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neous cpm)] x 100. Spontaneous and maximal release cpm
were determined by incubating 1 x 104 PR8-infected and
SIC-labeled P815 cells with 100 ! of a medium and 100 pl
of 5% Triton X-100, respectively.

2.13. Statistical analyses

. Differences in virus titers of groups between the wild-type

and plgR-deficient mice were compared by ANOVA. Com-
pariscns between experimental groups were performed by
Student’s #-test. P < 0.05 was censidered significant unless
otherwise indicated.

3. Results

3.1. Protection against influenza virus infection
in BALB/c mice immunized intranasally with
CT112K-combined vaccine

The effectiveness of CT112K as an adjuvant of the
nasal influenza vaccine on the protection against influenza
virus infection was investigated in BALB/c mice. The mice
received a primary intranasal administration of the CT112K
(0.1 pg)-combined PR8 vaccine (0.1 pg) and a second in-
tranasal administration of the PR8 vaccine (0.1 p.g) with or
without CT112K 4 weeks later. Two weeks after the second
immunization, the mice were challenged with either a non-
lethal dose (2 pl) or a lethal dose (20 1) of the suspension
of PR3 viruses. Three days after the challenge, nasal wash
virus titers in mice challenged with a nonlethal dose of the
viruses and lung wash virus titers in mice challenged with a

lethal dose of the viruses were determined as the indexes of
protection in the upper RT and in the lower RT, respectively.
Fig. 1 shows that based on the nasal and lung wash virus
titers 3 days after infection, the two-dose regimen, which
is composed of primary immunization with the CT112K
(0.1 pg)-combined PR8 vaccine (0.1 pug) and the secondary
immunization with the PR8 vaccine (0.1 ug) with or with-
out CT112K 4 weeks later, conferred complete protection
against infection in cither the upper RT or the lower RT.
The primary immunization with the CT112K-combined
vaccine alone conferred complete protection against in-
fection in the upper RT but only partial protection against
infection in the lower RT. The primary and the secondary
immunizations with the vaccine alone in control mice, and
the vaccine alone at the time of secondary administration
conferred no protection. Thus, the protection induced by the
primary immunization alone was less than that induced by
the second immunization, This finding suggests that the de-
gree of protection depends on the magnitude of the immune
responses. '

Kinetics of nasal wash and lung wash virus titers 1-3
days after challenge infection were also examined in mice
challenged with a lethal dose of the viruses, to determine the
onset of virus elimination. Fig. 2 shows that nasal and lung
wash virus titers were not detected from day 1 post-infection
in mice immunized by the two-dose regimen. Thus, the
protection against infection in the immunized mice was
probably initiated immediately after the challenge virus
infection.

From the standpoint of safety of vaccination, the use of the
vaccine alone as the secondary antigen in mice immunized
primarily with the CT112K-combined vaccine 4 weeks pre-

Three days after infection
Intranasal Immunization Virus titer { PFU/m!; 10*)
Primary Secondary {a ) Nasal wash { b} Lung wash
Vaccine CT112K  Vaccine CT112K
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Fig. 1. Protection against PR8 virus infection in mice that received a primary intranasal administration of CT112K-combined PR8 vaccine and a secondary
intranasal administration of the vaccine alone 4 weeks later. Two weeks afier the second vaccination, mice were challenged with either a nonlethal dose
of PRS viruses (the upper RT infection) {a} or a lethal dose of PRE viruses (the total RT infection) (b). Three days after infection, nasal wash virus
titer (PFU/mI) in mice with the upper RT infection and lung wash virus titer (PFU/mI) in mice with the tota] RT infection were determined as an index
of protection. Each bar tepresents the mean virus titer £S.D. of each group of five mice. Mice with virus titers below the limit of detection (less than
5 PFU/ml) were considered to have cleared the infection, and the value 0 was assigned for the purpose of statistical analysis. Asterisk indicates significant
difference from nonimmunized control mice (£ < 0.05) in mean nasal wash and lung wash virus titers.
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Fig. 2. Kinetics of nasal wash (2) and lung wash (b) virus titers 1-3 days after challenge infection in mice challenged with a lethal dose of the viruses.

For other details, see Fig. 1.

viously will be better than the use of the CT112K-combined
vaccine. In addition, both 0.1 pg of CT112K and 0.1 pg of
vaccine for the primary immunization and 0.1 ug of vaccine
for the second immunization seem to be close to the mini-
mal effective dose for providing complete protection against
infection with a lethal dose of viruses. In the subsequent ex-
periments, Ab and T cell-mediated immune responses to the
two-dose regimen were charactetized in mice.

3.2. AFC and Ab responses in mice immunized
by the two-dose regimen

IgA, IgG and IgM AFC responses to PR vaccines in the
NALT and the spleen were investigated in mice immunized
primarily with the CT112K (0.1 jpg)-combined PRS vaccine
(0.1 pg) and secondarily with the PR8 vaccine (0.1 ng) 4
weeks later. Fig. 3A shows that in the NALT, only low levels
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Fig. 3. IgA and IgG AFC responses in the NALT (A) and spleen (B) 7 days after primary (1°) vaccination and 5 days after secondary (2°} vaccination
in mice that received a primary intranasal administration of CT112K-combined PR8 vaccine and a secondary intranasal administration of the vaccine
alone 4 weeks later are shown. Each column represents the mean AFC/106 cells & S.I. in duplicate ELISPOT assays of pooled cell suspension from
each group of five mice. IgA and IgG Ab titers in the nasal wash (C), lung wash (D) and serum (E) 4 weeks after primary (1°) vaccination and 2 weeks
after sccondary (2°) vaccination in the two-dose regimen are also shown. Each column represents the mean Ab titer + S.D. in each group of five mice.
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Fig. 4. PR8 HA-specific IgG subclass Ab titers in the sera of mice that received a primaty intranasal administration of CT112K-combined PR8 vaccine
and a secondary intranasal administration of the vaccine alone 4 weeks later. Each bar represents the mean Ab titer &£ S.D. in each group of five mice.

of IgA and IgG AFC responses were detected 7 days after
the primary immunization, while high levels of IgA and,
IgG AFC responses were detected 5 days afier the second
immunization. Fig. 3B shows that in the spleen, only low
levels of the IgG AFC response were detected 7 days after
the primary immunization, while high levels of IgG and
IgA-AFC responses were detected 5 days after the second
immunization.

Ab responses to PR8 HA molecules in the nasal wash
based on the Ab titers, lung wash and serum were also
examined 4 weeks after the primary immunization and 2
weeks after the second immunization. Fig, 3C shows that
high levels of IgA Abs, which were much higher than
the IgG levels, were detected in the nasal wash 2 weeks
after the second immunization, although low levels of IgA
and IgG Ab responses were detected 4 weeks after the
primary immunization. Thus, with respect to the IgA and
IgG Ab responses, the segregation between the AFC re-
sponses in the NALT (Fig 3A) and the Ab responses in
the nasal wash (Fig. 3C) was observed. Fig. 3D shows that
the secondary-type IgG Ab responses, whose levels were
higher than those of the IgA Ab responses, were detected in
the lung wash 2 weeks after the second immunization. The
secondary-type IgG Ab responses, whose levels were higher
than those of the IgA responses, were also detected in the
serumn 2 weeks after the second immunization (Fig, 3E).

The titers of subclasses of anti-HA IgG Abs were also
examined in the serum from mice 2 weeks after the second
immunization. Fig. 4 shows that high levels of both IgG1
and IgG2a, in which the IgG1 level is significantly higher
than the IgG2a level, were observed.

These results suggest that in the nasal wash, a low but
appreciable level of IgA Ab 4 weeks after the primary im-
munization and a high level of IgA Ab 2 weeks after the
second immunization correlate with the complete protection
against virus infection in the upper RT (Figs. 1 and 2). These
also suggest that in the Jung wash, a low level of IgG Ab
4 weeks after the primary immunization and a high level of
IgG Ab 2 weeks after the secondary immunization correlate

with the partial and the complete protection in the lower RT,
respectively (Figs. | and 2).

3.3. Memory DTH responses in mice immunized
by the two-dose regimen

DTH responses to PR8 vaccines were examined in mice
immunized by the two-dose regimen. On various days
after the primary and secondary immunizations, the DTH-
eliciting antigen (PR8 vaccine) was injected into the foot-
pads and 24 h later, footpad swelling was determined as an
index of DTH. Fig. 5 shows that the group of mice immu-
nized by the two-dose regimen exhibited the DTH response
that started from 5 days, peaked 7 days and decreased 28
days after the primary immunization. The second immu-
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Fig. 5. Kinetics of DTH response to PR8 vaccine in mice that received
a primary intranasal administration of CT112K-combined PRS vaccine
and a secondary intranasal administration of the vaccine alone 4 weeks
later (@). The DTH response of mice that received only the primary
CT112K-combined PR8 vaccine (O) or that of mice that received only the
primary PR8 vaccine (OJ) or both primary and secondary PRS vaccines
(M) is also shown. Each point is the mean footpad swelling + $.D, in
each group of five mice.



3450 1. Watanabe er al. /Vaccine 20 (2002} 3443-3455

nization administered 28 days (4 weeks) after the primary
immunization induced an accelerated DTH response which
was detected 3 days after the second immunization and
accompanied by the same peak height as that in the case
of the primary DTH response. In addition, the magnitude
of DTH response 2 weeks after the second immunization
was relatively low and corresponded to the magnitude 4
weeks after the primary immunization. These results sug-
gest that the memory DTH response is not mainly involved
in the protection that depends on the magnitude of immune
responses and is provided by an immediate effect of pre-
venting infection 2 weeks after the secondary immunization
(Figs. 1 and 2).

