokine receptor 5
(CXCRS5} and can produce membrane-associated
LT-a. B, heterotrimer, whereas mesenchymal-lineage
VCAMI1* and intercellular adhesion molecule 1
(ICAM1)* PEYER'S-PATCH ORGANIZERS express the LT-BR202
{F1G.3). Following stimulatory signals that are provided
through the IL-7R, Peyer’s-patch inducers express
LT-o, (,, which activates Peyer’s-patch organizers
through the IT-BR; and in turn, Peyer’s-patch organiz-
ers produce chemokines, such as CXC-chemokine lg-
and 13 (CXCL13) and CC-chemokine ligand 19
(CCL19), which stimulate Peyer’s-patch inducers
through CXCR5 and CC-chemokine receptor 7
(CCR?7) (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
cither 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-7Ro-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 ET-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 f, and the
LT-BR*7, Further evidence in support of this model
comes from studies showing that mice that lack the
CD3-CD4*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-¥), also lack Peyer’s patches
and lyrmph 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-BR
(TABLE 1; FIG. 3), we examined whether an identical
receptor-signalling cascade would trigger NALT devel-
opment. The formation of NALT was studied in mice
lacking Peyer’s patches and/or lymph nodes, including
Lt-a-, Lt-B- and aly/aly mice, and mice that were
treated in utero with the LT-fR-Ig fusion protein®
{TABLE 1). Nasal lymphoid tissue was detected in ail
mouse strains lacking Peyer’s patches or both Peyer’s
patches and lymph nodes because of a deficiency in
the LT-BR-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-a 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 LT-fR cascade, NALT develop-
ment was examined in [L-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-fR-mediated tissue genesis (FIG. 3),

CD3-CD4*CD45" cells in NALT erganogenesis. 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
(F1G. 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®*. CD3CD4*CD45*
inducer cells were shown to accumulate at the site of
NALT formation after birth® (FIG. 2), thereby clarifying
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 vivo
that CD3-CD4*CD45" inducer cells are essential for
the initiaon of organogenesis of secondary lymphoid
tissues (such as NALT).

The transcriptional regulator ROR-y hias also been
shown to be required for the development of
CD3-CD4*CD45* inducer cells®®*2 Deletion of the
gene that encodes ROR-y suppressed Peyer’s-patch
and lymph-node organogenesis®**. However, NALT

& Peyer's patches
Fetal-iver Inducer cell
precursor
‘ 102 and RORY.
. ——
CD3-CD4-CD45+
CD3-CD4+CDASHI-TR*
b NALT
Fetal-fiver Inducer call
precursor
CO3-CD4-CD45+ i
CD3-CD4*CD4s+ 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 (FG.4).
We think that a population of IL-7R-expressing
CD3CD4*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-¥ (FIG. 4) —
although this has not been proven experimentally. So,
the two CD3-CD4*CD45* inducer-cell populations for
NALT 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 Id2-- mice and Ror-y~~
mice, and instead, another as-yet-undefined cell popu-
Iation — which can substitute for the classical 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.

Chemokines
{CCL19, CCL21
and CXCL13}

Stromal cell -

Adhesion
molecules

Chemoldnes

Figure 3 | Comparison of the organogenesis programme of NALT and Peyer's patches. CO3-CD4*CD45+ cells are considerad
to be the common inducers of secondary rmphioid tissue. 1D2 [inhibitor of DNA binding 2} is indispensabie for the induction and
differentiation of these inducer cells from their fatal-iver precursors (which have the phenctype CD3CD4CDA45). a | For Peyer's
patches, after activation through the interleukin-7 raceptor (IL-7R) or TRANCE {turnour-nacrosis-factor-related activation-induced
cytokine), these CD3-CD4+CD45* cells express the ymphotoxin-a B, (LT, B,) heterotrimer, which then binds to the LT-p receptor
(LT-BR) displayed on stromal cells and nduces signal transduction through NIK (nuciear factor-xB (NF-xB)-inducing kinase). In tum,
NIK prormotes the expression of adhesion molecules and/or chernokines. These horming molecules trigger the accumulation of
lymphoid cells at the site of Pever'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* cells in nasopharynx-associated lymphoid tissue (NALT) also requires
1D2; however, the initiation of NALT organogenesis is independent of signalfing that involves the IL-7R, LT-o, B—LT-BR interactions
and NIK, CCL, CC-chemekine ligand; CXCL, CXC-chemoldne ligand; ICAM1, intercellular adhesion molecule 1; IKK, inhibitor

of NF-xB (hd3) kinase-o; ROR-y, refinoic-acid-receptor-related orphan receptor-y, VCAM1, vascular cell-adhesion molecule 1.
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IL-7R~ population

