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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/LTRR, 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 absent inld2—/~ 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-, LTa1p2/LTBR-, and NIK-inde-
pendent tissue organogenesis pathway for secondary
lymphoid tissue development.

* Correspondence: kivono@biken.osaka-u.ac.jp

Intreduction

In rodents, nasopharyngeal-associated lymphoid tissue
(NALT) s 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 upperrespira-
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
conceming 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 LTa132 hetero-
trimers that can transduce an activation signal through
the LTB receptor (LTRR) to organize secondary lymphoid
tissues (Crowe et al., 1994; Rennert et al., 1996, 1998},
Ourfinding that the LTa1 32 heterotrimer could be antag-
onized by an LTBR-immunoglobulin (LTER-Ig) fusion
protein demonstrated that the timing of secondary
lymphoid tissue development was regulated during em-
bryogenesis. When LTRR-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 inguinat LN were absent,
with only mesenteric LN and cervical LN retained (Ren-
nert et al., 1997; Yamamoto et al., 2000). In IL-7 receptor
a chain-deficient (IL-7Ra~'") mice, only the formation of
PP was impaired (Adachi et al.,, 1998). Blocking of IL-
7R« function by a single injection of the antagonistic
mAb on E15.5 resulted in PP-deficient offspring with
unzltered 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 (CXCRS5)
and are capable of preducing membrane-associated
LTa1p2 heterctrimer (Honda et al., 2001}, while in con-
trast, mesenchymal lineage vascular ce!ll 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 LTa1p32 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 GXCRS5 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 theloss of PPin LTRR/-
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 LTRR (Na-
kano et al., 1996; Shinkura et al., 1999; Yin et al., 2001).
Thus, afy/aly mice lack PP and LN (Miyawaki et al., 1994)
since the NIK mutation inhibited reciprocal interaction
between PP inducers and organizers via LTa1p2 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/LTRR-, 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 24). NALT-associated
HEV express PNAd, an addressin phenotype distinct
from the mucosal addressin cell adhesion motecules
{(MAdCAM})-1* that characterizes the HEV of PP (Csenc-
sits et al., 1999). To determine when NALT developed,
we immunchistologically 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 B-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

Toinvestigate the involvement of lymphoid tissue organ-
ogenesis-related signals provided by IL-7/IL-7R,
LTa1B2/LTRR, and NIK in the formation of NALT, we
next examined mice lacking PP and/or LN: IL-7Ra™",
LTa™", LTR~'~, aly/aly mice, and mice treated in utero
with LTRR-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™'~, LTR ™", 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 LTRR-Ig. PP-deficient mice
that had been treated in utero with LTBR-lg 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 newbomn 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 organcgenesis signals
provided by IL-7R, LTa1R2/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™", LTR™'~, and aly/aly mice as well as in that of
mice treated with LTBR-lg in utero and at birth (Figure
3). PNAd expression on NALT in these mice further con-
firned 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/LTR 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 (MECAT79) 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 Comparisen 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 newbom 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) Enfargement of the NALT antagen of the 1-week-old mice from Figure 28. 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 newbom 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 B-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/alfy, 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

LT gR-lg (in utero)

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
LTe™'" 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 CD11¢c*
dendritic cells was higher in NALT isclated from aly/aly
mice (p < 0.05) than in control afy/+ NALT (Table 1).
Despite the alteration in the frequency of B and T cells

controk- Ig (at birth)

-

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 LTR~"mice. (E) NALT of mice treated with
LT@R-Ig fusion protein in utero. (F) NALT of mice treated with LTBR-lg fusion protein at birth. (G) NALT of aly/aly mice. {H} NALT of mice

treated with control-lg at birth. Arrews 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 DG, 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* celis in NALT of 2-week-old wild-type
(0.32%; 20.8 X 10%/mouse) and LT«~'"mice (0.22%;

Figure 3. Role of PNAd and L-Selectin for the
Development of NALT

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

(A=T) All fixed tissue sections Isolated from
8-weoek-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 LTe™'~ mice after nasal
immunization (NI} with CT, as described in
Experimental Procedures. (E) NALT of
LTR~'"mice. (F) NALT of mice treated with
LTRR-Ig fusion protein in utero. (G) NALT of
mice treated with LTRR-Ig fusion protein at
birth. {H) NALT of aly/afy mice. () NALT of
mice treated with control-Ig at birth.

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

4.40 ¥ 10*°/mouse) (Figure 4). A similar population of
CD3-CD4*CD45"* cells (1.80%; 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-CD4*CD45* cells in NALT
anlagen suggested that these cells might be involved in
NALT organogenesis. Therefore, we investigated nasal
tissues in 1d2~'~ mice that lack this cell population (Yo-
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WT

Figure 4. Presence of Inducer

. Intestine E18 NALT 2w

CD3-CD4*CD45* Cells in Infant NALT
Lymphoid cells were isclated from the intes-

1.90%

tines of E18 embryos and from NALT of
2-week-old wild-type (WT) and [Ta~'" mice.
Cells were then first stained with FITC-anti~
CD45, PE-anti-CD4, and bioctin-anti-CD3
mAbs, and then with streptavidin-APC. The
percentage of CD3~CD4*CD45* 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 Id27~ mice,
whereas this addressin was found in NALT of wild-type
littermates (Figures 5D and 5E). In the next experiment,
we nasally immunized 1d2-/~ 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 adutt WT mice stained
with the same combination of the flucres-
cence-conjugated mAbs (data not shown).

vessels in the nasal tissue of nasally immunized 1d2—/-
mice (Figures 5C and 5F). These results further con-
firmed our finding that the development of NALT is
defective in 1d2™'~ mice. The analysis of 1d2™"~ mice
indicates that a population of inducer cells, ie.,
CD3-CDA*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 [solated from PP MNull and Wild-Type Mice

Total Numbers of
Call Isolated (<109

Surface Marker-Positive Cells (%) {Number of Positive Cells X1(°)

Ratio of T Cell Subset

cD3 B220 cD11e CD4/CD8

Wild-type 265 = 1.0 191 £ 1.5 69.9 = 4.6 1.9+ 05 1.7 2 0.2
(50.7 + 4.6} (185.0 = 10.9) 5.4 1.3

