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Summary

Initiation of nasopharyngeal-associated lymphoid tis-
sue (NALT) development is independent of the pro-
grammed cytokine cascade necessary for the forma-
tion of Peyer’s patches (PP) and peripheral lymph
nodes (PLN), a cytokine cascade which consists of IL-
7R, LTa1B2/LTBR, and NIK. However, the subsequent
organization of NALT seems to be controlled by these
cytokine signaling cascades since the maturation of
NALT structure is generally incomplete in those cyto-
kine cascade-deficient mice. NALT as well as PP and
PLN are completely absentin Id2~/~ mice. NALT organ-
ogenesis is initiated following the adoptive transfer of
CD3 CD4"CD45* cells into Id2~/~ mice, constituting
direct evidence that CD3"CD4*CD45" inducer cells
can provide an IL-7R-, LTa1B82/LTBR-, and NIK-inde-
pendent tissue organogenesis pathway for secondary
lymphoid tissue development.
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Introduction

In rodents, nasopharyngeal-associated lymphoid tissue
(NALT) is an organized lymphoid structure found on both
sides of the nasopharyngeal duct dorsal to the cartilagi-
nous soft palate and is considered analogous to the
Waldeyer’s ring in humans (Kuper et al., 1990, 1992).
NALT consists of follicle-associated epithelium (FAE),
high endothelial venules (HEV) and T cell- and B cell-
enriched areas. Numerous M cells, specialized for anti-
gen sampling, are present in NALT and Peyer’s patches
(PP) FAE (Jeong et al., 2000). The structural similarity
of NALT and PP suggests that NALT is an important
inductive site for mucosal immunity in the upper respira-
tory tract, much like PP in the intestinal immune system.
NALT has been shown to be an important site for the
generation of high-affinity memory B cells (Shimoda et
al., 2001). Nasal immunization with antigen (Ag) and
cholera toxin (CT) as a mucosal adjuvant induces Ag-
specific Th2-type responses for the generation of Ag-
specific IgA-producing cells in the nasal passages and
distal mucosal sites, including the genitourinary and in-
testinal tracts (Imaoka et al., 1998; Kurono et al., 1999;
Yanagita et al., 1999). In spite of accumulated evidence
demonstrating the unique structure and the importance
of NALT in the mucosal immune system, little is known
concerning the cellular and molecular mechanisms that
control NALT development.

Lymphotoxin (LT) is a critical signaling molecule for
secondary lymphoid tissue organogenesis. Lymph
nodes (LN) and PP are absent in LTa-deficient (LTa /")
mice (De Togni et al., 1994). LTa forms LTa1B2 hetero-
trimers that can transduce an activation signal through
the LT receptor (LTBR) to organize secondary lymphoid
tissues (Crowe et al., 1994; Rennert et al., 1996, 1998).
Ourfinding that the LTa132 heterotrimer could be antag-
onized by an LTBR-immunoglobulin (LTBR-Ig) fusion
protein demonstrated that the timing of secondary
lymphoid tissue development was regulated during em-
bryogenesis. When LTBR-Ig was administered to preg-
nant mice at embryonic day 18 (E18), the offspring
lacked PP but had unaltered LN formation. If the fusion
protein was delivered from E12 and thereafter, PP as
well as popliteal, axillary, and inguinal LN were absent,
with only mesenteric LN and cervical LN retained (Ren-
nert et al., 1997; Yamamoto et al., 2000). In IL-7 receptor
o chain-deficient (IL-7Ra /") mice, only the formation of
PP was impaired (Adachi et al., 1998). Blocking of IL-
7Ra function by a single injection of the antagonistic
mAb on E15.5 resulted in PP-deficient offspring with
unaltered LN (Yoshida et al., 1999). These findings indi-
cate that well-programmed cytokine-mediated PP and
LN formation is initiated during embryogenesis.

Recently a model describing the development of PP
was proposed (Honda et al., 2001). It was shown that
lymphoid lineage IL-7R*CD3" cells considered to be PP
inducers express CXC chemokine receptor 5 (CXCR5)
and are capable of producing membrane-associated
LTa1B2 heterotrimer (Honda et al., 2001), while in con-
trast, mesenchymal lineage vascular cell adhesion mole-
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cule (VCAM)-1* and intercellular adhesion molecule
(ICAM)-1* PP organizers express LTBR (Honda et al.,
2001). Following stimulation signals provided via IL-7R,
PP inducers express LTa1B2 to activate PP organizers
via LTBR, while PP organizers produce chemokines
such as B lymphocyte chemoattractant (BLC) and EBV-
induced molecule 1 ligand chemokine (ELC) to stimulate
PP inducers via CXCR5 and the CC chemokine receptor
(CCR) 7 (Honda et al., 2001). The reciprocal interaction
between inducer and organizer cells via chemokine and
cytokine receptors is essential for the formation of PP,
and the loss of any part of either of the signaling pro-
grams is sufficient to disrupt secondary lymphoid tissue
development, as evidenced by the loss of PP in LTBR ™/~
and IL-7Ra /" mice (Futterer et al., 1998; Adachi et al.,
1998). Aly/aly mice which have defective NIK function
also fit this paradigm, as recent analyses have estab-
lished that NIK is essential to the mediation of TNFR
family signal transduction, including that of LTBR (Na-
kano et al., 1996; Shinkura et al., 1999; Yin et al., 2001).
Thus, aly/aly mice lack PP and LN (Miyawaki et al., 1994)
since the NIK mutation inhibited reciprocal interaction
between PP inducers and organizers via LTa132 and
LTBR. Further evidence in support of this model comes
from studies showing that mice which lack the
CD3 CD4"CD45" inducer cells due to genetic deletion
of the 1d2 or RORy genes also completely lack PP and
LN (Sun et al., 2000; Yokota et al., 1999).