IL-7R+* population

Figure 4 | Model for the induction of organogenesis of NALT and Peyer's patches by two
subsets of CD3-CD4*CD45* inducer cells. CD3-CD4+*CD45* colls diffierentiate from fotal-liver
progenitors. We propose that both ROR-y (retincic-acid-receptor-related orphan receptor-y) and
ID2 (inhibitor of DNA binding 2) are essential for the generation of interleukin-7 receptor (L-7R)-
expressing CO3-CDA+CD45* cells for the induction of Peyer's-patch organogenesis. By contrast,
the generation of the IL-7RCD3CD4*CD45" inducer cells that are involved in nasopharyrx-
associated ymphoid tissue (NALT) organogenesis is reguiated by ID2 but not ROR-y. However,
this mode! rermains to be tested experimentally, and other possibilities exist (see main texd), NALT
genesis in [D2-deficient mice can be initiated by the adoptive transfer of CD3-CD4-CD45* calls
from wild-type mice, but the maturation of NALT formation is incomplete. This indicates that other
cell populations, or the endogenous expression of ID2 at the site of NALT, might be required for

the full maturation of NALT,

WALDEYFR'S RING

‘Human nasopharynx-associated
hymphoid tissues, including the
palatine tonsils and adenoids,
which are considered to have an
important 1ole in the induction
and modulation of mucosal
immunity in the upper
respiratory tract.

MIDDLE CONCHA
Bony plate that extends from the
ceniral section of the lateral wall
of the nasal cavity.

T,0 CELLS
Precursors of T helper 1

(T,1) cells and T, 2 cefls,

which produce both interferon-y
and intetleukin-4. This T-cell
population kas the capadity to
become T),1- and/or T, 2 cells.

CLASS-SWITCH RECOMBINATION
Molecular alteration of the
constant-region gene of the
immunoglobulin heavy chain
{C,,} that leads to a switch in
expression from the C1 {or C3)
region ta one of the other €,
genes, This leads to a switch in
the class of the immunoglobulin
that is displayed on the cell-
surface of the B cell (and that
subsequently differentiating
plasma cells produce) — from
IgM (or IgD) to IgG, IgA or IgE
— without altering the
specificity of the
immunoglobulin.

Immumvological features of NALT

In rodents, NALT is found on both sides of the
nasopharyngeal duct, dorsal to the cartilaginous soft
palate, and it is considered analogous to watbeyer's RING
in humans*, Also, in a recent study, a NALT-like
structure of lymphocyte aggregates that form follicles
was identified int hurman nasal mucosa, particularly in
the mopLe concta of children less than two years of
age®, indicating that an equivalent to mouse NALT can
develop in humans, NALT consists of follicle-associated
epithelium (FAE), HEVs, and T-cell- and B-cell-enriched
areas. Antigen-sampling M cells are present in the
epithelium of NALT, which is specialized for antigen
uptake similar to the FAE of Peyer’s patches’.
Antigen-presenting cells, including dendritic cells
(DCs) and macrophages, are also found in NALT*. So,
NALT contains all of the lymphoid cells that are
required for the induction and regulation of mucosal
immune responses to antigens that are delivered to the
nasal cavity. For example, the intranasal administra-
tion of reovirus resulted in the formation of germinal
centres in NALT, leading to the clonal expansion of
antigen-induced IgA* B cells and the subsequent gen-
eration of reovirus-specific IgA in the respiratory and
intestinal tracts*. Moreover, reovirus-specific CTLs
were also induced in NALT with a high frequency.
These findings show that NALT can be a potent induc-
tive site for the mucosal immune system, In addition
to the induction of positive immune responses, the
nasal deposition of antigen has been shown to be effec-
tive for the induction of systemic unresponsiveness —
a form of mucosally induced tolerance®, So, NALT
has been shown to be involved in the generation of

