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IL-7R* population

Figure 4 | Model for the induction of organogenesis of NALT and Peyer’s patches by two
subsets of CD3CD4-CD45* inducer cells, CO3CD4*CD45* cells differentiate from fetal-liver
progenitors. We propose that both ROR-y {retincic-acid-receptor-related orphan receptor-y) and
D2 {inhibitor of DNA binding 2) are essential for the generation of interleukin-7 receptor (IL-7R}-
expressing CD3-CD4*CD45+ cefls for the induction of Peyer's-patch organogenesis. By contrast,
the generation of the IL-7R-CD3-CD4*CD45* inducer cells that are involved in nasopharynx-
associated ymphoid tissue (MALT) organogenesis is reguiated by 102 but not ROR-y, However,
this model remains to be tested experimentally, and other possibilities exist {see main text}. NALT
genesis in ID2-deficient mice can be initiated by the adoptive transfer of CD3-CD4-CD45* cells
frorm wild-type mice, but the maturation of NALT formation is incomplete. This indicates that other
cell populations, or the endogenous expression of ID2 at the site of NALT, rmight be required for

the full maturation of NALT.

WALDEYER'S RING

Human nasopharynx-associated
lympheid tissues, including the
palatine tonsils and adencids,
which are consideted to have an
important role in the induction
and modulation of mucosal
immunity in the upper
respiratory tract.

MIDDLE CONCHA
Booy plate that extends from the
central section of the lateral wall
of the nasal cavity.

T,0CELLS
Precursors of T helper 1

(T,1) cells and T2 cells,

which produce both interferon-~y
and interleukin-4. This T-cell
population has the capacity to
become T,,1- and/or T2 cells.

CLASS-SWITCH RECOMBINATION
Molecular alteration of the
constant-region gene of the
immunoglobulin heavy chain
(C,) that leads to a switch in
expression from the Cp (or C5)
region to one of the other G,
genes. This leads to a switch in
the class of the immunoglobulin
that is displayed on the cell-
surface of the B cell {and that
subsequenty differentiating
plasma cells produce} — from
1gM (or IgD) to 1gG, IgA or IgE
— without altering the
specificity of the
immunoglobulin.

Immunological features of NALT

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

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

T, 0 environment. Characterization of the mRNA that
encodes T, 1 and T, 2 cytokines in CD4* T cells isolated
from mouse NAIT revealed a dominant cytokine profile
of 1,0 cELLS, indicating that these T cells are capable of
becoming T, 1 or T,;2 cells immediately after antigen
exposure of the nasal tract'*. CD4* T cells isolated
from NALT of naive wild-type mice are T,0 cells®, so
they can become either T;;1 or T, 2 cells depending on
the identity of the nasally administered antigen Nasal
delivery of protein antigens (such as bacterial cell-wall
components or virus-associated antigens) together with
cholera toxin as a mucosal adjuvant induces antigen-
speific T, 2-type responses that promote the generation
of antigen-specific IgA-producing B cells, both in the
nasal passages and at distant mucosal effector sites,
including the genito-urinary, respiratory and intesti-
nal tracts*#44%, By contrast, intranasal vaccination
with antigen-expressing recombinant Mycobacterium
bovis bacillus Calmette-Guérin (rBCG) results in
Ty1-cell-mediated immunity*.

IgA class switching. Peyer’s patches have long been
thought to be the sites for the initiation of crass-swrrcn
recomemaTION (CSR) of )- to (-gene expression in the
gastrointestinal tract, because they contain all of the cel-
lular and microarchitectural elements that are required
for the generation of IgA-committed B cells, including
germinal-centre-containing B-cell follicles, a rorricurar
pc network and an interfollicular T-cell area'54, The
germinal-centre region contains a high frequency of
IgM*B220* B cells that express activation-induced cyti-
dine dearninase (AID), which is essential for pi-to ct-gene
conversion®. In an early study, it was shown that incuba-
tion of IgM*IgA~ B cells isolated from Peyer’s patches in
the presence of the cytokine transforming growth
factor-[§ (TGF-P) resulted in the generation of IgM-IgA*
B cells**', These post-switch IgA-committed B cells then
migrated to mucosal effector tissues (such as the intesti-
nal lamina propria), a process mediated by a group of
homing and chemokine receptors and their ligands
{such as MADCAM1-o. B,-integrin and CCL25-CCR9
interactions)*>* (discussed later). In the intestinal lamina
propria, these cells became IgA* plasma cells in the pres-
ence of the IgA-enhancing cytokines IL-5, IL-6 and IL-10
{REFS 50,54-58). S0, it was generally accepted that organized
lymphoid structures of MALT, such as Peyer’s patches,
function as the inductive sites for generating IgA-
committed B cells through p1- to a-gene CSR, whereas
the diffuse tissues of the intestinal lamina propria func-
tion as effector sites for the production of IgA'? (FIG. 1).
However, the finding that IgA class switching can occur
in the intestinal lamina propria without involvement of
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FOLLICULAR DC

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

B2 CELLS
IgM=TgD=MACI-B220%CD23*
cells that originate from bone
marrow and are distributed to
mucosal and systemic immune
compartments for the
continuous secretion of
antibodies with high affinity
and fine specificity.

Ioe-Cp CIRCULAR TRANSCRIPTS
Circular DNA molecules that are
present in activated B cells and
consist of Joe (intervening
region-¢2) and Cl genes. They
are a hallmark of B cells that are
in the process of IgA class
switching,

In-Ca TRANSCRIPTS
Germline transcripts that can
be detected in IgA-committed
B cells after dlass switching,

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

The finding that IgA-specific CSR can occur in dif-
fuse mucosal effector tissues indicates that organized
mucosal tissue is not essential for the generation of IgA-
comnmitted B cells in the digestive tract™, although this
new view is still controversial®®**, Because it has been
shown that intestinal IgA is produced by two groups of
cells, B cells and B2 carrs 446, an interesting possibility
is that IgA-specific CSR of Bl cells does not reqtiire
organized lymphoid structures, whereas these stractures
are essential for IgA-isotype switching in B2 cells. In
support of this view, we have shown that most B cells in
gut-associated lymphoid tissues are B2 cells, whereas
B! cells are located preferentially in the intestinal lamina-
propria region®, S0, we think that the initial antigenic
stimulation for the triggering of IgA-isotype switching
in B2 cells might be provided by antigen sampling
through M cells that are located in the dome epithelium
(or FAE) of Peyer’s patches. By contrast, the IgA-specific
CSR process that occurs for Bl cells might be triggered
by antigens sampled through newly identified villous
M cells that are located adjacent to lamina-propria
regions that do not contain observable lymphoid-like
structures®,

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

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

Differences between NALT- and Peyer’s-patch-initiated
immune responses. NALT and Peyer’s patches are
thought to have similar immunological characteristics
and biological functions, as well as to contain the same
types of resident immunocompetent cell. So, similar to
oral immunization, nasal immunization can stimulate
antigen-specific T, 1- or T, 2-cell-mediated responses
and IgA responses in distant mucosal effector tis-
sues' 2414345 However, in general, NALT-targeted
tmmunization effectively induces antigen-specific
immunity in the respiratory and reproductive tissues,
whereas Peyer’s-patch-targeted immunization pro-
motes the generation of protective immunity in the
gastrointestinal-tract tissues'”, Further support for a
compartmentalized CMIS was provided recently when
it was shown that nasal immunization induces the
expression of high levels of CCR10 and e, -integrin
by IgA-committed B cells, allowing them to efficiently
traffic to the respiratory and genito-urinary tracts,
which express the corresponding ligands, CCL28 and
VCAMI (REFS 71,72). By contrast, orally induced IgA-
committed B cells express CCR9 and CCR10, as well as
¢, B,~ and a B -integrins, so they migrate to sites such as
the small intestine, which express CCL25 and/or CCL28
together with MADCAM] and/or VCAM1 (ReF. 73).

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

NALY-based vaccine development

As we have described, NALT is one of the key compo-
nents of the organized lymphoid tissue, and it contains
all of the immunocompetent cells that are required for
the induction of antigen-specific immune responses. It is
therefore likely to have a central role in the development
of a “nasal vaccine’. Nasal vaccination has proven to be an
effective regimen for the stimulation of the respiratory
immune system'?4'4%, Furthermore, this route of
mucosal immunization ¢an elicit both humoral and cell-
mediated antigen-specific immune responses! 241434,
Another attractive feature of nasal immunization is that
it requires a much smaller dose of antigen than does oral
vaccination for the induction of antigen-specific
mucosal and systemic irnmune responses, because the
antigens are not exposed to degradation by digestive
enzymes. Because intranasal administration of vaccine
antigen alone has failed to fully stimulate NALT,
researchers are attempting to develop an effective
NAIT-targeted vaccine-antigen delivery system and to
develop a safe and effective immune-enhancing mole-

cule (or adjuvant) for intranasal administration with

the vaccine antigen.

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

an adjuvant. Among the various candidates for mucosal -

antigen delivery, Sendai-virus-associated fusion protein
seemns particularly suited to function as a molecule that

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

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

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

antibody responses.

Creation of safe toxin-based adjuvants. Both cholera
toxin that is produced by Vibrio choleracand the heat-
labile enterotoxin of Escherichia coli function as adju-
vants to enhance mucosal and serum antibody
responses to co-administered protein antigens deliv-
ered by oral or nasal routes?®. Unfortunately, despite
their efficacy as muncosal adjuvants, the native forms
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of cholera toxin (nCT) and heat-labile enterotoxin
(nLT) cause severe diarrhoea and so are unsuitable
for use in humans. To overcome these hurdles,
researchers have substituted a single amino acid to
generate non-toxic mutant forms of cholera toxin
(mCT) and heat-labile enterotoxin (mLT)?-; these
retain the adjuvanticity of the native forms but do not
induce the ribosylation of ADP that is associated with
toxic activity. Our efforts to devise a safe first genera-
tion toxin-based adjuvant have focused on mCT $61F
(in which phenylalanine replaces serine at position 61)
and mCT E112K (in which lysine replaces glutamic
acid at position 112); these mutations were created by
making a single amino-acid substitution in the active
centre of the ADP-ribosyltransferase in the A subunit
of cholera toxin®, The two mutant forms of cholera
toxin have been shown to be safe by in vitro analyses of
ADP-ribosylation activity and cyclic AMP formation,
as well as by in vivo examination for diarrhoea-like
symptoms. When pneumococcal surface-protein A
(PspA) — a new candidate vaccine antigen for pre-
venting infection with Streptococcus pneumoniae —
was intranasally administered with mCT, antigen-
specific mucosal IgA and systemic IgG responses were
elicited™. Mice intranasally immunized with PspA and
mCT were also protected against a lethal challenge
with 5. prieumoniaé®. Interestingly, when the tetanus-
toxoid vaccine (which is currently administered by
injection) was intranasally administered with one of
these two mCTs, it generated protective immunity
against challenge with the toxin®. An independent
study has also shown that mCT E112K is the safest and
most effective of the currently available toxin-based
mutant adjuvants®, Taken together, these findings sup-
port the idea that mCT is a strong candidate for an
effective mucosal adjuvant to generate protective
immunity by the nasal route of administration.
Indeed, these findings indicate that the current prefer-
ence for injection-type vaccines should be reconsid-
ered, and in future, greater use should be made of
spray-type vaccines that include mCT and other safe
toxin-based adjuvants (BOX 1).

To further enhance the efficacy of the mCT mucosal
adjuvant, a second-generation, chimeric-type adjuvant
was constructed from the A subunit of mCT (mCTA)
and the B subunit of nLT (nLTB); therefore, the adju-
vant has the immunobiological properties of both
cholera toxin and heat-labile enterotoxin®, Nasal
immunization with influenza-virus haemagglutinin
plus the newly created chimeric mucosal adjuvant
mCTA-nLTB resulted in significant haemagglutinin-
specific serum IgG and IgA responses®™ (TABLE2). In
addition, mice that were intranasally immunized with
haemagglutinin and mCTA-nLTB showed high levels of
haemagglutinin-specific IgA in nasal and lung washes
and were protected from viral challenge®*. These find-
ings show that nasal vaccines containing mCT or
mCTA-nLTB are effective for the induction of protec-
tive immunity. The goal of mucosal-vaccine develop-
ment cannot be realized without the creation of such
novel and safe mucosal adjuvants.
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BELL'S PALSY

Facial paralysis that is thought
o be triggered by viral infection.
The facial nerve is cedematous
int patients suffering from this
disease.

