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Abstract
Recombinant cholera toxin B subunit (rCTB) which is produced by Bacillus brevis carrying pNU212-CTB acts as a mucosal adjuvant capable of enhancing host immune responses specific to unrelated, mucosally co-administered vaccine antigens. When mice were
administered intranasally with diphtheria–pertussis–tetanus (DPT) combination vaccine consisting of diphtheria toxoid (DTd), tetanus
toxoid (TTd), pertussis toxoid (PTd), and formalin-treated filamentous hemagglutinin (fFHA), the presence of rCTB elevated constantly
high values of DTd- and TTd-specific serum ELISA IgG antibody titres, and protective levels of diphtheria and tetanus toxin-neutralizing
antibodies but the absence of rCTB did not. Moreover, the addition of rCTB protected all mice against tetanic symptoms and deaths.
DPT combination vaccine raised high levels of serum anti-PT IgG antibody titres regardless of rCTB and protected mice from Bordetella
pertussis challenge. These results suggest that co-administration of rCTB as an adjuvant is necessary for induction of diphtheria and tetanus
antitoxin antibodies on the occasion of intranasal administration of DPT combination vaccine.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Cholera toxin (CT), a major enterotoxin produced by
Vibrio cholerae, is composed of two subunits—a toxigenic
A subunit (CTA) which activates ADP-ribosylation activity
and a pentameric B subunit (CTB) which is responsible for
CT binding to the cell membrane GM1 gangliosides. The basic chemical structure of heat-labile toxin (LT) which is produced by enterotoxigenic Escherichia coli is almost the same
as that of CT. Both CT and LT act as a mucosal immunogen
and a mucosal adjuvant, and induce antigen-specific systemic IgG and secretory IgA antibody responses at various
∗
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mucosal sites to unrelated vaccine antigens when administered along with them via the nasal or oral route [1–5]. Only
an A subunit of LT (LTA) and various mutant LTs and CTs
lacking ADP-ribosylation activity also retain the mucosal
adjuvant properties of wild CT and LT [5–11]. Moreover, it
has been shown that recombinant CTB (rCTB) and B subunit of LT (rLTB) also have potent adjuvant activity towards
intranasally or orally administered antigens [12–14].
We demonstrated that rCTB, which is produced by
Bacillus brevis HPD31 carrying pNU212-CTB [15] and
purified with affinity chromatography using d-galactose immobilized agarose [16], effectively delivers tetanus toxoid
(TTd) and diphtheria toxoid (DTd) to mucosal inductive
sites and elicits antigen-specific serum IgG and mucosal
IgA antibody responses when given intranasally along
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with the toxoids [17,18]. With intranasal co-administration
of an acellular pertussis vaccine the adjuvant activity of
rCTB was vague because of the mucosal adjuvanticity of
pertussis toxoid (PTd) [19]. No distinct local histopathological reactions were observed in the muscle, the nasal
cavity and the small intestinal loop given rCTB [20], and
frequent nasal administrations of rCTB-containing same
and different vaccine-induced antigen-specific immune
responses without induction of systemic tolerance and
suppression by pre-existing anti-rCTB immunity [21]. In
this study we investigated the adjuvant effect of rCTB on
intranasal administration of a 30 l (15 l per nare) of a
diphtheria–pertussis–tetanus (DPT) combination vaccine
consisting of DTd, TTd, PTd, and formalin-treated filamentous hemagglutinin (fFHA) and found that rCTB has an
important role in the induction of diphtheria and tetanus
antitoxin antibodies.

2.2. Measurement of antigen-specific IgG, IgA, and IgE
antibody levels

2. Materials and methods

Antigen-specific serum IgG and IgA, and mucosal IgA
antibody titres were measured using ELISA (in-house
ELISA) as described before [17,22] and antigen-specific
serum IgE antibody was detected by fluorometric capture
ELISA as described by Sakaguchi et al. [23] except the use
of 5-[5-(N-succinimidyloxycarbonyl) pentylamido]hexyl
d-biotinamide (Dojindo Laboratories, Kumamoto, Japan)
in place of N-hydroxysuccinimidobiotin to conjugate antigen with biotin; serum and mucosal IgA, and serum IgE
antibody titres were determined only in Experiment 1. Calibration of the mean and standard deviation (S.D.) of values
at 450 and 405 nm with sera and each washing sample
of five non-immunized mice, setting of antibody-positive
cut off values and expression of antigen-specific antibody ELISA titres and the geometric mean (G.M.) ± S.D.
were carried out according to the previous description
[19].