positive- and negative-regulatory signals for the induc-
tion of antigen-specific immunity and tolerance
respectively. The cellular and molecular contributions
of the immunocompetent cells present in NAIT to the
generation of tolerance to mucosally exposed antigens
are unknown. Because little is known about the induc-
tion of nasally induced tolerance, we focus here on the
rofe of NALT in the induction of protective immunity.

T, 0 environment. Characterization of the mRNA that
encodes T,;1 and T, 2 cytokines in CD4* T cells isolated
from mouse NALT revealed a dominant cytokine profile
of 7,0 Ce11s, indicating that these T cells are capable of
becoming T, 1 or T,;2 cells immediately after antigen
exposure of the nasal tract''*, CD4* T cells isolated
from NALT of naive wild-type mice are T, 0 cells*?, so
they can become either Tt or T2 cells depending on
the identity of the nasally administered antigen. Nasal
delivery of protein antigens {such as bacterial cell-wall
components or virus-associated antigens) together with
cholera toxin as a mucosal adjuvant induces antigen-
specific T, 2-type responses that promote the generation
of antigen-specific IgA-producing B cells, both in the
nasal passages and at distant mucosal effector sites,
including the genito-urinary, respiratory and intesti-
nal tracts*-443, By contrast, intranasal vaccination
with antigen-expressing recombinant Mycobacterium
bovis bacillus Calmette-Guérin (tBCG) results in
Ty1-cell-mediated immunity®,

IgA class switching. Peyer’s patches have long been
thought to be the sites for the initiation of crass swrren
recomenNaTioN (CSR) of |L- to ot-gene expression in the
gastrointestinal tract, because they contain all of the cel-
lular and microarchitectural elements that are required
for the generation of IgA-committed B cells, including
germinal-centre-containing B-cell follicles, a rotiictiar
oc network and an interfollicular T-cell area'*+, The
germinal-centre region contains a high frequency of
IgM*B220* B cells that express activation-induced cyti-
dine deaminase {AID), which is essential for jt-to a-gene
conversion®. In an early study, it was shown that incuba-
tion of IgM*IgA- B cells isolated from Peyer's patches in
the presence of the cytokine transforming growth
factor-B (TGF-B) resulted in the generation of IgM-IgA*
B cells®**!, These post-switch IgA-committed B cells then
migrated to mucosal effector tissues (such as the intesti-
nal lamina propria), a process mediated by a group of
homing and chemokine receptors and their ligands
{such as MADCAM1-¢. B -integrin and CCL25-CCR9
interactions)™ (discussed later). In the intestinal lamina
propria, these cells becarne IgA* plasma cells in the pres-
ence of the IgA-enhancing cytokines IL-5,IL-6 and IL-10
(REFS 50,54-58). S0, it was generally accepted that organized
lymphoid structures of MALT, such as Peyer’s patches,
function as the inductive sites for generating IgA-
committed B cells through p- to cr-gene CSR, whereas
the diffuse tissues of the intestinal lamina propria func-
tion as effector sites for the production of IgA!? (FIG.1).
However, the finding that IgA class switching can occur
in the intestinal lamina propria without involvernent of
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FOLLICULAR DC

{FDC). Cell with a dendritic
morphology that is present in
lymph nodes. These cells display
on their surface intact antigens
that are held in immune
cornplexes, and B cells present in
the lymph node can interact
with these antigens. FDCs are of
non-haematopoietic origin and
are not related to dendritic eells.

B2CELLS
IgM™TgDSMACI-B2208CD23"
cells that originate from bone
marrow and are distributed to
mucosal and systemic immune
compartments for the
continuous secretion of
antibodies with high affinity
and fine specificity.

In-Cu CIRCULAR TRANSCRIPTS
Circular DNA motecules that are
present in activated B cells and
consist of lot (intervening
region-at) and Cji genes, They
are a hallmark of B cells that are
in the process of IgA class
switching.