3.4. CTL memory cell responses in mice immunized
by the two-dose regimen

CTL activities against PR8 virus-infected cells were ex-
amined in mice immunized by the two-dose regimen. The
spleen celis from mice 2 weeks after the secondary immu-
nization showed no CTL activity, as directly determined
by a *1Cr release assay of PRS virus-infected P815 cells.
The spleen cells were then cultured in vitro for 5 days
with stimulator cells, which were autologous spleen cells
infected with the PR8 virus. As controls, spleen cells from
either mice infected intranasally with a nonlethal dose of a
PR8 virus suspension (109! EIDsg, 1 ul of the virus sus-
pension into each nostril) 2 weeks previcusly, from mice
that received both the primary and secondary immuniza-
tions with the vaccine alone, or from naive mice were
cultured. Fig. 6 shows that 5 days after culture, spleen cells
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Fig. 6. Memory CTL activity in mice that received a primary intranasal
administration of CTI12K-combined PR8 vaccine and a secondary in-
tranasal administration of the vaccine alone 4 weeks later. Spleen cells
from mice immunized by the two-dose regimen were co-cultured with
PR8 virus-infected autologous spleen cells for § days. The memory CTL
activity was assayed based on the amount of *!Cr released against PR3
virus-infected P815 target cells. The memory CTL activities of spleen
cells from mice infected with a small volume of virus suspension 2 weeks
previously (@), from mice that received a primary CT112K-combined
PRS vaccine and a secondary PR8 vaccine alone 4 weeks later (), from
mice that received both primary and secondary PR8 vaccine alone ([J),
and from nonimmunized mice (A} are shown in the figure. Each point
represents the mean & S.D. of triplicate samples from pooled spleen cells
in each group of five mice.

from mice immunized by the two-dose regimen exhibited
CTL responses which were stronger than those of the cells
from mice given two doses of the vaccine alone and from
naive mice, but weaker than those of the cells derived from
infected mice, Thus, the relatively high CTL memory cell
activity was generated by the 5-day culture of spleen cells
from the mice immunized by the two-dose regimen, al-
though it was fower than those of the cells from the infected
mice. The data indicating that a few days are required for
the generation of the CTL activity in vitro suggest that the
CTL activity is not mainly involved in the protection, which
is provided by an immediate effect of preventing infection
2 weeks after the secondary immunization (Fig. 2).

3.5. Ab responses and cross-protection in mice
immunized by the two-dose regimen

The data presented above suggest that in the nasal wash,
a low but appreciable level of IgA Ab 4 weeks after the
primary immunization and a high level of [gA Ab 2 weeks
after the secondary immunization correlate with the com-
plete protection against the virus infection in the upper RT,
while in the lung wash, a low level of IgG Abs 4 weeks after
the primary immunization and a high level of the IgG Abs 2
weeks after the secondary immunization correlate with the
partial and complete protections in the lower RT (Fig. 1). To
clarify the significance of these data, mice were given the
primary immunization with different CT112K-combined
vaccines, which were prepared from PR8 (HIN1), A/Beijing
(HIN1), A/Yamagata (HIN1), A/Guizhou (H3N2) and
B/Ibaraki viruses, and the secondary immunization with the
respective vaccines without CT112K 4 weeks later. Two
weeks after the secondary immunization, mice were chal-
lenged with either a nonlethal (2 i) or a lethal dose (20 pl)
of a suspension of the PR8 virus. Three days after the chal-
lenge, the nasal wash virus titers in mice challenged with
a nonlethal dose of the virus and the lung wash virus titers
in mice challenged with a lethal dose of the virus were de-
termined. Fig. 7A shows the PR8 HA-reactive IgA Ab and
virus titers in the nasal wash of the various groups of mice
immunized by the two-dose regimen. The immunization
with the PR8 (HIN1) vaccine conferred complete protec-
tion against the PR8 virus infection and was accompanied
by a predominantly high PR8 HA-reactive IgA Ab titer in
the nasal wash. The immunization with A/Beijing (HIN1)
or the A/Yamagata (HIN1) vaccine conferred complete or
partial cross-protection against the PR& virus challenge, and
was accompanied by a relatively high PR8 HA-reactive IgA
Ab titer in the nasal wash. The A/Guizhou (H3N2) vaccine
also provided a low level of protection with a low PRS
HA-reactive IgA Ab titer. The B/lbaraki vaccine provided
a marginal Jevel of protection with almost no induction of
Ab responses, compared with the nonimmunized control. In
this regard, we have previously shown that influenza-type
nonspecific mechanisms may often be involved in this type
of immunization [5]. Thus, in the nasal wash, the protection
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Fig. 7. PR8 HA-rcactive Ab responses and protection against influenza virus infection in mice that received a primary intranasal administration of
CT112K-combined with different inactivated vaccines that were prepared from A/PR8 (HIN1), A/Beijing (HIN1), A/Yamagata (H1N1), A/Guizhou (H3N2)
and B/Ibaraki viruses, and a secondary intranasal administration of the respective vaccines 4 weeks later. Two weeks afier the secondary immunization,
mice were challenged by either an upper RT infection (A) or a total RT infection (B). Three days after the challenge, nasal wash specimens from mice
challenged by an upper RT infection (A) ot lung wash specimens from mice challenged by a total RT infection (B) were obtained for anti-PRS HA 1gA
and IgG Ab titration and for virus titration. Each bar represents the mean PR8 HA-reactive or IgG titer + S.D. in nasal and lung washes or the mean
virus titers & S.D. in nasal and luing washes. Mice with virus titers below the limit of detection (less than SPFU/ml) were considered to have cleared
the infection, and the value 0 was assigned for the purpose of statistical analysis. Asterisk indicates significant difference from nonimmunized control

mice (P < 0.05) in mean nasal wash and lung wash virus titers.

or cross-protection against the upper RT infection was
accompanied by the predominant induction of the IgA Ab
tesponse, which are cross-reactive to PRE HA.

Fig, 7B shows PR8 HA-reactive IgA Abs and virus titers
in the lung wash of the various groups of mice immunized
by the two-dose regimen. The immunization with the PR3
(HIN1) vaccine conferred complete protection against the
PR8 virus infection and was accompanied by a predom-
inantly high PR8 HA-reactive IgG Ab titer in the lung
wash. The immunization with the A/Beijing (HIN1) vac-
cine conferred partial cross-protection against the PR8 virus
challenge, and was accompanied by a low PR8 HA-reactive
IgA Ab titer in the lung wash. The A/Yamagata (HIN1),
the A/Guizhou {H3N2) or B/Ibaraki vaccine provided no
cross-protection with almost no induction of Ab responses.
Thus, in the lung wash, the protection or cross-protection
against the lower RT infection was accompanied by the
predominant induction of the IgG Ab response, which are
less cross-reactive to PR8 HA than the IgA Abs.

4. Discussion

In the present paper, immune responses induced by the
nasal CT112K-combined influenza vaccine were characteri-
zed in BALB/c mice, which received a primary administra-
tion of the adjuvant (0.1 pg)-combined PRE vaccine (0.1 p.g)
and the secondary administration of the vaccine alone
(0.1 pg) 4 weeks later. The two-dose regimen conferred
complete protection against infection, although the pri-
mary immunization alone conferred only partial protection
(Fig. 1). In addition, the protection against infection in
the immunized mice was initiated immediately after the
chaltenge infection (Fig. 2). Enhanced IgA, IgG and IgM
AFC responses, compared with the primary responses,
were induced in the NALT and the spleen (Fig. 3). The
presence of IgA-AFC responses in the spleen may be ex-
plained by IgA-AFCs trapped by spleen on the way to
home mucosal-associated tissues. In paraliel with the AFC
responses, higher levels of nasal wash, lung wash and
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serum anti-PR8 HA IgA and IgG Ab responses than the
primary Ab responses were induced (Fig. 3). Nasal wash
IgA Abs, which were much higher than the IgG levels, will
be explained by the active secretion of IgA Abs across the
mucosal epithelial cells, in which dlgA binds to a poly-
meric Ig receptor on the basolateral surface and is carried
to the apical side of the epithelial cells [13,{4]. Lung wash
IgG Abs, which are much higher than the IgA levels, will
be explained by their transudation from serum according
to the concentration gradient of IgG, which diffuse more
readily across alveolar walls than across the mucosa of the
upper RT [2,10]. The serum IgG Abs contained more IgG1
subclass than IgG2a (Fig. 4). Accelerated DTH responses,
which established almost the same peak height as that in
the case of the primary response, were induced (Fig. 5).
In addition, a low CTL memory cell activity, which was
detected by in vitro culture of spleen cells, was induced
(Fig. 6). These results suggest that the protection against
infection is mainly provided by the secondary Ab responses
whose levels are higher than those of primary Ab responses
and have an immediate effects of preventing infection 2
weeks after the secondary immunization. Moreover, the
nasal wash IgA and the lung wash IgG titers correlated well
with cross-protection against infection with variant viruses
in the upper RT and protection against homologous virus in-
fection in the lower RT, respectively (Fig. 7). These results
suggest that the major protective factors among Ab and T
cell-mediated immune responses, induced by the two-dose
regimen using the CT112K-combined vaccine, are the IgA
Abs in the upper RT and the IgG Abs in the lower RT.

