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FIG. 3. Induction of OV A-specific antibody responses by coadmin-
istered Stx1 derivatives. Mice were subcutaneously immunized with
OVA plus mSix1, nStx1, or StxB1. Specifically, C57BL/6 mice were
subcutaneously immunized with 100 pg of OVA plus 10 pg of the Stx1
mutant (E167R/R170L; mStx1) (hatched bars), 50 ng of nStx1 (dotted
bars), or 10 pg of StxB1 (black bars) as an adjuvant or with OVA alone
{white bars) on days 0 and 14. OV A-specific serum IgG, IgM, and IgA
Ab (A) and splenic OV A-specific antibody-forming cell (AFC) (B) re-
sponses were determined by ELISAs and ELISPOT assays, respec-
tively. Furthermore, OV A-specific IgG subclass Ab responses (C) were
also analyzed by ELISAs. Serum samples were collected on day 21 and
examined for OVA-specific Abs and OVA-specific IgG subclass Ab
responses by ELISAs. Mononuclear cells were isolated from the
spleens of subcutaneously immunized mice on day 21 and examined by
Ag-specific ELISPOT assays. *, P < 0.05 compared with mice immu-
nized with OVA alone. The results are expressed as means * SEM
from a total of three separate cxperiments, each of which used five or
six mice per group.

When CD4™ T cells isolated from the spleens of mice subcu-
tancously immunized with OVA plus mStx1 or StxB1 were
restimulated with OVA in vitro, increased proliferative re-
sponses were seen (Fig. 4A). In contrast, essentially no Ag-
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specific CD4™ T-cell proliferation occurred in splenic CD4* T
cells isolated from mice given OVA alone or OVA plus nStx1
(Fig. 4A). These results further demonstrate that mStx1 and
SixB1 arc potent adjuvants for the induction of OVA-specific
CD4™ T cells in vivo.

In a subsequent experiment, Thi (IFN-v) and Th2 (IL-4,
IL-5, IL-6, and IL-10) cytokine production by antigen-specific
CD4™ T cells was analyzed at the protein level (Fig. 4B).
Increased levels of both Th1 and Th2 cytokines were noted in
cultures containing splenic CD4* T cells from mice subcuta-
neously immunized with OVA plus mSix1 or StxB1 (Fig. 4B),
while nStx1 enhanced the production of only selected Th2
cytokines, including IL-5, IL-6, and 1L-10, but not IL-4 and
IFN-y production (data not shown). Splenic CD4* T celis
from mice given OVA alone produced low levels of IFN-y,
IL-5, 1L-6, and IL-10 but did not produce IL-4. Taken to-
gether, these results show that the subcutaneous administra-
tion of OVA plus StxB1 or mStxl as an adjuvant induces
antigen-specific Thl (e.g., IFN-y)- and Th2 (e.g., IL-4)-type
cytokine responses, which in turn account for the generation of
OVA-specific IgG2a and IgG1 Ab responses, respectively, in
serum.

Induction of neutralizing antibody responses to tetanus
toxin by subcutaneous immunization with the toxoid vaccine
and Stx1 derivatives. Since the subcutaneous administration of
OVA plus mStx1 or StxB1 elicited Ag-specific IgG and IgM Ab
responses, we next determined whether vaccine Ag-specific
Abs supported by the Stx1 derivatives were protective. Initially,
we determined whether the subcutaneous administration of
tetanus toxoid (TT) with mStx1 or StxB1 could induce TT-
specific Ab responses. Mice subcutaneously immunized with
TT plus >10 pg of mStx1 or StxB1 showed significant TT-
specific serum IgM, IgG, and IgA Ab responses. In contrast,
low Ab responses were detected after immunization with TT
alone (Fig. 5A). In the next experiment, we determined if these
Abs were also protective. Mice given TT plus Stx1 derivatives
or TT alone were challenged with a lethal dose (130 LDys) of
tetanus toxin and then monitored for paralysis and death. As
expected, subcutaneous immunization with TT plus Stx1 de-
rivatives provided complete protection. In contrast, TT alone
provided no protection in mice against the paralysis and death
that normally occur within 2 days of the administration of
tetanus toxin (Fig. 5B). These findings indicate the cffective-
ness of TT-specific IgG Abs in serum induced by subcutane-
ously coadministered Stx1 derivatives.

DISCUSSION

B7-1 and B7-2 have been shown to be essential costimula-
tory molecules for the initial activation of CD4* T cells (21,23,
24). With our experiments, we sought to determine the effect
of Stx1 derivatives on the expression of such costimulatory
molecules. Immature BMDCs and splenic DCs were used to
help map the early events occurring after the administration of
Stx1 derivatives and to determine the extent of the ability of
those derivatives to initiate primary T-cell responses. Stx1 de-
rivatives provided two different types of immunoregulation
signals to DCs. First, StxB1 and mStx1 were shown in our in
vitro and in vivo studies to enhance the activation of BMDCs
and splenic DCs by augmenting MHC class 1, CD80, CDS6,
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FIG. 4. Analysis of OVA-specific CD4" T-cell responses induced by coadministered Stx1 derivatives. OVA-specific CD4* Th-cell proliferative
responses (A) and Thl and Th2 cytokine synthesis (B) by CD4" T cells isolated from the spleens of mice subcutaneously immunized with OVA
plus 10 p.g of mStx1 (shaded bars), 50 ng of nStx1 (dotted bars), or 10 pg of StxB1 (black bars) or with OVA alone (white bars) were examined.
Purified splenic CD4™ T cells were cocultured at a density of 2 X 10° cells/ml with 1 mg/ml of OVA and with T-cell-depleted, irradiated splenic
feeder cells (4 % 10 cells/ml) in complete medium containing rIL-2 (10 U/ml) for 3 days for proliferation assays and 5 days for cytokine synthesis
measurements. A control culture consisting of the splenic CD4™ T cells of naive mice, feeder cells, and rIL-2 (10 U/ml) resulted in the
incorporation of 230 * 42 cpm of [*H]thymidine. Culture supernatants were harvested and then analyzed for the synthesis of secreted cytokines
by the use of appropriate cytokine-specific ELISAs. The minimum detection levels for the individual cytokines detected were as follows: IFN-y,
9.4 pg/ml; 1L-4, 7.8 pg/mi; IL-5, 15.6 pg/ml; IL-6, 15.6 pg/ml; and IL-10, 15.6 pg/ml. The results are expressed as means of the stimulation indexes
*+ SEM or pg/ml = SEM from a total of three experiments using five or six mice per group. *, P < 0.05 compared with mice immunized with OVA
alone. The results for OVA-specific CD4* T-cell proliferative responses (A) are expressed as E/C (experimental, stimulated value/control,

nonstimulated value).

and/or CD40 expression. Since previous research has already
shown that the strong expression of MHC and costimulatory
molecules on antigen-presenting cells is associated with a high
level of T-cell activation (4, 6), StxB1l and mStx1, with their
demonstrated ability to enhance the expression of MHC
and/or costimulatory molecules, must lead to an enhanced
CD4* T-cell response. Second, certain Stx derivatives were
shown to induce TNF-a, which has been shown to play a role
in the immune regulation of B lymphocytes and the maturation
of DCs (34, 49). Among the derivatives, StxB1 proved to be the
most potent inducer of TNF-a. With the two distinct immu-
noenhancing signals noted above, nontoxic forms of Stx1 de-
rivatives have been demonstrated by our study to be strong
candidates as adjuvants to enhance antigen-specific T-cell and
B-cell immune responses.

Our in vitro studies demonstrated that the maturation of in
vitro BMDCs was enhanced by Stx1 derivatives, especially
StxB1. Our results also showed that T-cell proliferation and
cytokine production by Ag-specific CD4* T cells were aug-
mented by StxBl-treated BMDCs. To examine whether the

series of immunoenhancing events triggered by Stx1 derivative-
treated BMDCs in vitro also reflected the in vivo situation, we
also performed a series of in vivo experiments. Our findings
revealed that DC maturation occurred after the administration
of the Stx1 derivatives. Furthermore, we demonstrated that a
mutant form of Stx1 (E167Q/R170L; mStx1) and the B subunit
of Stx1 (StxB1) show potential as novel adjuvants for the in-
duction of antigen-specific systemic Th and B-cell immune
responses. The subcutaneous coadministration of nontoxic
StxB1 or mStx1 as an adjuvant with a protein Ag resulted in the
induction of high IgG anti-OVA Ab responses in serum. When
these two distinct forms of nontoxic-Stx1 derivatives were sub-
cutaneously coadministered, the derivatives elicited both
CD4" Thl- and Th2-type responses via the mixed production
of Thl (IFN-y) and Th2 (IL-4, IL-5, IL-6, and IL-10) cyto-
kines. The Stx1 derivative supported mixed (Thl and Th2)
cytokine synthesis, reflecting the generation of OV A-specific
IgG1, followed by IgG2a, in the systemic compartment. Simi-
larly, Stx1 derivative molecules were seen to support the gen-
eration of Ag-specific Thl- and Th2-type CD4* T cells in vitro.
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FIG. 5. Induction of TT-specific serum IgG, 1gM, and IgA antibody
responses by coadministered Stx1 derivatives (A) and protection
against fatal challenge with tetanus toxin (B). Mice were subcutane-
ously immunized with TT plus mStx1, nSix1, or StxB1. Specifically,
C57BL/6 mice were subcutaneously immunized with 100 ul of TT plus
1 pg of Stx1 mutant (E167R/R170L; mStx1) or 1 pg of StxB1 (hatched
bars), 10 g of Stx1 mutant or 10 pg of StxB1 (dotted bars), or 25 ng
of Stx1 mutant or 25 pg of StxB1 (black bars) as an adjuvant or with
TT alone (white bars) on days 0 and 14. Serum samples were collected
on day 21 and examined for TT-specific Ab responses by ELISA. One
week after the last immunization, mice were challenged on day 21 by
the subcutaneous injection of 130 LDsys of tetanus toxin in 0.5 m! of
PBS including 0.2% gelatin. *, P < 0.05 compared with mice immu-
nized with OVA alone. The results are expressed as means + SEM
from a total of three separate experiments, each of which used five or
six mice per group.

In addition to Stx1 derivatives, pertussis toxin (37) and LT (47)
have been shown to potentiate a similarly mixed Th1- and
Th2-type response.