1. Mestacky, J., Bumberg, R, Kiyono, H. & McGhes, J. AL

Recent progress in clinical application of nasal vaccina-
tion. Between the late 1950s and the early 1960s, the
efficacy of immunization with an intranasally admin-
istered vaccine against infection with influenza virus
was shown in a large clinical trial in Osaka, Japan, in
which a nasal-spray vaccine containing live attenuated
influenza virus was administered to more than 10,000
volunteers™*, In recent years, two types of intranasally
administered influenza vaccine, an inactivated form
and a live attenuated form, were introduced in
Switzerland and the United States respectively, Indeed,
as early as 1997, an inactivated form of nasal vaccine
containing a small amount of nLT as a mucosal adju-
vant was introduced in Switzerland. However, this

influenza vaccine was withdrawn from the market .

because of the development of serrs parsy by some
recipients after nasal vaccination. A causal relation-
ship between the intranasally administered inactivated-
influenza vaccine used in Switzerland and the
incidence of Bell's palsy was formally established in a
recent case—control study®. At this stage, the causes
and pathogenesis of Bell’s palsy remain unclear;
however, because nLT has been shown to have pro-
inflammatory properties and possible neurological
toxicity”, the co-formulated nT that is present in the
inactivated-influenza vaccine is suspected to be the
causative agent™, These findings highlight that the
development of a safe mucosal adjuvant is crucial if
progress is to be made towards a safe and effective
mucosal vaccine,

In the past year, on the basis of promising clinical
trials showing the induction of protective immunity,
an intranasally administered cold-adapted influenza
vaccine, known as ‘FluMist) has been made available to
healthy Americans of ages 5 to 49 (REFS 99,100). It should
be noted that the concept of cold-adapted influenza
virus was reported in 1967 (REE. 101), 50 more than 35
years were required for this discovery to be translated
into an intransal vaccine against infection with
influenza virus. More recently, the concept of nasal
immunization was adopted for the development of a
vaccine against severe acute respiratory syndrome
(SARS). An experimental nasally administered vaccine
against SARS that consists of a recombinant attenu-
ated parainfluenza virus expressing the envelope spike

Using ann vive mode, this paper dimctly showed

protein of the SARS coronavirus was able to induce
protective immunity in African green monkeys,
including SARS-coronavirus-specific neutralizing
antibodies!™, Although further experiments are essen-
tal before this finding can be applied to developing a
vaccine against SARS for use in bumans, the study
emphasizes the usefulness of mucosal immunization
for the immunoprophylaxis of infectious diseases.

Concluding remarks

The mucosal immune system is now recognized to be
an important first line of defence against invading
pathogens. NALT and Peyer’s patches are important
inductive sites for the initiation of antigen-specific
mucosal IgA and serum IgG responses, as well as CTL
immmune responses, at both mucosal and systemic
sites; in this way, both NALT and Peyer’s patches
function to maximize the two-tiered immunological
barrier of the host. The respiratory mucosal immune
system has several immunolegical characteristics that
are distinct from those of the Peyer’s-patch-centred
intestinal mucosal immune system. Although the tissue-
genesis programme for other secondary lymphoid
tissues, including Peyer’s patches, begins during
embryonic life, the NAIT-organogenesis programme
is initiated only after birth. Lymphoid organogenesis
of Peyer’s patches requires cytokine-mediated pro-
grammed inflammation (through the LT-fR) and sig-
nalling through the IL-7R, whereas the initiation of
NALT development seems to be independent of the
IL-7R, LT-0.,8, and the LT-BR. Although the inducer
cells for both NALT and Peyer’s patches have a com-
mon phenotype, that is, CD3-CD4*CD45*, NALT-
inducer cells seem to be regulated by ID2 alone,
whereas Peyer’s-patch-inducer cells depend on both
ID2 and ROR-¥. Beczuse the organogenesis pro-
gramme of NALT is different from that of other sec-
ondary lymphoid tissues, such as Peyer’s patches,
efforts should now be aimed at elucidating the distinct
motlecular characteristics of the NALT-genesis pro-
gramme and the functional consequences of this.
Clearly, it is important to have a thorough under-
standing of the unique molecular and cellular proper-
ties of the NALT-centred mucosal immune system for
the development of a successful nasal vaccine,

organogenesis and affinity maturation in peripheral

In Funddamental immunology 5th edn Ch, 31 {ed. Paul, W, E)
965-1020 (Acaderic, San Diego, 2003),

YUk, Y. &yono, H. New generation of mucosal aduuvants
for the induction of pratective immunity. Rev, Mod! Vil
13, 283-310 (2003).

Coeencsits, K. L, Jutlia, M. A_ 8 Pascugy, D. W,
Nasal-associated kmphoid tissue: phenatypic and
functional evidenca for the primary role of peripheral node
acdressin in natve mphocyte adhesion te high endothelal
venules in & mucosal site. J. immunal. 163, 1382-138%
(1999},

Adachi, 5., Yoshida, H., Katacka, H. & Nishikawa, S.
Theee distinctive steps in Peyer's patch formation of
murine embryo, int, imvnunol. 9, 507-514 (1997).
Fukuyarma, S. e &. initiation of NALT onganogenesis

is independent of the IL-7A, LTRR, and NI sigraling
pathways but requires the k2 gene and CO3-CD4+CD4S*
colls, immunity 17, 31-40 (2002).

that [D2-reguiated CDICD4+CDA5* inducer calls ane
involved in the postnatal inttiation of NALT genesis,
In addition, together with referance 31, it described
that NALT organog is ls independent of IL-7R-
and LT-R-mediated signalling.

Hashi, H, et al. Compartrmentalization of Pever's patch
anlagen befors kmphocyte entry. J. immuna!. 186,
3702-3709 {2001).

Hameleers, D. M., van der Ende, M., Biewenga, J. &
Sminia, T. An immunohistochemical study on the
postnatal developrment of rat nasal-associated
lymphoid tissue (NALT), Ceff Tissue Aes. 258,
431-438 (1989).

De Togni, P &t &. Abnormal development of periphoral
mphoid organs in mics deficient in mphatoin,
Sciance 264, T03-707 (1094).

Futterer, A, Mink, K., Luz, A., Kasco-Vitbois, M. H. &
Ptefler, K. The ymphotoxin § receptor controls

10.

.

14.

ymphoid tissues. immunity 8, 59-70 {1998).

Rennert, P. 0., Brownng, J. L, Mebius, R., Mackay, F, 8.
Hochman, P. S. Surface mphotodn o/ complex is nequired
for the development of peripheral ymphold organs. J, Exp.
Med. 184, 1995-2006 (1996).

Konl, P. A at af. DistinCt roles in lymphoid organogenesis
for lymphotosdng o and B reveaked in yrnphotoxin B-deficient
mice, immunty 8, 491-500(1997).

Yoshida, H. atal, IL-7 receptor ot CO3- celis in the embryonic
Intesting induces the organizing center of Peyer's patches.
It immenal, 11, 643-655 (1999,

‘Yamamoto, M. &t &, Altermate mucosal immune system;
organized Peyer's patches ans not recquired for IgA responses
in the gastrointesstinal tract. J, immunol, 164, 5184-5191

(2000).

Maur, D. N. 8t &, LIGHT, a new member of the TNF
superfamity, and mphotadn a are kgands for horpesvnus
entry mediator. Immunity 8, 21-30 (1998),

708 | SEPTEMBER 2004 [ VOLUME 4

www.nature.com/reviews/immunol



REVIEWS

16.

7.

19.

21.

24,

27,

31.

ar.

. Kuper, C. F. et &, The role of

. Schey, S. et &l. Targeted disruption of LIGHT causas

defacts in costimutatory T cell activation and reveals
cooperation with ymphotoxin B in mesenteric ymph
node genesis. J, Exp. Med. 195, 1813-1624 (2002).
Fuihashi, K. et &, Interioukin 2 IL-2) and interlauldn 7
(IL?)racuwelyhctmlL?andlL -2 reCeptors on

8 T-cell recaptor-positve ymphocytes
Proc. Natl Acad, Sdi, 1134 83, 3613-3618 (1996).
Watanabe, M. ef &/. Inferieukin 7 ts produced by hurman
intestinal epithelal cols and reguiates the profferation
of imestina mucosal ymphocytes. J, Ciin, ivest, 85,
2945-2953 {1985).

. Fushasti, KK, McGhes, J. R, Yamamoto, M., Peschon, J. J. &

Kiyono, H. An interieulkn- 7 internet for intestinal intraepithekal
T cell devalopment: knockout of igand or receptor reveal
differences in the immuncdeficient state. £ J. immunal,
27, 2133-2138(1997).

Adachi, S. et al. Essantial rola of IL-7 receptor & in

the formation of Peyer's patch antage. int. mmuncd,

10, 1-6(19498).

. Mebius, RLE, Rernaert, P, & Weissman, . L Devaloping

lymph nodes collect CO4-COGLTR* celis that can dfterentiate
to ARG, NK oelts, and folicular colis but net T or B cels.
Imrunity 7, 493-504 (1997).

This was the first paper that identified LT-f-
exprezsing CDICD4-CO45* cells as 8 novel

cefl subset that contributes to the development
of lymphoid organs.

Friw, D, Acha-Orbea, H., Mattis, A, Lipp, M. &
Krashenbuhl, J. COD4*CD3- colts induoe Peyer's patch
development: rule of B, imtegrin activation by CXCRS.
immonity 17, 363-373 (2002).

This paper provided the fisst svidence that
CD3CD4CD45* ceils induce the organogonesis
of Poyer's p in a CXCRS-d dant

Peyersuatmagar@\ass J. Exp. Med., 183, 621-630
(2001).

. Peschon, J. . et al. Early lymphocyte expansion is

seversly impaired in kvterieuldn 7 receptor-deficient mice.
J. Exp. Mod. 180, 1855-1960 {1984).

Forster, A ef &/ A putative chermoking receptor, BLR1,
drects B cell migration 1o defined hmphokd organs and
specific anatomic compartments of the splean. Col

87, 10371047 {1908).

. Shinkeara, R at &, Aryrmhoplasiahw.asdbyam

fruttation in the mouse gene encoding NF-xB-inducing
kinase. Nature Ganet, 22, 74-77 (1996).

. Nakang, H. ot al. TRAFS, an activator of NF-xB and

putative signal transducer for the ymphotoedr-B recaptor,
. Blol. Chem. 2T1, 14661-14664 (1996),

Miyaweld, S. ot &, A new mutation, aly, that induces
ageneraized lack of ymph nodes accompanied by
mmunodeficiency in mice. Eur J, immunol, 24, 428-434
{1994).

¥in, | &t & Defective Mmphotodn-f mceptor-incuced
NFxB transcriptional activity In NIK-deficiant mica. Sclance
291, 2162-2165 (2001).

. Sun, Z et al. Requirement sor RORY In thymocyte sunvival

and ympheid organ development. Sclence 288,
23692373 (2000).

. Yokata, . et al. Davelopment of parpharal ymphold organs

and natural kiler cals depends on the halb-oop-helbx
inhibitor k2. Naturg 987, 702-706 (1999).

orphan receptor-y, but the organization of NALT Is LTe
dapendent. .. immunal. 188, 986-990 (2002).

. Eberl, G. et & An essential lunction for the nuckear receptor

RORy in the generation of fetal ymphokd tissue inducer cells.
Natus mmunol, B, 64-73 {2004).