In this study, we have examined and compared the
contribution of tissue organogenesis-associated cyto-
kine signals provided via IL-7R, LTBR, and NIK for the
formation of NALT and PP. Our novel findings constitute
direct evidence that CD3-CD4"CD45" cells can provide
an IL-7R-, LTa1B2/LTBR-, and NIK-independent tissue
organogenesis pathway for the initiation of a secondary
lymphoid tissue development. Thus, the formation of
NALT differs markedly from that of other lymphoid tis-
sues such as PP and LN.

Results

Postnatal Development of NALT

In normal mice, NALT is a bell-shaped accumulation of
lymphoid cells (Figures 1C and 2A). NALT-associated
HEV express PNAd, an addressin phenotype distinct
from the mucosal addressin cell adhesion molecules
(MAJCAM)-1* that characterizes the HEV of PP (Csenc-
sits et al., 1999). To determine when NALT developed,
we immunohistologically analyzed PNAd in wild-type
mice of various ages. NALT formation, indicated by the
expression of PNAd and an accumulation of mononu-
clear cells, was not observed during embryogenesis or
in newborn nasal tissue (Figure 1A, and data not shown),
whereas PP with associated HEV were already devel-
oped (Figure 1E). Instead, PNAd™ HEV with associated
lymphocytes were detected bilateral manner in nasal
tissue beginning at 1 week postpartum (Figures 1B and
1D) and was strongly expressed in 8-week-old mice
(Figure 1C), as compared with isotype control mAb (Fig-
ure 1H). As expected, the size of PP tissue continued
to increase with the increasing age of the mice (Figures
1E-1G). These findings suggested that the initiation of
tissue organogenesis is chronologically different in
NALT and PP.

Development of NALT in Secondary Lymphoid
Tissue-Deficient Mice

To investigate the involvement of lymphoid tissue organ-
ogenesis-related signals provided by IL-7/IL-7R,
LTa1B2/LTBR, and NIK in the formation of NALT, we
next examined mice lacking PP and/or LN: IL-7Ra ™",
LTa /", LTB/~, aly/aly mice, and mice treated in utero
with LTBR-Ig fusion protein. NALT was detected in all
PP null or PP/LN null mouse strains (Figures 2B-2E, 2G).
However, the size of NALT was smaller in IL-7Ra~/",
LTa™/~, LTB™/~, and aly/aly mice compared with NALT
of wild-type mice (Figure 2). Furthermore, we compared
the NALT formation in mice treated in utero with that of
those treated at birth with LTBR-Ig. PP-deficient mice
that had been treated in utero with LTBR-lIg were ob-
served to form NALT (Figure 2E). Since our study demon-
strated that the initiation of NALT formation occurred 1
week after birth (Figure 1), it was formally possible that
in utero-administered fusion protein might drop below
a minimum effective dose prior to the onset of NALT
development postnatally. Therefore, we next adminis-
tered LTRR-Ig fusion protein into newborn mice and
observed that they too developed NALT (Figure 2F).
These results suggest that the induction of NALT forma-
tion requires a cytokine signaling cascade independent
from those of PP since tissue organogenesis signals
provided by IL-7R, LTa1B82/LTRR, and NIK pathways are
not essential for the initial stage of NALT development.

Detection of PNAd* HEV in NALT of PP-Deficient Mice
PNAd* HEV was detected in the NALT of IL-7Ra"’/",
LTa™'~, LTB™'~, and aly/aly mice as well as in that of
mice treated with LTBR-Ig in utero and at birth (Figure
3). PNAd expression on NALT in these mice further con-
firmed that NALT formation is independent of the cyto-
kine pathways that trigger PP and LN formation. How-
ever, the levels of PNAd expression in the NALT of these
PP- and/or LN-deficient mice seemed to be lower than
in wild-type mice (Figures 3A and 3C). Although the
expression of PNAd was influenced by nasal immuniza-
tion with CT in LTa.™/~ mice, the level was still low when
compared with wild-type mice (Figures 3A and 3D).
These results suggest that at least a part of the PNAd
expression in NALT is regulated under IL-7R and
LTa1B2/LTB R-NIK signals.