In a separate study, LT-treated BMDCs, like StxB1-treated
cells, were shown to enhance CD80, CD86, MHC class II, and
CD40 expression (unpublished data). It has been shown that
the up-regulation of CD80, CD86, MHC class 11, or TNF-a

and/or IL-12 production most closely correlates with the adju-

vant activity of toxin-based immunomeodulatory molecules (8,
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53). Although many details of the molecular mechanisms be-
hind the enhancement of Th1- and Th2-type responses by Stx
derivatives remain to be elucidated, the present study has dem-
onstrated that the Stx derivatives (e.g., StxB1 and mStx1) can
be grouped as Th1- and Th2-inducing adjuvants. For an inves-
tigation of the molecular mechanisms underlying the adjuvan-
ticity of mStx1 and StxB1, one possible experiment would be to
examine and compare the Thl- and Th2-type pathway induced
by mStx1 and that promoted by StxB1. The induction of sig-
naling molecules such as T-bet, GATA-3, c-Maf, and SLAT by
mStx1 and StxB1 could be compared, since these molecules
have been shown fo be associated with Thl- or Th2-cell dif-
ferentiation (19, 27, 46). .

Our results revealed that 50 ng of nStx1 did not induce
serum IgG Ab responses to a coadministered Ag, indicating
that nStx1 does not possess adjuvant activity. This observation
is consistent with a previous study that showed that nStx1 does
not possess adjuvant activity when given orogastrically (43). In
contrast, all mice given 10 pg of mStx1 or StxB1 as an adjuvant
generated systemic antigen-specific IgG responses (Fig. 4).
Since a lower concentration of nStxi was used in the in vivo
experiment, one can consider that the administration of a
higher dose may lead to the induction of the antigen-specific
immune Tesponses seen with mStx1 and StxB1. To this end, we
subcutancously coadministered higher doses of nStx1 (e.g., 100
to 150 ng) to mice, and all of those mice died (data not shown).
These findings further demonstrate that nontoxic forms such as
mStx1 and StxB1 possess adjuvant activities when administered
at high doses, while the adjui/amicity of the native form cannot
be assessed at these high doses due to its toxicity. In addition,
mStx] and StxB1 do not have the damaging side effects of
nStx1. Previous studies have reported that Stxs induce necrosis
via their RNA N-glycosidase activity (39) but that, in contrast,
the Stx1 mutant and StxB1 (2) are much less toxic or nontoxic
in terms of their inhibitory effects on protein synthesis, their
cytotoxicity, and their lethality to mice compared with native
forms of Stx1 (2, 33). nStx1 may signal the induction of cell
death instead of immune enhancement. In contrast, the non-
toxic forms, mStx1 and StxB1, provide appropriate activation
signals for the induction of CD4* Th1- and Th2-type responses
via the expression of CD80, CD86, and MHC class I on DCs,
leading to the generation of IgGI and IgG2a Ab responses to
the coadministered Ag. v

It is well established that CT is an effective adjuvant for the
induction of antigen-specific mucosal IgA and systemic IeG
and IgA Ab responses to coadministered protein Ags (9). CT
preferentially induces Ag-specific Th2-type CD4* T-cell re-
sponses via the high-level synthesis of IL-4 and IL-5 (28).
However, the enterotoxin possesses ADP-ribosyltransferase
activity, which causes severe diarrhea and is thus unsuitable for
use in humans (41). Therefore, several studies have investi-
gated the potential adjuvant effect of the B subunit as a non-
toxic derivative of CT, Highly purified recombinant CT-B has
been shown to be ineffective as an adjuvant compared with the
holotoxin for the induction of Ag-specific IgA and IgG im-
mune responses (25, 54). However, it should be noted that two
recent studies provided contradictory resuits, showing that na-
sally coadministered recombinant CT-B provided mucosal ad-
juvant activity (13, 48). 1t is interesting that StxB1 possesses
adjuvant activity. Since the membrane ligand molecules of
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StxB1 (e.g., globotriaosylceramid [Gb3] and globotetraosyl-
ceramide [Gb4]) are completely different from those of CT-B
and LT-B (e.g., GM1), biological stimulation signals provided
by StxB1 via Gb3 and Gb4 could be more effective than those
transmitted by CT-B and GM1. Several cell surface receptors,
including Ig, transferrin receptor, FcyR, and DEC-205, can
mediate endocytosis and effective antigen presentation (16, 29,
35). Furthermore, glycosphingolipids, including GM1, have
also been implicated as sites for the delivery of immunity-
enhancing signals (40). Our present findings suggest that Gb3
may also mediate the effective endocytosis of and antigen pre-
sentation by DCs. Therefore, the A subunits of the toxins may
not be necessary for immunoenhancing activity, unlike those of
other known AB, toxins such as CT and LT. In this study,
StxB1 possessed a costimulatory molecule-enhancing activity,
while CT-B fails te induce either CD80 or CD86 expression on
B cells or macrophages (1, 53). To elucidate the relationship
between the increased expression of costimulatory molecules
and the binding of StxB1 to its receptor, Gb3, we examined
whether the signals for the enhancement of costimulatory mol-
ecules by StxB1 can be blocked by treatment of the receptors
for StxB1. After a treatment of Gb3, costimulatory molecule
expression was blocked (unpublished data). This means that
the signaling pathway via the receptor for StxB1 plays a role in
the enhancement of costimulatory molecule expression. In ad-
dition, it should be noted that it is possible that the A subunit
of Stx1 is more responsible for toxicity than for adjuvanticity.

The nStx1 treatment of BMDCs was associated with some
increase in OVA-specific CD4* T-cell proliferative as well as
Th1/Th2 cytokine responses (Fig. 2). However, nStx1 did not
induce any up-regulation of CD80, CD86, or MHC class II and
did not enhance the secretion of TNF-a or IL-12 (Fig. 1 and
Table 1). When the nStx1-treated BMDCs were treated with
CD80- and/or CD86-blocking antibodies, the levels of CDh4*
T-cell proliferation and Th1/Th2 cytokine secretion were not
altered. However, when mStx1- or StxB1-treated BMDCs were
similarly treated with blocking antibodies specific for CD80
and CD86, the antigen-specific CD4"* T-cell responses were
inhibited (unpublished results). These findings suggest that the
ability of nStx1 to stimulate the proliferation and cytokine

secretion of T cells does not stem from the up-regulation of -

costimulatory molecules.

Another interesting biological characteristic of nStx1 is that
its in vivo administration resulted in the down-regulation of all
of the surface molecules associated with lymphocyte stimula-
tion on splenic DCs (Table 2). To this end, nStx2 has been
shown to reduce the number of splenic CD4* and B220™ cells
when it is administered to mice (44). Thus, nStx1 may exert at
least two negative influences on lymphocytes, namely, it can
down-regulate costimulatory molecule expression or even re-
sult in death. A separate study lent support to this view by
showing that approximately 25% of BMDCs underwent apo-
ptosis and necrosis after exposure to nStx1 in vitro, while no
such cell death was seen after exposure to nontoxic Stx1 de-
rivatives such as mStx1 and StxB1 (data not shown).

In summary, our findings have provided new evidence that
nontoxic Stx1 derivatives (e.g., mStx1 and StxB1) can effec-
tively induce costimulatory molecules (CD80 and CD86)
and/or MHC class II on DCs. This study has further shown that
nontoxic forms of Stx1 derivatives, including mStx1 and StxB1,

INFECT. IMMUN.

possess adjuvant activity and can elicit Ag-specific CD4* Th1-
and Th2-type responses for the subsequent induction of anti-
gen-specific IgG1 and IgG2a Ab responses following subcuta-
neous immunization with a protein Ag. The nontoxic Stx de-
rivatives can be considered promising new candidates for
effective and safe adjuvants.
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Prenatal Blockage of Lymphotoxin 3 Receptor and TNF
Receptor p55 Signaling Cascade Resulted in the Acceleration
of Tissue Genesis for Isolated Lymphoid Follicles in the Large
Intestine’

Mi-Na Kweon,?*" Masafumi Yamamoto,"™ Paul D. Rennert,* Eun Jeong Park,” Ah-Young Lee,*
Sun-Young Chang,* Takachika Hiroi,” Masanobu Nanno," and Hiroshi Kiyono™

Signaling by lymphotoxin (LT) and TNF is essential for the organogenesis of secondary lymphoid tissues in systemic and mucosal
compartments. In this study, we demonstrated that the progeny of mice treated with fusion protein of LT SR and IgGFc (LTBR-Ig)
or LTBR-Ig plus TNFR55-Ig (double Ig) showed significantly increased numbers of isolated lymphoid follicles (ILF) in the large
intestine. Interestingly, double Ig treatment accelerated the maturation of large intestinal ILF. Three-week-old progeny of double
Ig-treated mice showed increased numbers of ILF in the large intestine, but not in the small intestine. Furthermore, alteration of
intestinal microfiora by feeding of antibiotic water did not affect the increased numbers of ILF in the large intestine of double
Ig-treated mice. Most interestingly, mice that developed numerous ILF also had increased levels of activation-induced cytidine
deaminase expression and numbers of IgA-expressing cells in the lamina propria of the large intestine. Taken together, these
results suggest that ILF formation in the large intestine is accelerated by blockage of LTBR and TNFR5S5 signals in utero, and ILF,
like colonic patches, might play a role in the induction of IgA response in the large intestine. The Journal of Immunology, 2005,

174: 4365-4372.

he gut-associated lymphoid tissues are characterized as
the initiation sites for the induction of IgA-mediated im-
munity and mucosally induced tolerance (1, 2). The mu-
cosal immune system possesses a network of lymphoid organs that
are composed of inductive sites (e.g., Peyer’s patches (PP))* and
effector sites (the intraepithelial and the lamina propria (LP) re-
gion) (1, 2). It had been believed that PP is the major inductive site
for the initiation of Ag-specific IgA responses to a variety of ex-
ogenous Ag (3, 4); however, we and others have demonstrated that
PP contribute to, but are not essential for, the induction of Ag-
specific mucosal IgA responses (5-7). A recent study revealed the

*Mucosal Immunology Section, International Vaccine Institute, Seoul, Korea; Di-
vision of Mucosal Immunology, Institute of Medical Science, University of Tokyo,
Tokye, Japan; *Department of Oral Medicine, Nihon University School of Dentistry
at Masudo, Matsudo, Chiba, Japan; *Department of [ ogy and Infl ion
Biogen-Idec, Cambridge, MA 02142; Tyakult Central Institute for Microbiological
Research, Tokyo, Japan; and ICore Research for Engineering, Science, and Technol-
ogy, Japan Science Technology, Tokyo, Japan

Received for publication February 12, 2004. Accepted for publication January
26, 2005.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

¥ This work is supported by grants from Core Research for Engineering, Science, and
Technology of Japan Science and Technology Agency; the Ministry of Education,
Science, Sports, and Culture; and the Ministry of Health and Welfare in Japan; and
supported by Special Coordination Funds of the Ministry of Education, Culture,
Sports, Science, and Technology; the Japanese Government; as well as a Science
Research Center fund to the Immunomodulation Center at University of Ulsan from
the Korean Science Engineering Foundation and the Korean Ministry of Science and
Technology.