Kurebayashi, S. et &/, Retinokd-related orphan receptor y
{RORY is assential for mphold onganogenssis and controts
apoptosis auring thymopolasis. Proc, Natf Acad, Scl, USA
97, 10132-10137 {2000),

. Kuper, C. F. et &, Lymphaid and non-iymphokd cols in

nasa-associated mphoid tissua NALT) in the rat. An
immuno- and enZyme-histochemical study. Caf Tissue
Fes. 269, 371-377 (1990).

ymphoid
tissue. krvrunal. Today 13, 218-224 (1992).
Debertin, A, 5. of /. Nasa-sssociated rmphold tissue
NALT}: fraquency and localzztion n young chikiren.
Chn. Exp. Immunod. 134, 503-507 (2003).
Spit, B J_ ef & Noss-associated yrphoid tssue (NALT)
inthe raL. Uitramicroscopy 21, 201-204 [1987).

This study of rats was the first to charscterize NALT,
which consisty of T- and B-coll areas and M cells,

4.

47.

87,

. Porgador, A., Staatg, H, F, ltoh, Y. & Kalsal, B. L. Intranasal

mmunization with cytotaxic THymphocyte epltope peptide
and muoosal adiuvant cholarz toxin: selective augmentation
Of peptide-prasenting dendritic cals in nasal mucosa-
associated ymphoid tssue. infect, immun, 68, 5876-5881
{1988).

Zuercher, A Z,, Coffin, S. E., Thurmheer, M. G, Fundora, P. &
Cebra, J. J. Nasal-associated ymphokd tissue is 8 mucosal
inducive site for virus-specific humoral and colutar immune
responses. J. immunol. 168, 1796-1803 (2002,

. Prakken, B. J., 6t &), Peptide-induced nasal tolerance

for & myccbacterial heat shock proten SOToaﬂ epitope

dwmmmﬂammw

. Himi, T.etal. Nasaihmnesystem distinctive T, 0 and

T,1/T,2 type environments in murng nasal modsted
hmphoid tissues and nasal passage,

Eur J. kmmuncl, 28, 3346-3353 (1998).

Hirl, T, &t &', HIV mucosal vaccine: nasal Immunization
with rBCG-V31 Induces a long tenm VA peptiderspacific
neutralizing Immunity In T,,1- and T, 2-deficient conditions,
J. Immundl, 167, 5B62-6867 (2001).

. Imaoka, K ot al. Nasal immunization of nonbuman primates

with simian immunodeficiancy vinss p55# and cholera toxin
adiuvant induces T,,1/T, 2 help for virus-specific immune
responses in reprodoctive tissues. J irvrunat 161,
5952-5958 (1998).

. Kurono, Y. &t al. Nasal immunization induces Heemaphius

infuerae-specific T, 1 and T, 2 resporses with mucosal IgA
and systermic igG antbodies for protective Imemunity:

J. ifoct, Dis, 180, 122-132 (1999).

Spaiding, D. M. & Giiffin, J. A_ Diffierert pathways of
differentiation of pre-B cell ines are induced by dendriic
cells and T ceks from differant ymphold tissues, Cal

44, 507-515 (1985).

Mvasald, A, 8 Keisal, B. L Freshly isolated Peyer's patch,
but nat spleen, dendritic calls procksce interleuidn 10 and
Induce the dfferontiation of T helper typa 2 calls. J, Exqo.
Mex. 190, 229-239 (1994).

Muramatsu, M. et &l. Class switch recombination

and hypermutation require activation-induced cyidine
deaminase (AID), a patential FNA editing enzyrme.

Call 102, 553-563 (2000)

. Coffman, R L, Letynan, D. A, & Shrager, B. Trensforming

growth factor i specifically enhanices Iga production by
popolysaccharide-stimulated murine B yrmphocytes.
£ Exp. Med. 170, 1039-1044 (1880).

. Sonoda, E et 2. Transioming growth factor B induces

IgA production and acts additively with imareukin 5 for
IgA production. J. Exp. Med. 170, 1415-1420 (1989).

. Ehrharct, B, O, Strober, W, & Harriman, G. AL Effact

of transtormning growth factor (TGA-B1 on IgA isctype
expression. TGF-A1 induces a small increass n sight
B celts mgandiess of the method of B ool activation.
J immunod, 148, 3830-3836 (1992).

Bowrnan, E. P et & The intestinal chemoking
Tyrs-expressad chemokine [OG125) attracts kA
antibody-secreting colls. J. Exp. Med. 185, 263-275

(2002).
. Youngman, K. R ef &. Comrelation of tissue cistribution,

developmental phenatype, and intestinal homing receptor
epression of antigen-spedific B cells during the murine
anti-otavrus imrmune responsa. J. mmunaol. 168,
2173-2181 2002},

. Munay, P. D., McKerdie, D. T, Swain, S. L & Kagnoff, M. F.

Interieuldin 5 and imedeuidn 4 produced by Peyer's patch
T olls selactively anhance mmunogiobulin A expression,
J mmunol. 139, 2665-2674 (1967).

. Coffman, R. L, Shradex, B., Carty, J.. Mosmann, T. R. &

Bond, M. W. A mouse T ced prociuct that praferentially
enhances igaA production. |. Biokogic characterization.
J. Imenuncl, 138, 3685-3690 (1987).

. Baagley, K. W. et &/, Recombinart murine IL-5 incuces

high rate IgA synthesis in cyciing IgA-positive Peyers patch
B cels. J fmmunor, 144, 2035-2042 (1988).
Beagiay, K. W. st /. Intereukdng and IgA synhesls. Muman
&nd murine interleckdn & induce high rate IgA sacration in
IgA-commitied B calls. /. Exp. Med. 188, 2133-2148
{1588

. Defrance, T. et &, Wtorleukdn 10 and transforming growth

factor B cooperate to induce anti-CD40-activated naive
humnan B ool 1o secrate IMmunoglobulin A 4 Exp. Mod.
175, 671-682 (1992).

59,

61.

7.

72.

73.

74,

75.

76.

79.

81,

Fagarasan, S., Kinoshita, K., Muramatsu, M., lkuta, I &
Honjo, T. in situ class switching and differentiation to
KgA-prochucing celis in the gut lamina propria. Nature

413, 639-843 (2001},

Kang, H.-S., et &l. Signaling via LTBR on the lamina propra.
stromal calis of the gut is requinad for IgA production, Matura
kmmunol, 3, ST6-582 (2002).

Dens, I. A., Knight, K. A. & Rause, B. T. The spleen and
organized ymph nodes are not essential for the davelopment

l‘b:mda.H.sfaf Idertification of multipe isclated rmphoid
folicles on the artimesenteric wal of the mouse small
intesting. J, dnmuncl. 168, 57-64 {2002).

Brandtzaeg, P, Blaakievold, E. 5. & Morton, H. C. From

B 1o A the mucosal way. Nafure mmunal. 2, 1083-1034
(201).

. Fagarasan, S. & Honjo, T. Intestinal 1gA synthesis;

reguiation of front-ine body defences, Natura Rav
immunal, 3, B3~72 (2003).

. Kmesa, . G., de Waard, R. & Bos, N. A B-1 calis and

their reactivity with the murine intestinal microfiora. Semin.
Immonol. 8, 1118 (1996).

. Hirgl, T. et al. Deficlency of IL-5 receptor a-chain selectively

influences the developrment of the common mucosal
immune system independent IgA-producing B-1 cal in
mucosa-associated tissues. J/, Immunal, 162, B21-828
{1999).

. Jang, M. H. et &l intestinal villous M cel: an arttigen entry

site in the mucasal epithelum, Proc. Natf Acad. S LSA
104, 6110-6115 (2004).

. Shikdna, T. et &/, IgA class switch ocours in the onganized

nasopharyno:- and gut-associated mpholkd tssus, bat not
In the dfffuse lamina propria of airways and gut. J, immunol.
172, 6259-6264 (2004).

. wasato, T, Shimizu, A, Honjo, T. & Yamagishi, M, Circutar

DNA s excised by immunogiobclin class switch
recormbination. Colf 62, 143149 (1990).

. Shimoda, M. et al. Isotype-spedific sdection of high

affinity memory B calis in nasal-associated kmphoid
tissue. J, Exp. Med., 194, 1557-1607 (2001).

This paper showed that NALT has sn important role
as an inductive site for the ger of IgA* Y
B cells that have high affinity for antigen.

Lazanyss, N. H. et &. A common mucosal chemokine

Kunkel, E. J. ot &f, CCR1OWB$bnisaoommnl‘mm
of ciraulating and mucosal epithelal tissue lgA Ab-sacreting
cets, J. Cin. invest. 111, 1001=-1010 (2003).

Kunkel, E. J. & Butcher, E. C. Plasma-cef homing. Nalure
Row. nmunal, 3, 822-829 (2003).

Yonemitsu, Y. et al. Efficient gene trarsfor to airway
epitheliim Lsing recombinant Sendal virus. Nafre
Blotachngl. 18, 570-673 (2000).

Kurisawa, J. et &, Sendai virug fusion protein madiates
Sirmultaneous; induction of MHC ciass 1i-dependient
muccsal and systermnic Immune responses via the
nasophanymoeal-associated yrrphoretioutar tissue Immune
systemn. J. inmunol. 167, 1406-1412 (2001).

Sakae, G. et &, HIV mucosal vaccine: nasal immunization

antibody responses. J, immunol. 170, 485-502 (2003,

. Park, H, S, Francis, K. P, Yu, . & Cleary, P P,

Membranous cels in rasal-associated mphoid tssue:
a portal of entry for the respiatory mucosal pathaogen
group A Streptococcus. J. immunal 171, 2632-2537

{2003).
. Woll, J. L ef &1, imestinal M cals: 8 pattway for entry

of recwinus Imio the host, Science 212, 471-472 {1981).
Lee, P W., Hayes, E. C. & Jokik, W, I Protein o1 Is the:
reavirus call attachment protein. Vimbogy 108, 156=163
(1981).

. WU, Y. et al. M celHtametod DNA vaocination. Proc. Natf

Acad, Sci. USA 988, 8318-9323 (2001).

This paper showed the efficacy of NALT M-cell-
targeted DNA immunization for the induction of
sntigen-specific immuna responses.

Wang, X, Hone, 0. M., Haddad, A, Shata, M. T. &
Pascual, D. W. M cell DNA vaccination for CTL Immunity
to HV, J. Immundl. 171, 4717-4725 (2003),

. Honda, M. et & Protective immuna responses induced by

secrstion of a chimeric sohible protein rom a recombinant
Myrobactoriuam bovis bacilus Calmette-Gudnn vactor
candidate vaccine for humman immunodeficlency wirus type 1
in small animals. Proc. Natf Acad, Sol. LSA 92,
10633-10697 {1985).

NATURE REVIEWS [ IMMUNOLOGY

VOLUME 4 | SEPTEMBER 2004 | 709



REVIEWS

87.

Ba.

a1,

. Aldovini, A & Young, L A. Humoral and cell-mediated

Immune responses to ve recombinant BOGHHIV vaccines,
WNaturg 351, 479482 (1991).

Yamamoto, M., McGhes, J. R, Hagiwars, Y., Otake, S. &
Kiyono, H. Ganeticaty manipulated bacterial tondn as a new
genaration mucasal ackovant. Scand. J, immunol 53,
211-217 (2001).

. de Haan, L et @, Mutants of the Escherichia col heat-iabile

enterotaxdn with reduced ADP-fibosytation activity or no
activity retain the Imrmunogenic properties of the native
holotcedn, infect. immun, 64, 5413-5416 (1906).

Douce, G. &t af. Mutants of Escherichia coll heat-atiie
toodn lacking ADP-rbosyttransferase activty act as nomodc,
mucosal aduvants. Froc. Nm‘:'Aced Sl USA 92,
1644-1648 (1995).

This study showed that 2 mutant form of snterotoxin
that lacks toxicity is useful 23 a mucosal adjuvant for
nasal iTkraanization.

Forana, M. R. et &, Construction of nontaxic derfvatives
of ¢holeras tendn and characierization of the immunalogical
response against the A subunit. infect. immun. 63,
2356-2360 (1995).

. Froytag, L C. & Clemenis, J, D, Bacterial toxing as mucosal

adiuvants. Curm. Top. Microbiol immunal, 238, 215-235
(1999},

Yamamoto, S. ef &l Mutants in the ADP-
rbosytiransferase cleft of cholera toxin lack
diarrheagenicity but retain adjuvanticity. .\, Exp.