Ip-Co TRANSCRIPTS
Germline transcripts that can
be detected in IgA-committed
B cells after class switching.

the Peyer’s patches™ cast these assumptions into doubt,
Stromal-cell-derived TGF-§ present in the intestinal
lamina propria was shown to trigger IgM*B220* cells to
switch to IgA* B cells®. Mice with a deficiency in the
programmed-inflammation-associated cytokine LT-ot
do not form Peyer’s patches, so the levels of IgA
responses are reduced compared with those of wild-
type mice®, However, reconstitution of Lt-g~ mice
with LT-expressing bone-marrow cells, or transplanta-
tion of an intestinal segment from recombination-
activating gene { Rag)™~ mice to Lt-o- mice, resulted in
the recovery of IgA responses®. These findings imply
that at Jeast some IgA-committed B cells can develop,
even in the absence of Peyer’s patches, Lt-o mice
have also been shown to be capable of inducing antigen-
specific IgA responses to orally administered Salimonella
typhimurium, despite the absence of organized lym-
phoid tissues associated with the mucosal compart-
ment*, Although these findings provide supporting
evidence that the environment of the diffuse lamina
propria region is self-sufficient for the p- to ct-gene
C5R that leads to the generation of IgA-committed
B cells, it is also possible that unidentified, programmed-
inflammation-independent minjature lympheid
aggregates, and recently characterized isolated lym-
phoid follicles, have a role in mounting IgA responses
in cases of Peyer's-patch deficiency.

The finding that IgA-specific CSR can occur in dif-
fuse mucosal effector tissues indicates that organized
mucosal tissue is not essential for the generation of IgA-
committed B cells in the digestive tract®, although this
new view is still controversial®*#, Because it has been
shown that intestinal IgA is produced by two groups of
cells, B cells and p ceris®4%, an interesting possibility
is that IgA-specific CSR of Bl cells does not require
organized lymphoid structures, whereas these structures
are essential for IgA-isotype switching in B2 cells. In
suppott of this view, we have shown that most B cells in
gut-associated lymphoid tissues are B2 cells, whereas
B1 cells are located preferentially in the intestinal lamina-
propria region®. So, we think that the initial antigenic
stimulation for the triggering of IgA-isotype switching
in B2 cells might be provided by antigen sampling
through M cells that are located in the dome epithelium
{or FAE) of Peyer’s patches. By contrast, the IgA-specific
CSR process that occurs for Bl cells might be triggered
by antigens sampled through newly identified villous
M cells that are located adjacent to lamina-propria
regions that do not contain observable lymphoid-like
structures®,

Because NAIT is of similar importance for the initia-
tion of IgA* B-cell responses as Peyer’s patches, we have
investigated whether [gA-isotype switching can also
occur in the diffuse tissue of the nasal passage.
IgM*B220* B cells, which are a prerequisite for CSR,
were found in the organized inductive sites (NALT) but
were mostly absent from the diffuse effector tissues
(nasal passage) of the respiratory mucosal immune sys-
tem®, Similarly, [gM*B220* B cells were observed in the
organized Peyer’s patches of the intestinal tract but not
in the intestinal lamina propria. So, in this study,

IgM*B220" B cells that are preconditioned to undergo
IgA class switching are selectively located in the orga-
nized mucosa-associated inductive tissues of NALT and
Peyer’s patches®, This finding was confirmed by the
molecular analysis of IgA CSR-associated mRNA
specific for AID, 1e-Cx CIRCULAR TRANSCRIPTS and 1u-Ca
TRANSCRIPTS. Because the expression of AID and the
Io-Cyu circular transcript are upregulated preferentially
during - to ce-gene conversion and then quickly down-
regulated, these molecular events are considered to be a
hallmark of B cells that are undergoing IgA class switch-
ing®. The expression of Iu-Cot transcripts indicates the
completion of IgA-specific CSR*. This analysis showed
that the expression of AID-, Iet- Cl circular transcript-
and [p-Co transcript-specific mRNA was restricted to
the organized mucosal inductive tissues of NALT and
Peyer’s patches but was not found in the diffise effector
tissues of the nasal passage and intestinal lamina
propria®, Furthermore, these organized mucosal lym-
phoid tissues are known to be associated with B2 cells®,
So, these findings indicate that the IgA class switching, at
least for B2 cells, requires the organized lymphoid struc-
tures of NALT and Peyer’s patches in the aero-digestive
tract. NALT was also recently shown to be an important
site for the generation of memory B cells, which pro-
duce high-affinity IgA™. Taken together, these findings
show that NALT contains all of the immunocompetent
cells that are required for the induction and regulation
of antigen-specific T, 1- or T, 2-cell-mediated responses
and B-cell immune responses.