2.1. Animals, immunogens, immunization, and sample
collection

2.3. Cell culture method (CCM) for measurement of
diphtheria antitoxin titres

All procedures on animals were conducted according
to the Guideline for the Care and Use of Laboratory Animals of the Nagoya City University Medical School under
protocols approved by the Institutional Animal Care and
Use Committee at the Nagoya City University Medical
School. Female BALB/c mice (SLC, Shizuoka, Japan) aged
7 weeks were used in this study. Each group consisted of
5, 10, 15 or 16 mice. TTd containing 200 Lf units ml−1
(66 g protein nitrogen (PN) ml−1 and purity: 3025 Lf mg−1
PN), DTd containing 200 Lf units ml−1 (67 g PN ml−1
and purity: 2985 Lf mg−1 PN), PTd containing 16 g
PN ml−1 , pertussis toxin (PT) containing 30 g PN ml−1 ,
formalin-non-treated filamentous hemagglutinin (FHA)
containing 32 g PN ml−1 and fFHA containing 75 g
PN ml−1 were provided by The Chemo-Sero-Therapeutic
Research Institute (Kumamoto, Japan). PT and FHA were
used for an enzyme-linked immunosorbent assay (ELISA)
and TTd, DTd, and PTd were not adsorbed to aluminum
salt. Mice were administered and boosted intranasally with
30 l of solution consisting of 5 Lf DTd, 5 Lf TTd, 0.5 g
PTd, and 5 g fFHA (DPT combination vaccine) with and
without 10 g rCTB under light ether anesthesia. Intranasal
administrations were performed on days 0, 14, 21, and 28.
Mice were sacrificed on day 35 and blood was collected.
Almost the same experiments were repeated four times and
designated as Experiments 1–4. Experiment 4 was mainly
carried out for a challenge test of tetanus toxin (TT). In
Experiment 1 collection of lung and nasal cavity lavages,
small and large intestinal washes, saliva and vaginal secretions, and feces was done for measurement of mucosal
IgA titres as described before [12,17]. These samples were
stored at −20 ◦ C until use.

In Experiments 1–4, the titration of diphtheria antitoxin
of mouse serum was performed by CCM using Vero cells as
described by Miyamura et al. [24] and diphtheria antitoxin
titres were expressed as international neutralizing antibody
units (IU) ml−1 .
2.4. Determination of anti-tetanus toxin antibody
The TT neutralization (TTN) assay was carried out in
mice as described in “Minimum Requirement for Biological Products [25]”. Briefly, six-fold dilution (in Experiments 2 and 3) and two-fold dilution (in Experiment 4) of
pooled sera were performed and assayed for TT level of
L+/1000. Tetanus antitoxin titres were calculated relatively
for the standard tetanus antitoxin [26,27] and expressed in
IU ml−1 .
2.5. TT direct challenge test
Five days after final collection of blood on day 35, mice
were challenged by subcutaneous injection of approximately
100 LD50 of TT and was observed through out their life and
death after 7 days.
2.6. Kaketsuken particle agglutination (KPA) method
The particle agglutination test with poly (␥-methyl
l-glutamate), which was developed and shortened to KPA
by KAKETSUKEN (The Chemo-Sero-Therapeutic Research Institute) [28], was carried out beforehand for the
purpose of reference to measure tetanus antitoxin titres in
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Experiments 1–4 and diphtheria antitoxin titres in Experiments 2–4, using Tetanus and Diphtheria Antibody Assay
kits, respectively. The procedure was done according to the
manufacturer’s instructions. The highest dilution showing
positive agglutination was determined and the unitage of
serum sample was calculated against the reference serum
and expressed as IU ml−1 . There is a significant correlation
[28] between the level of anti-tetanus KPA titres and that
of tetanus antitoxin titres by hemagglutination [29] and
between the level of anti-diphtheria KPA titres, and that of
diphtheria antitoxin titres by CCM [24].
2.7. Measurement of anti-PT and anti-FHA antibody titres
by calibration against a reference mouse serum
Serum PT- and FHA-specific IgG antibody titres were
also expressed as ELISA units (EU) ml−1 on the basis of
a comparison of the response curve of the test serum to
that of the reference mouse serum provided by the National
Institute of Infectious Diseases, Tokyo, Japan (anti-PT IgG
antibody: 886 EU ml−1 and anti-FHA IgG antibody: 21 900
EU ml−1 ). This was done according to a modified version
of the parallel line assay procedure described by Sato and
Sato [30].
2.8. Intranasal challenge of Bordetella pertussis
Intranasal infection of B. pertussis 18 323 phase I was performed using mice immunized intranasally with DPT combination vaccine with and without rCTB according to the
method described before [19] and three mice per group were
used.
2.9. Statistics
Analysis of antibody titres was performed on logarithmically transformed data and the G.M. and S.D. values were
calculated. Mann–Whitney’s U-test was used to compare
mean values of different groups with serum and mucosal antibody titres. Statistical significance was designated as P <
0.01 or P < 0.05.
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3. Results
3.1. DTd-specific serum IgG antibody and diphtheria
antitoxin responses: comparison among in-house ELISA,
CCM, and KPA titres
We assessed the immune responses to DTd induced
by intranasally delivered DPT combination vaccine. Mice
immunized with DPT plus rCTB showed much higher
DTd-specific serum IgG antibody titres by in-house ELISA
than those without rCTB except Experiment 1, indicating the statistically significant adjuvant effect of rCTB in
Experiments 2 and 3 (Fig. 1A).
Mice immunized with DPT plus rCTB showed the mean
log10 diphtheria antitoxin titres ± S.D. values of 0.47±0.36,
0.80 ± 0.37, and −0.21 ± 0.65 IU ml−1 in Experiments 1–3,
respectively, which were measured by CCM (Fig. 1B). These
titres were sufficiently greater than 0.01 (log10 − 2) IU ml−1
of serum and significantly higher than those obtained from
mice treated with DPT alone, clearly showing that rCTB
specifically induces diphtheria antitoxin antibody even if
in-house ELISA antibody titres are almost the same irrespective of rCTB (Fig. 1A, Experiment 1). Diphtheria antitoxin
titres measured by KPA in Experiments 2 and 3 also showed
significant differences between mice immunized with DPT
in the presence and absence of rCTB (Fig. 1C).
3.2. TTd-specific serum IgG antibody and tetanus antitoxin
responses: comparison among in-house ELISA, KPA, and
TTN titres
The addition of rCTB to DPT combination vaccine
induced sufficiently high serum anti-TTd IgG in-house
ELISA antibody titres, which were significantly high only
in Experiment 3 when compared with no addition of rCTB
(Fig. 2A).
The mean log10 tetanus antitoxin titres ± S.D. values
measured by KPA were 0.65 (pool sera), −1.75 ± 0.69 and
−1.47 ± 0.96 in Experiments 1–3, respectively, in the absence of rCTB and 2.53 (pool sera), 0.89 ± 0.05 and 0.75 ±
0.31 in Experiments 1–3, respectively, in the presence of