Mad. 185, 1203-1210 {1997),

Yamamoto, M. et a. A nonioede adiuvant for mucosal
Eremunity tO pheumococcal surace protein A, J, imviunal,
161, 41154121 (1998},

Yamarmcto, S. et al. A nontosde mutant of cholara

tovdn elicits T, 2-typa responses for enhanced mucosal
mmunity. Proc. Natf Acad. S USA 94, 5267-6272
(1997).

a7.

100

101,

102,

. Okuno, Y. & Nakamura, K.

Hagiwara, Y. 6t al. Mutants of cholera tadn as an effective
and safe aduvant for nasal Influerza vaccine. Vacche 17,
2918-2926{1999).

. Kweon, M. N. of &l. A nortaxdc chimeric enterotosdn adfuvant

Induces protective immunity in bath mucesal and systermic
compartments with reduced IgE antibodies. J. infact. Dis.
188, 1261-1265 (2002).

. Nakamur, 1K & Orune, Y. Vaceingtion with bve attenuated

imMluenza wirus at the Osaka university hospital i 1980,
Virus 11, 349-354 (1961).

ic effectivaness of
Ve Influenza vaccing in 1965. Bikan J. 9, B9-95 (1966).
Mutsch, M. at al, Use of the inactivated intranasal influenza
vaccing and the risk of Bells palsy in Switzerdand. N. Engl.
J. Med. 350, 896-903 (2004),

Bourguignon, P et al_ in Molacuiar Approaches to Vaccine
Design 23 (Cold Spring Hartor Laboratory Press, Cokd

-8pring Harbor, 1999),

Ghuck, U,, Gabbers, J. 0. & Gluck, R. Phase 1 evaluation of
Imranasal vimsoma) influanza vaccine with and without
Eschearichia cof heat-iabile taxin In adult volunteers.

J. Virod. T3, 7780-7786 (1920).

. King, J. C, et &, Safety and immunogenicity of low and

high doses of trivalent ive cold-adapted influenza vaccine
administerad Intranasally as drops or spray to hegithy
chilgren. J. infact, Dés. 177, 1394-1397 (1998).

Harper, S. A, Fukuda, K., Cax, N. J. & Bridges, C. B.
Using ve, attenuated infuenza vaccne for preverition
and control of influenza: supplemental recommendations
of the Advisory Cormmittea on irnmunization Practices
{ACIP), MMWR Recormm. Rep. 52 {Suppl RR-13, 1-8

{2003).

Maassab, H. F. Adaptation snd growth characteristics
of influenza vius at 25°C. Nature 213, 512-614 {1967).
Bukreyay, A ef &, Mucesal immunisation of African green
monkeys (Caropithects asthiops) with an attencuated

paraimfiuenza virus expressing the SARS coronavirus spike
protein for the prevention of SARS. Lancer 383, 2122-2127
(2004).

Acknowledgements

Our work is supported by grants from the Core Rassearch for
Evolutional Sclernca and Technology ¢f Japen Scienca and
Technology Corporation, the Ministry of Education, Scienca, Sports
and Cutture of Japan, the Ministry of Health, Laber, and Walfars of
Japan, and the Uehara Memordal Foundation (Japan), We exprass
sppreciation of our presant and fomer colleagues at the University
of Tokyo, (Tokyo, Japan), Osala University {Osaka, Japan) and the
Unbvarsity of Alabarna at Birmingham {United States) for their heip
and comtributions to the generation of the results summarized in this
reniowy, Finally, our ppreciation exdends o K, K, MoGhee and J, R,
McGhee for editoria! help and careful reading of the manuscript,
respactiely.

Competing interests statement
The authors declan: no competing financal Interests,

&) Online links

DATABABES

The following terms in this ariicis are Snkod online to:
Entraz Gene:

hittp:/Awwew. NCil, nim.nih.gov/entrez/query.

CCL19 | CCR7 [ CD3 | CD4 | CO45 | CXCL13 [ CXCRS [ gp160 |
ICAMT [ ID2 | IL-7 | IL-7Ree | Lt-o | LT-BR | MADCAMY | NIK |
ROy | TNF | TNFRRSS [ TNFRR75 | VCAM1

FURTHER INFORMATION

Hiroghi Kiyono's homepage: hitp:/Awa.ims, u-tokyo.ac.
EnMenv/indiex_g.html

Accsss to this Internctiva linis bax le fres online.

710 [ SEPTEMBER 2004 [ VOLUME 4

www.nature.com /reviews/immunol



American Journal of Pathology, Vol. 164, No. 4, April 2004
Coprright © American Soclety for Investigative Pathology

Pathological Role of Large Intestinal IL-12p40 for the
Induction of Th2-Type Allergic Diarrhea

Ayako Hino,*™ Mi-Na Kweon,**®
Kohtaro Fujihashi, Jerry R. McGhee,¥ and
Hiroshi Kiyono*™*

From the Division of Mucosal Immunology,” Department of
Microbiology and Immunology, Institute of Medical Science, The
University of Tokyo, Tokyo, Japan; the Departments of Oral
Biology and Microbiology,! The Immunobiology Vaccine Center,
The University of Alabama at Birmingbam, Birmingham,
Alabama; the Mucosal Immunology Section’ International
Vaccine Institute, Seoul, Korea; and Core Research for Evolution
Science and Technology? Japan Science and Technology

Corporation, Tokyo, Japan

IL-12 consists of two disulfide-linked subunits, p40
and p35, that form functionally active heterodimers
for the induction of Thl cells. In contrast to IL-12
heterodimers, p40 monomers and homodimers pos-
sess inhibitory effects on Thl cells leading to the
creation of a Th2 environment. Although it has been
shown that IL-12p40 acts as antagonist of I-12p70
in vitro, no evidence is currently available whether
I1-12p40 is functional in vivo. We now report that IL-
12p40 plays an important pathological role in an
intestinal allergic disease. A high expression of IL-
12p40 protein was demonstrated in epithelial cells,
dendritic cells, and macrophages in large but not
small intestine of allergic diarrhea-induced mice. In-
terestingly, neutralization with anti-IT-12p40 mAbs
reduced the incidence and delayed the onset of dis-
ease development. Lower levels of ovalbumin (OVA)-
specific IgE Abs in serum were detected in anti-IL-
12p40 mAb-treated mice than in control Ab-treated
mice. The secretion of Th2 cytokines and eotaxin by
the mononuclear cells isolated from the large intes-
tine of anti-Il-12p40 mAb-treated mice was signifi-
cantly decreased. Finally, the removal of the IL-12p40
gene resulted in complete inhibition of disease devel-
opment. These results show that over-expression of
IL-12p40 is an important contributing factor for the
generation of the dominant Th2-type environment in
the large intestine of mice with allergic diarrhea,
(Am J Patbol 2004, 164:1327-1335)

In general, intestinal allergic reactions are provoked by
the activation of allergen-specific Th2-type cells, exces-
sive eosinophil and mast cell recruitment, and IgE Ab
production.”? We previously reported that systematically

primed BALB/c mice developed severe diarrhea after
repeated oral challenge with ovalbumin (OVA)." Diar-
rhea-induced mice revealed a Th2-type allergic response
characterized by high levels of Ag-specific IgE Abs in
serum, increased numbers of IgG1, IgA and IgE Abs in
the large intestine, and high numbers of mast cells and
eosinophils in the large intestine. Furthermore, large in-
testinal CD4* T cells isolated from mice with allergic
diarrhea secreted IL-4, IL-5, and [L-13, but not IFN-y. On
the other hand, a murine model of eosinophilic gastroin-
testinal hypersensitivity induced by challenge with oral
allergen, in the form of enteric-coated beads, resulted in
marked allergen-induced {L-4 and IL-5 production and
eosinophil accumulation in the small intestine. Although
several interesting intestinal allergic models were re-
cently reported,®3 the exact underlying molecular and
ceflular mechanisms remain to be elucidated.

In allergic asthma, allergen-specific T cells have been
shown to also acquire the Th2 phenotype and to avoid
from the Thi-type pathway.** A recent study has dem-
onstrated that Th1/Th2 imbalance induced allergic dis-
ease at the level of transcription factors. interestingly, a
high expression of GATA-3 and/or a lack of T-bet signal-
ing markedly influenced the development of allergic asth-
ma.®” In addition, the expression of not only Th2-type
cytokine but also Thi-type cytokine (ie, IFN-vy or IL-12)
played a critical role in murine dermatitis and asthma
madels.®® |t has also been demonstrated that natural
killer (NK) cells, like Th2 cells, play an important role in
the development of allergen-induced asthma.?

It has been suggested that antigen-presenting cells
(APCs} play a crucial role in the skewing of Th1 and Th2
differentiation.*® "1 IL-12 is a haterodimeric cytokine com-
posed of p40 and p35 which strongly promotes the dif-
ferentiation of naive CD4™* T cells o the Th1 phenotype
and suppresses the synthesis of Th2-type cytokines.’?
IL-12 is produced primarily by APCs and the production
is regulated by IL-10 and IFN-y.®' |n addition, biclog-
ical effects of IL-12 are counter-balanced by IL-12p40
itself, which binds to the receptor complex without induc-
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ing intracellular signals.'® Thus, murine IL-12p40 inhibits
IL-12-mediated responses by means of the competitive
binding to IL-12 receptor with an affinity similar to that of
IL-12p70.7%77 Further, IL-12p40 can behave as an IL-
12p70 antagonist in vivo, delaying the allograft rejection
of cardiac myoblast.'® |L-12p40 transgenic mice also
showged increased susceptibility to the malaria infec-
tion."

With regard to allergic responses, a potential contribu-
tion of IL-12 has been suggested for the development of
allergic asthma.®2? Mixed Th1- and Th2-associated cy-
tokines, including {FN-v, IL-2, IL-5, GM-CSF, and IL-12,
were secreted by smocth muscle cells located in the
sensitized airways of atopic asthma-induced mice.2' A
previous study demonstrated that IL-12p40 mRNA ex-
pression was detected in the lung tissue of mice with
asthma.?" However, the role of IL-12 in intestinal allergic
disease has not yet been carefully examined. To investigate
the potential roles of IL-12 in intestinal hypersensitivity, we
have assessed the expression pattern of IL-12p40 or
IL-12p35 in the intestinal tract of diarrhea-induced mice
and examined the therapeutic effects of modulating IL-12
involvement in allergic diarrhea.

Materials and Methods
Mice

BALB/c mice were purchased from Japan Clea Company
(Tokye, Japan). Breeding pairs of IL-12p40-deficient [IL-
12p40 knockout (KO)] mice were purchased from The
Jackson Laboratories (Bar Harbor, ME), and colonies
were established and maintained in the experimental
animal facility at the University of Tokyo and the Univer-
sity of Alabama at Birmingham. All mice were 6 to 7
weeks of age at the beginning of individual experiments.

Antibodies

Recombinant murine IL-12 p40 and p70 were obtained
from BD PharMingen (San Diego, CA}. Bictin-anti-CD11b
{M1/70, rat IgG2b) and bictin-anti-CD11¢ (HL3, hamster
IgG) were also purchased from BD PharMingen. Biotin-
SP-conjugated, affinity-purified anti-rat 1IgG {H+L) mouse
F{ab"), and anti-hamster [gG(H+L) goat F(ab"), were
obtained from Jackson ImmunoResearch Laboratories,
Inc. {(West Grove, PA). Anti-lIL-12p40 (C17.8.20, rat
lgG2a) was a generous gift from Dr. G. Trinchieri, Wistar
Institute, Philadelphia, PA%? and was purified from ascites
on a protein G column (Pharmacia Biotech, Uppsala,
Sweden). Purified rat 19G was purchased from Sigma
Chemical, Inc. (St. Louis, MO).

Induction of Affergic Diarrhea

For the induction of allergic diarrhea, our well-established
protocol was used as described previously.” Briefly, on
the first day of the experiment (day 0), mice were primed
by subcutaneous (SC) injection of 1 mg of OVA in Com-
plete Freund Adjuvant {CFA) (Difco Laboratories, Detroit,

MI}). One week after the systemic priming (day 7}, mice
were repeatedly challenged with 50 mg of GVA by oral
administration (PQO) three times per week for several
weeks.? These mice were sacrificed and analyzed within
1 and 2 hours after a total of 10 times of oral administra-
tion with OVA. In a timed kinetics study, mice were sac-
rificed at indicated intervals, ie, 0, 30 minutes, 1 hour, and
2 hours following the last oral administration of OVA. As
controls, mice were repeatedly given oral OVA in phos-
phate-buffered saline (PBS) without systemic priming or
were injected SC with 1 mg OVA in CFA without repeated
oral challenge.

