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Wild-type rubella viruses grow well at 39 °C (non-temperature sensitivity: non-ts), while vaccine strains
do not (temperature sensitivity: ts). Histidine at position 1042 of the p150 region of the KRT vaccine strain
was found to be responsible for ts, while wild-type viruses had tyrosine at position 1042 (Vaccine 27;
234-42, 2009). The point-mutated virus (Y1042H) based on the wild-type unexpectedly showed little
reduction in growth at 39°C. In this report, several recombinant viruses were characterized, and point-
mutated Y1042H together with the p90 region of KRT significantly reduced virus growth, compared to the
parental wild-type virus. There was one amino acid difference at position 1497 of the helicase domain in
the p90 region. Double mutation involving both positions 1042 and 1497 markedly reduced virus growth
at 39°C, but single substitution at 1497 did not. The other vaccine strain (TO-336vac) was investigated,
and serine at position 1159 of the protease domain in p150 was a crucial amino acid for ts and non-ts
characteristics among four amino acid substitutions between TO-336vac and the wild-type. Our results
suggest that protease and helicase domains in non-structural protein were consistent with ts phenotype,

possibly related to the attenuation process of wild-type viruses.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Rubella virus (RV) is the sole member of the genus Rubivirus in
the family Togaviridae. The RV genome is single-stranded, positive-
sense RNA of approximately 10 kb. The genome encodes two open
reading frames (ORFs). One ORF is located at the 5’ end, encod-
ing two non-structural proteins (NSPs), p150 and p90, required
for replicating genomic RNAs. The motifs of methyltransferase and
protease are located in p150, and the domains of helicase and RNA-
dependent RNA polymerase are in p90. Another ORF is located at
the 3’ end, encoding three structural proteins (SPs), capsid, E1, and
E2, for the virion components. There are three untranslated regions
(UTRs) at the 5" and 3’ ends, and junction UTR (J-UTR) between the
two ORFs [1,2].

RV infection occurs mostly in infants and children. Patients with
RVinfection develop low-grade fever, malaise, maculopapular rash,
arthralgia, and post-auricular lymphadenopahty. Although most
patients recover within several days without sequela, infection
in unimmunized women during the first trimester of pregnancy

* Corresponding author. Tel.: +81 35791 6269; fax: +81 3 5791 6130.
E-mail address: tetsuo-n@lisci.kitasato-u.ac.jp (T. Nakayama).
1 Present address: Department of Virology I1I, National Institute of Infectious Dis-
eases, Tokyo, Japan.

0264-410X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2010.11.074

causes severe fetal defects known as congenital rubella syndrome
(CRS) or fetal death. The common defects of CRS are deafness,
cataracts, cardiac disease, and neurological abnormalities [3-6].
For the control of rubella outbreaks and prevention of CRS, live
attenuated vaccines were developed and have been used in many
countries [6,7].

Four live attenuated rubella vaccine strains have been used in
Japan. Although the attenuation process was found to differ for
each strain with serial passages of the wild-type rubella viruses in
different primary cells at 35°C or lower [8], all Japanese rubella
vaccine strains exhibited unique but common characteristics of
temperature sensitivity (ts) [9]. While wild-type viruses showed
approximately 1/10 infective titers at 39 “Cin comparison with that
observed at a permissive temperature of 35 or 37 °C, vaccine strains
with the ts phenotype demonstrated lower virus growth at 39°C
with less than 1/1000 at 35 or 37 ‘C.

The complete genomic sequences were determined for both
the KRT live attenuated rubella vaccine and the wild-type
RVi/Matsue.JPN/68 strain isolated at the same time and in the same
district as the progenitor wild-type of KRT [10]. In order to deter-
mine the region responsible for the ts of KRT, a series of recombinant
and point-mutated viruses were generated by reverse genetics (RG)
[11-16], and infection experiments with cultured cells were car-
ried out. The p150 gene, especially the histidine at position 1042
(His'%42), was determined to be responsible for the ts phenotype of
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the KRT strain [10]. Conversely, it was not confirmed whether the
introduction of His'%42 into the wild-type viruses influenced the
growth of these viruses at 39 °C.