Role of L-Selectin/PNAd for the Formation of NALT

Inasmuch as the molecular interaction of L-selectin and
PNAd has been shown to be a key step for the migration
of lymphoid cells into NALT (Csensits at al., 1999), we
thought itimportant to examine whether NALT formation
is influenced by the blockade of this adhesion molecule
interaction. To directly address the role of L-selectin in
the development of NALT, we analyzed NALT formation
in L-selectin™~ mice. Gross histology revealed that
though NALT was present in L-selectin™/~ mice (Figures
3J and 3K), it was smaller than that of normal control
mice. Further, the treatment of C57BL6/c mice with anti-
PNAd mAb (MECA79) resulted in the reduction of the
size of NALT (Figures 3L and 3M). These results indicate
the possible contribution of other adhesion molecules
that might compensate for the homing of NALT lympho-
cytes in L-selectin™’~ mice and anti-PNAd mAb-treated
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Figure 1. Chronological Analysis and Comparison of the Development of NALT and PP

(A-D) Fixed tissue sections were stained with MECA 79 (rat anti-mouse PNAd mAb) to detect NALT HEV, followed by counterstaining with
hematoxylin. (A) Nasal tissue from newborn mice (day 0) with no PNAd-expressing HEV. (B) The NALT anlagen from 1-week-old mice with
small accumulation of lymphoid cells around single PNAd-expressing HEV in the nasal tissue. (C) 8-week-old murine NALT with numerous
PNAd-expressing HEV. (D) Enlargement of the NALT anlagen of the 1-week-old mice from Figure 2B. Arrows point to PNAd-expressing HEV.
(E-G) Fixed tissue sections were HE stained for the detection of PP. (E) PP in the intestine from newborn mice (day 0). (F) PP in the intestine

of 1-week-old mice. (G) PP in the intestine of 8-week-old mice.

(H) Isotype matched irrelevant Ab (rat IgM, R4-22; PharMingen) reacted with nasal tissue of 8-week-old mice.

mice. However, these findings do not diminish the im-
portance of PNAd/L-selectin interaction for the entry of
lymphocytes into NALT.

Characterization of Lymphoid Cells

Isolated from NALT

Since tissue organogenesis of NALT was maintained in
PP null mice, we next characterized lymphocytes iso-
lated from the NALT of LTa /", aly/aly, and strain-
matched wild-type mice. Flow cytometry analysis of
NALT mononuclear cells in the wild-type and aly/+ mice
revealed populations of B220" B cells (70%-80%) and
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CD3" T cells (14%-20%; Table 1), findings in agreement
with those of our previous study (Hiroi et al., 1998). In
contrast, a higher frequency (51%) of CD3* T cells (p <
0.05) was noted in NALT lymphocytes isolated from
LTa ™/~ than from wild-type mice (19%; Table1). When
NALT lymphocytes isolated from aly/+ and aly/aly mice
were compared, the frequency of B and T cells in aly/+
and aly/aly mice was similar to that of wild-type and
LTa™/~ NALT, respectively. The frequency of CD11c*
dendritic cells was higher in NALT isolated from aly/aly
mice (p < 0.05) than in control aly/+ NALT (Table 1).
Despite the alteration in the frequency of B and T cells
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Figure 2. Development of NALT in Secondary Lymphoid Tissue-Deficient Mice
Paraffin sections with HE staining were prepared from 8-week-old mice.

(A) NALT of wild-type (WT) mice. (B) NALT of IL-7Ra /" mice. (C) NALT of LTa/"mice. (D) NALT of LT /~mice. (E) NALT of mice treated with
LTBR-Ig fusion protein in utero. (F) NALT of mice treated with LTBR-Ig fusion protein at birth. (G) NALT of aly/aly mice. (H) NALT of mice

treated with control-Ig at birth. Arrows point to NALT.
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in NALT lymphocytes from wild-type and PP-deficient
mice, the ratio of CD4/CD8 in CD3* T cells did not
change among these different mice groups (Table 1).
Although there was some alteration in the ratio of B and
T cells isolated from the NALT of wild-type and PP null
mice, our findings demonstrate that lymphoid cells, in-
cluding B cells, T cells and DC, accumulate in the NALT
of PP-deficient mice (LTa™'~ and aly/aly).

Development of CD3"CD4*CD45*

Cells in Infant NALT

CD3 CD4"CD45" cells are considered critical for sec-
ondary lymphoid tissue development (Honda et al.,
2001; Sun et al., 2000; Yokota et al., 1999). Thus, we
next searched for such cells in NALT isolated from infant
mice. FACS analysis revealed the presence of
CD3 CD4*CD45" cells in NALT of 2-week-old wild-type
(0.32%; 20.8 X 10°/mouse) and LTa'"mice (0.22%;

.L'_I'.&”' . F LT 8R-Ig (in utero )

LT a* Figure 3. Role of PNAd and L-Selectin for the

Development of NALT

PNAd* HEV was detected in NALT of mice
lacking PP and/or LN (A-l). NALT was devel-
oped in L-selectin~/~ mice and wild-type mice
treated with anti-PNAd mAb (J-M).