Previously, we have investigated the effects of intranasal
immunization with different H3N2 wvaccines on cross-
protection against H3N2 virus challenge in BALB/c mice
immunized by the two-dose regimen, composed of ad-
ministration with a primary CTB*-combined vaccine and
the subsequent administration with the vaccine alone 4
weeks later, and have showed that the cross-protection was
maintained for more than 12 weeks after the secondary
immunization [31,52]. Thus, it is probable that the ability
of the Ab responses, which were induced by the two-dose
regimen using the CT112K-combined vaccine, to provide
cross-protection is maintained for more than 3 menths.

In the present experiments, it was shown that IgM, 1gG
(12G1 and IgG2a) and IgA Ab responses mediated by Thi,
Th2 and B cells [53], DTH responses mediated by Thl cells
[54,55], and CTL memory activity mediated by CD8* T
cells [56,57] were induced by the two-dose regimen using
the nasal CT112K-combined influenza vaccine in BALB/c
mice. The Thl memory cells induced by the two-dose reg-
imen and involved in either the accelerated DTH responses
(Fig. 5) or IgG2a Ab production (Fig. 4) are suggested to
prevent influenza virus replication in mice challenged with
different subtype viruses by preducing IFN-y [5,55}. CTL
memory cells (Fig. 6) can also cause the accelerated elim-
ination of infected cells in mice challenged with different
subtype viruses by producing IFN-y [54,55). Thus, Thl

and CTL memory cells are involved in the heterosubtypic
immunity, which can potentially provide cross-protection
against infection by the A type viruses. However, among
these Ab- and T cell-mediated immune responses induced
by the two-dose regimen, the major protective factors were
the IgA Abs in the upper RT and the IgG Abs in the jower
RT (Figs. 3-6).

In particular, the nasal wash IgA Abs and the lung wash
IgG Ab titers comrelated well with cross-protection against
infection with variant viruses in the upper RT and protec-
tion against homologous virus infection in the lower RT,
respectively (Fig. 7). One evidence that the nasal wash
IgA Abs observed in the present experiments are S-IgAs
is obtained by our previous studies that anti-influenza IgA
Abs, purified from the RTs of mice immunized by two-dose
regimen using viral HA molecules and CTB*, were poly-
meric nature. In addition, the S-IgA protected nonimmune
mice from influenza virus infection when administered in-
tranasally [30,58). Another evidence is obtained from our
recent studies that polymeric Ig receptor-knockout mice,
immunized intranasally with different CTB*-combined in-
activated vaccines, reduced specific IgA Abs in the nasal
wash {59]. Simultaneously, the immunized polymeric Ig
receptor-knockout mice reduced their ability to provide
protection against infection with variant viruses. The direct

* biological role of S-IgA in protection against virus infection

has also been demonstrated in a number of studies [10,11].
Renegar and Small showed that anti-influenza HA-specific
monoclonal polymeric IgA (plgA) injected intravenously
was transported more efficiently into nasal secretions than
monomeric [gA (mlgA) or IgG1 [60]. They also showed that
treatment of mice immunized with live influenza virus with
anti-IgA Ads, but not anti-IgG and anti-IgM Abs, abrogated
the protection, suggesting that IgA is a major mediator of
nasal immunity [61]. In addition, Renegar et al. demon-
strated that monoclonal plgA and S-IgA are several times
more effective than monoclonal monomeric IgA (mlgA) in
HI and NT activities [12). Thus, S-IgA and plgA Abs have
inherently greater antiviral activities, which are derived from
their polymeric nature. These results suggest that the indue-
tion of responses of 8-1gA Abs to the HA glycoprotein by the
two-dose regimen, which provided cross-protection against
variant viruses including those with pandemic potential,
would be strategically important for improving the efficacy
of currently used and parenterally administered inactivated
vaccines, which provided protection against homologous
virus by induction of the responses of serum IgG Abs,

The results described above are derived from experi-
ments using the mouse, which is the most widely used
animal for experimental studies of influenza virus infection.
There are so many differences of anatomical structure of
nose, bronchi, lungs, mucosal-associated lymphoid tissues,
immunoglobulin classes, MHC, the span of life and others
between humans and mice [1,15,62]. Thus, strictly speaking,
immune responses obtained here using the mouse model
will be different from those obtained in humans. However,
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the pathology of the upper and lower RTs in the influenza
mouse model, infected intranasally with mouse-adapted
strains, is essentially similar to that seen in influenza in
humans [1-3]. RT viral titers peak within 3-5 days and
decline to undetectable levels by 10 days after infection in
both mice and humans [1,5.17,43]. Infection and vaccina-
tion of humans or mice provide a high level of resistance
- in both upper and lower RTs, which is largely due to mu-
cosal and systemic immune responses {2,9,10,17,18]. These
facts suggest that the most suitable regimen of the nasal
influenza vaccine determined in the present experiments
using BALB/¢c mice can be applied to humans, although the
suitable vaccination regimen in different strains of mice,
which determines the applicability of the regimen to ge-
netically heterogeneous humans, remains to be examined
[63,64].

To evaluate the efficacy of the adjuvant-combined nasal
influenza vaccine, we have previously conducted the first
clinical trial by the two-dose regimen, in which currently
used inactivated trivalent vaccines (140 .g) combined with
LTB* (100 g} were intranasally administered to volunteers
twice, 4 weeks apart [32,33]. The results showed that the
nasal LTB*-combined vaccine could induce both nasal IgA
and serum IgG Ab responses to the vaccines at levels signifi-
cantly higher than those induced by the nasal vaccine alone,
suggesting that the nasal LTB*-combined vaccine is effec-
tive in preventing influenza. In addition, we conducted other
preclinical studies, showing that 0.1 pg of CTB* or LTB*
could be used as a safe nasal adjuvant without adversely af-
fecting the brain in mice [35]. Although no serious adverse
effects associated with the CTB*- or LTB*-combined vac-
cines were cbserved in the preliminary human trials, further
preclinical trials on the reduction of the toxicity and aller-
genicity of these toxins were conducted by preparing mutant
CT112K [34]. In the present study, as well as in previous
studies, it was shown that the vaccine alone without the
adjuvant is sufficiently effective for use as the second anti-
gen in the two-dose regimen for providing protection and
inducing the secondary Ab responses to the vaccine (Figs. 1
and 3) [28,52]. From the standpoint of safety of vaccina-
tion, using the vaccine alone as the secondary antigen in the
two-dose regimen, which induces only the enhanced pro-
duction of Abs to the vaccine that is required for preventing
influenza, will be better than using the CT112K-combined
vaccine. In addition, both 0.1 pg of CTH12K and 0.1 pg
of vaccine for the primary immunization and 0.1 ug of
vaccine for the secondary immunization seem io be close
to the minimal effective dose for providing complete pro-
tection against the virus infection. Thus, this two-dose
regimen is considered to be the most suitable for the mouse
model (0.1 pg/20 g body weight) which corresponds to the
estimated dose per person of 100 pg/20kg body weight.
Clinical trials using CT112K will be required to confirm
the effectiveness of the adjuvant-combined influenza vac-
cine in preventing or in attenuating illness without negative
effects.
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Abstract

To investigate the biological activity of epithelial cells in view of host defense, we analyzed the mRNA expression of inducible
NOS (iNOS) as well as NO production by human gingival epithelial celts (HGEC) stimulated with IL-15. RT-PCR analysis revealed
that HGEC expressed IL-15 receptor a-chain mRNA. In addition, stimulation with IL-15 enhanced iNOS expression by HGEC
through an increase of both mRNA and protein levels. Moreover, IL-15 up-regulated the production of NO; /NO;, a NO-derived
stable end product, from HGEC. The enhanced NO production by IL-15 was inhibited by AMT, an iNQS-specific inhibitor. These
results suggest that IL-15 is a potent regulator of iNOS expression by HGEC and involved in innate immunity in the mucosal
epithelium. ® 2002 Elsevier Science (USA). All rghts reserved.

Keyweords: iINOS; NO; Gingival epithelial cells; Interleukin 15; Periodontal diseases

Epithelial cells lining the mucosal lumen are contin-
uously exposed to environment antigen including com-
mensal microflora, pathogens, and allergens. Thus, they
populate potential initial sites of infection and inflam-
mation. Recent studies have shown that epithelial cells
provide not only a physiological barrier against bacteria,
viruses, and food antigens, but also function as immu-
nocompetent cells that participate in the induction and
regulation of immune response and inflammation. In
fact, epithelial cells are known to produce pro-inflam-
matory chemoattractant cytokines (e.g., IL-8, TNF-a,
IFN-y, IL-1B, and MCP-1) and immunoregulatory cy-
tokines (e.g., IL-7, SCF, and IL-15) [1,2].

Among those cytokines, IL-15, which was originally
identified as a T cell growth factor derived from a

* Abbreviations: ¢cDNA, complimentary DNA; HGEC, human gin-
gival epithelial cells; IEL, intestinal intraepithelial lymphocyte; NOS,
nitric oxide synthase.