Treatment of Mice with Anti-IL-12p40

in vivo Ab treatment was performed as described previ-
ously.?® Anti-IL-12p40 (C17.8.20, rat IgG2a) was a gen-
erous gift from Dr. G. Trinchieri, Schering-Plough Re-
search [nstitute, Dardilly, France.?2 BALB/c mice were
intraperitoneally administered with 0.5 mg to 2.0 mg of
purified anti-1L.-12p40 (C17.8) or contro! rat igG {Sigma
Chemicals, Inc.) per week for the duration of the experi-
ment. Ab treatment was started 1 week before or at the
time systemic priming with OVA in CFA. Among different
concentrations tested, the protocol of 1 mg/mouse of per
week was the most optimal condition. Further, when the
mAb treatment schedule was compared between the
start at 1 week before or at the same time as OVA sys-
temic priming, an identical effect was noted in this study.
Thus, the mAb anti-lL-12 {1 mg/mouse) was started on 1
week before the OVA systemic priming.

ELISA for OVA-Specific IgE Abs in Serum

To assess OVA-specific IgE Ab levels in serum, a sand-
wich ELISA system was adopted." End-point titers of
OVA-specific IgE Abs were expressed as the reciprocal
log, of the last dilution that showed a level of 0.1 higher
absorbance than that of sera of non-immune mice as
background.

Isolation of Mononuclear Cells and Cytokine-
Specific ELISA Assay

To isolate mononuclear cells from small and large intes-
tines, we used a enzymatic dissociation method.®?
Briefly, mononuclear cells were dissociated by collage-
nase from small and large intestines after the removal of
Peyer's patches and were then subjected to a discontin-
uous Percoll gradient.?® Mononuclear cells from small
and large intestines were then co-cultured in the pres-
ence of 1 mg OVA. After 3 days of culture, the superna-
tant was collected and assayed for cytokines by using an
ELISA Kit specific for IL-4 (Endogen, Woburn, MA), IL-5
(Amersham Pharmacia Biotech, Piscataway, NJ), IL-13
(R&D Systems, Minneapolis, MN) and eotaxin (Techne
Corporation, Minneapolis, MN).
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Table 1. Primers and Probes Used for Qualitative and Quantitative RT-PCR

Conventional PCR*

GTT GGA TAC AGG CCAGAC TITGTT G
GAG GGT AGG CTG GCC TAT AGG CT
ATG GCC ATG TGG GAG CTG GAG

TIT GGT GCT TCA CAC TTC AGG

ACC CAG TTG GCC AGG GTC

CAA GGC ACA GGG TCATCATC

Real-time PCR*

HPRT primer F
R
IL-12p40 primer F
R
IL-12p35 primer F
R
HPRT primer F
R
probe FITC
LCRed640
IL-12p40 primer F
R
probe FITC
LCRed640
IL-12p35 primer F
R
probe FITC
LCRed640

AAC TTT GCT TTC CCT GGT

AGT CAA GGG CAT ATC CAA CA

CAG TAC AGC CCC AAA ATG GTT AAG GTTGC
AGC TTG CTG GTG AAA AGG ACG TCT CG
AGA GGA GGG GTG TAACCA G

GGG AAC ACATGC CCACTT G

ACC GAA GTC CAA TGC AAA GGC GG
AAT GTC TGC GTG CAAGCTCAG G

CCT GTG CCT TGG TAG CAT CT

AGA CTG CAT CAG CTC ATC G

ACC AGA CAG AGT TCC AGG CCA TCA
TGA TGG CCT GGA ACT CTG TCT GGT

*, Primers were designed based on the published sequence.’®

t, Primers and probes were designed and produced by Nihon Gene Research Laboratories (Sendal, Japan).

Immunoprecipitation and Western Blot Analyses

For the detection of different forms of IL-12, intestinal
tissue extracts were prepared as previously described
with minor modifications.?® Small and large intestines
were removed, minced in cold PBS with protease in-
hibitor, homogenized, and incubated to allow cytokine
release from the tissue, After centrifugation intestinal
tissue extracts were subjected to the measurement of
protein concentration and then pre-cleared with pro-
tein G Sepharose beads (Pharmacia Biotech, Uppsala,
Sweden), subsequently incubated with anti-1L-12p40,
mixed with protein G Sepharose beads. The beads were
washed, subjected to SDS-PAGE under non-reducing
condition. After electrophoresis, proteins were trans-
ferred to a polyvinylidene difiuoride microporous mem-
brane (PVDF Immobilon; Millipore, Bedford, MA) and the
membrane was reacted with biotinylated anti-1L-12
(C17.8} followed by incubation with biotin-streptavidin
complex (ABC-AP Kit; Vector Laboratories, Ing.). Visual-
ization of the signal was performed by NBT/BCIP Sub-
strate Kit (BioRad, Hercules, CA).

Analysis for IL-12 mRNA Accumulation

The expression of IL-12p40 or p35 in small and large
intestines of mice was examined using conventional RT-
PCR as previously described and quantitative real-time
PCR method using a Lightcycler (Roche Diagnostics,
GmbH Mannheim, Germany), with some modifica-
tions.#7-?8 The sequences of primers and probes for real-
time PCR were designed by Nihon Gene Research Lab-
oratories (Sendai, Japan) (Table 1). Total RNA was
extracted by using TRIzol reagent (Invitrogen Life Tech-
nologies, Carlsbad, CA) and 2 ng of extracted RNA was
subjected to RT reaction using Superscript 1| Reverse
Transcriptase (Life Technologies).'* Hypoxanthine phos-

phoribosyl transferase (HPRT) ¢cDNA was used to stan-
dardize the total RNA content. The ¢cDNA from each
experimental sample was then subjected to the Lightcy-
cler FastStart DNA Master Hybridization Probes Kit
{Roche Diagnostics). The external standards of HPRT,
IL-12p40, and IL-12p35 DNA prepared by PCR between
20 pg to 0.02 fentograms were used for the quantification
of specific cDNA in each sampile, The ratio of the p40 and
p35 increase in experimental mice was calculated and
compared with non-treated mice as follows; the ratio =
(p40 or p35 mRNA amounts from experimental mice/
HPRT mRNA amounts from experimental mice)/(p40 or
p35 mRNA amounts from non-treated mice/HPRT mRNA
amounts from non-treated mice).

Immunohistochemical Analysis

Following extensive washing, small and large intestines
were fixed in 4% paraformaldehyde-PBS and treated with
sucrose-gradient, frozen in OCT-embedding medium as
previously described with minor modifications.?® For IL-
12p40 Immunostaining, cryosections were subjected to
antigen retrieval using 10 mmol/L citric buffer pH 6.0 for
5 minutes at 98°C. Slides were then blocked with normal
mouse IgG and incubated with rat anti-IL-12p40 or con-
trol rat IgG for 16 hours at 4°C. The section were then
treated with biotinylated goat anti-rat IgG F(ab'), (Jack-
son ImmunoResearch Laboratories, Inc.), ABC-AP Kit,
and red chromogen (Vector Red; Vector Laboratcries,
Inc.). For IL-12p35 immunastaining, we used goat anti-
IL-12p35 {Santa Cruz, Inc., Santa Cruz, CA) or control
goat IgG. The sections were then treated with biotinylated
donkey anti-goat 1gG F(ab’), and ABC-AP Kit, In the case
of surface marker staining, serial sections were incu-
bated with anti-CD11b (M1/70, BD PharMingen) or anti-
CD11c (HL3, BD PharMingen), bictinylated second anti-
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Flgure 1. Selective production of IL-12p40 by the large intestine of diarrhea-induced mice. In A, large intestinal tissues from diarrhea-induced mice were
immunostained with anti-IL-12p40 mAb, anti-IL-12p35 mAb, or control IgG. Control non-disease mice section gave no signal above background (data not shown).
In B-1, 11-12p40-specific mRNA was expressed selectively in the large intestine of mice with allergic diarrhea, In B-2, quantitive real-time PCR analysis of [L-12p40-
and p35-specific mRNA expression was performed. The ratio was obsained as the level of IL-12p40 or p35 expression in non-treated mice as a scale of one. The
detailed information for the expression of this ratio is described in the Materials and Methods section, In C-E, IL-12p40 was detected in M@ and DC and epithelial
cells in the large intestine. The serial sections of the large intestine from diarrhea-induced mice were stained with anti-IL-12p40 mAb and anti-CD11b mab (C), with
anti-IL-12p40 mAb and anti-CD11¢ mAb (D). The arrows point to double-positive cells. Large intestinal epithelial cells were stained with anti-IL-12p40 mAb (E).

body and ABC-AP. The color reaction was developed
using Vector Red Substrate Kit |.

Statistical Analysis

Statistical analyses were performed by the two sample
non-parametric Welch test with a significance level of
0.01 (**} for body weight and lg levels, respectively.
Mouse disease rates were determined using the Wil-
coxon rank-sum test with a significance level of 0.01 {**}.
Values for cytokine-synthesis in the samples between
anti-iL-12 p40-treated and control antibody-treated mice
were analyzed by using Student's t-test at P values of
<0.01(*).

Results

Detection of IL-12p40 Protein in the Large
Intestine of Allergic Diarrhea Mice

To examine whether |L-12p40 was expressed in the large
intestine of OVA-induced diarrhea mice, we anafyzed
IL-12 expression using a variety of available detection
methods, First, we performed immunohistochemical anal-
ysis to directly demonstrate the enhanced IL-12p40 ex-
pression in the large intestine of mice with allergic diar-
rhea. As shown in Figure 14, IL-12p40, but not IL-12p35,
was expressed in the large intestine of diarrhea-induced
mice. To further confirm enhanced expression of IL-

12p40 in the large intestine of mice with diarrhea, we next
performed iL-12-specific RT-PCR analysis. Interestingly,
I1L-12p40 mRNA was only detected in the large intestine
of diarrhea-induced mice, not in control mice without the
disease [eg, SC only or per oral challenge (PO} only;
Figure 1B). In contrast, IL-12p35 mRNA expression was
detected in both groups of mice (Figure 1B-1). When
IL-12-specific mRNA quantitative real-time PCR analysis
was performed, high levels of IL-12p40-specific mRNA
were noted in the large intesting of OVA-induced allergic
diarrhea mice (Figure 1B-2). In cantrast, the level of p35
did not vary among the four different groups including
experimental diseased (SC/FO} and control non-dis-
eased mice (non-treated, SC only, and PO only). Taken
together, these results clearly indicate that 1L-12p40, but
not p35, was selectively enhanced at the levels of both
mRNA and protein in the large intestine of allergic diar-
rhea mice.

inasmuch as the induction of IL-12p40 selectively oc-
curred in the large intestine of OVA-induced allergic di-
arrhea mice, it was important to determine which cell
types produced IL-12p40 in the large intestine. Immuno-
histochemical analysis demonstrated that IL-12p40-pro-
ducing cells were co-stained with anti-CB11b mAb [ie,
macrophages (Md)]. Further, CD11c™ cells [ie, dendritic
cells (DC)] were also positively stained for IL-12p40 (Fig-
ure 1, C and D). Further, some epithelial cells were also
positive for IL-12p40 expression (Figure 1E). Taken to-
gether, these findings show that large intestinal macro-
phages, dendritic cells, and epithelial cells are responsi-



A &S
& &
@&ff.
] ¢ SC/PO
(P40) e
pro B [=2 Ny
pao = |EZ _
Large Intestine
B 0 o5hth 2h
L
P70 P o s
(P40} EO § R
e 97:= - ot
A0 ] o re e s S
paofee-| P9

(p40).[ 1 18] 22]1.2
pa0 |1 [1g[1.7]22

Anti-pad  Anti-p35

Figure 2.Induction of IL-12p40 homodimer in the large but not small
intestine of diarrhea-induced mice. Large and small intestinal tissue extracts
were subjected to immunopreciptation and Western blotting analysis using
anti-[L-12p40 (C17.8) mAb under non-reducing conditions (A). The captions
above the figure indicate the experimental mouse group receiving different
in vivo treatments. Thus, the samples were obtained from SC/PO mice
treated with C17.8 or control antibodies. Further, the samples were isolated
from mice treated with PO only, SC only, or non-treated mice, The arrow
points to IL-12p40 homodimer expression in the large intestine of diarrhea-
induced mice. The data represent four independent experimenits, In B, at the
indicated times after oral administration of QVA, large intestinal tissue ex-
tracts isolated from diarrhea-induced mice were assayed for IL-12p40 by the
same method as in A. In C, the large intestinal tissue extracts of diarshea-
induced mice were subjected to Western blotting with ant-il-12p35 Ab as
well a5 anti-IL-12p40. IL-12p70 protein was used as a positive control for the
1L-12p35 detection system. As negative control, immunoprecipitation was
performed without the tissue specimens (Ab only). The data represent three
different experiments.

ble for the production of 1L-12p40 at the disease site of
OVA-induced allergic diarrhea.