LTa™"" 1.8+03 512 * 3.5 3347 28+10 1.9+ 0.2
7.2 = 1.7 (5.5 + 0.9 1.4 = 0.1%

aly/+ 42+14 13510 771 £ 6.2 1.2+ 02 1902
(5.8 £ 1.4) {315 = 4.1) 0.5 = 0.2)

aly/aly 3.3+02 57.1 + 4.0* 3.1 % 12.9* 7.6+ 0.8 2104
(8.9 = 1.99 {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 I1d2-/~ Mice after Adoptive
Transfer with Fetal Liver or CB3"CD4'CD45* Cells

In order to clarify the role of CD3-CD4+CD45* ceils 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-5.J). Seven days
after the transfer of fetal liver cells into 1d2~~ newhorn
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
1d2~/~ newborn mice led to the initiation of NALT-like
structure in Id2~/~ mice (Figure 5J). These findings are
adirect demonstration that CD3-CD4tCD45* 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-CD4tCD45*

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

142 deficiency resulted in the lack of NALT
formation {A-F). NALT organogenesis was in-
duced in [d2~~ mice by the adoptive transfer
of fetal liver or CD3-CD4*CD45" cells (G-J).
{A=C) Fixed tissue sections were stained with
HE. :

(D-F) Tissue sections were stained with
MECAT9, followed by counterstaining with
hematoxylin. (A) NALT was absentin the nasal
tissue of 1d2~~mice. (B} NALT was intact in
|d2*'* littermates. (C) NALT was not devel-
oped in |d2~"mice nasally immunized (NI
with CT. (D) PNAd expression of HEV in the
nasal tissue was not detected in Id2-/~mice.
{E) HEV of NALT in ld2+'* 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 d2-/-
infant mice. (H) CD3-CD4* cells were found
to have accumulated in the nasal tissue of
1d2-- infant mice 7 days after the adoptive
transfer with fetal liver celis,

{l and J} The same tissues stained by HE.
In these experiments, each group containing
three Id2~'~ 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. {f} A NALT-like structure was ob-
served to have developed in Id2™~ 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 LTe™"", LTR™,
aly/aly mice, and mice treated in utero with LTAR-Ig.
Since NALT tissue organogenesis begins after hirth, we
also treated mice with LTRR-Ig postnatally to ensure
that the antagonist was present during the initia! 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.-7R«*) cells are con-
sidered to ba 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 LTRR 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~
CDA*CD45* cells in NALT also requires 1d2, but the initiation of
NALT organcgenesis is independent of IL-7R, LTa1p2/LTPR, and
NIK signaling. It is not yet known which cytokines and corresponding
receptors fil! the roles of the IL-7R, LTa1B2/LTRR, and NIK signaling
pathways for the formation of NALT,

treated at birth with LTBR-Ig. LTRR is a critical signaling
molecule for stromal cell activation at the site of PP and
LN formation via signals transduced to NF-«kB 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-Ig, and mice treated after birth with
LT8R-lg, suggesting that the LTRR cytokine signaling
cascade contributes to the maturation of cellularity and
to the aross development of NALT.

IL-7Re signaling also is essential for the initiation of
PP organogenesis, since [L-7R engagement is thought
to be required for CD3-CD4*CD45* cells to express
LTo132 (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 LTa1p2 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 1d2~'~ 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 I[d2~/~ newhorn 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
LTa182/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 1d2~/"-
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 Id2~"~ 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 LTe ™'~ mice {Rennert et al., 1998),
likewise suggesting that LTa and/or LTap regulate(s)
PNAd (and MAdCAM-1) expression in developing NALT,
Furthermore, the NALT-like structure of 1d2™'~ 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 additicnal 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 itis 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 (Berin 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 MAdCAM-1 starting early in devel-
opment, with strong expression in newbom mice (Meb-
ius et al., 1996). The expression of MAdCAM-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 MAdCAM-1
(data not shown). Thus, NALT formation is chronologi-
cally and immunchistochemically 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, MAdACAM-1) and PLN (MAJCAM-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-7TRa™'~", 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/LTRR-
and NIK-associated signaling events. Since the PNAd
expression defect is particularly pronounced in LTa™"~
mice, an additional role for LTa3/TNF-R signaling shoutd
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-, LTo1p2/
LTER-, 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/
LTER, and NIK, but nonetheless relies on the presence
of common inducer ({ancestor) cells which are
CD3-CD4+CD45" cells. Inthe case of LN and PP forma-
tion, these cells are triggered to express LTa132 hetero-
trimer, which activates LTER* stromal organizer celis

causing them to express VCAM-1, ICAM-1, or MAdCAM-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/LTER, 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 invoived, may further our un-
derstanding of the altemnative events that trigger sec-
ondary lymphoid tissue organogenesis.

Experimental Procedures

Mice
CS57BL/6J Jel mice and aly/aly mice (ALY/Nsc Jcl-aly/aly) were cb-
tained from Japan Clea Co. {Tokyo, Japan). LTe ™" (C57BL/E) mice
and L-selectin~'~ (B6/129S) mice were obtained from Jackson Labo-
ratories (Bar Harbor, ME). IL-7Ra ™"~ (129/QlaxC57BL/6) mice were
kindly provided by Immunex Corp. (Seattle, WA) (Peschon et al.,
1994). 1d2~/~ {129/%v) mice were generated as described (Yokota
et al., 1999). These strains were maintained in conventional housing
at the Experimental Animal Facllity of the Research Institute for
Microbial Diseases, Osaka University (Osaka, Japan). The nasal tis-
sue of LT/~ 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 pg of LTBR-Ig fusion protein
on gestational days 14 and 17. In some experiments, the peritoneal
cavity of newbormn mice was injected with LTRR-Ig fusion protein
or control IgG (50 pwg/mouse) according to the method described
previously (Yamamoto et al., 2000). LTRR-Ig fusion protein and con-
trof IgG were also prepared as described elsewhere (Rennert et al.,
1997, 1998).