Fig. 1. Correlation among serum DTd-specific IgG in-house ELISA antibody titres (A), diphtheria antitoxin titres by CCM (B), and anti-diphtheria KPA
titres (C) with and without rCTB. Mice were administered intranasally with 5 Lf DTd + 5 Lf TTd + 0.5 g PTd + 5 g fFHA ± 10 g rCTB on days 0,
14, 21, and 28 and sacrificed on day 35. The same experiments were repeated three times but anti-diphtheria KPA titres were not measured in Experiment 1.
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Fig. 2. Correlation between serum TTd-specific IgG in-house ELISA
antibody titres (A) and anti-tetanus KPA titres (B) with and without
rCTB. Mice were administered intranasally with 5 Lf DTd + 5 Lf TTd
+ 0.5 g PTd + 5 g fFHA ± 10 g rCTB on days 0, 14, 21, and 28
and sacrificed on day 35. The same experiments were repeated three
times. In Experiment 1 pooled sera from five mice were used to measure
anti-tetanus KPA titres.

rCTB (Fig. 2B). These tetanus antitoxin titres were significantly different between the presence and absence of rCTB
unlike serum anti-TTd IgG in-house ELISA antibody titres.
Subsequently, the toxin neutralization tests were carried out
by six-fold dilution using the pool sera of mice obtained
from Experiments 2 and 3. In Experiment 2 the TTN titres
of pool sera from each five mice were less than 0.01 IU ml−1
without rCTB and 0.36–2.16 IU ml−1 with rCTB (Table 1).
In Experiment 3, 15 or 16 mice were divided into two groups
by KPA titres, i.e. into a higher and lower one. In mice immunized with DPT alone, TTN titres obtained from pool sera
of 5 mice showing KPA titres less than 0.0025 unit ml−1 ,
and 11 mice showing KPA titres from 0.01 to 1.0 units ml−1
were less than 0.01 IU ml−1 (Table 1). On the other hand,
in mice immunized with DPT in the presence of rCTB
both higher group (5 mice) showing KPA titres between 8
and 16 unit ml−1 and lower one (10 mice) showing KPA
titres between 2 and 4 unit ml−1 demonstrated TTN titres
from 1.80 to 10.8 IU ml−1 (Table 1). Judging from these
results, the addition of rCTB is essential to elevate tetanus
antitoxin titres unlike anti-TTd antibody in-house ELISA
titres.

Table 1
Correlation of serum anti-tetanus KPA titres with tetanus toxin neutralization (TTN) titres of pooled sera
Experiment
number

rCTB

Number
of mice

KPA titres
(units ml−1 )a

TTN titres
(IU ml−1 )b

Experiment 2

−
+
−
−
+
+

5
5
5
11
10
5

0.0025–0.16
6.4–8.0
<0.0025
0.01–1.0
2.0–4.0
8.0–16.0

<0.01
0.36–2.16
<0.01
<0.01
1.8–10.8
1.8–10.8

Experiment 3

a

See Fig. 3B.
Pooled sera were used and TTN tests were carried out by six-fold
dilution.
b

Fig. 3. Correlation between serum anti-tetanus KPA titres and life and
death of mice in Experiment 4. Mice were administered intranasally with
5 Lf DTd + 5 Lf TTd + 0.5 g PTd + 5 g fFHA ± 10 g rCTB (A)
and with 5 Lf DTd + 5 Lf TTd + 0.5 g PTd ± 10 g rCTB (B) or
administered intranasally with PBS (C) on days 0, 14, 21, and 28. Serum
was collected from each mouse on day 35 and used for the measurement
of anti-tetanus KPA titres. Pooled sera were used for TTN test. Tetanus
toxin challenge test was performed on day 40 and observed through out
the life and death of mice after 7 days. (䊊) Mice showing no symptoms,
() paralyzed mouse, and (䊉) dead mice. Anti-diphtheria KPA titres were
also examined in Experiment 4 but not shown because almost similar
results to those of Fig. 1C were obtained.