Differences between NALT- and Peyer’s-patch-initiated
immune responses. NALT and Peyer’s patches are
thought to have similar immunological characteristics
and biological functions, as well as to contain the same
types of resident immunocompetent cell. So, sirnlar to
oral immunization, nasal immunization can stimulate
antigen-specific T,,1- or T, 2-cell-mediated responses
and IgA responses in distant mucosal effector tis-
sues™+45, However, in general, NALT-targeted
immunization effectively induces antigen-specific
immunity in the respiratory and reproductive tissues,
whereas Peyer’s-patch-targeted immunization pro-
motes the generation of protective immunity in the
gastrointestinal-tract tissues'?. Further support for a
compartmentalized CMIS was provided recently when
it was shown that nasal immunization induces the
expression of high levels of CCR10 and o B, -integrin
by IgA-committed B cells, allowing them to efficiently
traffic to the respiratory and genito-urinary tracts,
which express the corresponding ligands, CCL28 and
VCAM (REFS 71,72). By contrast, orally induced IgA-
committed B cells express CCRS and CCR10), as well as
©.B,- and &, B, -integrins, so they migrate to sites such as
the small intestine, which express CCL25 and/or CCL28
together with MADCAM]1 and/or VCAM1 (REE. 73).

So, despite NALT and Peyer’s patches both belong-
ing to the mucosal immune system, the subtle differ-
ences that we have discussed indicate that the tissue
genesis and biological functions of NALT and Peyer’s
patches might differ because of their anatomically and
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environmentally distinct locations. Targeting the CMIS
would therefore seem to be a logical choice for the devel-
opment of a second generation mucosal (nasal or oral)
vaccine to induce antigen-specific immune responses —
such as a combination of T, 1-cell or T, 2-cell responses,
CTL responses, and IgA and IgG responses — in the
commeon and/or selective regions of the mucosal com-
partments, as well as at systemic sites, through the use of
the NAIT- and Peyer’s-patch-initiated mucosal immune
responses (FIG.1).

NALT-based vaccine development

As we have described, NAIT is one of the key compo-
nents of the organized lymphoid tissue, and it contains
all of the immunocompetent cells that are required for
the induction of antigen-specific immune responses. It is
therefore likely to have a central role in the development
of a“nasal vaccine’ Nasal vaccination has proven to be an
effective regimen for the stimulation of the respiratory
immune system'?##*, Purthermore, this route of
mucosal immunization can elicit both humoral and celi-
mediated antigen-specific immune responses? 244345,
Another attractive feature of nasal immunization is that
it requires a much smaller dose of antigen than does oral
vaccination for the induction of antigen-specific
mucosal and systemic immune responses, because the
antigens are not exposed to degradation by digestive
enzymes. Because intranasal administration of vaccine
antigen alone has failed to fully stimulate NAIT,
researchers are attempting to develop an effective
NAILT-targeted vaccine-antigen delivery system and to
develop a safe and effective immune-enhancing mole-
cule (or adjuvant) for intranasal administration with
the vaccine antigen.