The objective of the present study was to identify whether the
substitution of His'%42 was necessary and sufficient for the phe-
notype change from non-ts to ts, possibly causing attenuation of
the wild-type viruses. Mutated recombinant viruses were gener-
ated based on the wild-type, RVi/Matsue JPN/68, with subsequent
investigation of virus growth at 39 °C, compared to that at 35 “C. The
substitutions of His at position 1042 together with Ile at position
1497 were required for the acquisition of the ts phenotype. More-
over, Ser at position 1159 of the other vaccine strain (TO-336vac)
was identified to be a crucial amino acid for the ts phenotype. These
two positions (1042 and 1159) were located in the protease domain
of p150, and this region was believed to play a key role in the non-ts
and ts phenotypes, possibly related to the attenuation process.

2. Materials and methods
2.1. Cells and viruses

Vero and RK13 cells were maintained in Eagle’s minimum essen-
tial medium (MEM) (Sigma-Aldrich, MO, USA) supplemented with
5% fetal bovine serum (FBS), penicillin (100U/ml), and strepto-
mycin (100U/ml). Recombinant and point-mutated viruses were
generated by RG, as reported previously [10]. Constructed RVs were
propagated and stocked after one or two passages in Vero cells.
The KRT vaccine seed strain was supplied by the Kitasato Institute,
Research Center for Biologicals, and wild-type RVi/Matsue JPN/68
strain was from the National Institute of Infectious Diseases Japan.

2.2. Construction of infectious cDNA clones of recombinant and
point-mutated viruses

The infectious cDNA clones of RVi/Matsue.JPN/68 and KRT vac-
cine strains were constructed in a previous study and designated
as pRViM and pKRT [10]. pH1042Y having a substitution at position
1042 of RVi/Matsue.JPN/68 was generated based on the pKRT, and
the one with reversion, pY1042H, was constructed based on the
PRViM, as shown Fig. 1.

Two recombinant clones, pY1042H-KRT p90 and pY1042H-KRT
SP, were constructed, using the restriction enzyme sites Bsm [ (gp
3243) and Not 1 (gp 6623) for recombination of the p90 region, and
Xmn 1 (gp 6514) and EcoR 1 (3’end) for recombination of the SP
region, as shown in Fig. 2.

The point-mutated clone in the p90 region, pT1497],
based on PpRVIM was constructed by PCR amplifica-
tion with the GeneTailor™ Site-Directed Mutagenesis
System (Invitrogen, CA, USA), using a set of forward, 5'-
CGAGCGCACCGGCALCTTCGCCTGCAACC-3’  (gp  4516-4543)
and reverse, 5-TGCCGGTGCGCTCGCCCTCGATGTCATAA-3' (gp
4501-4529), primers, with the mutation site indicated as a lower-
case letter. The double-mutated cDNA clone, pY1042H-T1497I,
was developed with replacement of the fragments after digestion
with restriction enzyme sites Bsm I (gp 3243) and Bgl I (gp 5355).
The substitution sites of these constructions are shown in Fig. 3.

Four point-mutated clones (pC501R, pH573Y, pN1159S, and
pN1351D) were generated by introducing the substitutions of
TO-336 vaccine strain into pRViM, using the GeneTailor™ Site-
Directed Mutagenesis System (Invitogen). Four substitutions at
each of these sites are shown in Fig. 4.

Along with the genome structure of RV, we generated eight
recombinant infectious cDNA clones, designated as pRViM rec1-
8, replacing each region from 5’ UTR, p150, p90, J-UTR, C, E2, E1,
to 3’ UTR of the RVi/Matsue.JPN/68 with the respective KRT region
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Fig. 1. The influence of the critical residue responsible for the ts of KRT on the
growth of RVi/Matsue,JPN/68. (a) Construction of point-mutated viruses, H1042Y
and Y1042H, based on rKRT and rRViM. The genomic structure of RV is indicated
in the panel. The broad boxes demonstrate ORFs including NSP (p150 and p90) at
the 5" end and SP (capsid, E2, and E1) at the 3’ end. Narrow boxes outer than and
between two ORFs show untranslated regions (5 UTR, J-UTR, and 3’ UTR). H1042Y
was constructed based on rKRT by introducing a substitution at position 1042 of
rRViM. Y1042H was inversely constructed based on rRViM. The backbone based on
rRViM is indicated as a gray bar, and open bars indicate the regions based on rkRT.
(b) Growth kinetics of the point-mutated and parental viruses at 35°C. RK13 cells
were infected at a MOI of 0.01. The culture medium was harvested at 12, 48, and
96 h post-infection (hpi), and the infective titer was measured by the plaque assay.
The results show the average of three independent experiments and the error bar
indicates + standard deviation (S.D.) (c) Growth kinetics of the point-mutated and
parental viruses at 39°C.