* Corresponding author, Fax; +81-6-6879-2934,

E-mail address: wpslunyagrdeniozaka-wac.ip (S. Murakami),

CV-1/EBNA kidney epithelial cell line, shows multiple
biological activities, such as activation of NK cells,
macrophages (M¢), and T cells (especially, intra-
epithelial y8T cells), and isotype-class-switching of
tonsillar B cells [3-5]. Previous studies have shown that
IL-15 stimulates the proliferation of intestinal epithelial
cells [6]. In addition, we recently reported that IL-15
selectively regulates the differentiation of B-1 cells for
IgA responses [6]. Although IL-15 shares many bio-
logical roles with IL-2, IL-15 expression has been
shown to be produced by various cell types, such as
intestinal epithelial cells, Mg, fibroblasts, and skeletal
muscle cells [3-5,7], in contrast to the relatively limited
expression of IL-2 by T cells. In addition, IL-15 re-
ceptors (IL-15R) are known to be expressed in a vari-
ety of tissues, including epithelial cells [8], B-1 cells, and
NK cells [4].

Nitric oxide (NO), shown to have physiclogical and
pathophysiologic roles in neurotransmission, blood
pressure homeostasis, and immunological responses, is
produced from L-arginine by NO synthase (NQS) [9].

0006-291X/02/$ - see front matter © 2002 Elsevier Science (USA). All rights reserved.
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Thus far, three isoforms of NOS have been cloned, two
{endothelial NOS, ¢eNOS; neural NOS, nNOS) of which
are expressed In a constitutive manner in neural and
endothelial cells [10]. On the other hand, the expression
of inducible NOS (iNOS), seen in such diverse cell types
as M¢, hepatocytes, and keratinocytes, is induced by
LPS or cytokine stimulation and has an ability to gen-
erate large amounts of NO [11-17].

It has been reported that cytokine- or LPS-induced
INOS is involved in the abrogation of intracellular
pathogen and infltammatory responses [17-19]. Fur-
thermore, it was demonstrated that NO produced by
intestinal epithelial cells is involved in host defense
against lumen pathogens [14]. Interestingly, iNOS ex-
pression was also observed in the gingival epithelial
basal layers of non-inflamed and inflamed periodontal
tissues [15). However, the molecular mechanism(s) for
the regulation of iNOS and NO expression by human
gingival epithelial cells (HGEC) is/are not fully clarified.
In the present study, we examined the effect of IL-15 on
iNOS and NO production by HGEC, and, conse-
quently, demonstrated for the first time that IL-15is a
potent inducer of mRNA expression in iINOS and NO
production in HGEC, which may function to confront
numerous bacteria in dental plague.

Materials and methods

Cells and reagenrs. All human subjects participated in this study
after providing informed consent with the experimental protocol that
was reviewed and approved by the Institutional Review Board of the
Osaka University Faculty of Dentistry. Gingival specimens obtained
during periodontal surgery were minced and treated with 0.4% Dispase
11 (Boehringer-Mannheim, GmbH, Germany) overnight at 4°C. The
epidermal sheet was separated and trypsinized with 0.05% trypsin-
EDTA (Bioconcept, Allschwill, Switzerland) to disperse single cells,
after which they were seeded and allowed to form subcultures. Human
gingival epithelial cells (HGEC) were grown in Humedia-KG2 (KU-
RABO, Osaka, Japan) with a final concentration of 0.5 pg/ml hydro-
cortisone, 10pg/ml insulin, 0.4% v/v bovine pituitary extract, 0.1 ng/ml
hEGF, 50pg/m] gentamicin, and 50 ng/ml amphotericin B. HGEC
were then passed by trypsinization and used for experiments at pas-
sages 1-3. In addition, several lines of cultured primary HGEC were
transformed with §V-40 T-antigen [13], after which one clone, epi 4,
was finally established. Clone epi 4 was also maintained in HuMedia-
K G2 with supplements. Recombinant human IL-15 (Peprotech, Rocky
Hill, NJ), recombinant 1L-1B, IL-8, TNF-a, IFN-y (Genzyme, Cam-
bridge, MA), LPS purified from Escherichia coli (Sigma, St. Louis,
MQ), and AMT hydrochloride {2-amino-5,6-dihydro-6-methyl-454-
1,3-thiazine hydrochloride) (Research Biochemicals International,
Natick, MA) were obtained commercially and used according to the
instruction.

RT-PCR for iNOS- and IL-15 receptor a-chain-specific mRNA.
Oligonucleotide PCR primers specific for iNOS, IL-15 receptor o-
chain, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were synthesized at Takara Shuzo (Shiga, Japan). The primers for

iNOS were: 5-ATG GAA CAT CCC AAA TAC GA-¥ and (anti-

sense} 5'-GTC GTA GAG GAC CAC TIT GT-3, those for IL-15
receptor a-chain: 5-GTC AAG AGC TAC AGC TTG TAC-3' and
(antisense) 5-GGT GAG CTT TCT CCT GGA G-3' [20], while those

for GAPDH were: 5¥-TGA AGG TCG GAG TCA ACG GAT TTG
GT-¥ and (antisense) 5-CAT GTG GGC CAT GAG GTC CAC
CAC-3' [20,21). HGEC were cultured with an optimal concentration of
the indicated cytokines for 24 h, then harvested after stimulation, and
thoroughly washed with PBS. Total RNA was prepared by homoge-
nization in RNAzol (Cinna/Biotex, Friendswood, TX). Recovered
RNA was resuspended in 0.1% DEPC-treated water. cDNA synthesis
was performed with 1pg RNA in a 40ul cDNA synthesis reaction
mixture contajning 5.2l DEPC-treated water, 4 1l of 10x PCR buffer
II {100mM Tris-HCI, pH 8.3, 500mM KCI, Perkin-Elmer Cetus,
Norwalk, CT), 6ul of 25mM MgCl,, 4 of 10mM dNTP (Takara
Shuzo), 0.4 ui of 20 U/m! RNase inhibitor (Takara Shuzo), and 1l of
50 U/ml*M-MLY reverse transcriptase (Takara Shuzo). The mixture
was incubated at 37 °C for 60 min, after which all samples were heated
to 99°C for 5min for inactivation of the reverse transcriptase. Prod-
ucts were diluted to a final volume of 130 pi.

PCR were performed in a final volume of 504! containing 4 pl of
10x PCR buffer, 2.5ul of 25mM MgCl,, 32.25u! of sterile water,
0.25ul of 5U/ul Ampli Tag DNA polymerase (Perkin-Elmer Cetus),
and 0.5l of 20uM of each primer. All reactions were subjected to
different cycles of amplification by means of a programmed thermal
cycler (Perkin-Elmer Cetus) under the following conditions: 94 °C for
455, 59°C for 455, and 72 °C for 2min. The 7pl samples were analyzed
on 1.8% agarose—ethidium bremide gels run at 100V for 30 min,

Nitrate and nitrite estimation. The accnmulated levels of nitrate and
nitrite resulting from NO produced by IL-15-stimulated HGEC were
measured, as NO is rapidly converted into these two stable end
products [22]. HGEC were incubated at a density of 10%/well in 3ml of
HuMedia-KG2 with IL-15 {100ng/ml) in the presence or absence of
AMT hydrochloride (1 x 107*M) at 37°C for 48h. The culture su-
pernatants were collected and centrifuged at 10,000 rpm for 10 min at
4°C, after which the supernatants were harvested and subjected to
analyses of NO (nitrate and nitrite) production using Nitrate/Nitrite
Flucrometric Assay Kits (Cayman Chemical, Ann Arbor, MI) ac-
cording to manufacturer’s instructions.

Intracellular INOS expression. Intracellular iNOS protein was de-
tected by FACS [22]. HGEC were incubated at a density of 10°/well in
3ml HuMedia-K-G2 with IL-15 (100 ng/ml) at 37°C for 48h. To as-
sess the influence of IL-15/IL-15R interaction, HGEC were incubated
in the presence or absence of cytochalasin D (10ng/ml). For detection
of iNOS, cells were harvested, fixed using Cytofix solution (Pharm-
ingen, San Diego, CA), and incubated at 4°C for 15min, After
washing with Perm/wash (Pharmingen), the cells were incubated with
1:1000 diluted primary anti-iNOS monoclonal antibody (Transduc.
tion Laboratory, Lexington, KY) at 4°C for 30 min. The cells were
then washed and incubated with 1:1000 diluted Alexa488-labelled goat
anti-mouse IgG antibodies {Molecular Probes, Eugene, OR) at 4°C
for 30min. Immunofluorescent cell staining was analyzed using flow
cytometry (FACS calibur, Becton-Dickinson, Franklin Lakes, NJ).
All staining included negative controls from which the primary Abs
were omitted.

Results

Detection of IL-15 receptor w-chain in HGEC by RT-
PCR

IL-15 receptor is composed of a distinct a-chain and
the same B- and y-chain with IL-2 receptor. Therefore,
we first examined the expression of IL-15 receptor o-
chain mRNA in HGEC and epi 4. As shown in Fig. 1,
IL-15 receptor a-chain mRNA expression was observed
in cultured HGEC and epi 4.
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Fig. 1. Detection of IL-13 receptor a-chain mRNA in cultured HGEC
by RT-PCR. Total RNA was prepared from cultured HGEC and epi
4. cDNA syntheses by RT and PCR were performed. Representative
results of one of the three independent experiments are shown. The
number of PCR cycles is shown above each lane.

