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Article history: We performed questionnaire survey in 2005, just before the introduction of the MR vaccine, con-
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Received in revised form 23 May 2010 diphtheria-pertussis-tetanus (DPT), BCG, and Japanese encephalitis. The vaccination rate against measles
Accepted 28 June 2010

Available online 24 September 2010

Keywords:

Control of vaccine-preventable diseases
Routine vaccination

Voluntary vaccination

Vaccination rates

Natural infection rates

and rubella did not exceed 95% at any age levels. As a result, children who had contracted measles and/or
rubella were observed at all age levels. The vaccination rate was 95% or higher only for BCG and DPT.
The vaccination rates for influenza, mumps, and varicella, although vaccination against which diseases
was being performed voluntarily, were low, and outbreaks of these diseases were expected to persist.
The vaccination rates at a low level for these infectious diseases might be one of the most possible risk
factors to the high prevalence of the diseases in nursery schools (daycare centers), kindergartens, and
elementary schools all over Japan.

© 2011 Published by Elsevier Ltd.

For infectious disease control by preventive vaccination, infor-
mation on the vaccination rates and prevalence of infections in
local populations is indispensable for the design of approaches for
susceptible populations, along with accompanying information on
infection sources and routes. We performed a questionnaire survey
in 2005 concerning child vaccination history and infection history
with the parents of nursery school (daycare center), kindergarten,
and elementary school children with the cooperation of persons
involved in local health care, welfare, and educational services.
Measles, rubella, epidemic parotitis (mumps), varicella, influenza,
pertussis (DPT), BCG, and Japanese encephalitis were selected
as diseases (vaccines) of interest. The questionnaire consisted of
questions concerning the children’s histories of vaccination and
infections (e.g., Did your child receive the vaccine within the last 1
year, or earlier? Did your child contract the disease within the last
1 year, or earlier?). These questions were designed to be answered
by the children’s parents, by selecting the correct responses from
among the suggested answers and checking them off (/). In
addition, attention was given to the distinguishing whether the
vaccinations were performed routinely (during the period stipu-
lated by the law) or voluntarily, and to collecting the data without
individual identification. A document explaining the objective of
the questionnaire survey and a letter of request for cooperation
were submitted to the welfare sections, health promotion sections

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1129.
E-mail address: okabenob@nih.go.jp (N. Okabe).

0264-410X/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.vaccine.2010.09.022

(preventive vaccination centers), child rearing support (child care)
sections, boards of education (school hygiene, physical education,
and school lunch sections), and nursery schools through the heads
(general affairs sections) of cities, towns, and villages, requesting
each to evaluate whether they would cooperate. To those sections
that were willing to cooperate, copies of a letter of request to
parents, copies of the questionnaire, and envelopes were sent in
necessary numbers. The answers were then gathered by each sec-
tion and mailed to us. Cooperation in the survey was requested
from the local governments of the 43 cities, towns, and villages
in Osaka Prefecture, and one local government in each of the 47
prefectures in Japan between April and June, 2005. As a result, dur-
ing the survey period between June and November, 2005, a total
of 20,000 responses were collected in 30 cites, towns, and villages
(recovery rate, roughly selected 75%). Of those responses which
were finally compiled, those obtained from 20 randomly selected
cities, towns, and villages (17,816 responses) are analyzed in this
report. The responses concerning the vaccination rates and inci-
dence rates (cumulative, within 1 year) were classified according
to the vaccines used, the diseases, and age (Figs. 1-3).

From the results shown in Fig. 1, the prevalence of diseases
that can be prevented by vaccination appears to be inversely corre-
lated with the corresponding vaccination rates, since outbreaks of
measles, rubella, and pertussis are controlled by vaccination. How-
ever, the vaccination rates against mumps and varicella have not
reached a level effective for the control of outbreaks. Regarding
influenza, although a considerable percentage of children were vac-
cinated, outbreaks recurred annually, and the number of patients
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Fig. 1. Cumulative percentages of vaccination and natural infection (total number of 17,816 children aged 0-12 years in 20 cities, towns, and villages), in 2005 in Japan.

has not been reduced. The vaccination rate was 95% or higher only
for BCG and DPT. The vaccination rates for other diseases, against
which vaccination is performed routinely (Japanese encephalitis,
measles, and rubella), were from 70 to 90%, although children will
continue to contract these diseases given vaccination rates at this
level. The vaccination rates for diseases against which vaccination
is performed voluntarily (influenza, mumps, and varicella), are low,
and outbreaks of these diseases are expected to persist at nursery
schools (daycare centers), kindergartens, and elementary schools,

‘probably explaining the high prevalence of these 3 diseases. Rou-
tine vaccination should be urgently instituted. )

Vaccination rates against measles, along with its prevalence,
prior to the introduction of the mixed measles—rubella (MR) vac-
cine, are shown in Fig. 2. The vaccination rate (cumulative) against
measles did not exceed 90% until after the age of 2 years, and did
not exceed 95% at any age level. As a result, children who had
contracted measles were observed at all age levels. Arather higher
percentage (64.2%) of children aged 1 year were vaccinated against

Measles
(%) Vaccine . Disease
100 1 i Cumulative
s | awfas Whithin 1 year
90 el
8D
10
60
58
40
30
20
10
g - T :ﬁ "‘{}“"—*“
age 0 1 2 3 4 5 8 ~12
Vaccination rate| 44(4d) |73.9(64.2)91.1(18.0)] 82.1(3.D | 92.2(1.8) | 5040.6 87.8(0.9 | 90.8(0.3)
Tncidence rate| 0.50.0) | 1008 | 2304 | 2502 | 2500 | 4700 8.0(0.D | 68(0.0
Response number| 181 798 1,091 2,359 2,330 2,675 1,593 4,599

cummulative (within 1 year)

Fig. 2. Vaccination rates against measles and its prevalence according to age (17,626 children aged 0-12 years in 20 cities, towns, and villages), in 2005 in Japan.
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Varicella
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Incidence rate| 9.9(7.2) |26.6(20.7)/46.1(22.6)|53.71(15.4)|64.2(11.7)| 69.2(1.9) | 7142(63) | 152014
Response number| 180 802 1,086 2377 2,334 2,683 1,615 6,655
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Fig. 3. Vaccination rates against varicella and its prevalence according to age (17,742 children aged 0-12 years in 20 cities, towns, and villages), in 2005 in Japan.

measles within 1 year before. the survey, which means, however,
that, more than 30% of children remained unvaccinated until they
were 2-6 years old. It is important to strongly prompt parents to
vaccinate their children with the MR vaccine as soon as they reach
1year of age and to complete the vaccination before the age of two.