The Western blotting method was adopted for the ex-
amination of lIL.-12 p4Q expression in the small and farge
intestinal tissue extracts from OVA-induced allergic diar-
rhea mice within 1 to 2 hours after the last oral challenge.
In the large intestine of diarrhea-induced mice, the 80kD
form of IL-12 predominated clearly demonstrating the
presence of IL-12p40 homodimer but not 70kD IL-12
heterodimer, in contrast to the environment observed in
the large intestine of control mice or the small intestine of
mice with/without diarrnea (Figure 2A). The multiple
bands of p40 and p80 are the result of glycosylation
heterogenity.'® We thus analyzed three bands of p40 and
three bands of p80 as specific bands. In the case of
spleen, 1L-12p40 was detected in control, healthy mice.
The levels of IL-12p40 did not change after development
of allergic diarrhea (data not shown). To examine the
kinetics of the response, we hext assessed the time
course of IL-12p40 expression in the large intestine of the
diarrhea-induced mice. The expression of IL-12p40 or
p80 in the large intestine peaked between 1 and 2 hours
after the last oral challenge, at the same time that severe
symptoms of OVA-induced allergic diarrhea were ob-

Colenic IL-12p40 for the Development of Allergic Diarrhea 1331

AJP April 2004, Vol. 164, Ne. 4

A 100
@
-E 80 SC/PO (Rat 1I9G) ~——fu
T 6
] *
§ 40 {c1 7.8)',. T
T 20 !
° o SC ont
52
« 7 14 21
Days after administration
—12]
B 24 a :‘E
@ 2 *% T : : 1]
£ ] .‘_”_8;1
g 2 T 2=
i 21 ] F
g | o
m 20 <
>
o

12 "Gon Ab C17.8 SC only

Figure 3. Inhibition of allergic diarrhea disease by the treatment with anti-
1L-12p40 mAb. In A, anti-IL-12p40 mAb (C17.8) treatment (thin dashed
line) delayed the development of allergic diarrhea when compared with the
rat IgG-treated group (solid line). Statistical differences were determined by
Wilcoxon rank-sum test and are indicated by **, P < 0.01. Mice with $C only
were used as ¢controls (thick dashed line). In B, left, body weight was
recovered in allergic diarrhea mice treated with amti-IL-12p40 mAb (C17.8).
In B, right, OVA-specific IgE Abs were reduced in the serum of allergic
diarthea mice reated with anti-IL-12p40 mAb (C17.8), The data are ex-
pressed as the mean of * SE and are representative of five independent
experiments. Statistical differences berween anti-1L-12p40 mab and control
rat lgG-treated mice are indicated as **, P < 0.01.

served (Figure 2B). These data suggest that there is an
intimate relationship between the development of diar-
rhea and the expression of IL-12p40 in the large intestine.

To further confirm the expression of IL-12p80 or p40
instead of the p70 form, the protein extracts from the
large intestine of the diarrhea-induced mice were immu-
noprecipitated with anti-IL-12p40 mAb and then Western
blotting was performed using anti-IL-12p35 mAb. No mo-
lecular bands corresponding to IL-12p70 proteins were
detected in the large intestine of diarrhea-induced mice,
while predominant IL-12p40 protein was detected (Figure
2C). The large molecular weight band above the p70 and
p80 bands was non-specific and was caused by the
nature of antibady used in the immunoprecipitation, since
the large molecular weight band was also seen following
imrunoprecipitation in the absence of tissue specimens
{Ab only in Figure 2C). These results indicate that the
secretion of 1L-12p40, but not IL-12p70, in the large in-
testine is critically important in the development of OVA-
induced allergic diarrhea.

Anti-IL-12p40 Treatment Reduced the
Symptoms of Allergic Diarrhea

Inasmuch as the preferential localization of IL-12p40 was
observed in mice with allergic diarrhea, we next per-
formed a neutralization experiment using anti-IL-12p40
mAb (C17.8). We observed a significant delay in the
onset of diarrhea and reduced the frequency of diarrhea
to 40% by treatment with anti-IL-12p40 mAb (Figure 3A).
Obwicus body weight loss was seen in control |g-treated
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Figure 4. In vivo treatment with anti-1L-12p40 (C17.8) reduced the predom-
inant antigen-specific Th2 type responses by large intestinal mononuclear
cells isolated from diarthea-induced mice. The mononuctear cells isolated
from the large intestine (1.5 X 10° cells/well) were cultured with OVA (1
mg/ml) for 3 days. Culture supernatants were harvested and then assayed for
iL-4, IL-13, IL-5, and eotaxin by ELISA assay. These dara are expressed as the
mean * SE and are representative of three independent experiments, The
statistical differences berween anti-IL-12p40 mAb and control antibody
treated mice are indicated as **, P < 0.01,

diarrhea mice, while treatment with anti-IL-12p40 mAb
resulted in partial recovery from body weight loss (Figure
3B, left). In addition, high levels of OVA-specific IgE Abs
were detected in the serum of diarrhea-induced mice
treated with control Ab, whereas the mice treated with
anti-IL-12p40 mAb showed low levels of OVA-specific
IgE Abs (Figure 3B, right}). These results indicate that
treatment with anti-IL-12p40 mAb alters the environment
from a disease-inducing one to one fastening recovery in
OVA-induced allergic diarrhea.

Suppression of Intestinal Th2-Type Cytokine by
Anti-IL-12p40 Treatment

To confirm decreased Th2-type responses in the large
intestine after anti-1L-12p40 mAb treatment, we next ex-
amined antigen-induced cytokine production by the large
intestinal mononuclear cells. Interestingly, the anti-IL-
12p40 treatment resulted in decreased levels of OVA-
induced Th2 cytokine synthesis including those of IL-4,
IL-5. and IL-13 {Figure 4). Production levels of the Th2
cytokines were comparable to those of control mice with-
out allergic diarrhea (SC only). In contrast to the alter-
ations abserved in OVA-induced Th2 cytokine synthesis,
there was no difference in the level of IFN-y production
between the mice treated with anti-IL-12p40 mAb and
control IgG (data not shown). We further confirmed that
[L-4 producing cells were CD4* Th2 cells by intracellular
staining (data not shown).

Finally, the level of eotaxin, a well-known chemokine for
eosinophil recruitment in allergic disease,*® was also ex-
amined, since our previous study demonstrated that the
frequency of eosinophils was increased in the targe in-
testine of allergic diarrhea mice.? Likewise, the leve! of
eotaxin could also be presumed to be increased in the
large intestine of allergic diarrhea mice (Figure 4). Inter-
estingly however, the level of eotaxin synthesis was sig-
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Figure 5. Suppression of allergic diarrhea development in IL-12p40 KO
mice. In A, the incidence of allergic diarrhea was reduced in the IL-12p40 KO
mice when compared with wild-type mice immunized subcutaneousty and
then given OVA repeatedly by the oral route (SC/PO). In B, the large
intestinal LP mononuclear cells from IL-12p40 KO mice did not produce IL-4.
Mononuclear cells isolated from the large intestine were restimulated with
OVA for the assessment of IL-4 synthesis as described in Figure 4A. The data
are expressed as the mean = SE and represemt three different experiments.

nificantly decreased by the treatment with anti-IL-12p40
mAb (Figure 4). These results indicate that anti-IL-12p40
mAb inhibited the immunopathological Th2 cytokine en-
vironment of the large intestine in allergic diarrhea mice.
Thus, an interesting scenario could be the presence of
high levels of IL-12p40 monemer andfor homodimers
instead of IL-12p70 in the disease site of OVA-induced
allergic diarrnea mice. Therefore, treatment with anti-|L-
12p40 mAb might result in the inhibition of Th2-type
responses in the large intestine of allergic disease mice.

IL-12p40-Deficient Mice Do Not Develop
Alfergic Diarrhea

To directly confirm the pathological role of [L-12p40 in the
development of allergic diarrhea, IL-12p40 knockout
(KO) mice were used. IL-12p40 KO mice did not develop
the allergic diarrhea completely (Figure 5A). OVA-in-
duced IL-4 production by large intestinal LP mononuclear
cells was not detected in IL-12p40 mice (Figure 5B). The
levels of other Th2-type cytokines (IL-5 and IL-10) were
also reduced in IL-12p40 KO mice {data not shown).
Taken together, these results clearly show that IL-12p40
plays an important role in the development of this large
intestinal allergic disease.

Discussion

Our present findings provide new, strong evidence for an
immunopathological role for locally produced IL-12p40 in
the development of OVA-induced allergic diarrhea. Here
we demonstrate the high expression of IL-12p40, without
IL-12p35, in the large intestine but not in the small intes-
tine of mice with allergic diarrhea. These 1L-12p40 were
locally produced by large intestinal M@, DC, and epithe-
lial cells. Based on our knowledge, this is the first dem-
onstration of the presence of 1L-12p40 in the selected
part of the intestinal tract (eg, large intestine) in mice with
allergic diarrhea. Although IL-12 is thought to drive the
Th1-dominant environment,3' our present findings pro-
vide additional supportive evidence that IL-12p40 con-
tributes to the generation of a Th2-dominant environ-



ment.'®'? it should be noted that our results directly
demonstrate the in vivo immunopathological contribution
of locally produced mucosal IL-12p40 to the develop-
ment of CVA-induced diarrhea. Thus, the anti-IL-12p40
treatment reduced the incidence of OVA-induced allergic
diarrhea. An afttractive explanation would be that large
intestinal M@s and DCs as well as epithelial cells contrib-
ute to the development of pathological Th2-dominant
responses by the production of IL-12p40 in OVA-induced
allergic diarrhea. Thus, the administration of anti-IL-
12p40 resulted in the inhibition of the locally produced,
mucosal |L-12p40-created, pathological Th2 condition,
leading to the reduction of disease development,

Our- present and previous results clearly show that
large intestinal antigen-specific Th cells produce high
levels of Th2 cytokine in OVA-induced allergic diarrhea.’
The presence of monomeric or dimeric forms of IL-12p4Q,
behaving as an antagonist to IL-12p70, is an additional
contributing factor for the creation of a dominant patho-
logical Th2 environment. Thus, the severe symptoms of
allergic diarrhea were reduced by treatment with anti-IL-
12p40 mADb, since the production of Th2 cytokines was
significantly decreased in the large intestine. Qverall,
IL-12p40-supported, Th2-type cytokine synthesis plays a
critical and pathological role in the induction of alfergic
reactions in large intestinal tissues. Although we do not
have any specific explanation for the generation of IL-
12p40 at the disease site, one possibility could be anti-
gen overload in the intestinal tract. Our previous study
demonstrated that coral administration of high doses of
OVA induced Th2-mediated allergic diarrhea in system-
atically pre-sensitized BALB/c mice." In contrast, low
doses of oral OVA failed to induce allergic diarrhea. It
was afso shown that high doses of OVA peptide in-
creased the numbers of naive CD4™ T cells with Th2-like
phenotype, which in turn produced dramatically large
amounts of 1L-4.32 Therefore, high doses of oral antigen
may create an immunological environment favoring Th2
cell development. To support this view, it has also been
shown that high doses of oral antigen preferentially inhibit
IFN-y-producing Thi-type cells.,” Further, the dose of
antigen can determine whether Th1- or Th2-type cells are
generated by antigen-presenting cells including DC.%®
Taken together, these findings allow us to postulate that
an overload of oral antigen may direct mucosal antigen-
presenting cells, including DC and M@, and epithelial
cells, to produce monomeric or dimeric forms of IL-12p40
instead of IL-12p70Q.