2 address correspondence and reprint requests to Dr. Mi-Na Kweon, Mucosal Im-
munology Section, International Vaccine Institute, Seoul National University Re-
search Park, Kwanak-Gu, Seoul, Korea 151-818. E-mail address: mnkweon@ivi.int

3 Abbreviations used in this paper: PP, Peyer’s patch; AID, activation-induced cyti-
dine deaminase; CP, colonic patch; FAE, follicle-associated epithelium; ILF, isolated
lymphoid follicle; LI-ILF, large intestinal ILF; LN, lymph node; LP, lamina propria;
LT, lymphotoxin; PNA, peanut agglutinin.

Copyright © 2005 by The American Association of Immunologists, Inc.

existence of isolated lymphoid follicles (ILF) in the small intestine
that resemble PP in terms of architecture and cellular composition
(8). The fact that ILF possess germinal centers and an overlying
follicle-associated epithelium (FAE) containing M cells suggests
their possible role as mucosal inductive sites (8).

Lymphotoxin (LT), a TNF family member, can be found in two
forms: a membrane-bound heterotrimer and a soluble homotrimer
(9, 10). The membrane-bound heterotrimer is comprised of two
B-chains and one a-chain (LT«1B2) and is a ligand for LTSR,-
while the soluble homotrimer (LTa3) is ligand for both TNFR35
and TNFR75 (11, 12). Unlike the LT« trimer and TNF, which are
secreted proteins, LTaf remains membrane bound and is ex-
pressed on the restricted hemopoietic lineage, particularly by T
cells, B cells, and NK cells (13). The interaction of LTaf3 with
LTBR is the critical molecular event triggering secondary lym-
phoid organ genesis and controlling spleen organization. For ex-
ample, congenital lack of LTa, LTS, or LTBR genes disrupted PP
and lymph node (LN) organogenesis, and altered splenic architec-
ture as characterized by the absence of distinct T and B cell areas
and disruption of the marginal zone (14-17). Furthermore, admin-
istration of LTBR-Ig fusion protein to mice during the selected
time window of embryogenesis disrupted LN-and PP formation in
the progeny (18, 19), suggesting that the molecular interaction of
membrane-bound LT with LTSR during the gestational period is
essential for the initiation of LN and PP developmeni. In contrast
to PP, a recent study demonstrated that ILF formation was not
influenced by the blockage of LTBR signaling with LTBR-Ig fu-
sion protein during gestation (8). However, no ILF was found in
LTa ™’ or aly/aly mice, implying that ILF do require signals de-
pendent on LT and NF-xB-inducing kinase, a critical downstream
signaling molecule associated with LTBR, postgestation (8). It has
recently been confirmed that, unlike PP formation, ILF formation
requires LT-LTSR interaction in adulthood, as well as TNFRS5-
mediated signaling for their maturation (20).

0022-1767/05/$02.00
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An additional component of the gut immune system is the co-
lonic patch (CP). The cytoarchitectural components and immune
functions of CP and PP were remarkably similar, despite differ-
ences in the surrounding environment of mucosa and luminal mi-
crobial exposure (21). The presence of organized lymphoid tissue
with M cells and germinal centers in CP suggests that Ag uptake
and recognition can take place in the rectum (22, 23). Similar to
the PP, in utero treatment with LTBR-Ig fusion protein depleted
CP formation in progeny (23). These results suggested that PP and
CP were developmentally and functionally related components of
the small intestine and large intestinal (colonic) immune systems,
respectively. In addition to CP, it was shown that ~50 ILF were
dispersed throughout the large intestine of BALB/c mice (8). Re-
cently, it was reported that in utero treatment of mice with
LTpR-Ig and TNFR55-Ig fusion proteins caused an increase in the
number of submucosal lymphoid patches in the large intestine
(24). This suggests that ILF in the small and large intestine are
developmentally similar, although little else is known about these
immunological structures and functions. In particular, the function
of ILF in the large intestine and the precise contribution of LTSR
and TNFRS5S for their genesis, maturation, and the subsequent in-
duction of IgA responses remain to be elucidated.

In this study, we provide several new findings regarding the
unique contribution of the inflammatory cytokines LT and TNF in
the genesis and function of ILF in the large intestine. In particular,
the tissue genesis signals provided by the cytokine receptors of
LTPBR and TNFRS5S5 are essential for the postnatal development of
large intestinal ILF (LI-ILF). Our present findings suggest that the
receptors behave as negative regulators for the genesis of LI-ILF
because the blockage of prenatal LT/LTBR and TNF/TNFR55 sig-
naling cascades accelerated the formation and maturation of ILF in
the large intestine. Secondly, environmental factors, such as mi-
croflora-associated Ags, did not affect the formation and matura-
tion of ILF in the large intestine. Finally, ILF in the large intestine
play an important rele for IgA™* B cell development.

Materials and Methods
Mice

Timed pregnant BALB/c mice were purchased from Japan CLEA. These
mice were maintainied in the experimental facility under pathogen-free con-
ditions in the Research Institute for Microbial Diseases at Osaka University
and International Vaccine Institute and received sterilized food (certified
diet MF; Oriental Yeast) and tap water ad libitum. TNF and LT« double-
knockout (TNF/LTa ™'~ mice; 129 X C57BL/6) mice were kindly pro-
vided by H. Bluethmann (Roche Center for Medical Genomics, Basel,
Switzerland) (25). Germfree mice (BALB/c Yit) were kindly provided by
H. Funabashi (Yakult Central Institute for Microbiological Research,
Japan).

Fusion proteins and treatment protocol

Proteins comprised of the extracellular domain of either murine TNFR55
or LTBR fused to the hinge, C;2, and Cy3 domains of human IgG1 (LTSR-
Ig, TNFRS5-Ig, and LFA-3-Ig, respectively) were used in our studies, as de-
scribed elsewhere (19, 26, 27). Timed pregnant mice were injected i.v. with
200 pg of LTPR-1g and/or 200 ug of TNFR55-Ig on gestational days 14 and
17, as described previously (5, 19). In some experiments, progeny of mice
treated i.v. with LTBR-1g and TNFR55-Ig on gestational period were further
injected i.p. with 20 pg of LTBR-Ig, TNFR55-1g, or human IgG1 (control)
at weekly intervals from 7 days after birth and 50 pg of each Ig fusion
protein from 4 wk old until age of 6 wk.

Cell purification

The mononuclear cells from CP and ILF of the large intestine were ob-
tained with modified method, as described previously (8). In brief, the large
intestine was opened longitudinally along the mesenteric wall, and mucus
and feces were vigorously washed in the RPMI 1640 medium and wiped
with filter paper. Subsequently, a section of intestine ~30 mm long was
pasted on a plastic culture dish. The structures of CP and ILF are both

GENESIS OF ILF IN LARGE INTESTINE

circular in appearance, but the CP are larger than triple diameter of the ILF,
Maorphologically, the center of CP forms protruding configuration, and thus
CP appears as dome-shaped tissue under a transillumination seromicro-
scope (Olympus TH3). In contrast, the ILF are recognized as flat shape.
Blind test was conducted to count the number of JLF by three independent
investigators by a transillumination seromicroscope. Then CP were taken
with two sharp forceps and isolated, and a tiny fragment of ILF was iso-
lated using a sharp needle (23 gauge; inner diameter, um). CP and ILF
were separately digested with collagenase (type 1V, 0.5 mg/ml in RPMI
1640 including 2% FBS; Sigma-Aldrich) for 20 min in a 37°C incubator.
This step was repeated until the architecture of tissue was totally disrupted.
The single cell suspensions were pooled, washed, and placed on a discon-
tinuous 40 and 70% Percoll gradient (Pharmacia). After centrifugation for
20 min at 600 X g, the cells were collected from the interface (8). To
isolate the LP lymphocytes from the large intestine, mononuclear cells
were dissociated using the collagenase digestion method after removal of
CP and ILF, as described previously (28).

Flow cytometric analysis

A single lymphoid cell suspension was incubated with anti-Fc-yRII/III mAb
(BD Pharmingen) and stained with FITC- or PE-conjugated anti-B220,
CD3, I1gD, IgM, or IgA mAbs (BD Pharmingen). The other aliquots of cells
were incubated with each isotype control mAb, including rat 1gG2b or rat
1gG2a (BD Pharmingen). The profiles were analyzed using FACScan with
CellQuest software (BD Biosciences). Reactivity with peanut agglutinin
(PNA) was demonstrated using biotinylated PNA (Vector Laboratories),
followed by streptavidin-PE.

Histochemical analysis

For the H&E staining, the large intestine was fixed in 4% paraformalde-
hyde and embedded in paraffin. The tissues were cut into 5-pm sections
and stained with H&E (28). The sections were mounted and viewed under
%20 optics using a digital light microscope. Each of the images was an-
alyzed with Photoshop (Adobe Systems). For the immunohistochemical
study, freshly obtained large intestine was rapidly frozen in OCT embed-
ding medium (Tissue-Tek) and stored at —80°C until processing (28). Cry-
ostat sections (5 um) were fixed in ice-cold acetone for 10 min, dried, and
preblocked with anti-FcyRII/II1 mAb (BD Pharmingen) in PBS. Cells were
stained with FITC-conjugated anti-CD11c mAb (BD Pharmingen) and PE-
conjugated anti-B220 or CD3 mAbs (BD Pharmingen). The other aliquots
of cells were incubated with each isotype control mAb, including hamster
1gG, rat IgG2b, or rat IgG2a (BD Pharmingen). IgA-containing cells were
visualized by FITC-conjugated anti-IgA mAb (BD Pharmingen). The sec-
tions were mounted and viewed under a dual red/green filter by confocal
microscopy (Bio-Rad). Each of the images was analyzed with Photoshop
(Adobe Systems) in a consistent manner, followed by overlying of the
green and red images in the screen mode.