From the results on the vaccination rate against rubella and its
prevalence, the vaccination rate (cumulative) against rubella did
not exceed 80% until after 3 years of age, and remained at 85% or
lower at all age levels. As a result, children who had contracted
rubella were observed at all age levels. The percentage of children
vaccinated against rubella within 1 year before the survey was high-
est, at 30.9% in 1-year-olds. Most children were vaccinated against
this disease after the age of 2 years, and some were first vaccinated
in elementary school. Parents should be strongly encouraged to
vaccinate their children with the MR vaccine after the age of one,
and before the age of 2 years.

From the results on the vaccination rate (curnulative) with
routine DPT (1 time, 3 or more times) and the incidence rate (cumu-
lative) of pertussis, the vaccination rate with DPT (1 time) was very
high, reaching 95% or higher at the age of 2-3 years or above. The
percentage of children who had received a DPT-3-or more fimes
reached roughly 80% between the ages of 4-12 years. Consequently,
the incidence rate of pertussis in these children, aged 4-12 years
was lower (0.0-0.1%) than that (0.2-0.6%) in those aged 0-3 years,
and was also lower than that (1.0-1.1%) in those aged 0-12 years
who had received DPT one time only.

As shown in Fig. 3, the vaccination rate (cumulative) against
varicella (voluntary) was very low, with only 1 of every 4-5 chil-
dren having been vaccinated before entering elementary school. As
a result, outbreaks of varicella recur every year at nursery schools
(daycare centers), kindergartens, and elementary schools. Early
implementation of free vaccination (routine) is recommended. A
peak in prevalence of varicella within 1 year before the survey
was observed at the age of 1-2 years. During this period, however,
the vaccination rate (9.9% and 8.5% in 2-year-olds and 1-year-olds,
respectively) was too low to prevent outbreaks of varicella. It is

important to guide parents in having their children vaccinated as
early as possible after the age of 1 year, so as to immunize younger
children prior to exposure to epidemic varicella.

From the results on the vaccination rate against mumps and its
prevalence, the vaccination rate (cumulative) against mumps was
low (<25% among children 3-5 years of age), and only 1 of every 4-5
children had been vaccinated upon admission to elementary school.
For this reason, outbreaks of mumps recur every year at nursery
schools (daycare centers), kindergartens, and elementary schools.
Early implementation of routine vaccination is recommended. The
vaccination rate within 1 year before the survey was highest in 2-
year-olds, at 9.1%. Since a peak in prevalence is observed between
the ages of 3-6 years, routine vaccination of children at the lower
ages of 1-2 years old is desirable as a measure to control mumps
outbreaks in nursery schools (daycare centers) and kindergartens.

From the results on the vaccination rate against influenza and
its prevalence in 2005 (within 1 year), was not low (50% among
children 3-6 years of age), compared with that (36.9%) among
elementary school children aged 7-12 years old, even though vac-
cination was being performed voluntarily. However, the incidence
rate was higher (31%) in the younger children than in elemen-
tary school children (25%). The development of effective vaccines
is urgently anticipated.

Regarding the vaccination attitude against measles, rubella,
mumps, varicella, and influenza during the past 1 year before the
survey, the frequency order of diseases against which 1-year-old
children had been vaccinated was, measles (64.2% in Fig. 2), rubella
(30.9%), influenza (25.3%), varicella (8.5% in Fig. 3), and mumps
(7.4%). Two-year-old children were vaccinated in the frequency
order: influenza (47.8%), rubella (23.1%), measles (18.0% in Fig. 2),
varicella (9.9% in Fig. 3), and mumps (9.1%). The order of dis-
eases against which children aged 3-6 years were vaccinated was:
influenza (45.9-53.6%), rubella (1.3-5.6%), mumps (1.2-5.6%), vari-
cella (0.5-4.6% in Fig. 3), and measles (0.3-3.1% in Fig. 2). The age
at which the highest percentage of children were vaccinated was
1 year for measles (64.2% in Fig. 2), and rubella (30.9%), 2 years for
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varicella (9.9% inFig. 3),and mumps (9.1%), and 3 years for influenza
(53.6%). The prevalence of the diseases in children aged 0-12 years
during the past 1year ranged in the order of influenza (27.2%), vari-
cella (8.2% in Fig. 3), and mumps (8.0%), but was low for measles
(0.1% in Fig. 2), and rubella (0.1%).

In order to achieve prevention of infectious diseases via eleva-
tion of the vaccination rate, the (1) diseases that show repeated
outbreaks, and high-risk age groups, (2) effectiveness and safety
of vaccines against the diseases, and (3) vaccination attitude of the
susceptible population should be analyzed, and the obtained results
should be used for (1) reevaluation of the vaccination strategy and
(2)improvement in cooperation between the local government and
physicians who perform vaccinations. In routine vaccinations, peo-
ple who wish to be vaccinated visit their family doctors during the
period stipulated by the law. The MR vaccine was newly introduced
on April 1, 2006 due to an amendment of the preventive vaccina-
tion law. This amendment requires efforts to vaccinate 1-year-old
children before reaching 2 years old with the intention of eradicat~
ing measles and rubella, by having most children (295%) vaccinated
against these diseases while 1 year old. However in this question-
naire survey, the vaccination rate during the past 1 year was 64.2%
for measles (Fig. 2) and 30.9% for rubella, both of which are low.
In the campaign to elevate these vaccination rates to 95% or above
by the introduction of the MR vaccine, there may be regional dif-
ferences in the results depending on the promotional abilities of
local governments, which are responsible for organizing vaccina-
tion activities. It is our wish that the valuable results of this survey,
which could only be performed due to the understanding and vol-
untary cooperation of parents and local government officials, be
used again for infectious disease control with the cooperation of
physicians. Further attention to the vaccination rate of 1-year-old
children with the MR vaccine in the years ahead is a focus of interest.

UM

15004_JVAC_29_186

This report is an excerpt from the Report of the Preventive Vacci-
nation Study Group, Ministry of Health, Labor and Welfare (March,
2006).
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Appendix A. Web sites that contain information about
vaccines and vaccine preventable diseases

1. National Immunization Program (NIP) (www.cdc.gov/nip)
2. National Vaccine Program Office (NVPO) (www.cdc.gov/

od/nvpo)
3. Childrem’s  Vaccine  Program at  PATH  (www.
childrensvaccine.org)

4, WHO’s Vaccine Preventable Diseases Monitoring System
(www.who.int/fimmunization_monitoring/en/globalsummary/
countryprofileselect.cfm)