(Supplementary Fig. 1). A series of recombinant clones were con-
structed employing similar procedures to a previous report [10].
For the construction of the chimerical p150 region between
PRVIM and pKRT, seven recombinant viruses were constructed,
introducing the complimentary region of pKRT into those of pRViM
or pY1042H, using the restriction enzyme sites Mfe | (gp 126), Nde
[(gp 1872), Nhe 1 (gp 2803), Bsm [ (gp 3243), and EcoR V (gp 4213).
These cDNA clones were named pRViM-KRT p150 rec 1, 2, 3, and
4, and pY1042H-KRT p150 rec 1, 2, and 4. pD1007G-Y1042H hav-
ing the two substitutions of KRT was generated based on pY1042H
instead of recombinant virus between Nhe 1 and Bsm I. The con-
struction schemes are shown in Supplementary Figs. 2 and 3.

2.3. Recovery of clone viruses from infectious cDNA clones

Full-length viral genomic RNA was synthesized from the infec-
tious cDNA clones with the mMESSAGE mMACHINE T7 kit (Applied
Biosystems), following the instruction manual. Vero cells were
cultured at 8.0 x 10 cells/well in 6-well plates 24 h before RNA
transfection. After the cells were washed with 2.0 ml of OPTI-MEM,
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Fig. 2. Contributions of KRT genomic regions together with Y1042H on growth at
39°C.(a) Construction of recombinant viruses with Y1042H by replacing the p90 and
SP of rRViM with those of rKRT. rKRT and rRViM were parental viruses, and Y1042H
was the backbone virus for generating the recombinant viruses. Two recombinant
viruses, Y1042H-KRT p90 and Y1042H-KRT SP, each having p90 and SP of KRT, were
generated using the appropriate restriction enzyme sites (Bsm [, Not 1, Xmn 1, and
EcoR1). The number in bold is the site of crucial for the ts phenotype of KRT. The gray
bars represent those from rRViM and open bars are those from rKRT. (b) Growth
kinetics of the recombinant viruses with Y1042H at 35 °C. The culture medium was
harvested every 24 h until 120 hpi. The titration of the medium was carried out using
a plaque assay. The infective titer is shown as the average for three independent
experiments and the error bar indicates +S.D. (c) Growth kinetics of recombinant
viruses at 39°C.

RNA transfection was carried out with a mixture of 12.5 ug of
synthesized RNA and 15.0 ul of DMRIE-C (Invitrogen) in 1.0ml
of OPTI-MEM. After incubation at 35°C for 4 h, the mixture was
removed and replaced with 2.0 ml of MEM containing 5% FBS. Cul-
ture media were harvested four days after transfection and stocked
as master seed viruses.

2.4. Analysis of temperature sensitivity

Monolayers of RK13 cells in 6-well plates were infected at a
multiplicity of infection (MOI) of 0.01. After adsorption, each well
was washed twice with 2.0 ml of PBS and replaced with 2.0ml of
MEM containing 5% FBS and antibiotics. The plates were incubated
at 35 or 39°C in a 5% CO, incubator, and the culture medium was
collected. The infective titer of the medium was determined based
on the plaque assay.

2.5. Viral titration by plaque assay

Monolayers of RK13 cells in 6-well plates were infected with
100 w1 of 10-fold serial dilutions of samples. The inoculum was
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£, N “0~Y1042H-T14971

) XK | O-T10971
<1{F - L L i L
0 24 48 72 9% 120
hours post infection

Fig. 3. Requirement of double mutations in p150 and p90 for the suppression of
RVi/Matsue.,JPN/68 growth at a high temperature. (a) Two point-mutated viruses,
Y1042H-T14971 and T14971, were constructed. The numbers in bold indicate sites
where residues of wild-type viruses were replaced with those of KRT. Y1042H-
T14971 was constructed based on Y1042H by replacing the threonine at position
1497 of RVi/Matsue.JPN/68 with the isoleucine of KRT. T14971 was generated by
introducing the threonine at 1497 of KRT into rRViM. (b) Growth kinetics of the
recombinant and mutated viruses at 35°C. The culture medium was harvested
at 24, 48, 72, 96, and 120 hpi. The average infective titers in three independent
experiments are shown and the error bar indicates +S.D. (c) Growth kinetics of the
recombinant and point-mutated viruses at 39°C,