Scanning electron microscope analysis

For scanning electron microscopy analysis, large intestinal fragments of the
double Ig-treated mice were cleaned of mucus and fixed in 2% glutaral-
dehyde and 2% paraformaldehyde in PBS containing 100 mM HEPES for
1 h at room temperature. After being washed with PBS, specimens were
treated with 1% osmium tetroxide for 1 h at room temperature and then
dehydrated in graded ethanol solution. Dehydrated tissues were critical
point dried with CO,, and sputter coated and observed with a scanning
electron microscope (Hitachi).

Treatment with antibiotic water

For the antibiotic treatment, each group of 6-wk-old progenies was given
antibiotics in drinking water for a period of 4 wk. The antibiotic water
contained 500 mg/L ampicillin, 1 g/L neomycin sulfate, and 2 g/L of strep-
tomycin (29).

RT-PCR

A standard quantitative RT-PCR protocol was used for the study for
GAPDH-based quantitative RT-PCR (30). Total RNA was extracted from
mononuclear cells isolated from LP of the large intestine or CP of naive
mice or ILF of double Ig-treated mice by using the RNeasy mini kit (Qia-
gen), according to the manufacturer’s protocol. A total of 1 pug of total
RNA was reverse transcribed into cDNA using Tag Man reverse transcrip-
tion kit (Applied Biosystems). Activation-induced cytidine deaminase
(AID) mRNA levels were measured by real-time quantitative PCR method
performed on the ABI PRISM 7500 (Applied Biosystems). For each treat-
ment, two distinct amplifications were conducted in parallel to amplify
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AID ¢DNA and GAPDH cDNA. The amplification reactions were per-
formed in 25 pui vol containing 100 ng of cDNA per treatment, 12.5 pl of
2% TagMan Universal PCR Master Mix (Applied Biosystems), and 1.25
pl of 20X Assays-on-Demand Gene Expression probe for AID (Applied
Biosystems) or TagMan GAPDH probe (Applied Biosystems). AID
mRNA levels from each treatment were normalized to the corresponding
amount of GAPDH mRNA levels. Water controls and samples without
PCR mixtures were set up to eliminate the possibility of significant DNA
contamination.

ELISPOT assay for total 1gA Ab-forming cells

An ELISPOT assay was adopted to detect total numbers of IgA Ab-form-
ing cells in the large intestine, as described previously (31).

Statistics

The data are expressed as the mean * SE and compared using ! test in
Microsoft Excel Program.

Results
In utero blockade of LTBR- and TNFR-mediated signals induces
the accelerated formation of ILF in the large intestine of mice

Using LTBR- and TNFR55-Ig fusion proteins as soluble antago-
nists, we tested whether LTaf- and TNF-mediated signals influ-
enced the formation of organized lymphoid tissues in the large
intestine. For this purpose, mice were treated with TNFR55-1g or
LTBR-Ig or LTBR-Ig plus TNFR55-Ig (double 1g) fusion protein
at gestational days 14 and 17. The exposure to LTBR-Ig or double
Ig during the gestation period disrupted CP formation in the prog-
eny, which confirmed our previous finding (23). Unexpectedly,
however, careful light microscopy and H&E staining analysis re-
vealed that numerous ILF existed throughout the mucosa of the

A

FIGURE 1. Effects of prenatal blockage of LT/LTSR
and TNF/TNFR55 signal on the formation of ILF in the
large intestine. Timed pregnant BALB/c mice were injected
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large intestine of 6-wk-old mice treated in utero with LTB8R-Ig or
with double Ig fusion proteins (Fig. 14). These changes in ILF
development were not seen in the small intestine of these treated
mice (6 wk old), but were unique to the large intestine. Interest-
ingly, the progeny of mice treated with double Ig fusion protein in
utero possessed more numerous ILF of larger size in the large
intestine than those treated with LTBR-Ig alone. When the total
number of ILF in the whole large intestine was counted under light
microscopy, ~250 ILF were found in the progeny of mice treated
with double Ig during gestation (Fig. 1B). In contrast, the numbers
of ILF in control Ig-treated mice were 50 per large intestine (Fig.
1B). When mice were treated with TNFR55-Ig alone, no signifi-
cant changes were seen in the total number of ILF in the large
intestine. In all mice, ILF were preferentially located in the distal
region of the large intestine (data not shown). An average of total
recovered cell numbers of ILF isolated from the large intestine of
the progeny of mice treated with double Ig fusion protein was
10-fold higher than control Ig-treated mice (3.0 X 10° vs 0.3 X
10°%) and 3-fold higher than LTBR-Ig-treated mice (3.0 X 10° vs
1.0 X 10°). These observations suggest that ILF formation in the
large intestine was accelerated by blockage of prenatal LTSR-me-
diated signals, and their maturation was further enhanced by the
coblockage of TNFR-mediated signals during the selected gesta-
tional period.

Postatal blockade of LTBR-mediated signals inhibits the
accelerated formation of ILF in the large intestine of mice

To establish an exact role of TNFR and LTPBR signaling after
birth on the accelerated formation of ILF in the large intestine, the

i.v. with TNFR55-Ig or LTBR-1g and/or TNFR55-Ig (double
1gG1) on gestational days 14 and 17. Purified human Ig was
used as control Ig. A, Morphology of colonic patch (red ar-
row) and ILF (blue arrow) in the large intestine of each
6-wk-old progeny. The large intestine was opened longitu-
dinally along the mesenteric wall, and a ~30-mm-long
length of intestine was pasted onto the plastic culture dish.
The picture was taken under the stereomicroscopy (up-

per). For the H&E staining, the large intestine was fixed in
4% paraformaldehyde and embedded in paraffin, The sec-
tions were viewed under X20 optics with a digital light
microscope (below). The bar indicates 50 um. B, Total
number of ILF in a whole large intestine was counted
under a light microscope (leff). Each ILF was then taken
off with a sharp needle, and mononuclear cells were iso-
lated and counted (right). The results are expressed as the
mean * SE from three mice per group and from a total of
three experiments. *, p < 0.05, and *%, p < 0.01 when
compared with the number of ILF in the large intestine of
control Ig-treated mice.
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progenies of double Ig-treated mice on gestational period were
further injected i.p. with LTBR-Ig or TNFR55-1Ig or control Ig at
weekly intervals from 1 wk after birth to age of 6 wk. Although the
numbers of ILF were slightly lower, no significant difference was
detected on the numbers of ILF in the large intestine of TNFR55-
lg-treated progenies compared with the control Ig-treated one. In-
terestingly, however, the large intestine of progenies postnatal
treated with LTBR-Ig did not possess any ILF (Fig. 2). Further-
more, we have assessed the presence of ILF in the large intestine
of TNF/LTa double-knockout mice that lack signaling pathways
through both TNFR55 and LTBR. Interestingly, there are no ILF in
the large intestine of those mice (Fig. 2). These findings indicate
that the tissue genesis signaling pathway through LTSR, but not
TNFRS5S, is required for the formation of ILF in the large intestine.

ILF in the large intestine contain B220*, CD1Ic*, and
CD3" cells

To clarify the cell population in ILF of the large intestine, flow
cytometric and immunchistochemical analyses were conducted us-
ing 6-wk-old progeny of mice treated in utero with control Ig or
double Ig. Similar to the ILF in the small intestine (8, 20), immu-
nohistochemical study revealed that LI-ILF were enriched with B
cells (B220™), with a limited frequency of dendritic stromal cells
(CD1ic*) and T cells (CD3*) (Fig. 3). Their cell population is
phenotypically similar to the CP, but LI-ILF possesses more
B220* cells and less CD3™ cells than CP (Fig. 3). A major pop-
ulation of B220™ cells in LI-ILF belongs to the IgD™ and IgM*
cells with some B220%]JgA ™ cells (Fig. 3). Similar to the pheno-
type of CP, LI-ILF possess detectable levels of B220"IgA™ cells,
implying a role of LI-ILF as an inductive site for mucosal IgA
responses. Interestingly, LI-ILF of micé treated with double Ig
fusion protein in utero showed a higher density of CD3™" cells
when compared with those of control Ig-treated progeny (Fig. 3).
Although the frequency of CD3™ cells is increased in the treated
LI-ILF, the follicle is still considered a B cell-enriched tissue be-
cause the frequency of B220* cells outnumbers CD3 " cells (Fig.
3). In addition, flow cytometry analysis showed that LI-ILF of
control Ig-treated progeny contained low numbers of germinal
center-forming PNA™ B cells; however, blockage of LTBR and
TNFRS5 signals during gestation enhanced the formation of ger-
minal center-forming PNA™ B cells (Fig. 3). These findings sug-
gest that LI-ILF, similar to ILF in the small intestine, is one of key
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FIGURE 2. Effects of postnatal blockage of LT/LTSR or TNF/TNFR55
signal on the formation of ILF in the large intestine of the progenies treated
in utero with the L'TBR-1g and TNFR55-1g (double lg). Progeny of mice
treated i.v. with double Ig on gestational days 14 and 17 were further
injected i.p. with 20 pg of LTBR-Ig or TNFR55-1g or control Ig at weekly
intervals from 7 days after birth and 50 pg of each Ig fusion protein from
4 wk old. Total numbers of ILF in a whole large intestine were counted
under the stereomicroscope. The results are expressed as the mean * SE
from three mice per group and from a total of two experiments. N.D., not
detectable. :
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FIGURE 3. Characterization of mononuclear cells in the LI-ILF and CP
of mice in utero treated with LTBR-Ig and TNFRS55-Ig fusion proteins, as
described in Fig. 1 legend. Immunofluorescence staining (upper picture)
and FACS analysis of mononuclear cells isolated from CP and ILF of the
large intestine (table). For the immunohistochemical study, the large in-
testine of 6-wk-old progenies was rapidly frozen, and cryostat sections
were stained with FITC-conjugated anti-CD11c mAb and PE-conjugated
anti-B220 mAb or PE-conjugated anti-CD3 mAb. The FACS results are
expressed as the mean * SE from three mice per group and from a total of
two experiments. The bar indicates 50 pum.

mucosal inductive tissues for initiation of IgA responses. Further-
more, LTBR- and TNFRS55-mediated signal play a critical role in
the control of LI-ILF development.