5. American  Academy of Pediatrics (AAP) (www.
cispimmunize.org)

6. National Foundation for Infectious Diseases (NFID)
" (www.nfid.org)

7. Varicella-Zoster Virus Research Foundation (VZVRF) (www.
vzvfoundation.org)

8. National Institute of Infectious Diseases (NIID) (www.nih.go.jp)
9. Osaka Prefectural Institute of Public Health (www.
iph.pref.osaka.jp) !
10. The Research Foundation for Microbial.Diseases of Osaka Uni-
versity (www.biken.or.jp/about/outline.html)
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Two batches each of diphtheria-tetanus-acellular pertussis vaccine (DTaP) and that combined with
inactivated polio vaccine purchased from foreign markets were tested by mouse body weight decreasing
(BWD) toxicity test and Limulus amaebocyte lysate (LAL) test. Three out of the four imported vaccine
batches showed the levels of BWD toxicity even comparable to that of DT-whole cell pertussis vaccine,
BWD toxicity test is based on endotoxin dose-dependent weight loss of mice and has been used for
controlling endotoxin in DTaP. Although of the strong BWD toxicity of the imported vaccines, there was

s%‘:)’g:; no marked difference in LAL test results between the imported vaccines and Japanese DTaP. However,
Aluminium adjuvant one imported DTaP batch showed very strong interference with LAL activity of spiked lipopolysaccharide
LAL test (LPS). The batch interfered not only with LAL activity but also with pyrogenicity and prostaglandin E;
Pertussis induction activity. However, the pyrogenicity of the spiked LPS could be recovered from the precipitated

fraction of the batch by treating with phosphate buffer to suggest the possibility of recovering in vivo
toxicity. As an adequate in vitro test method could not be identified for controlling the safety of the

interfering batch, an appropriate in vivo test would be required for testing such vaccines.
© 2011 The International Alliance for Biological Standardization. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Although diphtheria-tetanus-whole cell pertussis combination
vaccine (DTwP) had been playing the role of effective prophylaxis
against the diseases, immunization with DTwP was temporarily
suspended in Japan after two cases of post vaccination death in the
mid 1970s. To address the public concern over the safety of the
vaccination, diphtheria-tetanus-acellular pertussis combination
vaccine (DTaP) was developed and introduced for routine use in
1981 [1]. Development of Japanese DTaP targeted to reduce residual
toxic activities detected in mice following immunization of DTwWP
to the level of less than one-tenth of average DTwP [2]. Quantitative
laboratory test methods for assessing residual toxicities of acellular
pertussis vaccine (aP) were developed [3] and implemented in
Minimum Requirements for Biological Products of Japan (Minimum
Requirements) in 1981 [4]. The mouse body weight decreasing
(BWD) toxicity test is based on the linear dose—response rela-
tionship of mouse weight loss and log dose of whole cell pertussis
vaccine (wP) or endotoxin [3]. Although the test could be affected
by other constituents such as alumninium adjuvant, it was applied to
effectively control endotoxin contents in DTaP batches. However,

* Corresponding author. Tel.: +81 42 561 0771; fax: +81 42 565 3315.
E-mail address: masakio@nih.go.jp (M. Ochiai).

limitation in utility of the test became obvious due to its limited
sensitivity and decreased endotoxin contents in the recent batches
of Japanese DTaP. Thus the endotoxin test using Limulus amaebo-
cyte lysate (LAL) was implemented for testing DTaP in 2004 [5]. The
endotoxin test (LAL test) is based on highly sensitive clotting of LAL
in the presence of endotoxin [6]. The conventional LAL reagent was
reported to react not only with endotoxin but also with a cell wall
component of fungi, (1-3)-B-D-glucan and some filter membrane
components [7]. Methods and lysate reagents for the test have been
remarkably improved to allow its practical application to a wide
range of pharmaceuticals [8~10]. In particular, the specificity of
lysate reagents to detect endotoxin was improved by the removal or
suppression of factor G [11,12] in lysate reagents, which eliminated
the reactivity to (1-3)-p-D-glucan and other non-pyrogenic
substances.

DTaPs of various formulations were developed and implemented
in Europe and the USA since the late 1990s and, accordingly, the
World Health Organization (WHO) issued its first guidelines for the
production and control of the acellular pertussis component of
monovalent or combined vaccines in 1996 (WHO guidelines) [13].
The LAL test was prescribed in the WHO guidelines for testing
residual endotoxin in DTaPs. However, it was reported previously
that there were DTaP batches that strongly interfered with LAL
activity of endotoxin without affecting pyrogenicity in rabbits [14]

1045-1056/$36.00 © 2011 The International Alliance for Biological Standardization. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.biologicals.2011.12.005
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but that the interfering effect on LAL activity could be attenuated by
treatmg with phosphate buffer (PB) [15]. We tested for endotoxin
contents in DTaP and DTaP combined with inactivated polio vaccine
(DTaP-IPV) purchased from European, the U.S.A and Asian marketsin
comparison with Japanese DTaP by the BWD toxicity test, LAL test,
rabbit pyrogen test and an in vitro pyrogen test based on prosta-
glandin E; (PGE2) indiiction in rabbit peripheral blood [16].

The imported vaccines showed very strong BWD toxicity in spite
of showing no significant difference in LAL test results from that of
Japanese DTaP. Furthermore, one of the imported vaccine batches
very strongly  interfered with endotoxin activities. We made
a detailed analysis on the characteristics of the strong interfering
effect of the batch on endotoxin activities and its possible impact on
the safety control for endotoxin in aP- based combmatlon vaccines
is discussed in the present paper.

2. Materials and methods
2.1. Reference pertussis vaccine for toxicity tests

Reference pertussis vaccine for toxicity tests Lot 2 (Reference
vaccine), which is a lyophilized whole cell preparation of inacti-
vated pertussis organisms being used for the National Control Tests
of pertussis vaccines in Japan, was used [5]. Its assigned unit value
of BWD toxicity was 1368 Body Weight Decreasing Units (BWDU)
per vial. A vial of the vaccine was reconstituted in 12 ml of pyrogen-
free physiological saline (Otsuka Pharmaceutical Co., Ltd., Tokyo)
and was serially diluted at four fold intervals from 1in 1to 1 in 64
for use.

2.2. Vaccines

Two batches each of DTaP and DTaP-1PV used in the present
study were those purchased from the European, the US.A. and
Asian markets. Japanese DTaPs were those submitted for National
Control Tests during 1999 and 2005. Formulations of the vaccines
are shown in Table 1.

2.3. Toxicity test in mice

The BWD toxicity test was performed according to Minimum
Requirements. In brief, groups of ten mice each were intraperito-
neally injected with 0.5 mL of a test vaccine or a dilution of the
Reference vaccine diluted serially at four fold intervals. Body weight
change of the mice during 16 h after injection was measured for
testing BWD toxicity [17]. BWD toxicity of a test vaccine was
calculated relative to that of the Reference vaccine according to the

parallel line assay method using logarithmic dose and the body
weight change to express the results as BWDU/mL [18].

2.4. Endotoxin

Japanese Pharmacopoeia Reference Standard Endotoxin Lot 3
(RSE), which is a lyophilized preparation of Westphal endotoxin
extracted from Escherichia coli UKT-B strain (13,000 ‘endotoxin
units (EU) per vial) [19], was used as the standard preparation in
the LAL test.