Induction of INOS mRNA expression following IL-15
stimulation

Without stimulation, iNOS mRNA was not detected
by RT-PCR in HGEC (Fig. 2). However, stimulation
with I1-15 induced the expression of iNOS mRNA in a
dose-dependent manner. The levels of IL-15-induced
iNOS were similar to those exposed to a combination of
IFN-yand IL-8, or IL-1p and TNF-a, which are known to
induce iNOS mRNA expression in intestinal epithelial
cells, bronchial epithelial cells, and M [11,12,14,16,17]
(Fig. 2).
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Fig. 2. Detection of [L-15-induced iNOS mRNA in cultured HGEC by
RT-PCR. HGEC were incubated for 24 h in the presence or absence of
(A} 1 or 100ng/ml IL-15; (B) 100 ng/ml IL-15, 50 Uim! IL-1B plus
10 U/ml TNF-z, 100U/m] IFN-y plus 50 U/ml IL-8. Representative
results of one of the three independent experiments are shown. The
number of PCR cycles is shown above each lane.

Detection of iNOS protein in HGEC by FACS

To examine the iNOS expression in HGEC at the
protein level, we performed intracellular protein staining
and analyzed the result using flow cytometry. As shown
in Fig. 3, non-stimulated HGEC expressed a low level of
INOS protein. However, when stimulated with 1L-15,
the expression of INOS protein was cleariy up-regulated.
Interestingly, the IL-15-induced iNOS expression was
down-regulated when the IL-15-stimulated HGEC were
simultaneously treated with cytochalasin D, a disrupter
of the cytoskeleton actin element.

control

——-  unstimulated

— Cytochalasin D-
treatment +
IL-15 100ng/ml

e [L+15 100ng/mi

100 1 102

Fig. 3. Cytofluorometry analysis of iNOS protein expression in JL-15-
treated HGEC. HGEC were incubated for 48 h with or without 100 ng/
ml IL-15 in the presence or absence of cytochalasin D (10 ng/ml}. The
cells were then stained for expression of iNOS protein as described in
Materials and methods. Dotted, thin, and thick lines represent flow
cytometric profile of iNQS expression in the non-stimulated HGEC,
cytochalasin I plus IL-15 stimulated, and IL-15 stimulated HGEC,
respectively. Representative results of one of the three independent
experiments are shown.,
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Fig. 4. The effect of IL-15 on NO production in HGEC. HGEC were
incubated for 48h with or without 100ng/ml IL-15 in the presence or
absence of AMT (1 x 10~* M). Nitrate and nitrite levels in the culture
supernatants were determined as described in Materials and methods,
Representative results of one of the three independent experiments are
shown,
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NO production by HGEC

We next examined whether IL-15 could induce NO
production by HGEC. Monolayers of HGEC were
cultured with IL-15 for 48h and nitrate and nitrite
production in the culture supernatants was examined.
As shown in Fig. 4, non-stimulated HGEC demon-
“strated marginal NO production (value 74.5 pM/well),
whereas I1-15 clearly increased NO production, The IL-
15-induced NO production by HGEC was inhibited by
AMT, a selective inhibitor of INOS [23], in a dose-de-
pendent manner up to 15M, which completely sup-
pressed NO production,

Discussion

Previous studies have found that keratinocytes can be
induced to express iNOS by stimulation with IL-16, IL-
8, TNF-a, IFN-y, or LPS as well as their combinations
[11,14,24]. Although an immunchistochemical study
demonstrated iNOS expression by gingival fibroblasts
and basal keratinocytes [15], the mechanism by which
INOS expression is induced in HGEC remains to be
clarified. Prior to the present study, we found that IL-15
protein was expressed in a constitutive manner in basal
epithelial keratinocytes in healthy human gingivae, and
that I1.-15 and 1L-15Ra-chain mRNA could be detected
in HGEC by RT-PCR analysis (unpublished data and
Fig. 1), which led us to explore the effects of IL-15 on
iNOS expression in HGEC.

Umemura et al. [25] reported higher level of iINOS
mRNA expression in the peritoneal macrophages in IL-
15 transgenic mice after stimulation of Mycoebacterium
bovis bacillus Calmette-Guérin (BCG), compared with
those of wild mice. Another study showed both INOS
and IL-15 mRNA expressions were up-regulated in
mouse dendritic cells after stimulation of LPS or Pro-
pionebacterium acnes [26). These studies suggested that
IL-15 may be involved in iNOS expression on other cell
types. In this study, we directly demonstrated for the
first time that IL-15 has the ability to induce iNQS
expression and NO production by using HGEC.

Because of the confrontation with a plethora of
pathogens and antigens as the first line of host defense,
epithelial cells lining the mucosal lumen secrete numer-
ous cytokines and bioactive molecules. To this end, it
was shown that bacterial invasion induced JL-7TR ex-
pression in a colonic epithelial cell line, T84, and sug-
gested that 1E-7 and IL-7R might be involved in the
modulation of mucosal inflammation after bacterial in-
vasion {27]. A similar mechanism may occur in the case
of IL-15/IL-15R interactions, since IL-15 is known to be
produced by epithelial cells [6,28). The co-stimulatory
interaction between CD40 ligand (CD154) expressed on
activated T cells and its CD40 receptor on epithelial cells

leads to the up-regulation of IL-15 production by tu-
bular epithelial cells [29]. Since numerous monocytes/
macrophages and activated T cells were also detected in
inflamed periodontal lesions [30], it is likely that, in
addition to the chemotactic activity of IL-15 for T
lymphocytes, gingival epithelial cells are influenced by
IL-15 in an autocrine and paracrine manner and can be
provoked to acquire a variety of biclogical activities. It
was shown that invasion of Listeria resulted in the up-
regulation of IL-15 expression by epithelial cells. Thus,
it is interesting to determine if IL-15R expression occurs
in gingival epithekial cells after bacterial challenge and
further investigation is proceeding to clarify IL-15 and
IL-15R interaction in oral cavity for the development of
inflammation, as well as the signaling mechanism of
INOS expression after IL-15 stimulation.

In healthy condition, NO induced by IL-15 or other
factors may function bactericidally. However, continu-
ous and/or excessive production of NO may provoke the
promotion of inflammation and tissue destruction
[16,29]. In fact, it has been reported that epithelial cells
highly express iNOS at both mRNA and protein levels
in inflammatory lesions, including those of periodontitis
[15]. Although the physiological and pathophysiologic
roles of INOS expression in periodental lesions are not
yet fully defined, it is expected that hyperproduction of
NO in inflamed periodontal lesions may be involved in
epithelial barrier dysfunction and alveolar bone re-
sorption.

It was shown that inflammatory cytokines such as
IFNy, IL-1, IL-8, and TNFua were able to induce iNQS
and NO production by epithelial cells {17,31-33], Our
present findings provided new evidence that IL-15 is also
a potent regulatory cytokine for the stimulation of iNOS
and NO cascade. Based on the titer to induce iNOS and
NO expression (Fig. 2), it is expected that the effect of
IL-15 is no less than those of the above-mentioned cy-
tokines. Interestingly, we recently showed that treatment
of HGEC with adenosine, an endogenous nucleoside
with an abundance of biclogical actions, resulted in the
elevation of iINOS mRNA and NO production [21].
Thus, it may be speculated that several regulatory
mechanisms of iNOS expression by HGEC exist, which
may function protectively or destructively in periodontal
tissues.

IL-15 acts via IL-15R, which shares B- and y-subunit
with IL-2R. However, unlike IL-2R, IL-15R expression
is widely distributed throughout a variety of tissues and
cells. It remains uncertain what kind of intracellular
signal transduction is involved in IL-15R-mediated
iNOS expression in HGEC, though several signaling
pathways have been implicated in the up-regulation of
iNOS mRNA. Among these factors, NF-kB is a pivotal
transcription inducer of iNOS .expression in various
cells. A recent study revealed that the cytoplasmic do-
main of IL-15R possesses the TNFR-associated factor-2
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(TRAF2, a transducer of TNF-a-mediated NF-xB ac-
tivation) binding motif and that ligation of IL-15 with
IL-15R resulted in NF-xB activation via p-IxkB phos-
phorylation [34]. These results suggest that NF-xB may
be associated with the IL-15-induced iNOS elevation in
HGEC.

Treatment of epi 4 with cytochalasin D, a disrupter of
the cytoskeleton actin element, resulted in prevention of
iNOS expression (Fig. 3), and depolymerization of the
actin cytoskeleton has been reported to inhibit ERK1/2
activation [35] and PKA action [36). Thus, it is likely
that these signal pathways, which involve polymeriza-
tion of the actin filament, may also mediate iINOS ex-
pression through the interaction of IL-15 and IL-15R,
though the precise mechanisms by which IL-15R medi-
ates iNOS expression still remain to be explained.

It is possible that endothelial cells and the fibroblasts
underlying gingival epithelial cells are also influenced by
IL-15 generated from gingival epithelial cells. A recent
report has revealed that stimulation with IL-15 in-
creased hyaluronan synthesis by endothelial cells [37)
and gingival fibroblasts (data not shown). Since hyal-
uronan is known to function as a scavenger of NO de-
rivatives such as peroxynitrite [38], which exerts
deleterious effects on host cells, the IL-15-induced hy-
aluronan generation by endothelial cells and fibroblasts
may contribute to the prevention of NQ-associated tis-
sue damage.