3.3. Correlation between TTd-specific KPA and
TTN titres
In Experiment 4, the correlation between TTd-specific
KPA and TTN titres was investigated in detail in combination with DTd + TTd + PTd ± fFHA ± rCTB. As shown in
Fig. 3, tetanus antibody titres measured by the KPA method
with rCTB were significantly higher in comparison with
those in the absence of rCTB irrespective of fFHA. Two
of the 10 mice immunized with the mixture of DTd, TTd,
PTd, and fFHA without rCTB showed very low anti-tetanus
KPA titres, and one of them died on day 1 and the other
one was paralyzed (Fig. 3A). Only one of the 10 mice immunized with DTd, TTd, and PTd in the absence of both
fFHA and rCTB showed very low anti-tetanus KPA titre and
died on day 1 (Fig. 3B). All mice inoculated with phosphate
buffer saline died on day 1 (Fig. 3C). However, the addition of rCTB to DPT combination vaccine surely protected
all mice against tetanic symptoms and deaths regardless of
fFHA (Fig. 3A and B). TTN titres obtained from pooled
sera of each ten mice immunized without rCTB were 2.77
IU ml−1 in the presence of fFHA and 0.36 IU ml−1 in the
absence of fFHA. The addition of rCTB showed high TTN
titres of 11.60 and 10.30 in the presence and absence of
fFHA, respectively. Diphtheria antitoxin titres measured by
CCM and KPA in the same samples were significantly higher
in the presence of rCTB like Experiments 1–3 (data not
shown).
Together with the results obtained from Experiments 1–3,
these results made it clear that the addition of rCTB to DPT
combination vaccine is necessary to protect against tetanus
and diphtheria.

M. Isaka et al. / Vaccine 22 (2004) 3061–3068

Fig. 4. Correlation between serum PT-specific antibody titres by in-house
ELISA (A) and ELISA units by calibration against a reference mouse
serum (B) with and without rCTB. Mice were administered intranasally
with 5 Lf DTd + 5 Lf TTd + 0.5 g PTd + 5 g fFHA ± 10 g rCTB on
days 0, 14, 21, and 28 and sacrificed on day 35. The same experiments
were repeated three times. Both titres were not measured in Experiment 4.

3.4. Serum PT-specific IgG antibody titres by in-house
ELISA and serum anti-PT ELISA units by calibration
against a reference mouse serum
High levels of anti-PT serum IgG antibody titres by
in-house ELISA were induced irrespective of rCTB through
Experiments 1–3 and there were no significant differences in the presence and absence of rCTB (Fig. 4A).
Serum anti-PT ELISA units from calibration against a
reference mouse serum also increased and the presence
and absence of rCTB showed no significant differences
(Fig. 4B).
3.5. FHA-specific serum IgG antibody titres by in-house
ELISA and serum anti-FHA ELISA units by calibration
against a reference mouse serum
Serum FHA-specific IgG antibody titres by in-house
ELISA increased substantially irrespective of rCTB and
there was a significant difference in the presence and absence of rCTB only in Experiment 2 (Fig. 5A). Anti-FHA
ELISA units obtained from calibration against a reference
mouse serum were also elevated regardless of the presence
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Fig. 5. Correlation between serum FHA-specific antibody titres by
in-house ELISA (A) and ELISA units by calibration against a reference
mouse serum (B) with and without rCTB. Mice were administered intranasally with 5 Lf DTd + 5 Lf TTd + 0.5 g PTd + 5 g fFHA ±
10 g rCTB on days 0, 14, 21, and 28 and sacrificed on day 35. The same
experiments were repeated three times. Both titres were not measured in
Experiment 4.

or absence of rCTB and a significant increase with rCTB
was observed only in Experiment 3 (Fig. 5B).
3.6. Protection from intranasal challenge of B. pertussis in
mice intranasally administered with DPT combination
vaccine with and without rCTB
The bacteria were not removed from the lungs of
non-vaccinated control mice even on day 14 of infection.
However, regardless of rCTB, intranasal administration
with DPT combination vaccine showed complete clearance
of the bacteria from the lungs by 6 days postinfection (data
not shown).
3.7. DTd-, TTd-, PT-, and FHA-specific serum IgA and
IgE antibody responses
Serum IgA antibodies specific to all components of DPT
vaccine were produced independent of rCTB and anti-DTd,
TTd, and FHA IgA antibody titres were significantly higher
in the presence of rCTB (Fig. 6A). Serum IgE antibody
responses to DTd, TTd, and PT were seen in the presence
of rCTB and TTd- and PT-specific IgE antibody titres were
significantly higher (Fig. 6B).