Lipopolysaccharide (LPS) extracted and purified from B. pertusszs .
phase I Tohama strain by Westphal's phenol water method [20]-
(Bp-LPS) was used for spiking to test vaccines in a suppression/
enhancement test to examine an interfering effect of a vaccine. The
EU value of Bp-LPS was measured relative to the activity of RSE. For:
the suppression/enhancement test, a test vaccine was spiked with-
Bp-LPS at a final concentration of 100 EU/mL and kept at'4 °Cfor
one week before measurement if not otherwise stated. )

2.5. The LAL test

Test samples, RSE and Bp-LPS were serially diluted at four-fold
intervals with pyrogen-free distilled water (Otsuka Pharmaceutical
Co., Ltd., Tokyo). A 50 uL-volume of a dilution was mixed with the
equal volume of an endotoxin specific LAL regent (Endospecy;
Seikagaku Biobusiness Corp., Tokyo) of which reactivity to (1-3)-B-
D-glucan was eliminated [7]. LAL activity was measured as the rate
of color development using a specially equipped microplate reader
(Well Reader SK603; Seikagaku Biobusiness Corp., Tokyo) [11,21].
Endotoxin content of a test sample was calculated relative to that
of RSE according to the parallel line assay method using loga-
rithmic values of dose and rate of color development to express as
EU/mL.

2.6. The rabbit pyrogen test

Test vaccines were mixed with one in ten volume of 1000 EU/mL
of Bp-LPS. Bp-LPS in physiological saline (100 EU/mL) was served as
the control endotoxin. Female rabbits of Japanese white strain
(Kitayama Labes Co., Ltd., Nagano or Japan Laboratory Animals, Inc.,
Tokyo) weighing approximately 3 kg were housed in cages sepa-
rately in an air-conditioned animal room. Three animals were
allocated to each treatment. They were intravenously injected with
1 mL/kg of a test sample. Rectal temperature of the animals was
monitored for 3 h using an electric thermometer (Scanner Unit
X115 with High Accurate Data Logger K730, TECHNOL SEVEN,
Kanagawa, Japan). The maximum rise in rectal temperature during

Table 1
Formulation of vaccines.
“Vaccines PT? FHA® PRNC Fimbrie Dtd? Ttd® 1PV Aluminum Al*** mg/dose
t
ng/dose ng/dose ng/dose ng/dose Type 1° Type 2' Type 3' sal

A DTaP 25 25 8 25Lf% 10Lf® Hydroxide 0.5

B DTaP 10 5 3 5 15Lf8 SLfs Phosphate 033

C DTaP-IPV 25 25 8 25LF 10Lf% 40 8 32 Hydroxide 0.5

D DTaP-iPV 25 25 =30U" = 401UP 40 8 32 Hydroxide 0.3

] DTaP 234 234 =151 =251 Phosphate 0.08

2 PT:pertussis toxin.

b FHA:filamentous haemagglutinin.
€ PRN:pertactin.

¢ Dtd:diphtheria toxoid.

¢ Ted:Tetanus toxoid.

" D-antigen units of poliovirus/dose.
£ Lf:Limit of floculation units/dose.
b JU:International Units/dose.
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3 h was taken as the pyrogenic response of each rabbit. Pyrogenicity
of a test sample was expressed as mean maximum temperature rise
of 3 rabbits during 3 h after injection.

2.7. In vitro PGE2 induction assay

The assay was carried out according to the method of Ochiai
et al. [16,22]. Although blood from different rabbits show different
responsiveness to endotoxin in PGE2 production, results are
consistent and reproducible even in blood from different rabbits so
far as assessing the activity of vaccine samples in relative to the
response to the standard endotoxin using blood collected from
a single rabbit. Therefore, each assay was performed with blood
from one rabbit and replicated using blood from the indicated
number of rabbits in tables and figure. Briefly, a 100 pL-volume of
an appropriate dilution of a test sample or a dilution of serially
diluted Bp-LPS was gently mixed with 150 pL of heparinized fresh
blood of a rabbit (Kitayama Labes Co., Ltd., Nagano or Japan Labo-
ratory Animals, Inc., Tokyo) in a pyrogen-free centrifuge tube
(Assist Co., Ltd, Tokyo) containing 750 pL of pyrogen-free physio-
logical saline. The mixture was incubated at 37 °C for 8 h. Super-
natants of the mixtures were isolated by centrifuging at 500 x g for
2 min and stored at —20 °C until use. PGE2 concentration of the
supernatants was assayed by a commercial enzyme-linked immu-
noassay (EIA) kit (Prostaglandin E; High Sensitivity Correlate-EIA,
Assay Designs, Inc., ML, USA) [16]. The activity of a test sample
was calculated relative to that of Bp-LPS according to the parallel
line assay method using logarithmic values of dose and PGE2
concentration to express as EU-equivalent/mL.

2.8. Statistic analysis

Analysis of the data of parallel line assay was carried out
according to Finney's method [18]. Significance and validity tests
were made at a level of P = 0.05.

3. Results
3.1. Toxicity to mouse body weight gain (BWD toxicity)

BWD toxicity test is based on the linear dose-dependent weight
loss of mice received serial dilutions of the Reference vaccine or
endotoxin [4]. The vaccines were tested for BWD toxicity as
described in Materials and methods and results were summarized
in Table 2. In the table, BWD toxicity unit values of the imported
vaccines are represented with their 95% confidence intervals and
those of Japanese DTaP and DTwP were represented as geometric

Table 2

BWD toxicities of DTaP and DTwP vaccines.
Vaccines BWD activity

BWDU/mL 95% C1P

Imported vaccine
A (DTaP) 58.86 (31.11-111.36)
B (DTaP) 100.79 (39.92—-254.47)
C (DTaP-IPV) 334.05 (66.98—-1666.05)
D (DTaP-IPV) 19.63 (8.98—42.89)
Japanese vaccines
Acellular(1999 ~ 2005) (N = 158) 9.06
Whole cell( ~ 1981) (N = 176) 56.4
Control? 4.88
Japanese Minimum =10

Requirements for DTaP

2 Normal mice were measured as a control group.
b 95% confidence interval.

mean unit values of lots tested during 1999 and 2005 and before
1981, respectively. The imported vaccine batches showed strong
BWD toxicity comparing to that of Japanese DTaPs. The level of
BWD toxicity of batch D was slightly higher than that of average
Japanese DTaP but other three batches (A, B and C) showed the
levels of BWD toxicity comparable or even excess to that of Japa-
nese DTwPs (Table 2).