Chronological analysis of escalated LI-ILF formation in double
Ig-treated mice

Because we found large numbers of ILF in the large intestine of
6-wk-old progeny following the gestational blockage of LTBR-
and TNFR55-mediated signals, we further examined the effect of
double Ig treatment on kinetics of their development. For this pur-
pose, we compared ILF number in the small and large intestine of
progeny of mice treated with control Ig or double Ig at age of 3, 10,
and 24 wk. When the control Ig-treated mice were examined, the
numbers of ILF in both small and large intestine were gradually
increased (Fig. 4). Interestingly, maximum numbers of LI-ILF
were already reached as early as 3 wk old among progeny of mice
treated with double Ig (Fig. 4). The total numbers of ILF were then
maintained up to 24 wk old. In contrast, ILF in the small intestine
of progeny treated with control Ig or double Ig fusion protein grad-
ually developed and reached the maximum numbers at the age of
24 wk old. It was also noted that total numbers of small intestinal
ILF were higher in mice treated with the double Ig in utero when
compared with the control Ig-treated mice. The fact that the ac-
celerated ILF formation in the large intestine by gestational block-
age of LTBR and TNFRS55 signals occurred very early after birth
implied that their formation and development might not be influ-
enced by exogenous environmental factors, such as gut microflora.
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FIGURE 4. Chronological influences on the increased LI-ILF develop-
ment in mice in utero treated with LTBR-1g and TNFR55-Ig (double Ig).
Numbers of ILF in the small and large intestines (SI and LI, respectively)
of mice treated in utero with control Ig or double Ig fusion protein under
the stereomicroscopy, as described in Fig. 1 legend. For the H&E staining,
the sections were viewed under X20 optics with a digital light microscope.
The progenies were sacrificed, and the total number of ILF in a whole small
and large intestine at 3, 10, and 24 wk old was counted. The results are
expressed the mean £ SE from three mice per group and from a total of
two experiments. ¥, p < 0.05, and #*, p < 0.01 when compared with the
number of ILF of the 3-wk-old progeny.

The development of LI-ILF is independent from influences of gut
microflora

Several previous studies have demonstrated a critical role of gut
microflora on the ILF formation in the small intestine (8, 20, 29).
To determine the potential involvement of intestinal microfiora on
the ILF hyperplasia in the large intestine following the prenatal
blockage of LTBR and TNFRS5S5 signals, we altered the microflora
by oral administration of antibiotic water, which reduced both aer-
obic and anaerobic bacteria (29). Both groups of 6-wk-old prog-
enies were fed antibiotic water for 4 wk and sacrificed at 2 and 4
wk after feeding. To see the effectiveness of the antibiotic treat-
ment, the bacteria load was determined in the feces of control Ig-
and double Ig-treated mice before and after antibiotic treatment.
Essentially, no bacteria were remaining after the feeding of anti-
biotic water (data not shown). As shown in Fig. 54, the antibiotic
water treatment drastically decreased ILF formation in the small
intestine in both groups of mice treated in utero with control Ig or
double Ig. However, strikingly, LI-ILF formation in the double
Ig-treated progeny was not influenced by the antibiotic treatment,
and maximum numbers of LI-ILF were not changed even after
prolonged antibiotic water treatment (Fig. 5A). Furthermore, the
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FIGURE 5. Effects of gut microflora on the formation and development
of ILF in the small and large intestine. A, Both groups of 6-wk-old mice
treated with control or LTBR-1g and TNFR55-Ig (double Ig) fusion protein
in utero were fed for 4 wk with antibiotic water containing ampicillin,
neomycin sulfate, and streptomycin. At 2 wk (8 wk old) or 4 wk (10 wk
old) after antibiotic treatment, the total number of ILF in a whole small and
large intestine was counted under light microscope, as described in the Fig.
1 legend. B, The total number of ILF in the large intestine of germfree mice
was counted. The results are expressed as the mean * SE from three mice
per group and from a total of three experiments. *, p < 0.05 when com-
pared with non-antibiotic-treated mice. -

numbers of LI-ILF were comparable in the germfree mice to those
of wild-type mice (Fig. 5B). These results indicate that develop-
ment of ILF in the large intestine is not influenced by the gut
bacterial flora.

LI-ILF possess M cells on the FAE region and express
AID mRNA

To determine whether LI-ILF possess the ability of Ag uptake
from the lumen of intestine, we examined the presence of M cells
on the FAE of LI-ILF from the double Ig-treated mice. As indi-
cated in Fig. 64, LI-ILF revealed a hallmark feature of M cells,
i.e., a depressed surface with short and irregular microvilli. These
results suggest that LI-ILF might play as Ag sampling site as like
as the other organized mucosa-associated lymphoid tissues, e.g.,
colonic patches.

To assess the ability of IgA class switching in the LI-ILF, the
expression levels of AID mRNA, which plays an essential role in
class switching recombination and somatic hypermutation of Ig
genes, were determined (32). The mononuclear cells isolated from
LI-ILF of mice treated with double Ig in utero expressed AID
mRNA (Fig. 6B). In contrast to ILF, AID mRNA was not detect-
able in the diffused LP region of the large intestine (Fig. 6B). These
findings suggest that the levels of u to « class switching are in-
creased in the large intestine of mice treated with double Ig in
utero due to the maximum increase of ILF numbers. Thus, one can
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A M cells on the ILF of the large intestine

FIGURE 6. A, The presence of M cells on the FAE of
LI-ILF of mice prenatally treated with LTBR-Ig and
TNFRS55-Ig (double Ig) fusion protein. B and C, The
mRNA expression of AID and the number of IgA Ab-
secreting cells in the large intestine of mice treated with
control Ig or double Ig fusion protein in utero. A quan-
titative RT-PCR was performed using mononuclear cells
isolated from LP in the large intestine of control Ig-
treated mice and from ILF in the large intestine of double
1g-treated mice. As positive control for a quantitative
RT-PCR, CP of control Ig-treated mice were adopted.
For the immunohistochemical study (C, left), the large
intestine of 6-wk-old progenies of both groups were rap-
idly frozen, and cryostat sections were stained with
FITC-conjugated anti-IgA. ELISPOT assay was adopted
to further confirm the number of IgA Ab-forming cells in
the LP of the large intestine of mice treated with control
Ig (E) or double Ig (&) fusion protein in utero (C, right).
The results are expressed as the mean * SE from five
mice per group and from a total of two experiments. The
bar indicates 10 um (A, lefr) and 2.5 um (A, right).

predict the subsequent elevation of IgA-producing cells in the
large intestine of these mice. The numbers of IgA-producing celis
were therefore assessed, using the large intestine of the 6-wk-old
mice treated in utero with control Ig or double Ig. Interestingly,
increased numbers of IgA-expressing cells were detected in the LP
region of the large intestine of in utero double Ig-treated mice
when compared with the control mice (Fig. 6C, left). The results
were also confirmed by the analysis of single cells using ELISPOT
assay. The numbers of IgA-producing cells were increased in
mononuclear cells isolated from the large intestine of mice treated
with double Ig in utero when compared with the control Ig-treated
mice (Fig. 6C, right). These results further support a notion that
ILF may play a role for induction of IgA™ B cells in the large
intestine.

Discussion

In general, a family of inflammatory cytokine-mediated signals
provided via LTBR and TNFRS55 is considered to be critical for the
organogenesis of secondary lymphoid tissue (18, 33). One can
consider the organogenic steps that take place during development
as a form of programmed inflammation, given what we now know
about the steps underlying the genesis of tertiary lymphoid struc-
tures in chronic disease settings (34). In this study, we demon-
strated that prenatal blockage of LT/LTBR signaling cascade re-
sulted in the acceleration of ILF formation in the large intestine,
and further that prenatal blockage of TNF/TNFRS5 signal en-
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hanced their maturation. The hyperplasia of LI-ILF was not due to
stimulation of exogenous environmental stimuli, such as micro-
flora Ags. Most interestingly, LI-ILF expressed AID mRNA, and
therefore might be critically involved in the generation of IgA-
committed B cells. Thus, our present study is the first one to show
the unique characteristics of LI-ILF as IgA-inductive sites, whose
development is accelerated by the blockage of LT8R and TNFR55
in utero.

Normal numbers of ILF were present in the small intestine of
mice treated with LTSR-Ig fusion protein in utero, but were absent
in the LTa™'~ mice and aly/aly™~ mice, suggesting that ILF for-
mation in the small intestine did not require gestational LT/LTSR-
dependent event, but needed the postnatal signals (8). In addition,
a recent study demonstrated that, unlike PP, postnatal LT/LTBR
signals are required for ILF formation in the small intestine, and
additional TNF/TNFR55 signal and exogenous stimuli were
needed for their maturation (20). In contrast, limited information is
currently available on the immunological function and tissue gen-
esis of ILF (or solitary lymphoid aggregates) in the large intestine.
For example, in utero treatment with LTBR-Ig ablated the forma-
tion of CP, but scattered B cell aggregates in the mucosal layer of
large intestine were retained (23). Furthermore, the progeny of
mice treated with LTBR-Ig plus TNFR55-Ig fusion protein were
reported to have some submucosal lymphoid patches in the large
intestine (24). In the present study, we demonstrate that prenatal
blockage of LT/LTBR signal enhanced the formation of LI-ILF,
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and prenatal blockage of LT/LTBR plus TNF/TNFR signals fur-
ther accelerated this phenomenon and resulted in extreme hyper-
plasia of LI-ILF. It is clear that LI-ILF used LT/LTSR and TNF/
TNFR signals in a different manner than other gut-associated
lymphoid tissues such as PP and CP. An interesting possibility is
that LT BR- and TNFR-mediated signaling might behave as a neg-
ative regulation for the LI-ILF genesis in the gestational period.
Several recent studies demonstrated a critical involvement of
gut flora on the development of ILF in the small intestine. It has
been reported that normal numbers of ILF were detected in the
small intestine of germfree mice (8). However, another study
showed that the development of ILF in the small intestine did not
occur in germfree mice, but, if germfree mice were conventional-
ized, modest number of mature ILF developed (20). Further aug-
mentation of ILF formation in the small intestine was induced by
in utero treatment with LTBR-Ig fusion protein (20). Fagarasan et
al. (29) recently revealed that alteration of bacteria flora by anti-
biotic treatment abolished ILF hyperplasia and germinal center
enlargement in the small intestine that was provoked by the genetic
deficiency of AID. Furthermore, the number of anaerobic bacteria
was 100-fold increased in the small intestines of AID™'~ mice
than AID*'~; however, no significant changes were detected in the
large intestine of AID ™/~ mice (29). Those results are consistent
with our present results showing that the total number of ILF in the
small intestine of naive mice and mice treated with double Ig in
utero was significantly reduced by antibiotic treatment. However,
the formation of LI-ILF of both naive and the double Ig-treated
mice was not influenced by the antibiotic treatment. The fact that
extreme hyperplasia of ILF in the large intestine of double Ig-
treated mice was not due to stimulation of gut microflora suggests
that bacterial Ag may not be involved in the development and
maturation of LI-ILF. Hence, although the immunological nature
of ILF in the small and large intestine seems identical in terms of
cell populations and morphologic features, regulatory factors as-
sociated with programmed inflammation for their tissue genesis
and maturation might be significantly different due to the different
exogenous environments. We are investigating the exact regula-
tory factors that are specifically involved in the development of
LI-ILF. In particular, an vnderstanding of the identification and
ontogeny of the cells required to induce local LI-ILF formation
will be critical, as it appears these cells require LTBR and TNFR
signals during embryogenesis that regulate their activity. Further-
more, the identity and regulation of the specific molecules critical
for induction of LI-ILF need further study, as it is likely that these
are further involved in the regulation of colon-associated diseases.
We have also demonstrated that ILF are abundantly developed
in the large intestine in the absence of CP. These plentiful ILF that
developed in CP-null large intestine could be a key site for the
continuous generation of IgA-committed B cells. Interestingly, our
present study showed mononuclear cells isolated from CP and ILF
of normal mice, but not from intestinal LP, expressed high levels
of AID mRNA that play an essential role for isotype switching
recombination and somatic hypermutation of Ig. Furthermore, en-
hanced numbers of IgA-producing cells were noted in the LP re-
gion of large intestine of progenies with numerous numbers of ILF,
but no CP by the gestational blockage of LT/LTBR and TNF/
TNFRS55 signaling pathways. Based upon their cell phenotype and
micro- and macromorphology, it is reasonable to classify LI-ILF as
an inductive site for intestinal IgA production in addition to CP.
Therefore, LI-ILF and CP may form a reciprocal inductive net-
work in mucosal immunity. Thus, the increased IgA response seen
in the CP-null mice could be explained as a compensatory re-
sponse in the absence of CP. Taken together, both ILF and CP in
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the large intestine are integrated inductive tissues that can com-
pensate each other for the induction of mucosal IgA responses.