Fig. 6. Serum DTd-, TTd-, PT- and FHA-specific IgA (A) and IgE (B) antibody titres with and without rCTB. Mice were administered intranasally with
5 Lf DTd + 5 Lf TTd + 0.5 g PTd + 5 g fFHA ± 10 g rCTB on days 0, 14, 21, and 28 and sacrificed on day 35. Both titres were measured only
in Experiment 1.
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3.8. Mucosal DTd-, TTd-, PT-, and FHA-specific IgA
antibody responses
Mucosal antigen-specific IgA antibody titres were measured only in Experiment 1. Significantly higher levels of
mucosal DTd-specific IgA antibody titres were observed in
the lungs, small intestines, feces and the saliva and vaginal
secretions in the presence of rCTB (data not shown), almost
coinciding with the results obtained from intranasal immunization with DTd ± rCTB [18]. Mucosal TTd-specific IgA
antibody titres rose significantly in the nasal cavities, lungs,
small intestines, feces, and the saliva and vaginal secretions
in the presence of rCTB (data not shown), being different
from the previous results from intranasal immunization with
TTd ± rCTB [17]. The difference between two data may
be due to the presence of PTd. High or moderate levels of
PT-specific mucosal IgA antibody responses were induced
in the lungs and the vaginal secretions regardless of rCTB
and mucosal anti-FHA IgA antibody titres in the presence
of rCTB increased significantly in the lungs and small intestines but not in the other mucosal sites (data not shown).
These results were roughly in agreement with the those from
intranasal immunization with PTd + fFHA ± rCTB [19].
4. Discussion
In this study the mucosal adjuvant effect of rCTB on
intranasal administration of DPT combination vaccine consisting of DTd, TTd, PTd, and fFHA was investigated and
it was clearly shown that co-administration of rCTB is
essential for induction of diphtheria and tetanus antitoxin
antibodies. Moreover, all mice intranasallly administered
with a mixture of DPT combination vaccine and rCTB
were surely protected from challenge of TT and diphtheria antitoxin titres above a protective level of 0.1 IU ml−1 ,
which is the smallest level necessary to protect humans
from diphtheria, were induced. These results coincided
with those from intranasal co-administration of rCTB and
DTd or TTd except a little high serum IgE antibody titres
[17,18]. Our previous studies showed that subcutaneous
injection of aluminium-adjuvanted DTd elicited high levels of DTd-specific serum IgG, no or slight levels of
DTd-specific serum and mucosal IgA and significantly high
levels of DTd-specific serum IgE antibody responses [31],
and moreover, caused severe histopathological reactions
[20]. Accordingly, rCTB seems to be an excellent adjuvant.
The mucosal adjuvant effect of rCTB for mixed PTd and
fFHA is inconspicuous because of the mucosal adjuvanticity of PTd and induction of moderately high levels of serum
PT-specific IgE antibody titres [19].
As far as we know about intranasal administration of DPT
combination vaccine and a mucosal adjuvant in animal experiments, there is only one paper reported by Nagai et al.
[32]. They used some onjisaponins, from the root of Polygala
tenuifolia Willdenow, as a mucosal adjuvant and showed

significant increases in serum anti-DTd, -TTd, -PTd IgG,
and nasal IgA antibody titres. However, there were no data
on diphtheria and tetanus antitoxin antibody and anti-DTd,
-TTd, and -PTd serum IgE antibody titres.
It is generally known that mucosal IgA plays an important role in protection against infections by enteropathogens
and viruses both in human and animal models [33–37]. The
inhibition of bacterial adherence by mucosal IgA is considered to be one of the most important defense mechanisms
against mucosal bacterial invasion and in vitro, has been
shown to limit the attachment of bacteria to epitherial cells
isolated from various mucosal sites [38–43]. Moreover, mucosal IgA can also neutralize toxins by blocking their binding to cell receptors [44]. On the other hand, a functional role
for serum IgA is still unclear but the IgA, not the IgG, serum
fraction, from patients with Clostridium difficile has been
reported to neutralize the cytotoxic and enterotoxic properties of the major virulence factor, toxin A, of the bacterium
[45]. In this study, rCTB significantly enhanced production
of serum IgA antibodies and mucosal ones to DTd in the respiratory tract and the vagina. In our preliminary experiment,
IgAs purified from three mouse sera with 13.0, 1.63, and
3.26 CCM IU ml−1 , which were intranasally administered
with DTd + rCTB, showed 0.102, 0.005, and 0.026 CCM
IU ml−1 , respectively, and mucosal IgAs purified from the
pulmonary lavages of 4 mice intranasally immunized with
DTd + rCTB, showed 0.006, 0.102, 0.026, and 0.026 CCM
IU ml−1 , suggesting the possibility of neutralizing diphtheria toxin of IgA. However, it has been suggested that IgA
is not essential for preventing viral infection, reduction in
the severity of disease, or both because of no differences
between wild-type IgA+/+ and transgenic IgA−/− knockout mice [46]. The role of systemic and mucosal IgA merits
further research.
There have been several studies that have tracked the tissue distribution of a marker following intranasal delivery to
mice but the results obtained from these studies have been
varied [47–51]. Visweswaraiiah et al. [52] reported in detail
that all parameters such as level of anesthesia, position of the
animal during and post dye administration, dosing schedule
and total volume administered are important for a solution
delivered intranasally to be retained in the nasal cavity of a
mouse. In case of a total volume of 30 l, it is important to
hold a mouse under heavy anesthesia and in a supine position
both during and post dye administration and to administer
according to the optimal schedule of administration, i.e. 2 l
per nare at 5 min intervals [52]. However, in our experiment
a 15 l bolus of vaccine per nare (a total volume of 30 l)
was delivered intranasally to moderately anesthetized mice
held upright during administration and placed on its stomach in the cage post administration. Accordingly, a part of
intranasally administered vaccine may have been swallowed
or aspirated into the lungs.
Phase 1 safety studies conducted with intranasally administered rCTB and LTR192G revealed only minor side effects
including self-limiting increased nasal secretions, itching,
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runny nose and sneezing within a certain amount of them
but not visible effects on the nasal mucosa, systemic adverse
events and long-term adverse events [53]. Clinical trials with
an inactivated, virosome-formulated, LT-adjuvanted, intranasal subunit influenza vaccine showed solicited and unsolicited symptoms such as nasal discomfort, sneezing, nasal
pain, stuffy nose, runny nose, shivering, malaise, and so on.
Moreover, Bell’s Palsy (facial paresis) was observed in a tiny
minority [53]. However, a detailed analysis of the observed
cases has not revealed a distinct pattern for an influenza
vaccine-induced facial paresis. Pre-clinical studies in animal
models are needed to evaluate the safety of intranasally administered CT and LT adjuvants, and derivatives prior to the
initiation of clinical trials. Intranasal administration of rCTB
to BALB/c mice caused no distinct local histopathological
reactions in the nasal cavity [20]. If rCTB is confirmed
to be completely non-toxic for humans, an intranasal DPT
combination vaccine with rCTB could be easily licensed
for human use. The needle-free intranasal administration is
an attractive alternative procedure, especially in developing
countries.