3.2. Endotoxin contents in vaccines

The BWD toxicity test was initially implemented for controlling
mainly residual endotoxin inn DTaP [3,23] but was possibly affected
by various vaccine constituents such as adjuvant gel {24]. We tested
the imported vaccine samples by the LAL test to compare their
endotoxin contents with that of Japanese DTaP. Amounts of endo-
toxin detected for imported vaccine batches A, B, Cand D were 0.05,
0.13, 0.04 and 0.25 EU/mL, respectively, and were not much higher
comparing to the content in Japanese DTaP of which average
endotoxin content in batches tested during 1999 and 2005 was
0.024 EU/mL.

For verification of the LAL test, the imported vaccine batches and
a typical Japanese DTaP batch were spiked with LPS (RSE or Bp-LPS)
and kept at 4 °C to monitor the change in detectable LAL activity.
The LAL tests were carried out using several dilutions of imported
batches spiked with RSE or Bp-LPS and endotoxin contents of test
samples were calculated according to the parallel line assay
method. As a representative experiment, Bp-LPS was spiked to
undiluted vaccines at 100 EU/mL and kept at 4 °C to monitor the
change in detectable LAL activity for 15 days and the results were
summarized in Fig. 1. In the figure, weighted means of 5 batches
from 5 Japanese manufacturers are shown as the results of Japanese
DTaP batches. The imported vaccine batch A markedly interfered
with LAL activity of Bp-LPS, while other imported vaccines and the
Japanese vaccines did not show any significant effect on LAL activity
of the spiked LPS. An obvious interfering effect of batch A on Bp-LPS
was seen immediately after spiking and reached the maximum
level of over 90% suppression by day 3 and no further change was
seen until day 15.

We previously reported that Japanese DTaPs generally do not
show interfering effect on endotoxin activities except for one
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Fig. 1. Kinetics of interfering effect of acellular pertussis-based combination vaccines
on LAL activity of Bp-LPS. DTaP batches A (@), B( A ) and Japanese DTaP batches (&),
DTaP-IPV batches C(O)and D ( A ) were spiked with Bp-LPS at 100 EU/mL and stored to
monitor the change in detectable LAL activity at 4 °C for 1 h, 1, 3, 7 and 15 days. The
results of Japanese batches represent weighted means of 5 batches 5 five Japanese
manufacturers. Batch A markedly interfered with LAL activity of Bp-LPS, while other
batches showed no effect. Vertical bars represent 95% confidence intervals of recovery
values.
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DTaP product that interfered with LAL activity of spiked LPS
without affecting pyrogenicity [14]. We, therefore, examined the
effects of batch A on biological activities of endotoxin by the LAL
test, pyrogen test and in vitro PGE2 induction assay to compare
with a typical Japanese DTaP. Batch A and the Japanese DTaP were
spiked with Bp-LPS at 100 EU/mL and kept at 4 °C for one week to
monitor detectable LAL activity, in vitro PGE2 induction activity
and pyrogenicity. Batch A strongly interfered with PGE2 induction
activity and pyrogenicity as well as LAL activity of Bp-LPS while
the Japanese DTaP did not show such interference with any of the
activities (Table .3). As a result, detectable LAL and PGE2 induc-
tion activities of Bp-LPS spiked to batch A were suppressed to the
level below 1.9% of the activities of the control Bp-LPS in saline,
while those of Bp-LPS spiked to Japanese DTaP were not signifi-
cantly suppressed but even seemed slightly enhanced as seen in
Table 3.

3.3. Inhibitory factors in the vaccine

The possibility of attributing the strong interfering effect of DTaP
batch A to strong adsorption of LPS to adjuvant gel was examined.
DTaP batch A spiked with Bp-LPS at 100 EU/mL and kept at 4 °C for
3 or 4 days was centrifuged to separate supernatant and precipitate.
When the supernatant was examined by LAL test, only 0.03 EU/mL
of the activity was detected. However, without spiking with LPS,
0.04 EU/mL was detected for supernatant of batch A and, therefore,
no change in LAL activity was seen for the supernatant even by
spiking the vaccine with 100 EU/mL of LPS (Table 4). PGE2 induc-
tion activity was also measured for supernatant of batch A isolated
after spiking with Bp-LPS at 100 EU/mL to detect only 2.20 EU-
equivalent/mL (Table 4). When supernatant of batch A was iso-
lated and then spiked with Bp-LPS at 100 EU/mL to examine the
effects on the activities of LPS, LAL activity detected was only about
16 EU/mL even in the absence of aluminium gel, while pyrogenicity
and PGE2 induction activity were not so much affected from the
levels of their controls (Table 4).

As only trace LAL activity could be detected when directly
assessed for batch A spiked with Bp-LPS at 100 EU/mL (Table 3), it
was necessary to apply a special measure for attenuating the
interfering effect to assess LAL activity of precipitate. Treating with
0.25 M PB could completely abolish the effect of Japanese inter-
fering DTaP on LAL activity of spiked LPS [15]. Batch A was spiked
with LPS and treated with 0.25 M PB directly but no marked effect
of PB treatment was seen on the interference to LAL activity (Data
not shown). For further characterization of the interfering effect,
precipitate of batch A isolated after spiking with Bp-LPS at 100 EU/
mL was treated with 0.25 M PB to examine the effect of PB
treatment. In spite of the strong interfering effect of batch A,
pyrogenicity could become detectable by treating the precipitate
with 0.25 M PB, and some extents of LAL and PGE2 induction
activities were also recovered by the treatment (Table 4). Other

Table 3
Effect of DTaP vaccines on the activities of LPS.

than the control Bp-LPS in saline we used also the control Bp-LPS
in 0.25M PB to monitor the effect of saline and 0.25 M PB on Bp-
LPS. Comparison of the two control Bp-LPS preparations indi-
cates that although no difference in pyrogenicity and PGE2
induction activity, LAL activity of Bp-LPS in saline might have
partially declined comparing to that of Bp-LPS in 0.25 M PB during
one week of storage. In spite of the change in LAL activity of the
Bp-LPS in saline, results of LAL test were not affected by the
change so far as assessing in relative to RSE as in Materials and
methods.

4. Discussion

Acellular pertussis-based combination vaccines are playing the
essential role in immunization programs in many nations. When
the first aP was developed and implemented in 1981, no LAL
reagent that has sufficient specificity to LPS was available and the
validation of the test method based on the correlation with pyrogen
test was not feasible. BWD test based on endotoxin dose-
dependent weight loss of mice was, therefore, implemented for
controlling endotoxin in aP in Japan. The test contributed to reduce
febrile response rate of DTaP vaccinees [3,25],

We tested for BWD toxicity of aP-based combination vaccines
from the European, USA and Asian markets. Three out of the four
imported vaccine batches showed the levels of BWD toxicity
significantly excess over the limit value of 10 BWDU/mL and the
levels of the toxicity were even comparable to that of Japanese
DTwP (Table 2). Although BWD toxicity should basically correlate
with endotoxin content [3,23], the test is not very specific for
detecting endotoxin and might be affected by various vaccine
constituents such as adjuvant gel and characteristics of antigens
[24,26]. Therefore, higher concentrations of aluminum adjuvant in
the imported vaccines could be a cause of the strong BWD toxicity
but actual reason for the strong BWD toxicity could not be fully
elucidated in the present study. Further investigation would be
necessary for the causal mechanism of the strong toxicity to mouse
weight and its possibility of relevance to reactogenicity.