(A-I) All fixed tissue sections isolated from
8-week-old mice were stained with MECA 79
(rat anti-mouse PNAd mAb) for the detection
of HEV, followed by counterstaining with he-
matoxylin. Arrows point to PNAd-expressing
HEV. (A) NALT of wild-type (WT) mice. (B)
NALT of IL-7Ra™'~ mice. (C) NALT of LTa ™/~
mice. (D) NALT of LTa ™/~ mice after nasal
immunization (NI) with CT, as described in
Experimental Procedures. (E) NALT of
LT /~mice. (F) NALT of mice treated with
LTBR-Ig fusion protein in utero. (G) NALT of
mice treated with LTBR-Ig fusion protein at
birth. (H) NALT of aly/aly mice. (I) NALT of
mice treated with control-Ig at birth.

(J-M) Paraffin sections with HE staining were
prepared from background mice (J) and
L-selectin~/~ mice (K). A similar preparation
was made for isotype control Ab- (L) and mAb
anti-PNAd (M)-treated WT mice. For the treat-
ment, WT mice were systemically treated with
mADb anti-PNAd (MECA-79) or isotype control
(rat IgM) once per week for 5 consecutive
weeks.

50 wm

4.40 x 10%/mouse) (Figure 4). A similar population of
CD3 CD4*CD45" cells (1.90%; 1.43 X 10*/mouse) was
found in the intestines of E18 embryos (Figure 4). It was
interesting that a small population of CD3-CD4*CD45"
cells was still present in infant NALT because these cells
were hardly detectable in peripheral blood after birth
(Mebius et al., 1997). This finding was further confirmed
by immunohistological analysis. In 10-day-old wild-type
and LTa/~ mice, small numbers of CD3~-CD4" cells
were noted in the bilateral NALT anlagen (Figures 4A-
4C). Thus, CD3-CD4" inducer cells were found at the
initiation site of NALT organogenesis.

The Id2 Gene Is an Essential Molecule

for the Organogenesis of NALT

The accumulation of CD3 CD47CD45" cells in NALT
anlagen suggested that these cells might be involved in
NALT organogenesis. Therefore, we investigated nasal
tissues in I1d2~/~ mice that lack this cell population (Yo-
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Figure 4. Presence of Inducer
CD3 CD4*CD45" Cells in Infant NALT

Lymphoid cells were isolated from the intes-

Intestine E18 NALT 2w

1.90%

tines of E18 embryos and from NALT of
2-week-old wild-type (WT) and LTa ™/~ mice.
Cells were then first stained with FITC-anti-
CD45, PE-anti-CD4, and biotin-anti-CD3
mAbs, and then with streptavidin-APC. The
percentage of CD3-CD47CD45" cells was
determined by flow cytometry after gating for
the CD3 negative fraction.

(A) The accumulation of CD3-CD4* cells was

kota et al., 1999) and found that Id2~/~ mice were defi-
cient in NALT (Figures 5A and 5B). Furthermore, PNAd
expression was not observed in the Id2~/~ mice,
whereas this addressin was found in NALT of wild-type
littermates (Figures 5D and 5E). In the next experiment,
we nasally immunized Id2~/~ mice with CT. Although the
size of NALT was enlarged after the nasal immunization
of LTa ™/~ mice with CT (Figures 3C and 3D), there were
no sign of NALT development or PNAd expression on

detected in bilateral NALT anlage in 10-day-
old WT mice and (B) LTa ™/~ mice. (C) Enlarge-
ment of the NALT anlage of 10-day-old mice
from (A). Fixed tissue was stained with FITC-
anti-CD3 and PE-CD4 mAbs, and then exam-
ined by confocal microscopy. (D) A serial sec-
tion of (A) was also stained by HE. A control
experiment using confocal analysis was per-
formed using spleen of adult WT mice stained
with the same combination of the fluores-
cence-conjugated mAbs (data not shown).

vessels in the nasal tissue of nasally immunized Id2~/~
mice (Figures 5C and 5F). These results further con-
firmed our finding that the development of NALT is
defective in 1d27/~ mice. The analysis of 1d2~/~ mice
indicates that a population of inducer cells, i.e.,
CD3 CD4*CD45" cells, is involved in the development
of NALT and that the organogenesis of NALT, like that
of PP and LN, depends on the helix-loop-helix inhibitor
Id2 (Yokota et al., 1999).

Table 1. Analysis of Lymphocytes in NALT Isolated from PP Null and Wild-Type Mice

Total Numbers of
Cell Isolated (X107

Surface Marker-Positive Cells (%) (Number of Positive Cells x10%)

Ratio of T Cell Subset

cD3 B220 CD11c CD4/CD8

Wild-type 26.5 = 1.0 191+ 15 69.9 + 4.6 1.9 =05 1.7 0.2
(50.7 + 4.6) (185.0 + 10.9) (5.4 = 1.3)

LTo " 1.8 =03 51.2 + 3.5* 31.3 = 4.7 29 =10 1.9 =02
(7.2 = 1.7 (5.5 * 0.9%) 1.4 = 0.1%

aly/+ 42+14 135+ 1.0 771 £ 52 1.2+ 02 1.9+ 0.2
(5.8 = 1.4) (31.5 = 4.1) (0.5 = 0.2)

aly/aly 3.3+ 0.2 57.1 = 4.0 31.1 = 12.1* 7.6 = 0.8* 2.1 = 0.1
(18.9 + 1.9%) (10.2 + 4.0 (0.25 + 0.2)

Lymphocytes were isolated from NALT of PP deficient- and wild-type control-mice. Cells were then stained with FITC-, PE-, or APC-conjugated
mAbs specific for CD3, CD4, CD8, CD11c, and B220 as described in Experimental Procedures. The percentage and the number of positive
cells were determined by flow cytometry and represented mean += SEM from three different experiments.