Wild-type mice were treated with anti-PNAd mAb (50 pg/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 solutlon for 10 days, and all tissues were
embedded In paraffin, Frontal sections of the nasal tissues (5 pm}
and intestinal sections with PP (5 .m) were stained with harnatoxy-
linfeosin {HE). For immunohistechemical staining, deparaffinated
sections {5 pm) were Incubated with anti-PNAd mAb (MECA-79;
PharMingen) according to the method described previously (Csenc-
sits et al., 1999). The sectlons were then incubated with bictinylated
secondary Ab {ZYMED, San Francisco, CA) and exposed to avidin-
hiotin-peroxidase complex (Vector Laboratories, Burlingame, CA).
After color development with diaminobenzidine, the sections were
countarstained 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., Tokya,
Japan). Cryostat sections {5 nm) 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).

Masal Immunization

LTa™'~ and Id2-"~ mice were immunized nasally with 10 pl of PBS
containing CT (5 ng/mouse; Sigma Chemical, $t. Louis, MO} once
per week for 3 consecutive weeks, Nasal tissues were coliected 7
days after final immunization.
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Isolation and FACS Analysis of Mononuclear Cells

Mcnonuclear 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 Celis

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 1d2*/* 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%
F8S, 50 ua/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* cslls (1.0 X 10%) were injected into the
peritoneal cavity of 1d2~'~ newbom mice. The nasal tissues obtained
from 7-day-old Id2~/- mice adoptively transterred with fetal liver
cells were analyzed by confocal microscopy (Bic-Rad Laboratories
Inc., Hercules, CA). Histological analysis was also performed for the
nasal tissues of 7- to 8-week-old 1d2~/~ mice adoptively transferred
with fetal liver cells or CD3"CD4*CD45* cells.
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IL-15-Dependent Activation-Induced Cell Death-Resistant Th1
Type CD8af3"NK1.1* T Cells for the Development of Small
Intestinal Inflammation’

Noriyuki Ohta,*' Takachika Hiroi,* Mi-Na Kweon,* Naotoshi Kinoshita,* Myoung Ho Jang,*
Tadashi Mashimo," Jun-Ichi Miyazaki,” and Hiroshi Kiyono®*$

To clarify the role of IL-15 at local sites, we engineered a transgenic (Tg) mouse (T3P-IL-15 Tg) fo overexpress human IL-15
preferentially in intestinal epithelial cells by the use of T3"-promoter. Although IL-15 was expressed in the entire small intestine
(SI) and large intestines of the Tg mice, localized inflammation developed in the proximal SI only. Histopathologic study revealed
reduced viflus length, marked infiltration of lymphocytes, and vacuolar degeneration of the villus epithelium, beginning at ~3-4
mo of age. The numbers of CD8™ T cells, especially CD8aS™ T cells expressing NK1.1, were dramatically increased in the lamina
propria of the involved SL The severity of inflammation corresponded to increased numbers of CD8a8*NK1.1* T cells and levels
of production of the Thl-type cytokines IFN-y and TNF-a. Eocally overexpressed IL-15 was accompanied by increased resistance
of CD8aB™ NK1.1* T cells to activation-induced cell death. Our results suggest that chronic inflammation in the SI in this murine
model is mediated by dysreguiation of epitheliai cell-derived IL-15. The model may contribute to understanding the role of CDS*

T cells in human Crohn’s disease invalving the SI. The Journal of Immunoelogy, 2002, 169: 460-468.

immunologic features (1, 2). Both are members of the 4e-
helix bundle cytokine family, use IL-2R8 chain and common
+y-chain for their action in T cells, and have similar functional
activities for the activation and growth of T and NK cells. Despite
the similarities between these two cytokines, they differ dramati-
cally in their expression levels at cellular sites and the regulation
levels of synthesis and secretion (3—6). IL-2 is produced by acti-
vated T cells and controlled predominantly at the levels of mRNA
transcription and stabilization, whereas the control of I1.-15 ex-
pression is much more complex, with regulation at the levels of
transcription, translation, and intracellular trafficking (7-9).
IL-15 mRNA is widely expressed in macrophages as well as
various nonlymphoid tissues and cells, such as placenta, skeletal
muscle, kidney, lung, fibroblasts, and epithelial cells (9, 10). Be-
cause the discovery that intestinal epithelial cells (IECs)® can pro-
duce IL-15 in mice, rats, and humans, a focus of research in mu-
cosal immunity has been the possible role of IL-15 in the mucosal
intranet between IEC and intestinal intraepithelial lymphocytes

I nterleukin-15 and I1.-2 share many molecular, biological, and
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(IEL} (11-13). In addition, our previous study showed that IL-15/
IL-15R interaction is important in humoral aspects of mucosal im-
munity such as IgA production. IL-15Ra chain is expressed on
mucosal B-1 but not B-2 cells, and IEC-derived IL-15 may be a
selective regulatory factor for the terminal differentiation of IgA-
committed B-1 cells into IgA-producing cells (14).

IL-15 is a key regulatory cytokine, which supports innate im-
mune cell development, activation, and homeostasis. Translation
of IL-15 expression is strictly regulated at multiple distinct steps to
mediate appropriate levels of the cytokine expression (4—8). Re-
moval of these negative control mechanisms in an integrated fash-
ion may lead to a major increase in IL-15 synthesis, resulting in
loss of homeostasis between innate and acquired immunity. Mul-
tiple negative regulatory features controlling IL-15 expression may
be required because of the potency of IL-15 as an inflammatory
cytokine; if unrestrictedly expressed, IL-15, with its capacity to
provide pleiotropic effects on varicus kinds of effector lymphoid
cells, might initiate serious disorders such as autoimmune diseases.

IL-15 repontedly is overexpressed in rheumatoid arthritis (15,
16) and allograft rejection (17), and IL-15-recruited and activated
autoreactive T cells in the synovial membrane have led to TNE-a
secretion in synovial fluids (15, 16). Targeted treatment for the
blockade of IL-15R elements, including IL-15R8 chain and the
common Y-chain, has inhibited the development of some experi-
mental immunologic diseases, including collagen-induced arthritis
(18) and allograft rejection (19, 20). Thus, IL-15 likely plays a
critical role in the immunopathology of chronic inflammation. In
the mucosa-associated inflammation of the chronic inflammatory
bowel diseases, expression of IL-15 mRNA was found to be in-
creased in the inflamed intestinal tissues of ulcerative colitis (21~
23), and in Crohn’s disease, expression of IL-15 was increased in
intestinal macrophages (24).