Although of the contribution of BWD toxicity test in the control
of residual endotoxin in Japanese DTaP batches in the 1980s [3.4],
the test is not sensitive enough for evaluating recent batches of the
vaccine due to marked reduction in residual endotoxin [27].
Specificity of LAL reagents to LPS was remarkably improved by
eliminating or suppressing the reactivity to non-pyrogenic (1-3)--
D-glucan in the 1980s [7] and the validation based on the corre-
lation with pyrogen test became feasible. Accordingly, LAL test was
implemented for testing DTaPs in Japan in 2004. In the course of
the validation, we experienced a Japanese DTaP product that
strongly interfered with LAL test without affecting pyrogenicity
[14]. For such a product, LAL test is not relevant to the safety
control. However, the interfering effect of the vaccine could be

Samples LAL test Pyrogenicity PGE; induction

EU/ml 95% C.1P Delta T (°C)° 95% C.L° EU-equivalent/ml¢ 95% C1P
Saline -+ LPS? 78.11 (67.41-90.50) 0.83 (0.48~1.18) 100
Japanese DTaP 0.03 (0.02—0.03) 0.05 (~-0.01-0.11) 095 (0.77-1.17)
Japanese DTaP + LPS? 141.79 (127.64—157.51) 1.32 (1.04-1.59) 153.03 (130.13—179.96)
DTaP batch A 0.05 (0.05-0.06) 0.24 (0.04-0.43) 1.87 (1.57-2.23)
DTaP batch A + LPS® 258 (2.31-2.87) 0.33 (0.14-0.52) 5.71 (5.04—6.47)

% Kept at 4 °C for 1 week after spiking with Bp-LPS at 100 EU/mL.
> 95% confidence interval.
¢ Mean of maximum rise in rectal temperature of 6 rabbits during 3 h.

4 PGE, induction activity calculated in reference to that of Bp-LPS to express as EU-equivalent. The results represent weighted means of 7 independent measurements.
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Table 4
Effect of DTaP batch A on the activities of LPS.

Samples LAL test Pyrogenicity PGE; induction

EU/ml 95% C.1.¢ Delta T (°C)f 95% C.1.¢ EU-equivalent/mi® 95% C.1.*
Saline + LPS? 75.81 (67.57—-85.06) - 1.02 (0.28~1.76) 100
0.25M PB + LPS? 115.57 (104.99—-127.22) 1.04 (0.62—1.46) 118.70 (56.50—249.35)
(batch A) Sup 0.04 (0.02—0.07) N.D N.D
(batch A + LPS) Sup® 0.03 (0.02—0.04) N.D 220 (1.62-2.97)
(batch A) Sup + LPS® 15.95 (14.20-17.91) 0.88 (0.09—1.68) 82.76 (54.40—125.88)
(batch A + LPS) 38.52 (35.19—-42.16) 0.77 (0.40—1.15) 17.05 (11.19—-25.98)

ppt + 0.25M PBY

* Kept at 4 °C for 1 week after spiking with Bp-LPS at 100 EU/mL.

o

Kept at 4 °C for 3 or 4 days after spiking with Bp-LPS at 100 EU/mL to isolate supernatant by a centrigugation.

¢ Kept at 4 °C for 1 week before centrifuging and the supernatant was spiked with BP-LPS at 100 EU/mL to keep at 4 °C for another 1 week.

d

¢ 95% confidence interval.
f Mean of maximum rise in rectal temperature of 3 rabbits during 3 h.

Kept at 4 °C for 1 week after spiking with Bp-LPS at 100 EU/mL and the centrifuged precipitate was treated with phosphate buffer at 4 °C for 1 week.

& PGE; induction activity calculated in reference to that of Bp-LPS to express as EU-equivalent. The results represent weighted means of 4 independent measurements.

eliminated by treating with 0.25 M PB and LAL test became
applicable [15].

We attempted to validate LAL test for the imported aP-based
combination vaccines. One of the vaccine batches purchased
from the European market, batch A, very strongly interfered with
LAL activity of Bp-LPS while no such interference was seen for
other batches (Fig. 1). The strong interference to LAL activity was
also seen when used LAL reagent for kinetic-turbidimetric and
gelation assay from another manufacturer. Recoveries of LAL
activity of Bp-LPS spiked at 100 EU/mL to batch A were 4.8% and
only 0.01% after 1 h and 1 day storage, respectively (data not
shown). Batch A suppressed not only LAL activity but also in vitro
PGE2 induction activity and pyrogenicity of Bp-LPS (Table 3). Batch
A showed significant interfering effect on LAL activity of Bp-LPS
immediately after spiking and the effect reached the maximum
level of over 90% suppression by day 3 (Fig. 1). When batch A was
spiked with Bp-LPS at 100 EU/mL and supernatant was isolated
after keeping at 4 °C for 3 or 4 days, only trace amounts of LAL
activity could be detected in the supernatant and the level was
equivalent to the activity of supernatant of the vaccine without
spiking (Table 4). Furthermore, PGE2 induction activity of spiked
Bp-LPS detected in the supernatant was only 2.2 EU-equivalent/
mL.

When supernatant of batch A was isolated and spiked with Bp-
LPS at 100 EU/mL, LAL activity detected was only about 16 EU/mL to
suggest even without adjuvant gel, supernatant alone would
suppress LAL activity. However, the supernatant did not signifi-
cantly affect PGE2 induction activity and pyrogenicity (Table 4).
These results indicate that the strong interference by batch A was
mainly attributable to strong adsorption of LPS to adjuvant gel.

As cation was reported to impede the stability of LAL activity
[28], aluminium ion, if exists, may interfere with LAL activity of LPS.
However, when measured aluminium content in the supernatant of
DTaP batch A using aluminium analysis kit [29], no aluminium ion
was detected (data not shown). Furthermore, dispersion state of
LPS was reported to influence activities of endotoxin [30]. The
difference in the effect of supernatant on LAL and other activities
might have reflected the difference in dispersion states of LPS in
reaction mixtures for LAL test and other tests. The effect of
dispersion state on LAL activity may also explain the slight but
significant difference in LAL activities of the two LPS controls, Bp-
LPS in saline and that in 0.25 M PB, in Table 4. However, the
suppression of LAL activity by supernatant was much more
extensive comparing to the difference of the Bp-LPS controls to
suggest involvement of another mechanism.