*p < 0.05.
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Organogenesis of NALT in Id2~/~ Mice after Adoptive
Transfer with Fetal Liver or CD3~CD4'CD45" Cells

In order to clarify the role of CD3-CD4"CD45" cells for
the induction of NALT development, we first performed
an adoptive transfer experiment of fetal liver cells from
Id2*/* mice into Id2~/~ mice (Figures 5G-5J). Seven days
after the transfer of fetal liver cells into 1d2~/~ newborn
mice, CD3-CD4 " cells had migrated into the site of NALT
formation (Figures 5G and 5H) and, seven weeks after
transfer, a NALT-like structure was detected (Figure 5I).
Furthermore, the adoptive transfer of CD3~CD4*CD45"
cells isolated from fetal intestine of wild-type mice into
Id2~~ newborn mice led to the initiation of NALT-like
structure in 1d2~/~ mice (Figure 5J). These findings are
a direct demonstration that CD3~CD4"CD45" cells from
fetal liver function to initiate lymphoid tissue organogen-
esis (e.g., NALT). However, the lymphoid structure in-
duced by the adoptive transfer of CD3-CD4*CD45"

Figure 5. Essential Role of 1d2 and
CD3 CD4"CD45" Cells forthe NALT Organo-
genesis

Id2 deficiency resulted in the lack of NALT
formation (A-F). NALT organogenesis was in-
duced in Id2~/~ mice by the adoptive transfer
of fetal liver or CD3CD4+CD45" cells (G-J).
(A-C) Fixed tissue sections were stained with
HE.

(D-F) Tissue sections were stained with
MECA?79, followed by counterstaining with
hematoxylin. (A) NALT was absent in the nasal
tissue of Id2~/"mice. (B) NALT was intact in
1d2*/* littermates. (C) NALT was not devel-
oped in 1d2~/"mice nasally immunized (NI)
with CT. (D) PNAd expression of HEV in the
nasal tissue was not detected in 1d2~/~“mice.
(E) HEV of NALT in Id2*/* littermates normally
expressed PNAd. (F) PNAd expression was
not developed in Id2~/~"mice after nasal im-
munization of CT.

(G and H) Fixed tissue was stained with FITC-
anti-CD3 and PE-CD4 mAbs and then exam-
ined by confocal microscopy. (G) CD3-CD4*
cells were absent in the nasal tissue of Id2~/~
infant mice. (H) CD3 CD4" cells were found
to have accumulated in the nasal tissue of
1d27/~ infant mice 7 days after the adoptive
transfer with fetal liver cells.

(I and J) The same tissues stained by HE.
In these experiments, each group containing
three 1d2~/~ mice was adoptively transferred
with fetal liver cells or CD3-CD4+CD45*
cells. Development of NALT-like structure
was noted in all of these adoptively trans-
ferred mice. (I) A NALT-like structure was ob-
served to have developed in 1d2~/~ mice 7
weeks after the adoptive transfer with fetal
liver cells. (J) A NALT-like structure was noted
in 1d2~/~ mice transferred with CD3-CD4*
CD45" cells.

cells was smaller than that induced by the adoptive
transfer with fetal liver cells (Figures 51 and 5J), sug-
gesting that additional cell types contribute to the full
development of NALT tissue.

Discussion

This study provides persuasive and direct evidence that
the mechanism of cytokine- and cytokine receptor-
mediated organogenesis in NALT is distinct from that
in PP and LN. First, NALT was shown to develop in
various circumstances which are known to cause PP
and LN deficiency, as for example, in LTa ™", LT/,
aly/aly mice, and mice treated in utero with LTBR-Ig.
Since NALT tissue organogenesis begins after birth, we
also treated mice with LTRR-lg postnatally to ensure
that the antagonist was present during the initial stage
of NALT formation. NALT was still detected in mice
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Figure 6. A Summary of the Proposed Organogenesis of NALT, PP,
and LN

In the case of LN and PP, CD3-CD4*CD45(IL-7Ra") cells are con-
sidered to be the inducer of secondary lymphoid tissue. 1d2 is indis-
pensable for the induction and the differentiation of the inducer cells
from the fetal liver precursors. Following activation via IL-7R, these
CD3 CD4"CD45" cells express LTa1B2 heterotrimer, which then
binds to LTBR for the subsequent signal transduction via NIK for
the expression of necessary adhesion molecules and/or chemo-
kines. The accumulation of lymphoid cells is induced by these
homing-related molecules (e.g., PP). The development of CD3~
CD47CD45" cells in NALT also requires 1d2, but the initiation of
NALT organogenesis is independent of IL-7R, LTa1B2/LTBR, and
NIK signaling. It is not yet known which cytokines and corresponding
receptors fill the roles of the IL-7R, LTa1B2/LTBR, and NIK signaling
pathways for the formation of NALT.