In summary, our findings suggest that IL-15 is a
potent regulator of iNOS expression in epithelial kera-
tinocytes. Further study is needed to clarify the in vivo
roles of NO derived from gingival epithelial cells,
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A Nontoxic Chimeric Enterotoxin Adjuvant Induces Protective Immunity
in Both Mucosal and Systemic Compartments with Reduced IgE Antibodies
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A novel nontoxic form of chimeric mucosal adjuvant that combines the A subunit of mutant
cholera toxin E112K with the pentameric B subunit of heat-labile enterotoxin from enterotoxi-
genic Escherichia coli was constructed by use of the Brevibacillus choshinensis expression system
(mCTA/LTB). Nasal immunization of mice with tetanus toxoid (TT) plus mCTA/LTB elicited
significant TT-specific immunoglobulin A responses in mucosal compartments and induced high
serum immunoglobulin G and immunoglobulin A anti-TT antibody responses, Although TT
plus native CT induced high total and TT-specific immunoglobulin E responses, use of the
chimera molecule as mucosal adjuvant did not. Furthermore, all mice immunized with TT plus
mCTA/LTB were protected from lethal systemic challenge with tetanus toxin. Importantly, the
mice were completely protected from influenza virus infection after nasal immunization with
inactivated influenza vaccine together with mCTA/LTB. These results show that B. ekoshiner-
sis—derived mCTA/LTB is an effective and safe mucosa! adjuvant for the induction of protective

immunity against potent bacterial exotoxin and influenza virus infection.

An important feature of immune responses at mucosal surfaces
is the production of secretory IgA antibodies and their transport
across the epithelium. This immune response represents the first
line of defense against invasion by viral and bacterial pathogens
[1]. Therefore, recent efforts have been focused on the develop-
ment of vaccines capable of inducing effective immune responses
in mucosal tissues; however, most protein antigens are rather
weak immunogens when given via a mucosal route. Thus, the
development of effective and reliable mucosal adjuvanis that can
be safely coadministered with vaccine antigen is of central im-
portance for new-generation vaccines.

Cholera toxin (CT) produced by Vibrio cholerae is structur-
ally similar to the heat-labile enterotoxin (LT) of enterotoxi-
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genic Escherichia coli, and both toxins act as adjuvants for
enhancement of mucosal and serum antibody responses to
coadministered protein antigens given by either oral or nasal
routes [2]. Despite the potent mucosal adjuvant activity of na-
tive (n} CT and nLT, both enterotoXins cause severe diarrhea
and thus are unsuitable for use in humans [3]. Therefore, a
number of nontoxic mutant (m) derivatives of CT or LT have
been constructed [4-10]. We also have generated mCT by sub-
stituting a single amino acid in the ADP-ribosyltransferase ac-
tive center of the A subunit and have created 2 mutants of CT
(S61F and E112K) [11]. These newly created forms of mCT
did not induce ADP-ribosylation and cAMP formation but still
served as a mucosal adjuvant by inducing CD4* Th2-type cells.
Those cells, in turn, provided effective help for antigen-specific
mucosal secretory IgA, as well as serum IgG and IgA antibody
responses [12-14], Furthermore, antigen-specific mucosal IgA
and serum IgG antibody responses induced by mCT were pro-
tective against challenge with bacterial or viral pathogens [12,
14, 15].

In this study, we have constructed a novel chimeric adjuvant
that combines the A subunit of mCT E112K and the B subunit
of LT (mCTA/LTB) in a Brevibacillus choshinensis host—vector
system. We also further assessed mucosal adjuvant properties,
as well as the usefulness of B. choshinensis—generated mCTA/
LTB for the induction of protective immunity.
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Materials and Methods

Plasmid construction. A plasmid containing both mCTA
E112K and LTB genes was constructed as follows. First, the mCT A4
gene was amplified by use of polymerase chain reaction (PCR),
using pUC119-E112K as a template and the following primer set:
mCTA-M (5-AACCATGGCTTTCGCTAATGATGATAAGTT-
ATAT-3) and mCTA-R (5-TTAAGCTTCATAATTCATCCTT-
AATTCT-3) [11]. The PCR product was digested with Ncol and
HindllI and then was inserted to pNCMO?2 digested with the same
enzymes to give pNCMO2-mCTA. Second, the LTB gene also was
amplified by use of PCR with the following primer set (LTB-M,
5-AACCATGGCTTTCGCTGCTCCCCAGACTATTACAGA-
3; LTB-R, 5-AAGGATCCCTAGTTTTITCATACTGATTGC-3)
from the chromosome of enterotoxigenic E. coli WT-1 [16). The
PCR product was cloned into the Neol/BamHI site of pNCMO2
after digestion with Ncol and BamHI to give pNCMOQ2-LTB.
Third, the mCTA gene together with the preceding ribosome bind-
ing site (SD2) of B. choshinensis cell wall protein gene was amplified
with BAMSD primer (5-AAAGGATCCTAGAGGAGGAGAA-
CACAAGG-3) and mCTA-R primer from pNCMO2-mCTA [17].
The amplified SD2-mCTA gene was digested with BamHI and
HindIIl and then was cloned into the BamHLI/HindIIl site of
pNCMO2-LTB, resulting in pNCMO2-LTB-mCTA (fizure 14).
The expression plasmid, pNCMO2-LTB-mCTA, was introduced
into B. choshinensis by use of electroporation, as described else-
where [18].

Production and purification of mCTAILTB chimera.  The E. coli
IM109 strain (TaKaRa Shuzo) was used as cloning host, and B.
choshinensis HPD31 was used as host for production of the recom-
binant protein [19]. The E. coli-B. choshinensis expression-secretion
shuttle vector pNCMO2 was constructed by inserting the pUC119-
derived ColE! replication origin and ampicillin resistance gene (Ta-
KaRa Shuzo) into pNH301 [20]. Additionally, the lac operator de-
rived from pUCI119 was inserted in front of a promoter 2 region, as
described elsewhere [17). For cultivation, 2SLN medium and LB
broth were used for the B. choshinensis—harboring plasmid and E.
coff, respectively. The transformation containing pNCMO2-LTB-
mCTA was cultured in 2SLN medium for 3 days at 30°C. After
cultivation, the mCTA/LTB chimera protein in the culture super-
natant was purified by fractionation on an immobilized D-galactose
column (Pierce Chemicals), according to the method described else-
where [21]. The culture supernatant was applied to the column and
then was eluted with 0.2 M galactose in 50 mAf phosphate buffer
(pH 8.0). The extract then was filtered by use of a 30,000-molecular-
weight ultrafiltration membrane (Biomax-30; Millipore) to remove
endotoxin. The filtrate was concentrated and dialyzed against py-
rogen-free 20 mM phosphate buffer (pH 8.0) by use of a 5000-
molecular-weight ultrafiltration membrane (Biomax-5; Millipore).
The purity of the molecules was examined by SDS-PAGE. The pro-
tein concentration was determined by use of MicroBCA protein assay
reagent (Pierce).

Bioassay and roxicity of mCTAILTB.  The ability of mCTA/
LTB and nCT (List Biological Laboratories) to induce toxic effects
on cultured Chinese hamster ovary (CHOY) cells was investigated,
as described elsewhere [11]. The toxicity of each adjuvant was de-
termined as the induction of spindle formation in >20% of cultured
CHO cells. For the cAMP assay, 10° CHO cells in MEM alpha
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medium containing 1% fetal calf serum were cultured with 1 ng/
mL of nCT or mCTA/LTB at 37°C in a 5% CO, incubator for 24
h. Intracellular cAMP was measured by use of an EIA kit {Amer-
sham). The endotoxin levels were determined by use of the Limulus
J test (Wako), and in vitro toxicity was examined by use of a mouse
ifeal loop test [22]. In brief, mice were anesthetized, and 100 pL of
PBS containing different doses of mCTA/LTB or nCT was injected
into 2-cm sutured ileal loops. The mice were killed 18 h later, and
the ratio of fluid to length was defined as being positive when the
ratio was >40 uL/fcm.

Trafficking of radiolabeled protein vaccine and adjuvants.  Tet-
anus toxoid (TT) and mCTA/LTB were radiclabeled with '*1, as
described elsewhere {23]. To assess the redirection ability of vaccine
antigen by mCTA/LTB, mice were given *I-<onjugated TT to-
gether with nCT or mCTA/LTB via the nasal route. Uptake of '*]-
labeled TT into neuronal and lymphoid tissues was assessed over
a 6-day perioed. In addition, '*Iconjugated mCTA/LTB was given
nasally to address their presence in central nervous system tissues
at 6, 12, 24, 72, and 144 h. The counts per minute present in the
different tissues were determined by use of a gamma counter. The
microBCA protein assay was used to determine the protein con-
centrations of radiolabeled proteins. This allowed for the calcu-
lation of the specific activity of *I-labeled TT (87 ¢pm/ng) and
ZI-conjugated mCTA/LTB (1605 cpm/ng), for the determination
of the amount of protein associated with the different organs. A
total of 6.8 pg of '*l-labeled TT was applied nasally with the
mucosal adjuvants nCT (1.0 pg) or mCTA/LTB (2.5 ug) for antigen
redirection studies, and a totat of 2.0 g of "Pl-conjugated mCTA/
LTB was used for the neuronal targeting studies. All nasal appli-
cations were given in a final volume of 10-12 gL, that is, 56 xL
per nares, to naive mice. About 43% of the '*I-conjugated mCTA/
LTB bound to ganglioside GM1.