Acknowledgements
We gratefully acknowledge Dr. Roy H. Doi, Section of
Molecular and Cellular Biology, University of California,
Davis, for his critical reading of the manuscript and Dr.
Toshifumi Konda, Department of Bacterial Pathogenesis and
Infection Control, National Institute of Infectious Diseases
for providing the reference mouse serum. This work was
supported in part by a Grant-in-Aid for Scientific Research
(B) 14370095 from Japan Society for the Promotion of Science (JSPS), partially by a grant from the Japan Health Sciences Foundation (Research on Health Sciences focusing on
Drug Innovation, No. 51051) and in part by Ohyama Health
Foundation.
References
[1] Elson CO, Ealding W. Cholera toxin feeding did not induce oral
tolerance in mice and abrogated oral tolerance to an unrelated protein
antigen. J Immunol 1984;133:2892–7.
[2] Lycke N, Holmgren J. Strong adjuvant properties of cholera toxin
on gut mucosal immune responses to orally presented antigens.
Immunology 1986;59:301–8.
[3] Clements JD, Hartzog NM, Lyon FL. Adjuvant activity of
Escherichia coli heat-labile enterotoxin and effect on the induction
of oral tolerance in mice to unrelated protein antigens. Vaccine
1988;6:269–77.
[4] Tamura S, Samegai Y, Kurata H, Nagamine T, Aizawa C, Kurata T, et
al. Protection against influenza virus infection by vaccine inoculated
intranasally with cholera toxin B subunit. Vaccine 1988;6:409–13.
[5] DeHaan L, Feil IK, Verweij WR, Holtrop M, Hol WGJ, Agsteribbe E,
et al. Mutational analysis of the role of ADP-ribosylation activity and
GM1-binding activity in the adjuvant properties of the Escherichia
coli heat-labile enterotoxin towards intranasally administered keyhole
limpet hemocyanin. Eur J Immunol 1998;28:1243–50.