Batch A had the similar constituents of DTaP antigens and
aluminum to those of batch C differing in combination with 1PV
(Table 1). Although batch A and batch C contained the equal
amount of aluminium hydroxide gel, the batches behaved in
significantly different ways in interference with activities of LPS.
This difference and the interfering effect of batch A supernatant
particularly on LAL activity may be suggesting additional ingredi-
ents that influence dispersion state of LPS in batch A such as
a higher concentration of detergent. However, actual cause of the
difference in interfering effect of the batches on LPS activity could
not be identified in the present study. Consequently, LAL test was
suppressed not only by aluminium adjuvant but also by superna-
tant and, therefore, LAL test could not be relevant to safety control
for vaccine products with the similar property as batch A.

Batch A was spiked with Bp-LPS at 100 EU/mL and precipitate
was isolated for treating with 0.25 M PB. Although the PB treatment
completely abolished interfering effect of Japanese interfering
DTaP, interfering effect of batch A could be attenuated only partially
by PB treatment to recover 38.5 EU/mL and 17.05 EU-equivalent/mL
of LAL and PGE2 induction activities, respectively. On the other
hand, of approximately 1.0 °C of pyrogenicity of the control Bp-LPS
in saline, 0.77 °C of pyrogenicity was recovered by treating the
batch A precipitate with 0.25 M PB (Table 4).

Consequently, batch A strongly suppressed activities of spiked
LPS by the strong adsorption to adjuvant gel but in vivo pyrogenicity
might readily be recovered to the most significant extent from the
precipitate by treating with PB comparing to in vitro activities. This
may suggest that the adsorption of LPS to adjuvant gel is stable
without PB treatment, but the treatment with PB may facilitate to
release when further injected intraveneously to rabbits. Therefore,
endotoxin contaminated in such vaccines may readily lose in vitro
activities but may still retain in vivo activities such as pyrogenicity.
Monocyte activation test (MAT), which is a novel test method to
detect or quantify pyrogens that activate human monocytes or
monocytic cells to release endogenous mediators such as pro-
inflammatory cytokines, has been implemented in the European
Pharmacopoeia as a replacement for the pyrogen test [9]. Therefore,
we examined if the MAT using human monocytoid cell line, 285C
cells [31] can be applied to measure endotoxin activity in batch A,
but the cell line assay was found not applicable due to very strong
cytotoxicity of the vaccine. An appropriate in vitro control measure
for the safety of such a vaccine could not be identified in the present
study and, therefore, an appropriate in vivo control test would be
required, at least, where control tests on final products are
mandatory for approving release of vaccine batches like batch A
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‘until a suitable in vitro method could be developed for testing such
vaccine products.
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Antigen-loaded dissolving microneedle array (dMNA) patches were investigated as novel systems for
vaccine delivery into the skin, where immuno-competent dendritic cells are densely distributed. We
fabricated micron-scale needles arrayed on patches, using chondroitin sulfate mixed with a model anti-
gen, ovalbumin. Insertion of dMNA effectively delivered substantial amounts of ovalbumin into the skin
within 3 min and induced robust antigen-specific antibody responses in the sera of mice. The antibody

dose-response relationship showed that the efficiency of dMNA patch immunization was comparable
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to that of conventional intradermal injections. Thus, Antigen-loaded dMNA patches are a promising
antigen-delivery system for percutaneous vaccination.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Skin is not only a physical but also an immunological barrier
that protects the body against exogenous insults. A large number
of professional antigen-presenting cells, including Langerhans cells
and dermal dendritic cells, populate epidermal and dermal lay-
ers of the skin and sentinel exogenous pathogens [1,2]. Therefore,
the skin has been considered as an ideal target for vaccine deliv-
ery. Many studies have reported that intradermal vaccine delivery
could result in more superior immune responses quantitatively
and/or qualitatively than would subcutaneous or intramuscular
vaccine routes [3-7]. However, the majority of vaccines are com-
monly inoculated subcutaneously or intramuscularly using needles
and syringes, since the so-called Mantoux technique, intradermal
administration by a conventional needle and syringe, requires spe-
cial skills for correct application.

In recent years, microneedles (MNs) have emerged as a novel
tool for percutaneous drug delivery [7-12]. Progress in micro-
electronics technology has enabled generation of micron-scale

* Corresponding author. Tel.: +81 42 561 0771; fax: +81 42 565 3315.
E-mail address: snaito@nih.go.jp (S. Naito).

0264-410X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016fj.vaccine.2011.11.111

needles that can penetrate the stratum corneum and reliably deliver
drugs into the epidermal or dermal skin layers. In particular,
MN array patches carrying antigens are attractive because they
can be manufactured cost-effectively and potentially allow vac-
cine self-administration in a simple and painless manner. The
titanium MN array, Macroflux®, coated with a model antigen,
ovalbumin (OVA), showed significant dose sparing effect [8]. The
polyvinylpyrrolidone based dissolving MN patches encapsulating
inactivated influenza virus vaccine successfully induced protective
immunity against the lethal challenge with homologous influenza
virus [12]. Especially, dissolving MNs are attractive because they
generate no sharp biohazardous waste.

We have developed a technology to produce MNs by using
water-soluble, thread-forming biopolymers, chondroitin sulfate
or dextrin. MNs are assembled into a 10 x 10 array on a patch
called a dissolving microneedle array (dMNA) patch in this study
[13,14]. We have succeeded in encapsulating various bioactive
macromolecules, including peptides and proteins formulated as
solid dispersions into MNs. The designed MNs are strong and
sharp enough to penetrate the stratum corneum upon insertion
into the skin and dissolve within few minutes, releasing the loaded
macromolecules. Thus far, we have reported that dissolving MNs
can successfully deliver various bioactive macromolecules, such
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as insulin, erythropoietin, interferon-c«, human growth hormone,
or low-molecular-weight heparin percutaneously in experimental
animals [15-20].

In this study, we encapsulated a model antigen, ovalbumin, into
dMNA patches and investigated the potency of these patches to
induce antigen-specific antibody responses in mice.

2. Materials and methods
2.1. Mice

We used female BALB/c mice (Japan SLC Inc., Hamamatsu,
Japan), aged 7-10 weeks at the time of the primary immunization.

Animals were housed in a specific pathogen-free facility and
given free access to water and food. The use of animals and study
protocols were approved by our institutional animal care and use
committee.

2.2. Antigen and adjuvant

Ovalbumin (OVA) and cholera toxin (CT) were purchased from
Sigma (St. Louis, Mo, USA).