NALT-targeted vaccine delivery. Antigens are known to
be more immunogenic in particulate form than in solu-
ble form, but they are vulnerable to antigen-degrading
enzymes and acids that are associated with the mucosal
environment. To overcome these obstacles, much effort
has been focused on the creation of novel non-toxic and
nen-immunogenic vaccine vehicles that can effectively
deliver even the soluble form of antigen to the organized
mucosal inductive tissue. Such vehicles need to protect
vaccine components from degradation, enhance their
uptake from mucosal surfaces and perhaps function as
an adjuvant. Among the various candidates for mucosal
antigen delivery, Sendai-virus-associated fusion protein
seems particularly suited to function as a molecule that

guides antigen to the mucosal epithelium, because the
Sendai virus itself uses this fusion protein for the inva-
sion of respiratory epithelial cells’. A novel hybrid
antigen-delivery vehicle has also been devised using this
envelope fusion glycoprotein of Sendai virus (or using
the haemagglutinating virus of Japan, HV]); the fusion
protein is displayed on the surface of liposomes (either
fusogenic liposormes or HV] liposomes) that contain the
antigen of interest. When this delivery vehicle was used,
intranasally administered antigen that was conjugated to
green-fluorescent protein successfully reached the
antigen-sampling M cells that are located in the epithe-
lium of NALT®, Fusogenic liposomes were also found to
effectively deliver antigen to epithelial cells and macro-
phages in both NALT and the nasal passages™. Further-
mote, it was shown that an intranasally administered
HV] liposome containing the HIV glycoprotein 160
antigen (gp160; also known as env) was a powerful tool
for inducing gp160-specific serum IgG, and gp160-
specific mucosal IgA was also detected in nasal wash,
saliva, faecal extract and vaginal wash™ (TABLE 7). These
findings show that the novel hybrid antigen-delivery
vehicle of fusogenic liposomes (or HV] liposomes)
effectively transports vaccine antigen to NALT for the
initiation of antigen-specific IgA responses at distant
mucosal effector sites. Furthermore, this immunization
method can also induce antigen-specific immune
responses (such as production of IgG) in the systemic
compartment (TABLE 2),

Because antigen-samnpling M cells are scattered
throughout the NALT epithelium?, it seems logical to
develop an M-cell-targeted nasal vaccine. One promising
approach has been to use a molecule that is involved in
the normal course of invasion of an infectious agent.
Reovirus, an enteric pathogen, is known to invade its
host through M cells that are located in the epithelium of
Peyer’s patches™. The 45-kDa viral haemagglutinin o1
protein of reovirus has a crucial role in jts attachment to
and entry into M cells™. The virus has been shown to
recognize mouse M cells that are present in the airways®,
and the recombinant form of the 61 protein can bind to
M cells that are associated with NALT epithelium®. On
the basis of these findings, attempts have been made to
develop an M-cell-targeted DNA vaccine using the 61
protein as a guiding molecule®, When conjugated to a
eukaryotic expression vector that encodes luciferase
(known as pCMV1Luc) and administered intranasally,
the o1 protein can specifically bind to the apical surface
of M cells that are situated in the follicular epithelium
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of NALT; it then leads to the generation of luciferase-
specific serum IgG and mucosal IgA responses®. A nasal
vaccine assermnbled using the 61 protein and gp160
resulted in gp160-specific CTL responses in various
mucosa-associated and systemic immune compart-
ments, including reproductive tissue and spleen
respectively®. These findings further emphasize the
efficacy of NALT-targeted immunization for the induc-
tion of humeoral and/or cell-mediated antigen-specific
immune responses in mucosal and systemic immune
compartments,

Because it only infrequently causes serious complica-
tions, BCG, 2 commonly used vaccine for the control of
tuberculosis, is considered to be a low-risk vaccine. The
recombinant form of BCG is a useful vaccine-antigen
delivery vehicle, because it has strong adjuvant activity
that can induce both humoral and cell-mediated
immune responses®. Indeed, systemic administration of
rBCG that expresses HIV antigen has been shown to
effectively induce cell-mediated immunity***. Our own
studies have shown that intransal administration of
rBCG that expresses V3]1, a neutralizing epitope of HIV,
can induce V3-peptide-specific IgG that has neutraliz-
ing activity for more than 0.5-1 years in both normal
and immunodeficient {interferon-y-deficient or II-4~-)
mice*® (TABLE 2). Furthermore, V3] 1-tBCG-induced
serum IgG has also been shown to effectively neutralize
a homologous strain of HIV¥. Accordingly, rBCG
shows promise as an effective nasal-immunization
vehicle for the induction of prolonged antigen-specific

antibody responses.