In the present study, we have developed a novel in vivo IL-15
overexpression system for the murine intestine, Localized overex-
pression of intestinal IL.-15 led to the development of a unique
subset of activation-induced cell death (AICD)-resistant Thl-type
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CD8af3* NK1.1* T cells and the induction of aberrant immuno-
logic reactions in the small intestine (SD), but not the large intestine

{LD.

Materials and Methods
DNA construct

To develop intestinal IL-15 transgenic {Tg) mice, a T3™promoter system
was used (Fig. 14; Ref. 25). Complementary DNAs encoding the human
IL-2 signal peptide (SP), the human IL-15 mature protein (MP) coding
sequence, and the FLAG epitope tag (Eastman Kodak, Rochester, NY)
were amplified by PCR and fused by use of standard PCR-based methods
as described previously (7). The rat glucagon promoter (RGP)-IL-2SP/
IL-15 MP/FLAG plasmid contained the RGP, the IL-2SPNL-15/FLAG
¢DNA, and rabbit-8 globin gene sequences from the second exon to the
polyadenylation signal. The T3*-IL-28P/IL-15 MP/FLAG transgene was
constructed by replacing the RGP promoter of the RGP-IL-2SPAL-15 MP/
. FLAG plasmid with the 2.8-kb SphI-HindIll T3" promoter region obtained
from the T3 gene cloned into the pUC18 plasmid. Finally, a 5.5-kb Sphl-
Xhol T3%-IL-2SP/IL-15/FLAG DNA fragment was purified and used for
microinjection (Fig. 14).

Generation of T3%-IL-2SP/IL-15 MP/FLAG Tg mice

BDF1, C57BL/6Cr, and MCH-ICR mice purchased from Japan SLC (Shi-
zuoka, Japan) were used throughout this study. Mice were maintained un-
der specific pathogen-free conditions in the animal facility at The Research
Institute for Microbial Diseases (Osaka University, Osaka, Japan). The
transgene was microinjected into the pronuclei of BDFI-fertilized eggs as
described (26). For screening of founder mice, tail DNA was isolated by
the SDS-proteinase K method. Founders were genotyped by PCR using
specific primers for the transgene. The oligonucleotide 5-GCTGGTTAT
TGTGCTGCTTC-3' was used a3 a forward primer, and 5'-CATCTCCG
GACTCAAGTGAA-3 was used as a backward primer. The PCR condi-
tions were initially 94°C for 3 min, and 30 cycles of amplification, each
cycle consisting of 94°C for 1 min, 59°C for 1 min, and 72°C for 1 min
followed by an extension for 10 min at 72°C,

Semiquantitative RT-PCR for measurement of IL-25P/L-15
MP/FLAG mRNA

Total RNA was extracted from various tissues by using the guanidine thio-
cyanate procedure. DNase digestion of extracted RNA was performed be-
fore cDNA synthesis, One microgram of total RNA was reverse transcribed
into ¢DNA using SuperScript II RT (Life Technologies, Gaithersburg,
MD). To apply the same amount of synthesized ¢DNA from various tis-
sues, the amounts of synthesized cDNA labeled with digoxigenin were
measured with a chemiluminescent image analyzer (Molecular Imager Sys-
tem; Bio-Rad, Hercules, CA). PCR amplification of 10 ng of ¢cDNA for
each sample was performed with the GeneAmp PCR System 9700
(PerkinElmer/Cetus, Branchburg, NJ). The oligonucleotide primers used
for the IL-2SP/IL-15 MP/FLAG mRNA were: forward, 5'-TCCTGTCTT
GCATTGCACTAAG-3'; reverse, 5'-CACATTCTTTGCATCCAGATT-
3. After heating at 94°C for 2 min, cDNA were amplified for 35 cycles,
each cycle consisting of 95°C for 0's, 55°C for 30 s, and 72°C for 30 s. The
amplified products were separated by electrophoresis in 1.8% agarose gel
and were visualized with ethidium bromide (I pg/ml).

Western blot analysis

The lysates of various organs were loaded directly onto 8-16% gradient
gels (Tris-HCL; Bio-Rad). Proteins were electrophoresed under denaturing
conditions and electroblotted to nitrocellulose membranes at 60 V for 4 h
at 4°C. Membranes were blocked overnight with 1% blocking reagent
(Roche Diagnostics, Mannheim, Germany) in PBS containing 0.5% Tween
20 (PBS-T) and then incubated for 2 h with mouse anti-human IL-15 mAb
{clone 34593.11; R&D Systems, Minneapolis, MN) or anti-FLAG M2
mAb (Sigma-Aldrich, 5t Louis, MO) diluted in PBS-T plus 2% blocking
reagent. After washing of the gels with PBS-T, protein was detected by use
of an ImmunoStar kit for mouse (Wako Biochemicals, Osaka, Japan) ac-
cording to the manufacturer’s instructions.

Isolation of mononuclear cells

The spleen and mesenteric lymph nodes (MLNs) were aseptically removed,
and single-cell suspensions were prepared by a standard mechanical dis-
ruption procedure, as described previously (27). Mononuclear cells of in-
testinal lamina propria (LP) were prepared by an enzymatic dissociation
method using type IV collagenase (Sigma-Aldrich; Ref. 27). After removal
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of PP and MLN, the intestine was opened lengitudinally, washed thor-
oughly, and cut into small fragments. Epithelial cells and IEL were re-
moved from intestinal tissue by incubating in RPMI 1640 containing 0.5
mM EDTA and 2% FCS. The specimens were then minced and added to
RPMI 1640 containing collagenase at 37°C incubation. Mononuclear cells
were then isolated by use of a discontinuous density gradient procedure (40
and 75%) with Percoll (Amersham Pharmacia Biotech, Uppsala, Sweden).
For the isolation of IEC, a discontinucus density gradient (25, 40, and 75%)
was also used. The cells that layered between the 40 and 25% interface
were collected as IEC (28).