IL-12 has been considered as an inhibitory factor for
allergic responses induced by preferential Th2-cytokine
production. Indeed, endogenous rlL-12 decreased IgE
levels and Th2 cytokine production induced by allergic
reaction.®® In contrast, 1L-12 has also been shown to be
involved in the pathological phase of mucosa-associated
allergic diseases of the respiratory tract. In the murine
asthma model, IL-12 contributed to the recruitment of
eosinophils into the respiratory tract via the induction of
VCAM-1 on local vascular epithelial cells.® Thus, the
deletion of the IL-12 gene (p40) resulted in a substantial
reduction in the airway recruitment of eosinophils and in
the expression of VCAM-1 when compared with wild-type
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mice exhibiting an asthma-like reaction induced by sys-
temic sensitization followed by nasal OVA.®€ In addition,
selective overexpression of IL-12p40 was noted in airway
epithelial cells and bronchoalveolar lavage fluids of pa-
tients with asthma.2° Our present findings also demon-
strate that the locally produced p40 form of IL-12 was
associated with the development of OVA-induced alier-
gic diarrhea. Thus, IL-12p40 was preferentially ex-
pressed only in the large intestine of allergic diarrhea
mice. In addition to these results generated through the
characterization of an asthma meodel, our present finding
suggests a critical rele for IL-12, especially that of pd0-
associated molecules, for the development of allergic
diseases including asthma and food allergy.

The treatment with anti-IL-12p40 mAbs effectively re-
duced the incidence as well as the severity of allergic
diarrhea, an effect most likely due to an alteration in the
dominant immunopathological Th2-type response to a
Thi-type environment. To support this view, locally over-
expressed IL-12p40 may compete with the well-known
Th1 promoter IL-12p70 and IL-23 {pd0/p19).37-2° To this
end, it has been shown that endogenous IL-12p40 can
overcome the Th1-promoting activity of IL-12p70 and/or
IL-23."® In this regard, our recent and separate study
showed that IL-23p 19-specific mRNA expression was not
detected in either diseased or healthy BALB/c mouse
groups (data not shown). The results suggest that IL-23
dose not play an important role in the development of our
diarrhea model. Therefore, treatment with anti-IL-12p40
antibody likely eliminated the antagonistic effect of IL-
12p40 at the focal site, perhaps leading 1o the creation of
an IL-12p70 environment for the initiation of down-regu-
lation of Th2 responses. An alternative explanation would
be that anti-IL-12p40 mAb used in this experiment may
possess a higher affinity for the monomeric or dimeric
form of IL-12 than for the IL-12p70 heterodimer. Although
our emphasis has been on the inhibitory effects of anti-
IL-12p40 mAb for the prevention of allergic diarrhea, one
must accept the fact that complete prevention of disease
development was never achieved through use of mAbs.
A possible explanation for this finding could be that anti-
IL-12p40 mAb inhibited Th1 induction of IL-12p70 in ad-
dition to IL-12p40. Thus, this alteration of a Th2 dominant
environment and shift to one of a Thi-type may partially
occur in the farge intestine of mice with allergic diarrhea.
To support this possibility, the mAb used in these exper-
iments has been shown to neutralize IL-12p70 in addition
to IL-12p40."274 In addition, the experiments using IL-
12p40 KO mice suggest that the absence of IL-12p40
results in a complete failure to develop allergic diarrhea.
It clearly shows that IL-12p40 play a critical role in the
development of this disease. However, one alternative
and simple expectation would be that an 1L-12p40 defi-
ciency may lead to the creation of Th2 environment due
to the lack of Th1 inducing IL-12p70, Thus, it may lead to
the more susceptible condition for the development of
Th2-mediated diarrhea. Although we do not have any
specific data to negate the latter possibility, one possible
explanation would be that the deficiency of IL-12p70
formation in 1L-12p40 KO mice lead to the lack of ability to
active antigen presenting cells. IL-12p70 deficiency may
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result in the absence of induction antigen-specific T cell
respense including the pathological Th2-type cells. It has
been shown that IL-12 or IL-12-induced IFNy can directly
activate antigen presenting cells.*® To address the issue,
a series of interesting experiment would be the adaptive
transfer of large intestinal M@, DC, and epithelial celis
into IL-12p40 and/or p35 KO mice. These experiments
are, of course, planned for our future study.

Recently, it has been suggested that IL-12 is also one
of the key cytokines for the regulation of the intestinal
immune response.*’ Mouse IL-12p40 is produced as
monomer and homodimer five to ninety times as fre-
quently as IL-12p70 in vivo and in vitro,*®2 implying the
existence of additional immunological roles for iL-12p40.
An interesting possibility would bhe that excess produc-
tion of the monomeric andfor the homodimeric form of
IL-12p40 could be a key contributing factor to the main-
tenance of immunolegical homeostasis at the mucosal
compartment. Interestingly, our present findings demon-
strate that over-expression of IL-12p40 occurred only in
the large but not the small intestine following oral expo-
sure to high doses of protein antigen. At the present time,
we cannot offer any specific explanation for this distinct
localization of IL-12p40. However, an interesting possi-
bility would be that the expression of negative regulators
for IL-12, including sCD40L and IL-10R, 42 could differ
between the small and large intestine. To support this
possibility, epithelial cells have been shown to express
CD40 and IL-10R.3*41 Since the large intestinal tract is
continuously exposed to overloaded microflora, the level
of co-stimulatory molecule expression such as CD40 by
large intestinal epithelial cells could be lower to avoid
unnecessary inflammatory responses. Thus, the large in-
testinal tract may form an immunological environment
favoring the generation of [L-12p40. This interesting pos-
sibility is currently befng tested in our laboratory.

in summary, our results demonstrated that locally pro-
duced IL-12p40 contribute to the Th2 cell generation of
pathological polarization in the large intestine of OVA-
induced allergic diarrhea. This study provides the first
evidence for the association of over-expressed IL-12p40
from intestinal epithelial celis, DC and M@, in the devel-
opment of allergic diarrhea. Thus, the application of anti-
IL-12p40 mAb resulted in the reduction of disease inci-
dence and severity. Further, the disease development
was completely eliminated in the deletion of 1L-12p40
gene. Taken together, our studies provide an opportunity
to consider that anti-IL-12p40 mAbs may be an alterna-
tive therapeutical regimen for the control of allergic intes-
tinal disease.
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Abstract

Both B subunit of Shiga toxin 1 (Stx1-B}, which mediates the binding of toxin to the membrane, and mutant Stx! (mStx1), which is
a non-toxic double-mutated Stx1 harboring double amino acid substitutions in the A subunit, possess potent mucosal adjuvant activity,
Nasal immunization of mice with ovalbumin (OVA) plus the Stx1-B or mStx1 induced OVA-specific serum IgG and mucosat IgA re-
sponses. IgG subclass analysis revealed that mStx1 and Stx1-B as mucosal adjuvants supported Ag-specific IgG1 followed by IgG2b Abs.
The co-administration of either mStx1 or Stx1-B with OVA enhanced the production of IL-4, IL-5, IL-6 and IL-10 with jow IFN-y, by
OVA-specific CD4* T cells. To better elucidate the mechanisms underlying mStx1’s and Stx1-B’s adjuvant activity, we next sought to ex-
amine whether or not dendritic cells (DC) residing in the nasopharyngeal-associated lymphoreticular tissue (NALT) were activated by nasal
administration of Stx1-B or mStx1. We found that mice nasally administered with Stx1-B or mStx1 showed an up-regulation in the expression
of CDB80, CDR6 and especially CD40 on NALT DCs. Taken together, these results suggest that non-toxic Stx derivatives could be effective
mucosal adjuvants for the induction of Th2-type, CD4* T cell mediated, antigen-specific mucosal IgA and systemic IgG Ab responses, and
that they likely owe their adjuvant activity to the up-regulation of co-stimulatory molecules including CD80, CD86 and CD40 on NALT DCs.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Stx; Adjuvant

1. Introduction

Adjuvants are key to the development of effective mucosal
vaccine because they can compensate for the often poorly
immunogenic nature of orally and nasally administered vac-
cine antigens by inducing vaccine antigen-specific humoral
and/or cellular immune responses. Much of the protection
available at mucosal surfaces such as the respiratory, gas-
trointestinal and urogenital tracts is provided by the produc-
tion of secretory IgA (S-IgA) antibodies (Abs) which are
effectively produced only when vaccine is administered by
a mucosal route [1]. In an effort to develop new strategies to
curb global infection, researchers in the field are currently

* Corresponding author. Tel.: +81-3-5449-53270; fax: +81-3-5449-5411.
E-mail address: kiyono@ims.u-tokyo.ac_jp (H. Kiyono).

0264-410X/$ - see front matter © 2004 Elsevier Lud. All rights reserved,
doi:10,1016/j.vaccine.2004.03.034

trying to develop novel adjuvants which can be nasally or
orally co-administered with vaccine antigen to maximize the
induction of protective S-IgA antibodies.

Thus far, several bacterial enterotoxins including cholera
toxin (CT) of Vibrio cholerae and heat labile enterotoxin
{LT) of enterotoxigenic Escherichia coli have been identi-
fied as possessing strong immunoenhancing activity against
co-administered protein antigen when given by the oral
or nasal routes [2-53]. By eliciting antigen (Ag)-specific
Th2-type CD4* T cell responses with high levels of IL-4
and IL-5 production, mucosally co-administerated CT en-
hances the generation of Ag-specific systemic IgGl, IgE
and mucosal S-IgA responses [6]. In contrast, LT induces a
mix of IFN-y-producing CD4* Thl-type and IL-4-, IL-5-,
IL-6-, and IL-10-secreting Th2-type cells for subsequent
induction of serum IgGl, IgG2a, and mucosal S-IgA Ab
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responses [7]. Other bacterial toxins such as pertussis toxin
and PT-9K/129G, the genetically detoxified derivative of
pertussis toxin have also been shown to possess mucosal
adjuvant activities [8,9]. Pertussis toxin potentiates both
Thl and Th2 responses to antigen co-injected via the sys-
temic route [10]. The mucosal presentation of a chimeric
molecule composed of the gp 120V3 loop region of the
MN strain of HIV-1 and a non-toxic form of Pseudomonas
exotoxin resulted in strong mucosal and systemic immune
responses to an integrated HIV-Ag [11]. However, Shiga
toxin (Stx) was found to possess immunogenicity but not
adjuvant activity when given via the oral route [12].

Stx, which is generated by Stx-producing E. coli (STEC),
is one of the major virulence factors for STEC infectious
diseases. Stx is a holotoxin composed of an A subunit mea-
suring approximately 32-kDa in non-covalent association
with a pentameric ring of an identical B subunit, each with
a molecular mass of 7.7-kDa {13]. The A subunit is the en-
zymatic component of the toxin and acts as a highly specific
N-glycosidase enzyme hydrolyzing the bond between ribose
and a single adenine residue found on a prominent loop
structure in the 285 rRNA component of eukaryotic ribo-
somes {14,15). The B subunits mediate the binding of toxin
to the neutral glycolipids of cell membranes, globotriaosyl-
ceramide and globotetraosylceramide [16]. Stx is classified
into two groups: Stx1, the amino acid sequence of which is
identical to that of Shiga toxin: Stx2, which is immunolog-
ically distinct from Stx1 [17].