Creation of safe toxin-based adjuvants. Both cholera
toxin that is produced by Vibrio cholerae and the heat-
labile enterotoxin of Escherichia coli function as adju-
vants to enhance mucosal and serum antibody
responses to co-administered protein antigens deliv-
ered by oral or nasal routes™™. Unfortunately, despite
their efficacy as mucosal adjuvants, the native forms
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of cholera toxin (nCT) and heat-labile enterotoxin
{nLT) cause severe diarrhoea and s0 are unsuitable
for use in humans. To overcome these hurdles,
researchers have substituted a single amino acid to
generate non-toxic mutant forms of cholera toxin
(mCT) and heat-labile enterotoxin {mLT)**-#8; these
retain the adjuvanticity of the native forms but do not
induce the ribosylation of ADP that is associated with
toxic activity. Our efforts to devise a safe first genera-
tion toxin-based adjuvant have focused on mCT S61F
(in which phenylalanine replaces serine at position 61)
and mCT E112K (in which lysine replaces glutamic
acid at position 112); these mutations were created by
making a single amino-acid substitution in the active
centre of the ADP-ribosyltransferase in the A subunit
of cholera toxin®, The two mutant forms of cholera
toxin have been shown to be safe by in vitro analyses of
ADP-ribosylation activity and cyclic AMP formation,
as well as by in vivo examination for diarrhoea-like
symptoms. When pneumococcal surface-protein A
(PspA) — a new candidate vaccine antigen for pre-
venting infection with Streptococcus preumoniae —
was intranasally administered with mCT, antigen-
specific mucosal IgA and systemic IgG responses were
elicited®. Mice intranasally immunized with PspA and
mCT were also protected against a lethal challenge
with S. preumoniac®. Interestingly, when the tetanus-
toxoid vaccine (which is currently administered by
injection} was intranasally administered with one of
these two mCTs, it generated protective immunity
against challenge with the toxin®'. An independent
study has also shown that mCT E112K is the safest and
most effective of the currently available toxin-based
mutant adjuvants™. Taken together, these findings sup-
port the idea that mCT is a strong candidate for an
effective mucosal adjuvant to generate protective
immunity by the nasal route of administration.
Indeed, these findings indicate that the current prefer-
ence for injection-type vaccines should be reconsid-
ered, and in future, greater use should be made of
spray-type vaccines that include mCT and other safe
toxin-based adjuvants (Box 1).

To further enhance the efficacy of the mCT mucosal
adjuvant, a second-generation, chimeric-type adjuvant
was constructed from the A subunit of mCT {mCTA)
and the B subunit of nLT (nLTB); therefore, the adju-
vant has the immunobiological properties of both
cholera toxin and heat-labile enterotoxin®. Nasal
immunization with influenza-virus haemagglutinin
plus the newly created chimeric mucosal adjuvant
mCTA-nLTB resulted in significant haemagglutinin-
specific serum IgG and IgA responses® (TABLE 2). In
addition, mice that were intranasally immunized with
haemagglutinin and mCTA-nITB showed high levels of
haemagglutinin-specific IgA in nasal and lung washes
and were protected from viral challenge®. These find-
ings show that nasal vaccines containing mCT or
mCTA-nLTB are effective for the induction of protec-
tive immunity. The goal of mucosal-vaccine develop-
ment cannot be realized without the creation of such
novel and safe mucosal adjuvants.
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BELY'S PALSY