treated at birth with LTBR-Ig. LTBR is a critical signaling
molecule for stromal cell activation at the site of PP and
LN formation via signals transduced to NF-«B through
NIK (Fagarasan et al., 2000; Honda et al., 2001; Yin et
al., 2001). The ability of NALT to form in the absence of
LTRR signaling and NIK function suggests that a unique
signal exists to trigger NALT organogenesis (Figure 6).
It was also interesting to note that the gross architecture
of NALT varied among LT-deficient mice, mice treated
in utero with LTBR-lg, and mice treated after birth with
LTBR-Ig, suggesting that the LTBR cytokine signaling
cascade contributes to the maturation of cellularity and
to the gross development of NALT.

IL-7Ra signaling also is essential for the initiation of
PP organogenesis, since IL-7R engagement is thought
to be required for CD3-CD4"CD45" cells to express
LTa1B2 (Adachi et al. 1998; Yoshida et al., 1999). NALT
development in IL-7Ra ™'~ mice is further evidence that
the signaling axis that induces NALT organogenesis is
distinct from that which triggers PP formation. Although
IL-7R signaling was not essential for the initiation of
NALT organogenesis, the maturation of NALT structure
was incomplete in IL-7R™~ mice when compared with
wild-type mice (Figures 2 and 3). Other known signaling
axes for secondary lymphoid organ formation include
the TRANCE/RANK pathway for LN development (Kim
et al., 2000). The potential role of this pathway for NALT
genesis is not yet known.

CD3 CD4"CD45* cells expressing LTa1B2 hetero-
trimers have been implicated as an inducer cell popula-
tion for secondary lymphoid tissue formation including
PP (Sun et al., 2000; Yokota et al., 1999). The observation
that NALT development is distinct from that of PP led

us to ask if the CD3-CD4*"CD45" cells played a role in
NALT organogenesis. The helix-loop-helix inhibitor 1d2
is a key regulatory factor for the differentiation of
CD3-CD4+CD45* cells from stem cells, and the ab-
sence of these cells in Id27/~ mice correlates with the
loss of PP and LN (Yokota et al., 1999). We have now
demonstrated that NALT is deficient in Id2~/~ mice (Fig-
ure 5). CD3"CD4"CD45" cells have been shown to be
derived from fetal liver cells in vivo (Mebius et al., 2001;
Yoshida et al., 2001). Therefore, the adoptive transfer
of fetal liver cells or CD3-CD4"CD45" cells from Id2*/*
wild-type mice into 1d2~/~ newborn mice resulted in the
migration of CD3-CD4"CD45" cells to the site of NALT
formation and in the formation of NALT-like structure
(Figure 5). This constitutes a direct, functional demon-
stration that CD3-CD4"CD45" cells deliver an organo-
genic signal to the site of secondary lymphoid organ
formation such as NALT. The formation of other second-
ary lymphoid tissues absent from 1d2~/~ mice was not
achieved using this protocol, as the transfer of cells
occurred after birth, that is, after the developmental
window during which LN and PP formation is initiated
(data not shown). Thus, Id2-regulated CD3-CD4*CD45*
cells are the common-ancestor (or inducer) cells for the
organogenesis of NALT as well as PP, although the
CD3 CD4"CD45" cells do not use the IL-7R-mediated
LTa1B2/LTRR cytokine signaling cascade for the onset
of secondary lymphoid tissue formation in the upper
respiratory tract. Our current effort is aimed at identi-
fying the critical signaling cytokine and corresponding
receptor used by CD3 CD4"CD45" cells for the initia-
tion of NALT development.

It was interesting to note that PNAd expression was
not observed in these NALT-like structures of Id2~/~
mice adoptively transferred with fetal liver cells or
CD3 CD4"CD45" cells (data not shown). These results
suggest that additional factors including cytokine, che-
mokine, and/or adhesion molecule might be necessary
for the maturation of NALT in 1d2~/~ mice adoptively
transferred with fetal liver cells or CD3~CD4"CD45*
cells. The finding that NALT is formed in L-selectin™'~
mice and wild-type mice treated with anti-PNAd mAb
also supports the hypothesis that multiple signals con-
tribute to the NALT formation and subsequent develop-
ment (Figure 3). Addressins were similarly absent from
LN induced to form in LTa ™/~ mice (Rennert et al., 1998),
likewise suggesting that LTa and/or LTaB regulate(s)
PNAd (and MAdACAM-1) expression in developing NALT.
Furthermore, the NALT-like structure of Id2~/~ mice
adoptively transferred with CD3-CD4*CD45" cells was
smaller than the NALT formed after fetal liver cell trans-
fer. This result suggests that an additional population
of inducer/organizer type cells might be necessary for
the formation of mature NALT in addition to CD3~
CD4+CD45" cells.