3067

[6] Douce G, Turcotte C, Cropley I, Roberts M, Pizza M, Domenghini
M, et al. Mutants of Escherichia coli heat-labile toxin lacking ADPribosyltransferase activity act as non-toxic, mucosal adjuvants. Proc
Natl Acad Sci USA 1995;92:1644–8.
[7] DiTommaso A, Saletti G, Pizza M, Rappuoli R, Dougan G, Abrignani
S, et al. Induction of antigen-specific antibodies in vaginal secretions
by using a non-toxic mutant of heat-labile enterotoxin as a mucosal
adjuvant. Infect Immun 1996;64(3):974–9.
[8] Tsuji T, Yokochi T, Kamiya H, Kawamoto Y, Miyama A, Asano
Y. Relationship between a low toxicity of the mutant A subunit of
enterotoxigenic Escherichia coli enterotoxin and its strong adjuvant
action. Immunology 1997;90:176–82.
[9] Yamamoto S, Kiyono H, Yamamoto M, Kurazono H, Imaoka K,
Yamamoto M, et al. A non-toxic mutant of cholera toxin elicits Th2type responses for enhanced mucosal immunity. Proc Natl Acad Sci
USA 1997;94:5267–72.
[10] Douce G, Fontana M, Pizza M, Rappuoli R, Dougan G. Intranasal
immunogenicity and adjuvanticity of site-directed mutant derivatives
of cholera toxin. Infect Immun 1997;65(7):2821–8.
[11] Tebbey PW, Scheuer CA, Peek JA, Zhu D, LaPierre NA, Green BA,
et al. Effective mucosal immunization against respiratory syncytial
virus using purified F protein and a genetically detoxified cholera
holotoxin, CT-E29H. Vaccine 2000;18:2723–34.
[12] Tochikubo K, Isaka M, Yasuda Y, Kozuka S, Matano K, Miura
Y, et al. Recombinant cholera toxin B subunit acts as an adjuvant
for the mucosal and systemic responses of mice to mucosally coadministered bovine serum albumin. Vaccine 1998;16(2–3):150–5.
[13] Wu H-Y, Russell MW. Induction of mucosal and systemic immune
responses by intranasal immunization using recombinant cholera
toxin B subunit as an adjuvant. Vaccine 1998;16(2–3):286–92.
[14] Verweij WR, DeHaan L, Holtrop M, Agsteribbe E, Brands R,
Van Scharrenburg GJM, et al. Mucosal immunoadjuvant activity of
recombinant Escherichia coli heat-labile entertoxin and its B subunit:
Induction of systemic IgG and secretory IgA responses in mice by
intranasal immunization with influenza virus surface antigen. Vaccine
1998;16(20):2069–76.
[15] Ichikawa Y, Yamagata H, Tochikubo K, Udaka S. Very efficient
extracellular production of cholera toxin B subunit using Bacillus
brevis. FEMS Microbiol Lett 1993;111(2–3):219–24.
[16] Yasuda Y, Matano K, Asai T, Tochikubo K. Affinity purification of
recombinant cholera toxin B subunit oligomer expressed in Bacillus
brevis for potential human use as a mucosal adjuvant. FEMS Immunol
Med Microbiol 1998;20(4):311–8.
[17] Isaka M, Yasuda Y, Kozuka S, Miura Y, Taniguchi T, Matano
K, et al. Systemic and mucosal immune responses of mice
to aluminium-adsorbed or aluminium-non-adsorbed tetanus toxoid
administered intranasally with recombinant cholera toxin B. Vaccine
1998;16(17):1620–6.
[18] Isaka M, Yasuda Y, Kozuka S, Taniguchi T, Matano K, Maeyama J,
et al. Induction of systemic and mucosal antibody responses in mice
immunized intranasally with aluminium non-adsorbed diphtheria
toxoid together with recombinant cholera toxin B subunit as an
adjuvant. Vaccine 2000;18(7–8):743–51.
[19] Isaka M, Yasuda Y, Taniguchi T, Kozuka S, Matano K, Maeyama
J, et al. Mucosal and systemic antibody responses against an
acellular pertussis vaccine in mice after intranasal co-administration
with recombinant cholera toxin B subunit as an adjuvant. Vaccine
2003;21(11–12):1165–73.
[20] Goto N, Maeyama J, Yasuda Y, Isaka M, Matano K, Kozuka S, et al.
Safety evaluation of recombinant cholera toxin B subunit produced
by Bacillus brevis as a mucosal adjuvant. Vaccine 2000;18(20):2164–
71.
[21] Yasuda Y, Isaka M, Taniguchi T, Zhao Y, Matano K, Matsui H,
et al. Frequent nasal administrations of recombinant cholera toxin
B subunit (rCTB)-containing tetanus and diphtheria toxoid vaccines
induced antigen-specific serum and mucosal immune responses in the
presence of anti-rCTB antibodies. Vaccine 2003;21(21–22):2954–63.

3068

M. Isaka et al. / Vaccine 22 (2004) 3061–3068

[22] Isaka M, Yasuda Y, Mizokami M, Kozuka S, Taniguchi T, Matano K,
et al. Mucosal immunization against hepatitis B virus by intranasal
co-administration of recombinant hepatitis B surface antigen and
recombinant cholera toxin B subunit as an adjuvant. Vaccine
2001;19(11–12):1460–6.
[23] Sakaguchi M, Inouye S, Miyazawa H, Tamura S. Measurement of
antigen-specific mouse IgE by a fluorometric reverse (IgE-capture)
ELISA. J Immunol Methods 1989;116:181–7.
[24] Miyamura K, Nishio S, Ito A, Murata R, Kono R. Micro cell culture
method for determination of diphtheria toxin and antitoxin titres
using VERO cells. Part I. Studies on factors affecting the toxin and
antitoxin titration. J Biol Stand 1974;2:189–201.
[25] Anonymous. Freeze-dried tetanus antitoxin, equine. Minimum
requirements for biological products. Association of Biological
Manufacturers of Japan; 1986. p. 181–4.
[26] Finney DJ. Statistical method in biological assay. 2nd ed. London:
Charles Griffin; 1964.
[27] Anonymous. Probit analysis. Manual of laboratory methods. Vaccine
supply and quality. Geneva: WHO; 1997. p. 183–90.
[28] Morokuma K. Speedy and simple determination of diphtheria and
tetanus antitoxin titres by particle agglutination method. Sci Rep
Chemo-Sero-Therap Res Inst 1997;6:63–6 (in Japanese).
[29] Fulthorpe AJ. Tetanus antitoxin titration by hemagglutination. J Hyg
Camb 1957;55:382–401.
[30] Sato H, Sato Y. Bordetella pertussis infection in mice: correlation
of specific antibodies against two antigens, pertussis toxin, and
filamentous hemagglutinin with mouse protectivity in an intracerebral
or aerosol challenge system. Infect Immun 1984;46(2):415–21.
[31] Isaka M, Yasuda Y, Taniguchi T, Kozuka S, Matano K, Maeyama
J, et al. Comparison of systemic and mucosal responses of mice to
aluminium-adsorbed diphtheria toxoid between intranasal administration and subcutaneous injection. Nagoya Med J 2001;45(1):5–15.
[32] Nagai T, Suzuki Y, Kiyohara H, Susa E, Kato T, Nagamine T, et
al. Onjisaponins, from the root of Polygala tenuifolia Willdenow,
as effective adjuvants for nasal influenza and diphtheria–pertussis–
tetanus vaccines. Vaccine 2001;19(32):4824–34.
[33] Fubara ES, Freter R. Source and protective function of coproantibodies in intestinal disease. Am J Clin Nutr 1972;25:1357–63.
[34] McNabb PC, Tomasi TB. Host defense mechanisms at mucosal
surfaces. Annu Rev Microbiol 1981;35:477–96.
[35] Renegar KB, Small Jr PA. Passive transfer of local immunity to
influenza virus infection by IgA antibody. J Immunol 1991;146:1972–
8.
[36] Michetti P, Mahan MJ, Slauch JM, Mekalanos JJ, Neutra MR.
Monoclonal secretory immunoglobulin A protects mice against oral
challenge with the invasive pathogen Salmonella typhimurium. Infect
Immun 1992;60:1786–92.
[37] Marcotte H, Lavoie MC. Oral microbial ecology and the role of
salivary immunoglobulin A. Microbiol Mol Biol Rev 1998;62(1):71–
109.
[38] Williams RC, Gibbons RJ. Inhibition of bacterial adherence by
secretory immunoglobulin A: a mechanism of antigen disposal.
Science 1972;177:697–9.