Pacial paralysis that is thought
1o be triggered by viral infection.
‘The facial nerve is oedematous
in patients suffering from this
disease,
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Recent progress in clinical application of nasal vaccina-
tion. Between the late 19505 and the early 1960s, the
efficacy of immunization with an intranasally admin-
istered vaccine against infection with influenza virus
was shown in a large clinical trial in Osaka, Japan, in
which a nasal-spray vaccine containing live attenuated
influenza virus was administered to more than 10,000
volunteers®®, In recent years, two types of intranasally
administered influenza vaccine, an inactivated form
and a live attenuated form, were introduced in
Switzerland and the United States respectively. Indeed,
as early as 1997, an inactivated form of nasal vaccine
containing a small amount of nLT as a mucosal adju-
vant was introduced in Switzerland. However, this
influenza vaccine was withdrawn from the market
because of the development of sewrs patsy by some
recipients after nasal vaccination. A causal relation-
ship between the intranasally administered inactivated-
influenza vaccine used in Switzerland and the
incidence of Bell’s palsy was formally established in a
recent case—control study®, At this stage, the causes

and pathogenesis of Bell’s palsy remain unclear;

however, because nLT has been shown to have pro-
inflammatory properties and possible neurological
toxicity", the co-formulated nIT that is present in the
inactivated-influenza vaccine is suspected to be the
causative agent®, These findings highlight that the
development of a safe mucosal adjuvant is crucial if
progress is to be made towards a safe and effective
mucosal vaccine.

In the past year, on the basis of promising clinical
trials showing the induction of protective immunity,
an intranasally administered cold-adapted influenza
vaccine, known as ‘FluMist’, has been made available to
healthy Americans of ages 5 to 49 (REFS99,100). It should
be noted that the concept of cold-adapted influenza
virus was reported in 1967 (REE, 101}, so more than 35
years were required for this discovery to be translated
into an intransal vaccine against infection with
influenza virus. More recently, the concept of nasal
immunization was adopted for the development of a
vaccine against severe acute respiratory syndrome
(SARS). An experimental nasally administered vaccine
against SARS that consists of a recombinant attenu-
ated parainfluenza virus expressing the envelope spike

and LT-fR-mediated signalling.

Using an in wivo model, this paper directly showsd

that ID2-reguisted CD3-CD4-CD45° Inducer colls are
Invoived in the postnatal initiation of NALT genesis, 10. Rernet, P. D., Browning, J. L., Mebius, R., Mackay, F. &
In addition, together with reference 31, it described
that NALT organogenesis is Independont of IL-7R-
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protein of the SARS coronavirus was able to induce
protective immunity in African green monkeys,
including SARS-coronavirus-specific neutralizing
antibodies'®. Although further experiments are essen-
tial before this finding can be applied to developing a
vaccine against SARS for use in humans, the study
emphasizes the usefulness of mucosal immunization
for the immunoprophylaxis of infectious diseases.

Concluding remarks

The mucosal immune system is now recognized to be
an important first line of defence against invading
pathogens. NALT and Peyer’s patches are important
inductive sites for the initiation of antigen-specific
mucosal IgA and serum IgG responses, as well as CTL
immune responses, at both mucosal and systemic
sites; in this way, both NALT and Peyer’s patches
function to maximize the two-tiered immunological
barrier of the host. The respiratory mucosal immune
system has several immunological characteristics that
are distinct from those of the Peyer’s-patch-centred
intestinal mucosal immune system. Although the tissue-
genesis programme for other secondary lymphoid
tissues, including Peyer’s patches, begins during
embryonic life, the NAIT-organogenesis programme
is initiated only after birth. Lymphoid organogenesis
of Peyer’s patches requires cytokine-mediated pro-
grammed inflammation (through the LT-fR) and sig-
nalling through the IL-7R, whereas the initiation of
NAIT development seems to be independent of the
IL-7R, LT-c B, and the LT-BR. Although the inducer
cells for both NALT and Peyer’s patches have a com-
mon phenotype, that is, CD3-CD4*CD45*, NALT-
inducer cells seem to be regulated by ID2 alone,
whereas Peyer’s-patch-inducer cells depend on both
ID2 and ROR-y. Because the organogenesis pro-
gramme of NALT is different from that of other sec-
ondary lymphoid tissues, such as Peyer’s patches,
efforts should now be aimed at elucidating the distinct
molecular characteristics of the NALT-genesis pro-
gramme and the functional consequences of this.
Clearly, it is important to have a thorough under-
standing of the unique molecular and cellular proper-
ties of the NALT-centred mucosal immune system for
the development of a successful nasal vaccine,
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