Abs and reagents

PE-conjugated anti-TCRB (HS7-597), anti-CD8a (53-6.7), anti-CD8B.2
(53-5.8), anti-CD62L (MEL-14), anti-CD44 (IM7), anti-NK1.1 (PK136),
anti-CD25 (7DA), CD69 (H1.2F3), anti-CD122 (TM-gI), anti-IFN-y
(XMG1.2), anti-TNF-a (MP6-XT22), and anti-IL-2 (JES6-5H4), FITC-
conjugated anti-CD4 (RM4-5), anti-CD88 (53-5.8), anti-Ly-6C (AL-21),
and anti-CD25 (7TDA), and allophycocyanin (APN)-conjugated anti-CD8co
(53-6.7) and anti-TCR-8 (H57-597) were purchased from BD PharMingen
(San Diego, CA). Biotin-conjugated anti-human IL-15 (34593,11) was ob-
tained from R&D Systems.

Histologic analysis

The en bloc-fixed gastrointestinal tract was dissected into stomach, jeju-
num, ileum, ST, LI, and rectum. Tissue specimens were fixed in 4% para-
formaldehyde and embedded in paraffin. Sections were cut and then stained
with H&E.

Flow cytometric analysis

For analysis of surface markers of lymphocytes isclated from either MLN
or the LP of the SI, cells were stained with PE-, FITC-, and APN-conju-
gated mAbs. To block FcR-mediated binding of the mAb, anti-FcR mAb
(2.4G2; BD PhartMingen) was added. All incubation steps were performed
at 4°C for 30 min. To detect biotin-conjugated mAb, cells were stained
with APN-conjugated streptavidin after incubation with a primary mAb.
The stained cells were analyzed by a FACSCalibur flow cytometer (BD
Biosciences, Mountain View, CA) and data were analyzed by using
CellQuest software (BD Biosciences). Dead cells positively stained with
propidium jodide were gated out. For intracellular cytokine staining, cells
from the MLN and LP were cultured with complete RPMI 1640 medium
containing 10% FBS, 5 pM 2-ME, 10 U/ml penicillin, 100 ug/ml strep-
tomycin in 12-well flat-bottom plates coated with anti-CD3 mAb (145-
2CI1; 10 pg/ml; BD PharMingen) for 6 h at 37°C in the presence of 5
pg/ml brefeldin A (Sigma-Aldrich). After being stained for surface Ags,
cells were subjected to intraceliutar cytokine staining, using Cell Fixation/
Permeabilization kits (BD PharMingen).

AICD

Populations of apoptotic cells in freshly isolated LP lymphocytes were
detected by staining with annexin V and propidium iodide, using the An-
nexin V FITC Apoptosis Detection kit I (BD PharMingen) and then ana-
lyzed by flow cytometry. For flow cytometric TUNEL staining analysis,
freshly isolated LP lymphocytes were analyzed by APO-DIRECT kit (BD
PharMingen).

Data analysis

Data were expressed as mean * SE and evaluated by the Mann-Whitney
U test for unpaired samples, using a Statview II starstical program (SAS
Institute, Cary, NC} designed for the Macintosh computer. Values of p <
0.05 were assumed to be statistically significant.

Results
Selective expression of human IL-15 in the intestine of
T3%.JL-15 Ty mice

Human IL-15 was expressed under the control of the T3" pro-
moter, which supports specific transcription in IEC (Fig. 14). Eight
founder animals were maintained by mating to C57BL/6 mice. For
analysis of the tissue specificity of transgene expression, total
RNA was isolated from various tissues of Tg and wild-type (WT)
mice and subjected to IL-15-specific semiquantitative RT-PCR
analysis (Fig. 1B). Tg IL-2SP/L-15 MP/FLAG mRNA was ex-
pressed selectively in the gastrointestinal tract, i.e., SI and LI; but
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FIGURE 1. Construction of T3*-IL-15 Tg mice for the development of intestinal inflammation, A, Intestinal epithelium-specific expression was ac-
complished by use of the T3"-promoter. B, RT-PCR analysis of varions tissues from T3%IL-15 Tg mice demonstrated that human IL-15 mRNA was
selectively expressed in the gut (proximal, middle, and distal SI; and LI). Various tissue lysates were analyzed by Western blot, using anti-hIL-15 mAb
(C) or anti-FLAG mAb (D) to detect protein levels of human IL-13, The expression of IL-15 in IEC-enriched and -deleted fractions of the ST was compared

{E). Non-Tg WT mice were used as negative controls.

not in other tissues, i.e., MLN, spleen, liver, and lung. IL-15 pro-
duction by IEC was confirmed also at the protein level by Western
blotting analysis (Fig. 1, C-E). Abundant IL-15 protein was
present in the SI and LI and in MLN. IL-15 was also detected,
but in lower amounts, in spleen, liver, and lung of the T3"-IL-15
Tg mice, probably reflecting the presence of IL-15 in serum, at
the level of ~100 pg/ml. That IL-15 was most abundantly ex-
pressed in the intestinal tract indicated that this newly estab-
lished Tg animal could be used as a2 model for examining the
role of IL-15 in the intestinal immune system.

Intestinal epithelium-specific overexpression of IL-15 causes
intestinal inflammation

In two separate Tg lines, designated T3%-IL-15 Tg-3-8 and T3®-
IL-15 Tg-10-7, macroscopic and histologic signs of intestinal
inflammation develeped, beginning at about 3 mo of age (Fig.
2, A and B). In this report, the findings in the T3"IL-15 Tg-3-8
line are presented. Macroscopically, the jejunum and proximal
ileum were severely affected, with swelling of the tissue (Fig.
2A) and sometimes, hemorrhage. In contrast, the LI was not
affected (Fig. 24).