Mice and immunization protocols.  Female C57BL/6 mice aged
5-6 weeks were purchased from Japan Clea and were housed in the
experimental animal facility at the Research Institute for Microbial
Diseases (Osaka University). Mice were immunized nasally on days
0, 7, and 14 with a 20-xL aliquot (10 uL/nostril) of PBS containing
5 pug of TT (provided by Dr. Yasushi Higashi, Osaka University,
Biken Foundation, Osaka, Japan) alone or combined with 0.5 ug of
nCT or 10 pg of mCTA/LTB. In the influenza virus studies, female
BALB/c mice (SLC) were used in all experiments. Hemagglutinin
(HA) vaccines (split-product virus vaccines) were prepared from in-
fluenza virus A/PR/8/34 (PR8, HINI) by the method of Davenport
et al. [24]. Mouse-adapted PR virus was passaged 148 times in the
ferret, 596 times in the mouse, and 73 times in 10-day fertile chicken
eggs. Mice were anesthetized and then were immunized nasally by
dropping PBS containing mCTA/LTB chimera (5 ug/2 pL) plus HA
vaccine (5 pg/2 plL) into each nostril [25]. Four weeks later, these
mice were boosted with an identical immunization regimen.

Sample collection.  Saliva, nasal wash, and serum samples were
collected to examine TT- or HA-specific antibody responses. Saliva
samples were obtained from mice after intraperitoneal injection
with 100 ug of sterile pilocarpine [14]. Nasal wash specimens were
collected by gently flushing the nasal passages with 100 gL of sterile
PBS [14]. Alternatively, a hypodermic needle was inserted into the
posterior opening of the nasopharynx, and 1 mL of PBS containing
0.1% bovine serum albumin was injected 3 times [26). To obtain
lung washes, the trachea and lungs were taken out and the washing



JID 2002;186 (1 November) Mutant CTA/LTB Chimera as Mucosal Adjuvant 1263
A gaangragyte tgca t ctaaaa Tagate tatt a3z B
SDI Sp
ngtttatacug avfacdatancacaaggbcit aaaaaisannaoat s A tgoractasth
SDZ R A& R kR VOV .'s' 4 ¥ L L L L L = kD
Eorigrgrarsrmranrr gotag-neraooqtange s e g v-i-n:t:c:ccaqactar.:a:.\gnacu:gu:gau.atcg - - -
A S AL ALTTY a2 8 AT AA 1 L ¥
can:an:a--:n:a:acaa:aaa:cacangatac'a'ca'a:accqant:qatqgcaq;-aanqaqaaa gq:ta.ca 97 pa———
E T QI ¥ I KB KITLS5 Y K R £ H 1
tracattcaagagcggegaaacats t:agqt:g-aqr a 'cncau: ----- saa LT-B R
T F K S5 @@ E T F 0 £V PG S 0 HIDSGKE KA A.TZ:E 66 =
aggat T cacatatct ::qat.l.'lntlntqtqtalggl:cna.laaa:cce
A+ x 8 TLA#RTIT?YLTETTUEKTITDEKLT SEV §ox [
sP S
caattcaateqey 3 ag t 2 = a  —— 45
H 5 T A A 1 8 H K K * SDZ MK K R R ¥ ¥ K 5
R T T e T T T A S P T T T L T T Y T AT | tgatgaraagtea 31
\'LLLLLL.’\SRLRL?VEFPAFA\PD
— bt — A
Li:c;gq:nqa::::a;ac:t::tqﬂlguaa:aiiqcagt:nqqtggt:ttdtgccaaqﬂgqlgaqiq:q:q:n:::tul )
s G
::ga:;q-a:.:saa:g.\an:caacc:'tntqa:earﬂ L acttgtt gatgsac
R nﬂ!N’!DHnRGTOTEI‘VRHDDGVCTA -,
.:g:::::a::::n:t-g:t:gaqa\q:g:cna::tag:qqq:cnn:u:attu:cc“tcut.ccn:h:aun:ahm - .
B R oL T I ¥ R
ucqtn:aq::actgcacccaacacq::r_ancg::an qa:qcattnqqqqcntAcaqLcc:ca:ccaqa:qaacaana 22 F*
¥ ¥ 1 A TA # R M F N ¥ VoL t P H 7 QK ; ’
aqt,[(c;q::::a;qtqqqa:tccﬂ:!:::::nnu ilatqqatggtatcgﬂqtt-at lcqgggcgc:tqn:gﬂicaar_ ;
s L I # Y § 1t ¥R HoF L !
:aca:cqtq1:agqqgc.azanuqamqatn.:acagnncc:a-ja:a::qct:;ngcaqc.\gatqq\::u\:qqu::q‘,n |
+ R B R 5 3 P oo
ttt::c:-c 3 ca a aqcu,, 94 geoge " tcnr 2 . _
qq qqq ¢ RE E P W I HH A F PG CG N A 15 M
a:ca:cga:qagcaa:acttgc.,atq\aaaaq::caanq:ctaqqrq TAADALICOLEGACHAACACEAATCTAAAQETD .
5 T @ K FuoeEJY¥ Qg 3 & v ¥ -— B
.uaqacaau;a:::::agqc:a::m:':ga a::qnta:n:nt-a:aquttnnqguq;ac:a ga
RRQ I F S G Y Q5 L
SD2 SP LT-B, SD2 SP mCT-A

laz opemator

i

j?cmm o pPNCMO2

& LTB-mCTA
(6.3 kb

pUB110rcp £

Figure 1.

Development of chimeric mucosal adjuvant that combines A subunit of mutant cholera toxin E112K with pentameric B subunit of heat-

labile enterotoxin from enterotoxigenic Escherichia coli (mCTA/LTB). A, Structure of mCTA/LTB chimera expression-sccretion shuttle vector pNCMO2-
LTB-mCTA. Sequences encoding mature mCTA and LTB genes are directly fused to signal sequence. B, SDS-PAGE analysis of purified mCTA/LTB
chimera. Proteins were stained with Coomassie brilliant blue, Samples were loaded onto 15% SDS-polyacrylamide gels under reducing (fane 1) or
- nonreducing lane 2) conditions. Molecular mass markers (M) are at left. A, mCTA subunit; Ampr, ampicillin resistance gene; B, LTB subunit; SD1,
SD2, ribosome-binding sites; SP, signal peptide—encoding sequence; P2, promoter 2 region of cell wall protein gene of Brevibacillus choshinensis:

pUBI110rep, pUB110 origin of replication.

process was done twice with 2 mL of PBS containing 0.1% bovine
serum albumin, as described elsewhere [26].

Antigen-specific antibody titers by ELISA.  Antigen-specific
antibody titers in serum and mucosal secretions were determined
by ELISA, as described elsewhere [25, 27]. To quantify the level
of PR8 HA-specific antibodies, polyclonal PR8 HA-specific IgA
and IgG antibodies were affinity-purified from the lung washes of
mice immunized nasally with adjuvant (e.g., nCT)-combined PR8
HA molecules [25]. Affinity-purified IgG and IgA antibodies (100
ng/mL) were routinely used as a standard [25). The antibody con-
centration of an unknown specimen was determined from the stan-
dard regression curve constructed for each assay.

ELISA for total and TT-specific IgE antibodies in serum.  For

detection of total and TT-specific serum IgE antibody levels, 96-
well plates (Nunc) were coated with rat anti-mouse IgE mono-
clonal antibody (R35-72; BD PharMingen) [28]. After blocking,
serial dilutions of serum samples were made, and standard mouse
IgE (27-74]; BD PharMingen) was added. Afier incubation, bio-
tinylated rat anti-mouse IgE monoclonal antibody (R35-118; BD
PharMingen) for determining total IgE levels or biotinylated TT
for determining TT-specific IgE antibodies was added, followed by
horseradish peroxidase-labeled anti-biotin monoclonal antibody
(Vector Laboratories). Endpoint titers of TT-specific IgE were ex-
pressed as reciprocal log, titers.

Tetanus toxin challenge.  Tetanus toxin for the challenge ex-
periments was provided by Dr. Yasushi Higashi. The toxin was
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diluted in 0.5% gelatin/PBS, and the appropriate minimum lethal
dose (130 LD,,) was given subcutaneously to each mouse group.
The mice were monitored daily for paralysis and death [27].

Influenza virus infection.  Two weeks after the last nasal im-
munization, the mice were infected nasally by dropping 20 gL of
PBS containing a PR8 virus suspension with 10*' EID,, per mouse
[29]. This procedure induced a total respiratory tract infection that
caused virus shedding from nose and lung and led to viral pneu-
monia and death ~7 days after infection. Lung wash on day 3 after
infection was collected, and 200-uL aliquots of each serial 10-fold
dilution were injected into Madin-Darby canine kidney cells in a
6-well plate. After 1 h of absorption, each well in the plate was
_overlaid with 2 mL of agar medium, according to methods de-
scribed elsewhere [30, 31]. The plaques were developed for 2 day
during incubation in a CO, incubator and then were counted. The
virus titer was expressed as plaque-forming units per milliliter.

Data and statistical analysis.  Data were expressed as mean
SE and were evaluated by use of the Mann-Whitney U test for
unpaired samples, using a Statview II statistical program designed
for the Macintosh computer. P < .05 was considered to be statistically
significant.