A possible contribution of LI-ILF to the development of colon-
restricted inflammatory disease is just beginning to be understood.
A previous study described that elimination of PP and CP, but not
scattered aggregates of B cells by in utero treatment with LTBR-Ig
fusion protein, resulted in the prevention of trinitrobenzenesulfonic
acid-induced Th2. cell type colitis development (23). In contrast,
another group found a more severe type of dextran sodium sulfate-
induced colitis in PP- and mesenteric lymph node-null mice gen-
erated by the in utero treatment with LTBR-Ig and TNFR55-Ig
fusion proteins (24). Although these mice did not possess periph-
eral lymphoid tissue, they found that there were submucosally lo-
cated lymphoid follicles in the large intestine consisting of B and
T cell areas. Furthermore, dextran sodium sulfate-induced colitis
accelerated additional formation of these lymphoid follicles (24).
In all cases of ulcerative colitis patients, the colonic LP contain
numerous basal lymphoid aggregates composed of T and B lym-
phocytes and dendritic cells (35). Furthermore, these lymphoid
aggregates increase in number and size with severity of disease
(35). Overall, it seems likely that LI-ILF could be site for the
generation of regulatory and/or pathogenic lymphocytes. Thus,
both in human patients and in mouse disease models, LI-ILF hy-
perplasia is associated with colonic disease. Furthermore, whether
ILF induces regulatory type responses or pathogenic type re-
sponses may depend on surrounding environmental and immuno-
logical conditions. To further address these questions, our murine
model of LI-ILF hyperplasia will be useful to clarify their precise
role in the control of large intestine-restricted diseases.
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Background & Aims: Mice that have a truncated muta-
tion of the common cytokine receptor -y chain (CRy~/Y)
are known to spontaneously develop colitis. To identify
the pathologic elements responsible for triggering this
localized inflammatory disease, we elucidated and char-
acterized aberrant T cells and their enteropathogenic
cytokines in CRy™/Y mice with colitis. Methods: The his-
tologic appearance, cell population, T-cell receptor V§
usage, and cytokine production of lamina propria lym-
phocytes were assessed. CRy ™Y mice were treated with
anti-interleukin (IL)-6 receptor monoclonal antibody to
evaluate its ability to control colitis, and splenic CD4* T
cells from the same mouse model were adoptively
transferred into SCID mice to see if they spurred the
appearance of colitis. Results: We found marked thick-
ening of the large intestine, an increase in crypt depth,
and infiltration of the colonic lamina propria and sub-
mucosa with mononuclear cells in the euthymic CRy~/Y
mice, but not in the athymic CRy~/Y mice, starting at the
age of 8 weeks. Colonic CD4™* T cells with high expres-
sions of antiapoptotic Belx and Bel-2 were found to use
selected subsets (VB14) of T-cell receptor and to exclu-
sively produce IL-6. Treatment of CRy~/Y mice with anti~
IL-6 receptor monoclonal antibody prevented the forma-
tion of colitis via the induction of apoptosis in IL-6~
producing CD4* T cells. Adoptive transfer of pathologic
CD4* T cells induced colitis in the recipient SCID mice.
Conclusions:  Colonic 1L-6-producing thymus-derived
CD4+ T cells are responsible for the development of
colitis in CRy~/Y mice.

he gastrointestinal immune system is continuously
Texposed to a harsh environment of microbial and
mitogenic stimulation. To maintain immunologic ho-
meostasis, the gastrointestinal mucosa is equipped with a
regulartory T-cell network formed by an array of subsets
of o or y8 T-cell receptor (TCR)-bearing T cells (a3 or

v8 T cells). A delicate balance between Thl- and Th2-
type CD4" a8 T cells is essential for the induction and
regulation of a secretory immunoglobulin (Ig) A re-
sponse.! Interferon (IFN)-y, a well-known Thl cell—
derived cytokine, induces secretory component (or poly-
meric Ig recepror) production by epithelial cells for the
formation and transport of secretory IgA.2 IgA-enhanc-
ing cytokines such as interleukin (IL)-5 and IL-6, which
are produced by Th2 cells, induce IgA-committed B cells
to differentiate into IgA plasma cells.! Further, Th3 cells
and/or regulatory T cells (Trl cells) produce transform-

‘ing growth factor (TGF)-B and IL-10, 2 suppressor cy-

tokines that prevent inflammation and induce oral tol-
erance.? ¥y8 T cells have also been shown to be involved
in the regulation of IgA responses.*

Immunologic diseases of the gastrointestinal rtract,
such as inflammatory bowel disease (IBD), may occur
when the immunologic harmony of the regulatory T-cell
network is disturbed, as by alcerations of intestinal en-
vironments, including cytokines and their recepror-me-
diated signaling cascades, and the gut microflora.’-¢
Indeed, chronic IBD-like disease development has been
observed in mice that have undergone various targeted
disruprions of cytokine genes,!!:'? TCR components,!313
or a G-protein gene.' Further, most of these inflamma-

Abbreviations used in this paper: CRvy, common cytokine receptor y
chain; ELISA, enzyme-linked immunosorbent assay; FACS, fluores-
cence-activated cell sorter; FITC, fluorescein isothiocyanate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IFN, interferon; IL, inter-
leukin; IL-6R, interleukin-6 receptor; LCR, LighiCycler Red 640; LP,
lamina propria; mAb, monoclonal antibody; PCR, polymerase chain
reaction; PE, phycoerythrin; SP, spleen; TCR, T-cell receptor; TGF,
transforming growth factor; TNF, tumor necrosis factor.
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tory diseases do not occur in the absence of gastrointes-
tinal flora.}7-19

The murine common cytokine receptor <y chain (CRY)
is a 64-kilodalton type-1 transmembrane protein of the
cytokine receptor family.?>2! CR<y alone is unable to
bind to cytokines, but the -y chain is an essential com-
ponent of the cell-surface receptor complexes of IL-2,
1L-4, IL-7, IL-9, and IL-15.2%22 Disruption of the CR<y
has been shown to result in an absence or severe reduc-
tion in numbers of natural killer cells, decreased numbers
of T cells (including thymus-independent T cells) and B
cells, marked hypoplasia of the thymus and peripheral
lymphoid tissues, defective formation of lymphoid folli-
cles,?2?3 and marked splenomegaly and mesenteric
lymphadenopathy.?4-2> Disruption of CR+y is also known
to lead the gur-associated tissue and mucosal y8 T cells
deficient in key elements, thereby disturbing the muco-
sal immune system,?? and CRy™"Y mice spontaneously
develop chronic large intestinal inflammation. Thus, we
decided to examine the possible pathologic elements
responsible for the development of intestinal inflamma-
tion and the cellular and molecular aspects of the pathol-
ogy seen in CRy ™'Y mice, focusing on aberrant T cells
and their enteropathogenic cytokines.

Materials and Methods

Mice

Euthymic (nu/+) mutant CRY™”Y, euthymic (nu/+)
wild-type CR-y*Y, and athymic (nu/nu) mutant CRy~’Y mice
(Japan Clea, Tokyo, Japan) were used for the generation of
CRY™Y mutants with a BALB/c background. The original
CRY™* mice with B6 background?$ were crossed with athymic
BALB/c mice, and their heterozygous CRY™* progeny were
backcrossed to athymic BALB/c mice to obtain euthymic
(ou/+) wild-type CRy*"Y, euthymic (nu/+) mutant CRy™7Y,
and athymic (nu/nu) mutant CRy™’Y littermates. Male CRy™¥
offspring were typed by polymerase chain reaction (PCR)
analysis of tail DNA with a set of primers to the neomycin-
resistant gene described elsewhere.?” All mice used for exper-
iments were between 6 and 20 weeks of age, and the absence
of the thymus was checked at necropsy. CRY™Y mice on a
BALB/c background were obtained from the B6 mice back-
crossed more than 20 times to athymic BALB/c nude mice.
The mice were housed in the Experimental Animal Facility at
the Research Institute for Microbial Diseases at Osaka Uni-
versity. All mice were kept on a 12-hour light/dark cycle and
received sterilized food and autoclaved distilled water ad libi-

tum.