Histologic analysis of the gastrointestinal tract also revealed
profound pathologic changes in the SI but not the LI of the T3°-
IL-15 Tg mice at 6 mo of age (Figs. 2, B and C}. Massive infil-
tration of mononuciear cells into the LP of the jejunum and prox-
imal ileum (Fig. 2, B, a and b), as well as Paneth cell deletion,

hyperemia, and crypt elongation were observed. Neither the stom-
ach nor terminal ileum was affected. Furthermore, no pathologicat
changes were detected in the LI (Fig. 2C). Infiltrated areas of the
ST had vacuolar degeneration of the epithelial cells, especially at
the villus tips, and occasionally in the crypts (Fig. 2Bc). In contrast
to the situation in many previous models of intestinal inflamma-
tion, neither ulceration nor prominent influx of granulocytes was
noted in the Tg mice (Fig. 2B4). We did find that the ratio of villus
to crypt height was 6.4:1 in WT compared with 2.1:1 in the Tg
mice, a finding suggesting that IL-15 can directly regulate the de-
velopment of IEC or that neighboring mucosal T cells activated by
IL-15 can subsequently affect the IEC development (29). The
pathologic changes in the SI became worse as the disease pro-
gressed (3 mo (Fig. 2B, e—g) vs 6 mo (Fig. 2B, a-4)). In addition,
the yield of cells from the MLN and intestinal LP, but not from the
IEL compartment, was significantly increased in the Tg mice com-
pared with the WT mice. This increase of lymphocytes was not
detected in other lymphoid tissues, such as the cervical lymph
nodes. The cumulative incidence of mucosal inflammation in the
T3"IL-15 Tg-3-8 mice was nearly 100% at 6 mo of age, and most
of the diseased mice eventually died despite being reared under
specific pathogen-free conditions. These results indicate that the
overexpression of IL-15 resulted in increased lymphoid cell num-
bers selectively in the mucosa-associated tissues, and this increase
was associated with gross intestinal disease.
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{A)Microscopic Analysis

Small Intestine (SI)

FIGURE 2. Development of small but not large intestinal inflammation
in T3*IL-15 Tg mice. Macroscopic views and photomicrographs of SI and
L1 taken from T3%-IL-15 Tg and WT mice at 4 mo of age, A, Macroscopic
photographs of Tg and WT mouse intestine; arrows indicate the SI. Right
panels, The macroscopic changes of 51 and LI from Tg and WT mice,
respectively. B and C, The microscopic appearance of the SI and LI at
different ages. Histologic analysis was done on H&E stained tissue sections
from Tg-SI of a mouse with severe disease at the age of 6 mo (B, a—d),
Tg-S1of a mouse with mild disease at the age of 3 mo (B, e—g), WT-SI (B,
A and i), Tg-LI of a mouse with severe disease at the age of 6 mo (C, a and
b), and the Tg-LI of a mouse with mild disease at the age of 3 mo (C, ¢ and
d), WT-LI(C, e and f). Histopathologic changes were present in the S1 but
not the LI of Tg mice. Cross sections of S of Tg mice showed reduced
villus length (Bb), marked lymphocyte infiltration (B, a and b), and vac-
uoclar degeneration of the villlus epithelium (c). Bars in B, a, ¢, and &, and
C, a, ¢, and e indicate 500 um. Bars in B, b, f, g, and i, and C, b and d
indicate 100 gum. Bars in B, ¢ and g indicate 50 wm. The bar in Bd indicates
25 um.

463

Infiltrating cells in small intestinal inflammatory lesions consist
of both CD8aB™ and CD8awa™ T cells, but the increase in the
Jormer T cells corresponded to disease activity in the small
intestinal LP

As shown in Fig. 34, the numbers of CD8™ T cells, i.e., CD8aB*
and CD8ea™ T cells, in the small intestinal LP of T3*IL-15 Tg
mice were significantly increased compared with the numbers in
WT controls (9.40 =+ 1.23 X 107 (T3%IL-15 Tg) vs 0.706 *
0.173 X 107 (WT)). Also, the degree of intestinal pathology was
proportional to the abundance of CD8aB™ T cells in the diseased
mucosa. As the disease activity became more severe with age, the
proportion of CD8a* T cells profoundly increased, so that at 6
mo of age, the proportion of CD8ca™ T cells was >80% of small
intestinal LP mononuclear cells (Fig. 3A). In contrast, CD8aa™ T
cells dominated when compared with CD8aB™ T cells among the
fraction of CD8™ T cells in T3°-IL-15 Tg mice that had no disease
or only mild intestinal pathology (at 2-3 mo; Fig. 34).

Surface Ag analysis of activation and memory markers on
CD8™ T cells in the small intestinal LP initially revealed a stan-
dard phenotype of CD44"" and CD25~ for intestinal T cells (Fig.

" 3B). In contrast, an early activation marker, CD69, was up-regu-

lated in T3"-IL-15 Tg mice when compared with WT controls (Fig.
3B). It was important to note that the IL-2RS chain, but not the
IL-2Re chain, was up-regulated in CD8aB™ T cells of T3°-IL-15
Tg mice when compared with WT controls (Fig. 3B). In contrast,
IL-2RB chain was not up-regulated in CD8axa™ T cells of T3°-
IL-15 Tg mice when compared with WT conirols (Fig. 38)

The infiltrating cells in draining lymph nodes of the intestine
consist mainly of memory-rype CD8af* TCRafB™ T cells in the
T35.11-15 Tg mice

Because increased numbers of activated CD8af™ T lymphocytes
were selectively present in small intestinal LP of the Tg mice (Fig.
3), we next tried to elucidate the phenotype of the infiltrating cells
in the MLN. CD8af* cells in the MLN of T3%IL-15 Tg mice
which were greatly increased compared with the numbers in WT
controls (46.3 * 20.1 X 107 (T3*IL-15 Tg) vs 0.861 = 0.173 X%
107 (WT)). Mononuclear cells isolated from the enlarged MLN
consisted exclusively of CD8aB™ T cells (Fig. 44). The usage of
TCR by these CD8aB™* T cells was restricted to « and 8 het-
erodimers, and high expression of CD44 and Ly-6C Ags was noted
(Fig. 44). When these CD44"#"CD8™* T cells were stained for
an early activation marker, CD25, no expression was detected
(Fig. 4A). Up-regulation of CD122 (IL-2RB chain), but not
CD25 (IL-2Ra), was observed in the CD8af™ T cells of the
MLN from T3-IL-15 Tg mice compared with those from WT
controls (Fig. 44). Thus, the pattern of cell surface markers
suggests that these expanded CD44™EPCDR™ T cells were rest-
ing memory-type T cells.