Results

Properties of mCTAILTB chimera constructed with B. choshi-
nensis HPD3l. A plasmid consisting of LTB and mCTA
E112K was constructed by using the pNCMO?2 shuttle vector
system (figure 14). A large amount of mCTA/LTB chimera
protein (2 mg/L) was secreted by B. choshinensis harboring
pNCMO2-LTB-mCTA, and SDS-PAGE revealed it to have 2
bands, corresponding to mCTA and LTB (figure 18). The ratio
of the amounts of these 2 components was ~1;5, which suggests
that each component combined to form | molecule of mCTA
with the pentameric LTB complex. This assumption was sup-
ported further by SDS-PAGE analysis of the chimeric protein
together with nLT carried out under nonreducing and dena-
turing conditions. Both proteins migrated to identical positions
in the gel (data not shown).

The mCTAILTB chimera is nontoxic and enzymatically inac-
tive.  The biologic properties and toxicity of mCTA/LTB were
examined and were compared with those of nCT (table 1). Al-
though 1 ng of nCT induced extensive spindle cell formation in
CHO cells, mCTA/LTB chimera, at doses as high as 1 ug, did
not. Furthermore, CHO cells treated with mCTA/LTB did not
produce cAMP. We confirmed that the mCTA/LTB chimera was
nontoxic by use of mouse ileal loop test. Although 100 ng of
nCT induced significant fluid accumulation, a 1000-fold—higher
level of mCTA/LTB did not induce any detectable fiuid accu-
mulation (table 1).

Influence of nasal mCTAILTB on trafficking of coadministered
vaccine.  To determine whether mCTA/LTB redirects vaccine
protein, '*I-labeled TT distribution in various tissues was an-
alyzed after nasal administration with mCTA/LTB plus '*I-
labeled TT and was compared with groups inoculated with '*I-

JID 2002;186 {1 November)

Table 1. Biologic characteristics and potential toxicity of chimeric mu-
cosal adjuvant that combines A subunit of mutant cholera toxin E112K
with pentameric B subunit of heat-labile enterotoxin from enterotoxigenic
Escherichia coli (mCTA/LTB).

CHO assay, cAMP induction, Tleal loop test,
Adjuvant .ng of protein® pmol" ng of protein®
nCT 1.0 392 £ 001 100
mCTA/LTB =10 0 »>10*
NOTE. CHO, Chinese hamster ovary; nCT, native cholera toxin.

* CHO cells were cultured in MEM alpha medium containing 1% FBS with log,,
dilutions of each adjuvant for 24 h and the toxic effect were determined as spindled
formation in >20% of cultured cells.

> CHO cells {1 % 10° cells/well) were cultured in medium comtaining 1% FBS with
1 ng/mL of each adjuvant for 24 h, and the cAMP induction were assessed using
ELISA.

¢ Enterotoxicity of each adjuvant were measured by use of ileal loop test, where
100 uL of PBS containing different levels of each adjuvant were injected into 2 cm
ileal loop of anesthetized mice. The amount of fluid to length were measured 18 h
later and were defined as positive when the ratio was >40 pLicm.

labeled TT given alone or together with nCT (figure 24).
Interestingly, lower levels of '*I-labeled TT accumulation were
ohbserved in the olfactory nerves and epithelium isolated from
the group given "“I-labeled TT plus mCTA/LTB nasally than
from the group given '*I-labeled TT plus nCT. In contrast, no
significant difference was seen in several lymphoid tissues, the
olfactory bulbs, or brain of mouse groups given nasal '*I-la-
beled TT plus mCTA/LTB or nCT or ***I-labeled TT alone. In
the next study, '**I-conjugated mCTA/LTB alone was given na-
sally, and neuronal tissues (olfactory bulbs, olfactory nerves
and epithelium, and brain) were analyzed for the presence of
1.conjugated mCTA/LTB (figure 28). In contrast to the '*I-
labeled TT redirection experiments, the '“I-conjugated mCTA/
LTB itself was present in the olfactory nerves and epithelium
and peaked at 6 h, plateaued, and remained detectable for 6
days. In addition, '*I-conjugated mCTA/LTB in the olfactory
bulbs peaked at 12 h and remained relatively constant over 6
days. We have reported that an accumulation of 1-2 ng of nCT
was seen routinely in the olfactory bulbs during the 6 days
when these tissues were analyzed after 10 pg of nCT was given
nasally [23]. There was an ~2-fold-higher accumulation in the
olfactory bulbs (3—4 ng) with the chimeric mCTA/LTB com-
pound when 2.0 ug was given nasally (figure 2B). On the other
hand, the targeting levels of mCTA/LTB were similar or even
lower in the olfactory nerves and epithelium and in brain after
2.0 pg of "*I-conjugated mCTA/LTB was given, compared with
that of '*I-labeled nCT administered nasally {23] (figure 2B).
Overall, although nasal administration of mCTA/LTB targeted
neuronal tissues, it did not affect trafficking of coadministered
vaccine antigens into the neuronal tissues.

The mCTAILTE chimera adjuvant supports TT-specific mu-
cosal secretory IgA and serum IgG antibody responses. To
assess the mucosal adjuvant properties of mCTA/LTB, mice
were immunized nasally with TT plus mCTA/LTB. Nasal im-
munization with TT plus mCTA/LTB resulted in significant TT-



JID 2002;186 (1 November)

Mutant CTA/LTB Chimera as Mucosal Adjuvant

1265

A 128 Neuronal tissues » Lymphoid tissues

2 100

< 15 4

=

S 75

2 10

- 50-

2

& 25 5

2

o )
oB ON/E Brain Blood Splean CLN  NALT
8 0B ON/E Brain
) 200

mCTA/LTB, ng
- (-]

L4

& 12
Time, h

24 72 144

Figure 2.

12

Time, h

24 72 144

Time, h

Trafficking effects of the chimeric adjuvant. A, Trafficking of radiolabeled vaccine antigen (tetanus toxoid [TT]) in lymphoid and neuronal

tissues 6 days after nasal challenge with (hatched bars) or without fopen bars) native cholera toxin (CT) or chimeric adjuvant that combines A subunit
of mutant CT with pentameric B subunit of heat-labile enterotoxin from enterotoxigenic Escherichia coli (mCTASLTB,; solid bars). B, Distribution of
radiolabeled mCTA/LTB in olfactory nerves and epithelium (ON/E), olfactory bulbs (OB), and brain after nasal challenge with '*Iconjugated mCTA/
LTB aione. Specific activities: '*I-tabeled TT, 87 cpm/ng; '*I-conjugated mCTA/LTB, 1605 cpm/ng.

specific serum IgG and IgA antibody responses, compared with
those induced by TT together with nCT (figure 34). In partic-
ular, the profiles of serum IgG1 and IgG2a antibody responses
of mice given TT plus mCTA/LTB nasally were similar to those
of mice given TT together with nCT (figure 34}. On the other
hand, nasal administration of nCT or mCTA/LTB alone failed
to elicit TT-specific antibody responses in the starting dilution
(log, of 6) used in these experiments (data not shown). In ad-
dition, nasal administration of TT plus mCTA/LTB chimera
induced high levels of TT-specific IgA antibody responses in
saliva, as well as nasal wash samples, compared with those
induced by TT plus nCT (figure 34).

To determine whether IgA antibody responses in external se-
cretions were mucosa-associated or, alternatively, were exudates
from serum, the numbers of antigen-specific IgA antibody-
forming cells were measured. High numbers of TT-specific IgA
antibody-forming cells were found in the submandibular gland
and nasal passages of mice given TT plus mCTA/LTB or nCT,
whereas low numbers of antibody-forming cells were detected in
the submandibular gland and nasal passages of mice given TT
alone (data not shown). These findings demonstrate that a new
chimeric molecule of MCTA/LTB is a potent mucosal adjuvant
for the induction of vaccine antigen-specific mucosal IgA and
systemic IgG antibody responses.

Induction of neutralizing antibody responses to tetanus toxin by
nasal immunization.  Because nasal TT plus mCTA/LTB elicited
high levels of antigen-specific IgG and IgA antibody responses,

we determined if these antibodies also were protective, Mice giv-
en TT plus mCTA/LTB chimera or nCT as mucosal adjuvant,
or TT alone, were challenged with a lethal dose (130 LDy of
tetanus toxin and were monitored for paralysis and death. As
expected, nasal immunization with TT plus nCT provided com-
plete protection (figure 3.8). Of importance, equal protection was
provided when TT was given with mCTA/LTB and when nCT
was used as a mucosal adjuvant. In contrast, TT, mCTA/LTB,
or nCT alone provided no protection for mice against the pa-
ralysis and death that normally occurs within 1 day after ad-
ministration of tetanus toxin (figure 3B). These findings clearly
demonstrate the effectiveness of mucosally induced serum TT-
specific IgGG antibodies by coadministered mCTA/LTB chimera
as mucosal adjuvant.

Lack of induction of IgE antibody responses by mCTAILTB
chimera.  To determine whether the newly constructed B.
choshinensis—derived chimeric mCTA/LTB enhanced IgE anti-
body responses, we measured both total and TT-specific IgE
antibody titers in serum samples of mice immunized nasally
with TT plus mCTA/LTB or nCT. As might be expected, high
levels of total and TT-specific IgE antibody responses were
induced in serum of mice given TT plus nCT (figure 4). Inter-
estingly, however, significantly lower levels of total and TT-
specific IgE antibodies were noted in mice given nasal TT plus
mCTA/LTB than in mice immunized with TT plus nCT (figure
4). It is possible that mCTA/LTB or mCT E112K may lead to
different kinetics for TT-specific IgE antibody responses. There-