There was a chronological difference between lymphoid
development in the nasal tract and the intestine (Fig-
ure 1). NALT was not present during embryogenesis,
whereas it is known that LN development begins as early
as E11 and PP development on E16.5 in the embryonic
mesentery and intestine, respectively (Rennert et al.,
1997; Yoshida et al., 1999). Further, we could not detect
PNAd* HEV, an important adhesion molecule for the
recruitment of lymphocytes to NALT (Csencsits et al.,
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1999), in the nasal tract of embryonic mice. NALT and
PNAd-positive HEV were not present until 7 days after
birth. MAdACAM-1 is expressed on the HEV of gut-associ-
ated lymphoid tissues, such as PP in mice (Berlin et al.,
1993), and is identified as early as E16.5 at the site of
PP organogenesis (Hashi et al., 2001). HEV of LN anlagen
similarly expresses MAdACAM-1 starting early in devel-
opment, with strong expression in newborn mice (Meb-
ius et al., 1996). The expression of MAACAM-1 is report-
edly very low or absent from the HEV of adult NALT
(Csencsits et al., 1999), and we found that the HEV of
infant NALT (e.g., 7 days old) did not express MAdACAM-1
(data not shown). Thus, NALT formation is chronologi-
cally and immunohistochemically distinct from that of
PP and LN. Adhesion molecule or addressin expression
is thought to be a critical early step in the organogenesis
of PP (VCAM-1, MAdCAM-1) and PLN (MAdCAM-1) (Ad-
achi et al., 1997; Hashi et al., 2001; Kim et al., 2000;
Mebius et al., 1996). These results suggest that PNAd
expression may play a similar role in the development
of NALT.

In keeping with a recent report, we found that NALT
continued to express PNAd in the adult mouse (Csenc-
sits et al., 1999). We found PNAd expressed on the HEV
of NALT in adult LTa™'~, LTR"~, IL-7Ra’~, and aly/aly
mice, although the intensity of PNAd expression was
somewhat lower in these mice than in wild-type mice.
The TNF receptor family regulates the expression of
several adhesion (or homing) molecules and chemo-
kines for the homing of lymphocytes to secondary
lymphoid tissues and inflammatory lesions (Cuff et al.,
1999), and these signals are likely transduced in part
through NIK (Fagarasan et al., 2000; Nakano et al., 1996;
Yin et al., 2001). Our results suggest that the expression
of PNAd in NALT is in part regulated by LTa1B2/LTBR-
and NIK-associated signaling events. Since the PNAd
expression defect is particularly pronounced in LTa™/~
mice, an additional role for LTa3/TNF-R signaling should
be considered.

Based on the results generated in the present study,
two possibilities can be proposed to explain the differ-
ences between the mechanisms responsible for the or-
ganogenesis of NALT and PP. First, NALT formation
could be preprogrammed to initiate IL-7R-, LTa1p32/
LTBR-, and NIK-independent tissue organogenesis sig-
naling events after nativity. Alternatively, NALT develop-
ment may depend on triggering signals provided by in-
haled environmental antigens after birth. Taken together,
it is likely that NALT organogenesis is preprogrammed
to be inaugurated following nativity via an undefined
cytokine and corresponding receptor signaling cas-
cade, and inhaled antigens may initiate or accelerate
the signals in this cascade. In support of this proposal,
PP formation is complete within a few days after birth
(and exposure to luminal antigens), although the basic
architecture of the tissue is formed during the gesta-
tional period (e.g., E15.5) (Hashi et al., 2001).

In summary, our results demonstrate that the forma-
tion of NALT is initiated independently of IL-7R, LTa1p2/
LTBR, and NIK, but nonetheless relies on the presence
of common inducer (ancestor) cells which are
CD3 CD4*CD45* cells. In the case of LN and PP forma-
tion, these cells are triggered to express LTa132 hetero-
trimer, which activates LTBR* stromal organizer cells

causing them to express VCAM-1, ICAM-1, or MAdACAM-1
(Honda et al., 2001). Although the organogenesis of
NALT requires Id2 and its associated inducer
CD3-CD4+CD45" cells, as does that of PP and LN, the
initiation of NALT organogenesis is independent of IL-
7R, LTa1B2/LTBR, and NIK signaling cascades (Figure
6). Unique, but not yet identified, molecules may be
involved in the lymphoid tissue organogenesis of NALT.
Thus, multiple cytokine receptor signaling pathways
seem to be important for the organization of cellularity
and for the gross development of NALT. Elucidation
of the details of this unique signaling axis for NALT
organogenesis, including the cytokines, chemokines,
and adhesion molecules involved, may further our un-
derstanding of the alternative events that trigger sec-
ondary lymphoid tissue organogenesis.