CD8aB™ T cells in T3%-IL-15 Tg mice coexpressed NK1.]
molecules

Because IL-15 is important in the development and propagation of
NK and NK-T cells (30, 31), it was important to elucidate whether
the expanded CD8at3™ T cells express the NK marker. In the
MLN and small intestinal LP of the T3%IL-15 Tg mice, T cells
expressing both NK1.1 and CD8«p3 were increased (Fig. 4B). Pop-
ulations of CD8af* T cells expressing the NK marker were not
detected in the WT controls (Fig. 4B). An increase of the classical
CD4" NK-T cells and NK cells was not observed by flow cyto-
metric analysis in the T3%IL-15 Tg mice (data not shown). Thus,
the overexpression of IL-15 induced a unique subset of CD8a8*
NK-T cells rather than CD4* NK-T cells,
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{B) Activation and Memory Marker

Expression by
Small Intestinal CD8* T Cells
CD8af CDéaa
FIGURE 3, A, Flow cytometrical analysis of (Agcma-ﬂ’ and CD8aa* T Cells
in SI-LP

CD3* T lymphocytes isolated from small intesti-
nal LP of T3%-IL-15 Tg and WT mice. The per-

centage of total mononuclear cells is inserted in
the gated boxes. A, The plots represent the most
severe case at the age of 6 mo and the mild case

at the age of 3 mo. The CD8«fB* and CD8a™ T

cells in LP lymphocytes in T3%IL-15 Tg mice
were significantly increased when compared with
those in WT mice. B, The expressions of IL-2R
subunits and activated/memory cell markers on

CDé9

.CD8aB™ and CD8aa™ T cells isolated from the
small intestinal LP of T3"IL-15 Tg and W'T mice
were examined at the age of 6 mo. The expression
of the B subunit of the IL-2 receptor and activat-
ed/memory markers were demonstrated on
CD8af* and CD8aa™ T cells. The results are
representative of five independent experiments.

Dominant production of Thl-type cytokines by the increased
CD8aB™ T cells in small intestinal LP of T3°-1L-15 Tg mice

Cell-size analysis revealed that mononuclear cells isolated from
the small intestinal LP of T3%-IL.-15 Tg mice had larger and more
blastic features compared with cells from WT mice (Fig. 5A). Even
though the expression of CD25 and CD44 by CD8af™ T cells
revealed a similar profile between the Tg and WT mice (Fig. 3B),
the cell-sizing analysis suggested that a population of CD8aB™* T
cells in the T3%IL-15 Tg mice possesses effector function rather
than resting-memory function. This notion was further supported
by the analysis of Thl- and Th2-type cytokine synthesis (Fig. 58),
where CD8af™ T cells in the small intestinal LP of the Tg mice
contained a significantly higher percentage of the Thl-type (IFN-vy
and TNF-a) cytokine-producing cells than did those of WT mice.
However, CD8aa™ T cells, another increased population of CD8*
T cells, did not produce Thl-type cytokines. There was no differ-
ence in IL-2 production by CD8af™ and CD8axa™ T cells between
T3°-IL-15 Tg and WT mice. In the diseased T3%-IL-15 Tg mice,
the degree of intestinal pathology paralleled the levels of produc-
tion of Thl-type cytokines from the IL-15-induced CDSaS* T
cells in LP mononuclear cells {3 vs 6 mo; Fig. 5B). At 3 mo of age,
T3"-IL-15 Tg mice with mild pathology showed low Ievels of
Thl-type cytokine production (Fig. 5B), but when the disease be-
came more severe, at 6 mo of age, abundant Thl-type cytokines
were produced by the IL-15-induced CD8af™ T cells (Fig. 5B). In
contrast, no synthesis of the Th2-type cytokines IL-4, IL-5, IL-6,
and IL-10 was detected from CD3* T cells isolated from the small
intestinal LP and MLN of T3*IL-15 Tg or WT mice (data not
shown). CD8aB™ T cells in the MLN secreted low amounts of
IFN-y and TNF-« in comparison to the amounts secreted by small
intestinal LP cells. Furthermore, to support this finding, the size of
mononuclear cells isolated from MLN was smaller than that of
intestinal LP cells {data not shown). The fact that increased levels
of IFN-y and TNF-« production by small intestinal CD8af™* T
cells paralleled the progression of inflammation suggests that these
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Thl-type cytokine-producing CD8a8*NK1.1" T cells are impor-
tant in the development of intestinal inflammation. .

Locally overexpressed IL-15 induced resistance to AICD in
CD8™ T cells from inflamed intestine of T3P-IL-15 Tg mice

Because IL-15 has been shown to extend the survival of lympho-
cytes by inhibiting anti-Fas- or dexamethasone-mediated apoptosis
(32), a possible explanation for the preferential expansion of
CD8afS* NK1.1* T cells in small intestinal LP and MLN could be
the anti-apoptotic activity of IL-15. Therefore, we examined apo-
ptotic activity of lymphocytes in inflarmmatory lesions of T3%-
IL-15 Tg mice by FACS analysis, using annexin V and propidium
iodide. The overproduction of IL-15 in the SI caused a significant
(p < 0.05) decrease in the percentage of annexin V-positive and
propidium iodide-negative apoptotic LP cells in comparison to the
situation in littermate controls (Fig. 6A4). A similar finding was
generated also by flow cytometric TUNEL analysis (Fig. 6B).
These results suggest that locally overexpressed IL-15 induced re-
sistance to AICD in CD8aS*NK1.1* T cells in the inflamed SIL

Discussion

Our primary aim in this study was to elucidate the role of mucosal
IL-15 in the immunologic balance between intestinal immunity
and inflammation. Thus, Tg mice carmrying IL-15 cDNA under the
control of T3 -promoter were established to create an aberrant im-
munclogic environment, with preferential overexpression of IL-15
in the intestinal tract. The fact that plural T3"IL-15 Tg lines de-
veloped mucosal inflammation indicates that this phenomenon was
caused by itself and not by the positional effect of the transgene
insertion into the chromosome. The artificial disruption of the
tightly regulated expression of IL-15 in local sites should provide
a useful experimental system for defining the role of IL-15 in mu-
cosal pathogenesis. In contrast, the use of MHC class I promoter
led to higher levels of IL-15 expression in the hematopoietic sys-
temn (e.g., blood cells) and various organs (e.g., skin and lung; Ref.
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FIGURE 4. A, Flow cytometrical analysis of lymphocytes isolated from
MLN of T3%IL-15 Tg and WT mice. Selective expansion of memory-type
CD44Meh 1 y.6C*, CD8aB* T cells in MLN was present in Tg mice. The
percentage of specific marker positive cells is inserted in the gated boxes,
The FACS profiles represent the most severe case at the age of 6 mo. The
results are representative of eight independent experiments. B, The expres-
sion of NK1.1 Ag on CD8aB™ T cells isolated from small intestinal LP
(SI-LP) and MLN of T3%IL-15 Tg with localized inflammation. Marked
up-regulation of NKI.1 Ag was observed in T3"IL-15 Tg mice when
compared with WT mice. The results are representative of eight indepen-
dent experiments.