In an effort to develop a candidate for a vaccine against
infectious diseases caused by enterohemorrhagic E. coli,
we have previously used site-directed mutagenesis to gen-
erate E167Q & R170L (mStx1), a double mutant of Stx1,
harboring double amino acid substitutions in its RNA
N-glycosidase active center [18]. Due to these mutations,
mStx] lacks RNA N-glycosidase activity, cytotoxicity and
mouse lethality [18]. In the present study, we have addressed
whether or not mStx1 and Stx1-B elicit mucosal adjuvant
activity when co-administered nasally with protein antigen.
Furthermore, we have assessed the capability of nasally
administered mStx1 and Stx1-B to activate dendritic cells
(DC) in nasopharyngeal-associated lymphoreticular tissue
{NALT). Our results suggest that both mStx1 and Stx1-B are
effective mucosal adjuvants for the induction of Ag-specific
Ab responses in both mucosal and systemic compartments.
Moreover, when applied nasally, they are also capable of
up-regulating co-stimulatory molecules including CD80,
CDB86 and CD40 on NALT DCs.

2. Materials and methods
2.1, Mice
C57BL/6 mice purchased from SLC (Shizuoka, Japan) or

Cler Japan, Inc. (Tokyo, Japan) were maintained and bred in
the experimental animal facility at Osaka University under

pathogen-free conditions in microisolator cages. All mice
were provided sterile food and water ad libitum. C57BL/6
mice were used in this study at 8-12 weeks of age.

2.2. Bacterial toxins

The mutant of Stx1 (mStx1), native (n)Stx1 and nStx2
were purified from E. coli MC 1061 strain M 23, strain
87-27 and strain Tp 8, respectively [18,19]. As described
previously, purification steps included ion-exchange, chro-
matefocusing and HPLC as described previously [19]. The
B subunit of Stx1 (Stx1-B) was derived from Bacillus brevis
pNUZ212-VTIB and was purified by the use of ion-exchange
and gel filtration [20].

The amount of endotoxin was measured in the toxin prepa-
ration with an Endospec-SP test (Seikagaku Co., Tokyo,
Japan). The nStx1, nStx2, mStx1 and Stx1-B used in this
study contained 7.03, 9.52, 34.0 and 3.05 pg of lipopolysac-
charide (LPS) per 10 pg of protein, respectively. The range
of these LPS contents (e.g. 3-35 pg/10.g protein) has been
shown to have no biolegical effect on the immune system
{21,22].

2.3. Immunization protocol and sample collection

A standard nasal immunization protocol was used in this
study {23]. Mice were nasally immunijzed on days 0, 7 and
14 with a 10 pl aliquot (5 .l per nostril) containing 100 ng
of ovalbumin (OVA; Sigma, St. Louis, MO) alone or com-
bined with various doses of mStx1, Stx1-B, nStx1 or nStx2
as mucosal adjuvants [23]. Saliva was obtained from mice
following i.p. injection with 100 pi of 1 mg/m! pilocarpine
(Sigma). Nasal washes were collected by gently flushing the
nasal passage with 100 ! of sterile PBS [23].

2.4, Analysis of antibody responses

Ag-specific Ab titers in serum, saliva, and nasal washes
were determined by ELISA as described previously [6,24].
Briefly, plates were coated with OVA (1 mg/ml) and blocked
with 1% BSA in PBS. After the plates were washed, se-
rial dilutions of serum, saliva, or nasal washes were added
in duplicate. Following incubation, the plates were again
washed and peroxidase-labeled goat anti-mouse ., vy or «
heavy chain-specific Abs [Southern Biotechnology Asso-
ciates (SBA), Birmingham, AL] were added to appropriate
wells. Finally, 3,3',5,5 -tetramethylbenzidine (TMB) with
H20, was added for color development,

For IgG subclass analysis, biotinylated rat monoclonal
anti-mouse y1 (G1-7.3), y2a (R19-15), v2b (R12-3) or v3
(R40-82) heavy chain-specific Abs (BD PharMingen, San
Diego, CA) and streptavidin-conjugated peroxidase (Vector
Laboratories, Inc., Burlingame, CA) were employed. For
the analysis of total IgE antibodies, OptEIA ELISA for IgE
was used (BD PharMingen). Endpoint titers were expressed
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as the reciprocal logz of the last dilution giving an optical
density at 450 nm (ODysq) of >0.1 above negative control.

2.5. Detection of Ag-specific Ab-forming cells (AFCs) by
the enzyme-linked immunospot (ELISPOT) assay

In the ELISPOT assay, numbers of Ag-specific AFCs
from various tissues including salivary glands, nasal pas-
sages and spleens were determined by direct counting of
spots as previously described in detail [4,24]). Ninty-six-well
nitrocellulose-based plates (MultiScreen-HA, Millapore
Co., Bedford, MA) were coated with 1 mg/ml of OVA di-
luted in PBS for enumeration of Ag-specific AFC. Wells
were blocked with RPMI1640 medium containing 10%
FCS, HEPES buffer (15 mM), L-glutamine (2mM), peni-
cillin (100 U/ml), and streptomycin (100 pg/ml) {complete
medium). Cells at various dilutions were added and incu-
bated for 6h at 37°C in 5% CO; in moist air. Antigen-
specific AFCs were detected with peroxidase-labeled
anti-mouse ., v, or o« Ab (SBA) and then visvalized by
adding the chromogenic substrate, 3-amino-9-ethylcarbazole
(Moss. Inc., Pasadena, MD). Spots were counted with the
aid of a dissecting microscope (SZH Zoom Stereo Micro-
scope System, Olympus, Lake Success, NY).

2.6. OVA-specific CD4% T cell responses

CD4t T cells were purified from cervical lymph
nede (CLN) and splenic cell suspensions by use of the
magnet-activated cell sorter system (Miltenyi Biotec) [24].
Cells were added to a nylon wool column (Polysciences,
Warrington, PA) and incubated at 37°C for 1h to remove
adherent cells. The CD4% T cell subset was then ob-
tained by positive sorting using a magnetic bead separation
system consisting of anti-CD4 monoclonal (m)Ab (clone
GK1.5)-conjugated microbeads (MACS; Miltenyi Biotec).
Purified CD4*1 T cells (>98% purity) were cultured at a
density of 4 x 10® cells/ml with OVA (1 mg/m!) with T
cell-depleted, irradiated (3000rads) splenic feeder cells
(8 x 10° cells/ml) and rIL-2 (10 units/mi; PharMingen) in
complete medium [23]. The CD4% T cell cultures were
incubated for 3 days at 37°C in 5% CO; in air. Culture
supernatants were then harvested for quantitation of se-
crated IFN-vy, IL-4, IL-5, IL-6 and IL-10 by a commercial
AN'LYZA immunoassay kit (R&D Systems, Minneapolis,
MN). To measure the levels of Ag-specific T cell prolif-
eration, 0.5 wCi of [3H]thymjdine {Amersham Pharmacia
Biotech) was added to individual cultures 18 h before ter-
mination, and the uptake of [*H]thymidine in counts per
minute (cpm) was determined by scintillation counting {25].

2.7. FACS analysis

Cells were analyzed by FACS (FACS Calibur & Cel-
1Quest; Becton Dickenson Co. Inc., San Jose, CA) using
the following antibodies from BD PharMingen: fluorescerin

isothiocyanate (FITC)-conjugated anti-mouse CD11c¢ (clone
HL3), phycoerythrin (PE)-conjugated anti-mouse CD80
(clone 16-10A1), PE-conjugated anti-mouse CD&6 (clone
GL1), PE-conjugated anti-mouse I-A® (clone AF6-120.1),
and PE-conjugated CD40 (clone 3/23).

2.8. Isolation of NALT DC

NALT was isolated and then rinsed in complete medium
[23] before being digested with collagenase D (400 Mandl
units/ml; Roche, Indianapolis, IN), as previously described
[26]. Briefly, NALT was incubated with collagenase D (400
Mandl units/m!) and DNase I (200 pg/ml; Roche) for 35 min
at 37°C in RPMI 1640 medium, and EDTA at a final con-
centration of 5 mM was added during the last 5 min of incu-
bation. For the enrichment of DC, released cells were lay-
ered over a metrizamide gradient column (Accurate, West-
bury, NY; 14.5 g of metrizamide added to 100 ml of complete
medium) and centrifuged, and the low-density fraction was
collected as DCs [27]. The enriched DC cells were counted
and then stained with the appropriate monoclonal antibod-
ies, as described above for FACS analysis,

2.9. Statistical analysis

The results are reported as mean + one standard error
(S.E.). Statistical significance (P < 0.05) was determined by
Student’s t-test and by the Mann—Whitney {-test of unpaired
samples,

3. Results

3.1. Induction of Ag-specific systemic Ab responses by
nasal administration of OVA and mSixI or StxI-B

We began by assessing whether nasal co-administration of
newly developed non-toxic Stx1 derivatives such as mStx1
or Stx1-B would provide mucosal adjuvant activity for the
induction of Ag-specific Ab responses (Fig. 1A). Mice were
nasally immunized with an optimal dose of OVA in the
presence or absence of different concentrations of the ad-
juvant candidates. Although all doses of mStx1 tested in
this study {(e.g. 0.1-20 p.g) provided the adjuvant activity,
administration of 0.5 ug of mStx1 resulted in the highest
OVA-specific IgM and IgG Ab responses among several
doses tested (data not shown). Of all the dosages of Stx1-B
tested (e.g. 0.1-20 pg), the administration of 5 g of Stx1-B
produced the most impressive serum IgM and IgG anti-OVA
Ab responses, Although a dosage of 0.5 p.g of the native
form of Stx1 (nStx1) resulted in some adjuvant activity, high
doses (e.g. 2 pg) of nStx1 proved universally lethal to mice
{n = 5) (data not shown). Due to its lethality, native StxI
does not make a practical mucosal adjuvant candidate. That
same lethality also makes nStx1 unsuitable for subcutaneous
co-administration, as we found in an earlier study (unpub-
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Fig. 1. Mucosal adjuvant activity of Stx1 derivatives for the induction of systemic antibody responses. OVA-specific serum IgM, IgG and IgA Ab
respenses (A), IgG subclass Ab responses (B) and total IgE responses (C) were examined and compared in serum of mice nasally immunized with
OVA plus mStx] or 5x1-B. Groups of C57BL/6 mice were nasally immunized with 100 g of OVA plus 0.5 g of Stx1 mutant (dotted bar) (E167R &
R170L; mStx1), or 5 g of Stx1-B (black bar) as mucosal adjuvant or with OVA alone (white bar) on days 0, 7 and 14. Serum samples were collected
at day 21 and examined for OVA-specific IgM, 1gG and IgA Abs, OVA-specific [gG subclass Ab responses and total IgE by ELISA. The results are
expressed as the mean & S.E.M. from five to six mice per group and from a total of three separate experiments.

lished data). In summary, we found mStx and Stx1-B to be
the best candidates for possible mucosal adjuvants, since
an optimal dose of 0.5 or 5 g, respectively, induced serum
IgM, IgG and relatively low IgA anti-OVA Ab responses
(Fig. 1A). Consequently, the remainder of our experiments
focused on the mucosal adjuvant activity of these two forms
of non-toxic derivatives. As expected, antigen-specific Ab
responses were low after nasal immunization with OVA
alone (Fig. 1A). Analysis of OVA-specific IgG subclass re-
sponses revealed that co-administration of mStx1 or Stx1-B
resulted in a major IgG subclass response with IgG! sub-
class appearing, followed by IgG2b (Fig. 1B). The levels of
total IgE were not statistically changed between mice immu-

nized with OVA and Stx! derivatives and those administered
OVA alone (Fig. 1C). Further, nasal immunization of OVA
and Stx1 derivatives did not mount for antigen-specific IgE
antibodies (Stx1-B: 6.85 £ 0.05 and mStx1: 6.80 £ 0.02)
when compared with OVA alone (<6.0) (data not shown).

When antigen-specific IgG antibody forming cells (AFC)
in the spleen and cervical lymph node (CLN) of mice nasally
immunized with OVA plus Stx1 derivatives were analyzed,
significant numbers of OVA-specific IgG AFC were de-
tected, confirming the results obtained by the characteriza-
tion of OVA-specific serum Ab responses. In contrast, low
numbers of OVA-specific IgG AFC were seen in spleen and
CLN of mice given OVA alone (Fig. 2A).