2.3. Fabrication of antigen-loaded, two-layered dMNA patches

To malke a concentrated antigen solution, “drug glue”, arequired
quantity of OVA according to an intended dosage, and 0.5 mg Evans
blue (EB; Nacalai Tesque, Kyoto, Japan) were added to 860 mg
sodium chondroitin sulfate (Nacalai Tesque). Subsequently, 900
distilled water were added and the mixture kneaded at room
temperature. The “drug glue" was then degassed under reduced
pressure and dispensed into a mold containing 100 inverted, cone-
shaped wells arrayed in a 1.0 cm? area. Each well was 500 um deep
and 300 wm across at its top. After the “drug glue” was poured into
the wells, the mold was centrifuged for 5min at 3000 rpm (Kub-
ota 1700, Tokyo, Japan). After centrifugation, the “vehicle glue”
comprising 1.0 g chondroitin sulfate and 1.0 ml distilled water was
painted over the mold. It was then dried under the pressure of the
stainless steel plate for 3 h. Thereafter, the plate was removed and
the two-layered dMNA was detached using the supporting mate-
rial, i.e. base (Fig. 1A and B).

2.4. Immunization

Mice were anaesthetized by intraperitoneal injection of a
ketamine—-xylazine mixture. The dorsa of mice were shaved using
electric clippers followed by an electric razor. The application site
on the bare dorsal skin of mice was gently swabbed with 70%
ethanol and allowed to dry.

For the dMNA patch immunization, the dMNA patch was placed
on the shaved dorsal skin and pressed by a thumb for 3 min to insert
the MNs into the superficial dermal layer. The continuous pressing
was required to keep insertion of ail MNs into the skin, because the
dMNA patch had size of 12 mm x 12 mm and did not fit the natural
body shape of mouse, while it was easily applied human skin and
fixed by adhesive tape.

Transcutaneous (TC) immunization was performed as previ-
ously described [21]. In brief, the dorsal skin of the mice was shaved
carefully using a No. 40 clipper, and the mice were rested for 48 h.
A 0.64-cm? square gauze patch with an adhesive lining (Shirojuhji,
Tokyo, Japan) was soaked with 50 . solution of antigen in phys-
jological saline with or without adjuvant and fixed on the shaved
dorsal skin using medical tape. The mouse was replaced into the
cage. Eighteen hours later, the gauze patch was removed.

For intradermal (ID) administration, 50 wl antigen solution in
physiological saline were injected into the shaved dorsal skin using

a conventional needle and syringe according to the Mantoux tech-
nique.

2.5. ELISA for OVA-specific IgGs

OVA-specific IgG titers in the sera of mice were determined by
ELISA. In brief, 96-well plates (MaxiSorp; Nunc, Roskilde, Denmarlk)
were coated with OVA in 0.1 M carbonate-bicarbonate buffer, pH
9.0, and blocked with PBS containing 1% bovine serum albumin
(Sigma). Thereafter, serially diluted serum samples were added to
the OVA-coated plates which were incubated at room tempera-
ture for 1.5h. The plates were washed 3 times with wash buffer
(PBS containing 0.05% Tween 20) and peroxidase-labelled rabbit
anti-mouse IgG (Zymed, San Francisco, CA, USA) was added. After
a 1.5-h incubation at room temperature, the plates were washed
3 times with the wash buffer and o-phenylenediamine (Sigma) in
phosphate—citrate buffer containing 0.03% H,0; was added. The
reaction was stopped 10 min later by adding 1 N H,SO4 and optical
densities were measured at 492 nm. Endpoint titers were expressed
as reciprocal log of the limiting dilutions with an optical density
greater than 0.5. The titers not less than 4 were regarded as signif-
icant.

2.6. ELISA for OVA content

The OVA content in dMNA patches was determined using a
sandwich ELISA kit (Morinaga, Tokyo, Japan) according to manufac-
turer’s instructions. The OVA content of samples was extrapolated
by a standard curve prepared using the reference OVA provided in
the kit.

2.7. Statistical analysis

The data are presented as the geometric means of the values
obtained from individual animals. Groups were compared using
unpaired, two-tailed Student’s ¢ test and p <0.05 was considered
significant.

3. Results
3.1. Skin delivery of EB by dMNA patches

To visualize the effectiveness of skin delivery of molecules
loaded in the dMNA patches, the indicator dye, EB, was encapsu-
lated into dMNA patches (Fig. 1C). EB-loaded dMNA patches were
put on the shaved dorsal skin of mice and pressed manually for
3 min. After removing the patches from the skin, it was observed
that most of the MNs on the patches had dissolved and lost their
shape, but some MN residuals were observed on the patch (Fig. 1D).
On the site of dAMNA-patch application, EB spots corresponding to
all MNs of the patch were obvious (Fig. 1F). The EB spots gradu-
ally diffused in the tissue surrounding the puncture sites in several
hours (Fig. 1G) and disappeared 24h later (Fig. 1H), indicating
that the dMNA successfully penetrated the stratum corneum and
delivered the EB into the epidermal and/or dermal layer. Thus, we
confirmed that the dissolving MNs composed of chondroitin sul-
fate were sharp and strong enough to pierce the skin of mice and
dissolve within few minutes.

3.2. Comparison of serum antibody responses induced by
dMNA-patches with those induced by TC patch immunization or
ID injection

Serum antibody responses in mice induced by antigen-loaded
dMNA patches were compared with those induced by TC patch
immunization or ID injection. dMNA patches containing 10 or
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B

Fig.1. An EB-loaded, two-layered dMNA patch. (A) A dMNA patch and a 26-G conventional needle. Dissolving MNs composed of chondroitin sulfate were arranged in 10 x 10
array on a patch. (B) Schematic view of the two-layered conical MN. (C-D) Close-up view of an EB-loaded, two-layered dMNA patch before (C) and after (D) skin insertion
for 3min. (E-H) Close-up view of dorsal shaved skin of a mouse before (E), immediately (F), 1h (G), and 24 h (H) after application of an EB-loaded dMNA patch.

100 g OVA with no adjuvant were applied in two groups of five
mice. The other four groups of mice were immunized by TC route
using gauze patches soaked with 50 p.l solution containing 10 or
100 pg of OVA with or without 10 g of CT as the adjuvant. The
last group of mice were injected intradermally with 50 wl antigen
solution containing 10 g OVA. For boosting, all groups were re-
immunized 2 weeks later and the OVA-specific IgG serum titers
were determined 2 weeks after the first and the boost immuniza-
tions.

OVA-loaded dMNA patches induced substantial amounts of
antigen-specific 1gGs after the primary immunizations (Fig. 2A)
but were boosted even more after the secondary immunizations

(Fig. 2B). The dMNA containing 10 ug OVA induced comparable
levels of antibody responses to those induced by ID injection of
the same dose after both primary and secondary immunization.
On the other hand, the TC patch immunization did not induce
any significant antibody response after the primary immuniza-
tion regardless of adjuvant co-application. Although the TC patches
with 100 pg OVA induced significant antibody responses after the
booster immunization, antibody titers were significantly less than
those induced by dMNA patches. Thus, the antigen-loaded dMNA
patch was far more effective than the TC patch immunization but
comparably potent to ID injection in eliciting antibody responses
in mice.
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