Isolation of Lymphoid Cells From Mucosa-
Associated Tissues and Spleen

Spleen (SP) and mesenteric lymph nodes were asepti-
cally removed, and single-cell suspensions were prepared by a
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standard mechanical disruption procedure.®!%1> Single-cell
suspensions of Peyer’s patches and lamina propria (LP) lym-
phocytes were prepared by an enzymatic dissociation method,
using collagenase as previously described. 41413 The viability of
the Peyer’s patches, mesenteric lymph nodes, and SP cells was
98% and that of the LP lymphocytes was 95%.

Culture Conditions for the Analysis of
Cytokine Production

LP and SP T cells from CR+y ™'Y and control mice were
resuspended and cultured in complete medium consisting of
RPMI 1640 supplemented with 3 mmol/L L-glutamine, 10
mmol/L. HEPES buffer, 10 pg/mL gentamicin, 100 U/mL
penicillin and 100 pg/mL streptomycin, 0.05 mmol/L 2-mer-
captoethanol, and 10% fetal calf serum (Hyclone Co, Salt Lake
City, UT) for the assessment of Thl and Th2 cytokine syn-
thesis.*!415 For measurement of TGF-f production, serum-
free media supplemented with 1% Nutridoma-SP (Boehringer
Mannheim Biochemicals, Indianapolis, IN) were used.?® For
the analysis of spontaneous cytokine production, purified LP or
SP T cells (1 X 10° cells/mL) were added to culture wells
(24-well Costar plates) without exogenous stimulation and
cultured for 48 hours (Thl and Th2 cytokine) and 60 hours
(TGEF-f3).2% The culture supernatants were then harvested and
assayed by cytokine-specific enzyme-linked immunosorbent
assay (ELISA) by using the Biotrak IFN-vy, IL-2, IL-4, IL-S,
IL-6, IL-12, tumor necrosis factor (TNF)-a ELISA system
(Amersham Pharmacia Biotech, Aylesbury, England) and
Predica TGF-f ELISA system (Genzyme Corp, Cambridge,
MA) according to the manufacturer’s protocol. Detection levels
of these cytokines were 37-3000 pg/mL for IFN-vy, 34850
pg/mL for IL-2, 15-375 pg/mL for IL-4, 20—-320 pg/mL for
IL-5, 50-2000 pg/mL for IL-6, 47-3000 pg/mL for IL-12,
50-2450 pg/mL for TNF-a, and 31.2-2000 pg/mL for
TGF-B.

Flow Cytometric Analysis and Cell Sorting

Immunofluorescent analysis was performed using
FACScan flow cytometry (Becton Dickinson, Mountain View,
CA). Cells stained with single-color reagent were used to set
the appropriate compensation levels, and at least 10,000 events
were analyzed. Cell sorting was performed on a FACStar
(Becton Dickinson). The following monoclonal antibodies
(mAbs) from BD PharMingen (San Diego, CA) were used:
anti-CD4 (clone RM4-5), anti-CD8 (53-6.7), anti-CD3€ (145-
2C11), anti-CD45R/B220 (RA3-6B2), anti-CD11b (M1/70),
anti-TCRB (H57-597), anti-TCRS (GL3), anti-TCR VB2
(B20.6), anti-TCR VB3 (KJ25), anti-TCR V4 (KT4), anti-
TCR VB5.1/5.2 (MR9-4), anti-TCR VB6 (RR4-7), anti-TCR
VB7 (TR310), anti-TCR Vf38.1/8.2 (MRS5-2), anti-TCR
V8.3 (1B3.3), anti-TCR VB9 (MR10-2), anti-TCR VB10b
(B21.5), anti-TCR V{311 (RR3-15), anci-TCR V12 (MR11-
1), anti-TCR V313 (MR12-3), and anti-TCR V(14 (14-2).

For 2-color flow cytometry, 1 X 106 cells in 20 pL phos-
phate-buffered saline (PBS) containing 2% fetal calf serum and
0.02% sodium azide were first incubated with anti-Fc receptor

— 100 —



924 KAl ET AL

mAb (BD PharMingen) to prevent nonspecific staining and
then stained wicth the appropriate fluorescein isothiocyanate
(FITC)-conjugated mAb, phycoerythrin  (PE)-conjugated
mAb, and/or biotinylated mAb followed by streptavidin-phy-
coerythrin (BD PharMingen). All mAbs were used at the
saturating concentrations recommended by the manufacturer.

Staining of intracellular cytokines was performed in accor-
dance with a modified version of the manutacturer’s protocol
for Fix & Perm Cell Permeabilization Kits (Caltag Laborato-
ries, Vienna, Austria) using the following monoclonal antibod-
ies: FITC/anti-CD11b, FITC/anti-CD4, PE/anti~IL-6, and PE/
anti~IFN-y (BD PharMingen).?? Negative control samples
were stained with irrelevant, isotype-matched PE-conjugated
rat 1gG1 antibody.

Quantitative Reverse-Transcription PCR

A highly sensitive, quantitative RT-PCR was per-
formed to analyze the IL-6 receptor (IL-6R)— and the anti-
apoprotic gene (Bcl-x and Bcl-2)-specific mRNA expressions
by CD4* T cells isolated from the colonic LP of diseased
CRy ™" mice.>® Total RNA was extracted from fluorescence-
activated cell sorter (FACS)-purified CD4% T cells by using
TRIzol reagent (Invitrogen, Carlsbad, CA). The RNA was
reverse transcribed into complementary DNA (cDNA) using
Superscript 1T reverse transcriptase (Invitrogen), ribonuclease
inhibitor (Toyobo, Tokyo, Japan), oligo(dT)12-18 primer (In-
vitrogen), and deoxyribonucleoside IL-6R mAb (kindly pro-
vided by Chugai Pharmaceuticals Co, Ltd, Tokyo, Japan)
triphosphates (Amersham Pharmacia Biotech, Arlington
Heights, IL). The mixture was incubated at 42°C for 120
minutes and heated to 90°C for 5 minutes. After treatment
with ribonuclease H (Toyobo), the synthesized cDNA was
extracted by phenol/chloroform. Then, the IL-6R~ and the
antiapoptotic gene (Bcl-x and Bcl-2)-specific cDNA were
quantified using LightCycler-DNA Master Hybridization
Probes (Roche Diagnosis, Mannheim, Germany). For the am-
plification of cDNA, 20 pL of the PCR mix was added to each
tube to give a final concentration of 0.05 umol/L 5’ primer,
0.05 pmol/L 3’ primer, 0.2 pmol/L FITC-labeled probe, 0.2
pmol/L LightCycler Red 640 (LCR)-labeled probe, 2 mmol/L
MgCl,, and 1 X LightCycler-DNA Master Hybridization
Probes mix (Roche Diagnosis). We used the oligo primers
specific for IL-6R (sense, 5'-AAGAGTGACTTCCAGGTGCC-
3': antisense, 5'-GGTATCGGAAGCTGGAACTGC-3"), Bclx
(sense, 5" TGGTCGACTTTCTCTCCTAC-3'; antisense, 5'-
GAGATCCACAAAAGTGTCCC-3"), Bcl-2 (sense, 5'-TGCAC-
CTGACGCCCTTCAC-3"; antisense, 5'-TAGCTGATTCGAC-
CATT TGCCTGA-3"), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (sense, 5'-TTCACCACCATG-
GAGAAGGC-3'; antisense, 5'-GGCATGGACTGTGGT-
CATGA-3"). To detect the target molecule, we then followed
the manufacturer’s protocol to prepare an FITC-labeled hybrid
probe and an LCR-labeled hybrid probe to IL-6R (FITC,
S'.TGATACCACAAGGTTGGCAGGTGG-3'; LCR, 5'-
TCCGGCTGCACCATTTTTAAGCTG-3"), Bcl-x (FITC, 5'-
CTCTTTCGGGATGGAGTAAACTGGGG-3'; LCR, 5'-
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CGCATCGTGGCCTTTTTCTCCTT-3"), Bcl-2 (FITC, 5’-
CCCTGTTGACGCTCTCCACACACA-3"; LCR, ¢9'-
GACCCCACCGAACTCAAAGAAGGC-3"), and GAPDH
(FITC, 5-TGGG TGTGAACCACCAGAAATATGAC-3';
LCR, 5'-ACTCACTCAAGATTGTCAGCAATGCA-3'). After
heating at 94°C for 2 minutes, cDNA were amplified for 40
cycles, with each cycle consisting of 95°C for 10 seconds, 55°C tor
30 seconds, and 72°C for 30 seconds. Once during the cycle the
log-linear signal could be distinguished from the background, it
was then possible to compare the target concentrations (external
standard) in samples with an internal standard in the same
samples. After the PCR had been completed, the LightCycler
software (Roche Diagnosis) automatically converted the raw data
into copies of target molecules. In this scudy, the relative quan-
ticative expression of IL-6R~, Bcl-x—, or Bel-2—specific mRNA in
each sample was expressed as the quantity of the respective
mRNA divided by the quantity of mRNA GAPDH .30

Treatment of Mice With Anti-IL-6R mAb

Rat IgG anti-mouse IL-6R mAb?*! or isotype-matched
rat IgG (BD PharMingen) at a dose of 8 mg per mouse was
injected
CRY™Y mice at the age of 6 weeks. The weekly mAb treat-
ment was continued for 4 weeks. Rat anti-mouse IL-6R mAb
was prepared from the MR16-1 hybridoma cell line according
to the protocol previously described elsewhere.3?

intraperitoneally into euthymic (nu/+) mutant

Analysis ofFApoptosis Following Anti-IL-6R
mAb Treatment

To examine the effect of anti—IL-6R mAb for the
induction of apoptosis in IL-6—~producing CD4* T cells from
CRY™"Y mice, a previously established in vitro apoptosis anal-
ysis protocol was used.3? Thus, SP and colonic LP CD4* T
cells were isolated from CRy™" mice and then cocultured with
anti~JL-6R mAb (1 mg/mL, MR16-1) or isotype control IgG
(BD PharMingen) for 6 hours. CD4* T cells were harvested for
FACS analysis using the Annexin V FITC Apoptosis Detection
Kit I (BD PharMingen).3*

Adoptive Transfer Experiment

SP cells wefe aseptically removed from euthymic
(nu/+) mutant CRy™" donor mice with colitis. Erythrocytes
were removed by hypotonic lysis. To avoid stimulating T cells
during the purification process, a negative selection procedure
was used for the preparation of CD4* T cells. Initially, mono-
nuclear cells were resuspended in complete medium and then
incubated in culture plates (Millipore, Bedford, MA) for 2
hours at 37°C to remove adherent cells, including macro-
phages and fibroblases.?* The nonadherent cell suspension was
then incubated in wells precoated with F(ab'), fragments of
goat anti-mouse IgG (Jackson, West Grove, PA) at 4°C for 90
minutes.3* To obtain the T-cell-enriched fraction, wells were
washed gently 3 times with PBS containing 5% fetal calf
serum. The T-cell-enriched fraction was then subjected to
magnetic-activated cell sorting (Miltenyi Biotec, Gladbach,
Germany) with anti-CD4 —coated beads (Miltenyi Biotec) for
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Figure 1. Gross appearance of the (A) anorectal prolapse and (B8) body weight changes in CRy*/Y mice, CRy~/¥ mice without IBD, and
CRy~/Ymice with IBD. CRy~/Y mice with IBD showed anal prolapse beginning at 8 weeks of age and obvious lack of body weight gain from 10
weeks of age. The data represent the values (mean * SD) from 3 different experiments (4 mice per group).

preparation of CD4* T cells.>® The purified donor CD4* T
cells (3 X 10% were resuspended in sterile PBS and injected
intraperitoneally (1 mL) into C.B-17 SCID mice (Clea Japan).
Five weeks after the adoptive transfer, mice were examined for
the presence of disease.