33) than in the T3%IL-15 Tg mice. The abundant expression in the
hematopoietic system resulted in carcinogenic effects on lympho-
cytes leading to fatal leukemia. These two distinct IL-15 overex-
pression systems {e.g., local and systemic) provide a vnique op-
portunity to understand the pathological effect of IL-15.

In the T3P-JL-15 Tg mice, both CD8aB™ and CD8cxar™ T cells
in the small intestinal LP were dramatically increased under the
influence of overexpressed IL-15. Moreover, the increased num-
bers of CD8aB™ T cells, but not CD3aa™ T cells corresponded to
discase severity. This latter finding raised the possibility of a
pathogenic role for CD8aB™ T cells in the intestinal inflammation
of the T3"IL-15 Tg mice. Relevant to this possibility, an associ-
ation of CD8aB™ T cells with autoimmune intestinal pathology
has been reported (34, 35). A heat shock protein 60-specific CD8™

- T cell clone (34) or OVA-specific CD8™ T cells (35) were asso-
ciated with the development of intestinal inflammation on an au-
toimmune basis. Also, in inflammatory cutaneous lesions in IRF-
27'" mice, expansion of CD44"#" 1y-6C*, and CD8" T cells
was found responsible, and expression of IL-15 mRNA was in-
creased in the skin (36). These reports support our finding that
overexpression of IL-15 induced immunopathologic CD8a* T
cells in experimental intestinal disease.

Although we observed an increase of CD8af* T cells in dis-
eased T3"-IL-15 Tg mice, we noted such an increase of CD8aa™
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T cells in mice that had no intestinal pathology as well. Because
the number of CD8aa™® T cells was decreased in the diseased
mice, CD8aa™ T cells could be a subset of regulatory T cells that
can inhibit disease development, The increase of CD8aa™ T cells
1s compatible with the reported appearance of CD8aa™ T cells in
the livers of IL-15 Tg mice that had no immunopathologic change
despite having high levels of IL-15 expression (37). Furthermore,
48 T cells, which constitute a major fraction of CD8aa™ T cells,
reportedly inhibited the development of airway hypersensitivity in
the lung (38, 39). These findings, together with our observaticns in
T3°-IL-15 Tg mice, suggest that two distinct subsets of CD8* T
cells, expressing af3 or aer dimers, exert opposing effects (patho-
logic vs inhibitory) in the intestinal inflammatory process. This
interesting possibility is currently under intensive investigation in
our laboratory.

TE.-15 promotes the growth of TEL {11}. However, in T3%IL-15
Tg mice we found no increase of any fraction of IEL despite the
increased expression of IL-15 protein and mRNA. In contrast,
there was an increase in the numbers of T lymphocytes isolated
from the intestinal LP and MLN of the mice. IEC or IEC mem-
branes can down-regulate the proliferative and cytokine responses
of IEL (28). Thus, our results suggest that IEL and LPL. CD8* T
cells respond differently to the regulatory effects of IEC.

Several murine models of CD4™ T cell-mediated colitis have
been attributed to an exaggerated Th1-type response manifested by
extensive production of IFN-y and TNF-a (40-42); neutralization
of IFN-y and TNF-a with mAbs substantially improved intestinal
inflammation in several of these models (40, 43). It has been re-
ported also that the involvernent of IFN-y and TNF-« in small
intestinal pathclogy by a heat shock protein 60-specific CD8*
clone (34) supported the role of Thl-type cytokines produced by
CD8aB™ T cells in the pathogenesis of inflammation. Together
with the Thl-type cytokine profiles, our results in the cell-sizing
analysis and CD69 expression of the IL-15-induced CD8e8* T
cells further indicate that the locally expanded intestinal CD§af3*
T cells have effector functions.

Recent studies have shown that CD8* T cells could acquire
NKI.1 and NK cell-associated molecules in both in vitro and in
vivo situations (44-46). IL-2, IL4, and IL-15 can induce the ex-
pression of NK1.1 and NK cell-associated molecules on CD§af*
T cells after in vitro culture under thé dependent manner of cyto-
kine signaling via IL-2R3 chain. Furthermore, influenza viral in-
fections and lymphocytic choriomeningitis virus induced virus-
specific effector CD8" T cells expressing NK1.1 markers (45, 46).
Our present findings directly demonstrated that overexpression of
mucosal IL-15 created an immunologic environment favorable for
the development of CD8a3™* T cells expressing NK1.1. Although
the biological significance of NK1.1 expression by pathologic
CD8af™ T cells is unknown, the development and activation of
CD8aB*NK1.1™ T cells in response to the abrogation of the neg-
ative regulatory influence of IL-15 accompanied the development
of small intestinal inflammation.

The intestinal inflammation in our T3®-IL-15 Tg mice was not
accompanied by an increased production of IL-2 or expression of
IL-2Rea by CD8aB*NK1.1¥ T cells. This finding suggests that the
Thi-type CD8aB*NK1.1" T cells were not driven by the growth
and activation signals of IL-2. Furthermore, IL-2 and IL-15 seem
to differently affect the survival and death of memory-type CD8*
T cells under the condition of AICD (37, 47). IL-2 can promote
AICD of T cells, while IL-15 inhibits the AICD pathway. The
independence of CD8af™ NK1.1 T cells from the effects of IL-2
may further promote the avoidance of AICD-associated apoptosis
by pathogenic CD8™" T cells. The balance between the expansion
of autoreactive T cells and their rapid elimination by AICD is