[39] Stokes CR, Soothill JF, Turner MW. Immune exclusion is a function
of IgA. Nature (London) 1975;255:745–6.
[40] Svanborg-Eden C, Svennerholm AM. Secretory immunoglobulin A
and G antibodies prevent adhesion of Escherichia coli to human
urinary epitherial cells. Infect Immun 1978;22:790–7.
[41] Tratmont EC, Ciak J, Boslego J, McChesney DG, Brington
CC, Zollinger W. Antigenic specificity of antibodies in vaginal
secretions during infection with Neisseria gonorrhoae. J Infect Dis
1980;142:23–31.
[42] Kurono Y, Fujiyoshi T, Mogi G. Secretory IgA and bacterial
adherence to nasal mucosal cells. Ann Otol Rhinol Laryngol
1989;98:273–8.
[43] Wold AE, Mestecky J, Tomana M, Kobata A, Ohbayashi H,
Endo T, et al. Secretory immunoglobulin A carries oligosaccharide
receptors for Escherichia coli type 1 fimbrial lectin. Infect Immun
1990;58:3073–7.
[44] Majumdar AS, Ghose AC. Evaluation of the biological properties of
different classes of human antibodies in relation to cholera. Infect
Immun 1981;32:9–14.
[45] Johnson S, Sypura WD, Gerding DN, Ewing SL, Janoff EN. Selective
neutralization of a bacterial enterotoxin by serum immunoglobulin
A in response to mucosal disease. Infect Immun 1995;63(8):3166–
73.
[46] Mbawuike IN, Pacheco S, Acuna CL, Switzer KC, Zhang Y,
Harriman GR. Mucosal immunity to influenza without IgA: an IgA
knockout mouse model. J Immunol 1999;162:2530–7.
[47] Balmelli C, Roden R, Potts A, Schiller J, DeGrandi P, NardelliHaefliger D. Nasal immunization of mice with human papillomavirus
type 16 virus-like particles elicits neutralizing antibodies in mucosal
secretions. J Virol 1998;72(10):8220–9.
[48] Eyles JE, Williamson ED, Alpar HO. Immunological responses to
nasal delivery of free and encapsulated tetanus toxoid: studies on
the effect of vehicle volume. Int J Pharm 1999;189(1):75–9.
[49] Saunders NB, Shoemaker DR, Brandt BL, Moran EE, Larsen
T, Zollinger WD. Immunogenicity of intranasally administered
meningococcal native outer membrane vesicles in mice. Infect Immun
1999;67(1):113–9.
[50] Pickett TE, Pasetti MF, Galen JE, Sztein MB, Levine MM. In
vivo characterization of the murine intranasal model for assessing
the immunogenicity of attenuated Salmonella enterica serovar typhi
strains as live mucosal vaccines and as live vectors. Infect Immun
2000;68(1):205–13.
[51] Berstad AK, Andersen SR, Dalseg R, Dromtorp S, Holst J,
Namork E, et al. Inactivated meningococci and pertussis bacteria are
immunogenic and act as mucosal adjuvants for a nasal inactivated
influenza virus vaccine. Vaccine 2000;18(18):1910–9.
[52] Visweswaraiah A, Novotny LA, Hjemdahl-Monsen EJ, Bakaletz LO,
Thanavala Y. Tracking the tissue distribution of maker dye following
intranasal delivery in mice and chinchillas: a multifactorial analysis of
parameters affecting nasal retention. Vaccine 2002;20(25–26):3209–
20.
[53] Lang D. Safety evaluation of toxin adjuvants delivered intranasally.
http://www.niaid.nih.gov/dmid/enteric/intranasl.htm.