Histologic Analysis

Small and large intestines obtained from CRy™"¥ and
control mice at predetermined time points were fixed in 4%
paraformaldehyde in PBS for 4 hours and embedded in paraffin
for the preparation of 5-pum tissue sections. The sections were
stained with H&E for the assessment of disease and clinical

score. Periodic acid-Schiff/alcian blue staining was performed
for the identification of goblet cells.

Assessment of Disease Score

Histopathologic alterations in the colon were semi-
quantified according to a modified scoring system?3’ using
the following criteria: (1) cellular infiltration into the lam-
ina propria of the large intestine (score from 0 to 3), (2)
mucin depletion (score from 0 to 2), (3) crypt abscesses
(score from O to 2), (4) epithelial erosion (score from 0 to 2),
(5) hyperemia (score from 0 to 3), and (6) thickness of the

CyY

Cy” IBD(-)

Cy¥ IBD(+)

Figure 2. Macroscopic and microscopic appearance of the large intestine in CRy*/Y mice, CRy~/Y mice without IBD, and CRy~/¥ mice with IBD.
The large intestine of the mice was dissected for routine histologic analysis, including fixing with 4% paraformaldehyde, embedding in paraffin,
and staining with H&E. Histopathologic alteration in the colons was assessed by use of a modified clinical analysis system.
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Figure 3. Flow cytometric analysis of colonic LP lymphocytes isolated from CRy~/Y and CRy*/Y mice. CR-y~/Y mice did not possess mature B cells
or TCR 38 T cells but had increased numbers of CD4* T cells. The data are representative of results from 2 independent experiments.

colonic mucosa (score from 1 to 3). Hence, the range of
histopathologic scores was from 1 (no alteration) to 15
(most severe colitis).

Statistical Analysis

Significant differences between mean values were de-
termined by use of the Student # test. P values of .05 were
considered statistically significant.

Results

Histologic Appearance of Colonic
Inflammation in Euthymic (nu/+) Mutant
CRy~/Y Mice

At 8 weeks of age, all of the euthymic (nu/+)
mutant CRY™Y mice developed signs of IBD, charac-
terized by anorectal prolapse (Figure 1A), lack of
weight gain (Figure 1B), and a hunched posture.
Necropsy of the diseased euthymic (nu/+) mutant
CRY™'Y mice revealed inflammation of the large in-
testine and rectum and a more marked hyperplasia,
dilatation, and thickening of the wall than seen in
control euthymic (nu/+) wild-type CRy*"Y mice and
euthymic (nu/+) mutant CRY™¥ mice without IBD
(Figure 2). In addition, microscopic examination of
the diseased euthymic (nu/+) mutant CRY™'Y mice
revealed elongation, hyperemia, crypt distortion, gob-

let cell reduction, and lymphocyte infileracion inco the
colonic lamina propria (Figure 2).

Cell Population of Euthymic (nu/+) Mutant
CRy~/Y Mice

Lack of functional CRy has been reported to affect
lymphocyte development.22-26 In both young adult and
aged CRy™"Y mice, we noted the absence of natural killer
cells (data not shown) and 8 T cells and a great reduc-
tion in B cells (Figure 3). Among lymphocytes isolated
from colonic LP of 8-week-old CRy™/Y mice, we found
that increased numbers of CD4% T cells but not of CD8*
T cells (Figure 3) were always associated with colitis.

TCR VB Repertoire Use of Colonic LP CD4*
T Cells by Euthymic (nu/+) Mutant CRy~/Y
Mice With Colitis '

Because the increase of LP CD4" T cells was
associated with development of colitis, we next analyzed
the qualitative alterations in the CD4* T cells. Flow
cytometric analysis of TCR V[3 repertoire use in colonic
LP CD4" T cells isolated from euthymic (nu/+) wild-
type CRy*/Y and euthymic (nu/+) mutant CRy ™'Y mice
without IBD showed that the major TCR V3 repertoire
use was TCR V@8, followed by VP4, V36, and V314
(Figure 4). In contrast, CD4" T cells isolated from
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Figure 4. Flow cytometric analysis of the TCR VP repertoire of CD4+
T cells isolated from colonic LP of the CRy~/Y and CRvy*/Y mice.
Mononuclear cells isolated from CRy~/Y mice with or without colitis
and contro! CRy*/Y mice were costained with mAbs specific for FITC/
TCR VB and PE/CDA4. The percentage of T cells bearing each TCR VR
was calculated as 100 X (% of CD4*, VBx* cells)/(% of CD4+ cells).
The percentages of T cells are expressed as the mean values from 3
different mice. White, dotted, and black bars represent CRy*/Y mice,
CRy~/Y mice without IBD, and CRy~/Y mice with IBD, respectively.
Statistical comparisons were determined by Student ttest (*P < .05).

euthymic (nu/+) mutant CRY™"Y mice with IBD had a
predominance of TCR VB14 (Figure 4). Furcher, under
immunoscope analysis of CDR3 length to investigate the
clonality of these VB14™ T cells, Gaussian distribution
of clonotype was observed, suggesting the polyclonality
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of colonic CD4™ T cells in the diseased mice (data not
shown). Thus, local augmentation of CD4* T cell pop-
ulations expressing TCR VP14 was associated with the
development of colitis in the CRY™"Y mice.

Characterization of IL-6 ~Producing LP
CD4* T Cells Isolated From Euthymic (nu/
+) Mutant CRy~/Y Mice With Colitis

We next examined the ability of the CD4* T cells
in colonic LP of euthymic (nu/+) mutant CRy™"Y mice
with IBD to produce Thl- or Th2-type cytokines. LP
lymphocytes were isolated from young, anal prolapse—
free (6 weeks of age) and diseased (8—12 weeks) mice.
The cells were cultured in complete medium without
exogenous stimulation to determine their spontaneous
cytokine production. Minimum amounts of IL-6 (376 *+
3 pg per 10° cells) were detected in the culture super-
natants harvested from the wells containing colonic LP
lymphocytes of young healthy CRy ™Y mice. The level of
spontaneous IL-G production was increased in the various
stages of colitis from 375.9 * 3.3 pg per 106 cells in the
anal prolapse—free mice to 2655.1 * 4104 pg per 10°
cells in the diseased mice (Figure 5). When cytokine
production was examined, these colonic CD4% T cells
did not produce IL.-4, IL-5, IL-12, and TNF-c. Although
IFN-y was noted in the culture containing colonic CD4*
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Figure 5. Analysis of cytokine production expression by colonic CD4* T cells isolated from CRy~/Y mice with (closed squares) and without (open
squares) IBD. Whole colonic LP mononuclear cells were incubated in complete medium with 10% fetal calf serum for 48 hours without any
exogenous stimulation. The culture supernatants were harvested for cytokine-specific ELISA. The data represent the mean = SD from 3 different
experiments. Statistical comparisons were determined by Student t test (*P < .05).
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T cells, the level of production was not statistically
different from CD4* T cells isolated from nondiseased
mice.

To directly show IL-6 production by colonic LP
CD4" T cells from euthymic (nu/+) mutant CRy™ ¥
mice with colitis, we next performed intracellular
cytokine FACS analysis of such cells. The results ob-
cained by double staining with appropriate fluores-
cence-conjugated mAb anti-CD4, anti-CD11b, and
anti—IL-6 showed that IL-6 was mainly produced by
CD4* T cells but not by CD11b-positive cells (Figure
6A). Once we knew that these colonic CD4* T cells
preferentially produce [L-6, we next sought to exam-
ine whether these T cells express IL-6R. When IL-
6R—specific mRNA expression was examined by quan-
titative reverse-transcription PCR, colonic CD4tT T

CD11b

Figure 6. Characterization of colonic IL-6-producing
cD4* T cells from diseased mice. (A) Lymphocytes
were isolated from the colons of CRy~/Y mice with IBD
and then immediately costained with the appropriate
combination of CD4, CD11b, IFN-y, and IL-6 for intra-
cellular cytokine FACS analysis. (B) iL-6R-specific
mRNA expression was examined by quantitative re-
verse-transcription PCR. Colonic CD4* T cells isolated
from diseased mice {(black bar) always expressed
higher levels of IL-6R than did those from nondis-
eased mice (dotted bar) and control healthy mice
(white bar). Anti-IL-6R treatment resulted in the inhi-
bition of receptor expression (hatched bar). Statistical
comparisons were determined by Student ttest (*P<
.05).

cells isolated from the diseased mice always expressed
higher levels of the IL-6R message than did those from
nondiseased mice (Figure 6B). These findings suggest
that the increase in pathogenic CD4™ T cells in the
large intestine of diseased mice may result from the
creation of autocrine-induced antiapoptotic conditions
by IL-6 and IL-6R.

Efficacy of In Vivo Treatment With Anti-IL-
6R mAb

We next conducted further experiments to confirm
our findings that CD4" Th-cell-derived IL-6 was impli-
cated in the development of colitis. Thus, young adult mice
without clinical signs of the disease were treated with
anti—IL-6R mAb, mock antibody, or PBS. Like untreated
mice, mice treated with the mock antibody or PBS devel-
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