Experimental Procedures

Mice
C57BL/6J Jcl mice and aly/aly mice (ALY/Nsc Jcl-aly/aly) were ob-
tained from Japan Clea Co. (Tokyo, Japan). LTa '~ (C57BL/6) mice
and L-selectin~/~ (B6/129S) mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME). IL-7Ra '~ (129/0lax C57BL/6) mice were
kindly provided by Immunex Corp. (Seattle, WA) (Peschon et al.,
1994). 1d2~/~ (129/Sv) mice were generated as described (Yokota
et al., 1999). These strains were maintained in conventional housing
at the Experimental Animal Facility of the Research Institute for
Microbial Diseases, Osaka University (Osaka, Japan). The nasal tis-
sue of LTB™/~ mice was kindly provided by Dr. R. Flavell (Koni et
al., 1997), Biogen Inc (Cambridge, MA). Pregnant wild-type mice
were injected intravenously with 200 png of LTBR-Ig fusion protein
on gestational days 14 and 17. In some experiments, the peritoneal
cavity of newborn mice was injected with LTBR-lg fusion protein
or control IgG (50 wg/mouse) according to the method described
previously (Yamamoto et al., 2000). LTBR-Ig fusion protein and con-
trol IgG were also prepared as described elsewhere (Rennert et al.,
1997, 1998).

Wild-type mice were treated with anti-PNAd mAb (50 n.g/mouse,
MECA-79, BD PharMingen, SanDiego, CA) or isotype control (rat
IgM, PharMingen) once per week for 5 consecutive weeks.

Histology and Immunohistochemistry

The heads and the intestines of the mice were fixed in 4% paraform-
aldehyde. Adult nasal tissues isolated from 6- to 8-week-old mice
were decalcified in EDTA solution for 10 days, and all tissues were
embedded in paraffin. Frontal sections of the nasal tissues (5 um)
and intestinal sections with PP (5 um) were stained with hematoxy-
linfeosin (HE). For immunohistochemical staining, deparaffinated
sections (5 pwm) were incubated with anti-PNAd mAb (MECA-79;
PharMingen) according to the method described previously (Csenc-
sits et al., 1999). The sections were then incubated with biotinylated
secondary Ab (ZYMED, San Francisco, CA) and exposed to avidin-
biotin-peroxidase complex (Vector Laboratories, Burlingame, CA).
After color development with diaminobenzidine, the sections were
counterstained with hematoxylin.

For confocal microscopic analysis, the nasal tissues from 7-day-
old mice were fixed in 4% paraformaldehyde and rapidly frozen in
OCT emdedding medium (Sakura Finetechnical Co., Ltd., Tokyo,
Japan). Cryostat sections (5 p.m) were prepared and stained with
FITC-anti-CD3e (145-2C11; PharMingen) and PE-anti-CD4 (RM4-5;
PharMingen) mAbs for 1 hr at room temperature. Histological analy-
sis was performed using confocal microscopy (Bio-Rad Labora-
tories Inc., Hercules, CA).

Nasal Immunization

LTa™/~ and 1d2~/~ mice were immunized nasally with 10 pl of PBS
containing CT (5 pg/mouse; Sigma Chemical, St. Louis, MO) once
per week for 3 consecutive weeks. Nasal tissues were collected 7
days after final immunization.
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Isolation and FACS Analysis of Mononuclear Cells

Mononuclear cells from NALT were isolated as described (Asanuma
et al., 1995; Hiroi et al., 1998). In brief, the mononuclear cells were
isolated by gentle teasing through stainless steel screens, and FACS
analysis was performed (Hiroi et al., 1994, 1995). The mononuclear
cell preparation was pretreated with anti-CD16/CD32 FcR mAb
(2.4G2) and then stained with the appropriate fluorescence-conju-
gated anti-CD3e (145-2C11), anti-CD4 (RM4-5), anti-CD8 (53-6.7),
anti-B220 (RA3-6B2), anti-CD45 (30-F11), and anti-CD11c mAb (HL3)
(all from PharMingen). Flow cytometry analysis and cell isolations
were then performed using FACSCalibur and FACS Vantage (Becton
Dickinson, San Jose, CA), respectively.

Adoptive Transfer Experiment of Fetal Liver Cells

or CD3 - CD4*CD45" Cells

Fetal liver cells were collected from E16 Id2*/* embryos, and
CD3 CD4"CD45" cells were isolated from the fetal intestine (E18)
of Id2*/* mice by using FACS Vantage (Becton Dickinson), as pre-
viously described, with some modifications (Yoshida et al., 2001).
Isolated cells were cultured in medium containing RPMI 1640, 10%
FBS, 50 pwg/ml penicillin G, 50 U/ml streptomycin, 100 ng/ml IL-7
(Genzyme, Cambridge, MA), and 100 ng/ml stem cell factor (R&D
Systems, Minneapolis, MN) in order to activate these cells (Yoshida
et al., 1999). After 1 day of culture, these fetal liver cells (1.0 X
10°) or CD3 " CD4"CD45" cells (1.0 X 10°%) were injected into the
peritoneal cavity of Id2~/~ newborn mice. The nasal tissues obtained
from 7-day-old 1d2~/~ mice adoptively transferred with fetal liver
cells were analyzed by confocal microscopy (Bio-Rad Laboratories
Inc., Hercules, CA). Histological analysis was also performed for the
nasal tissues of 7- to 8-week-old Id2~/~ mice adoptively transferred
with fetal liver cells or CD3-CD4+CD45" cells.
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Note Added in Proof
Since this manuscript was submitted, Randall and colleagues pub-

lished similar findings on the independence of LTa for the organo-
genesis of NALT (Harmsen et al., 2002 [J. Immunol.]).