removed after contact for 1h at room temperature and replaced
with 3.0 ml of MEM containing 2% FBS, 40 pg/ml of DEAE dextran,
0.07% sodium bicarbonate, 0.7% agarose, penicillin at 100 U/ml, and
streptomycin at 100 U/ml. The plates were incubated at 35°Cin a
5% CO, incubator. On day 7 post-infection, plaques were visualized
by staining with PBS containing 0.1% crystal violet and 4% formalin
[12,17,18].

2.6. Nucleotide sequence accession numbers

The accession number of the sequence and genotype used in this
study for comparison are summarized in Table 1 [10,19-22].

3. Results

3.1. Influence of histidine at position 1042 on growth of wild-type
virusat 39 C

Our previous results showed that only the p150 region was
responsible for the ts phenotype of a KRT vaccine strain among all
genomic regions. Detailed analysis of four recombinant viruses in
the p150 region was revealed that the region between Nhe I and
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Fig. 4. Identification of crucial amino acid residues for the growth of wild-type
viruses at 39 °C based on TO-336vac. (a) Amino acid residues shown in the white bar
represent unique residues in the NSP region of TO-336vac, and the gray bar indicates
residues conserved among wild-type viruses. The numbers in bold show amino acid
positions. White letters in gray bars represent the replacement of residues of wild-
type viruses with those of TO-336vac. Four point-mutated viruses were generated
based on rRViM. (b) Growth kinetics of the point-mutated viruses at 35 °C. The infec-
tive titer is shown as the average of three independent experiments, and the error
bar indicates +S.D. (c) Growth kinetics of point-mutated viruses at 39 'C.

Bsm I (genome position 2803-3243) was important for the ts of
KRT and there were two amino acid substitutions at positions 1007
and 1042 (D and Y for RVi/Matsue JPN/68, and G and H for KRT,
respectively). Two residues of RVi/Matsue.JPN/68 were introduced
into KRT solely or in combination to confirm the effect on the ts
of KRT. The influence of aspartic acid residue at position 1007 on
the ts was not observed, while tyrosine at position 1042 exerted a

Table 1
Summary of genomic information on rubella viruses in this study.

strong effect on the ts. Thus, we concluded that histidine at position
1042 (His'%42) was critical for the ts of KRT. However, it remained
to be confirmed whether His'%42 is conversely crucial for growth
of the wild-type virus at a restrictive temperature of 39 °C. For this
reason, the present study was focused on the influence of residue
at position1042 on the growth of wild-type virus at 39 °C. To assess
the influence of His'%42 on the growth of wild-type viruses at 39 °C,
we generated point-mutated viruses (Y1042H and H1042Y) based
on pRViM and pKRT, respectively. RK13 cells were infected with
the point-mutated viruses Y1042H and H1042Y, as well as parental
viruses (rRViM and rKRT) at a moi of 0.01 and cultured at 35 and
39°C. Culture media were harvested at 12, 48, and 96 hpi, and the
results of virus growth are shown in Fig. 1. The growth kinetics of
all viruses were the same at 35 °C, whereas the growth properties
varied at 39°C. rKRT with its ts phenotype exhibited a significant
reduction in growth at 39°C, with the peak titer of the virus infec-
tivity at 39 °Cbeing approximately 1/1000 of that at 35 °C. However,
rRViM with its non-ts phenotype demonstrated virus growth at
39°C similar to that at 35°C, and the highest titer of the virus at
39°C was about 1/5 of that at 35°C. H1042Y also showed efficient
growth at 39 °C, and the peak titer of the virus was 1/10 in compar-
ison with that observed at 35 “C. These results were identical to our
previous ones, but, unexpectedly, the peak titer of Y1042H at 39°C
did not decrease compared to that at 35 “C, and the growth kinetics
of Y1042H at 39 C were slightly lower than those of rRViM, with
no significant differences.

3.2. Contribution of other genomic regions of KRT in combination
with Y1042H to growth at 39°C

The essential determinant of the ts phenotype of KRT was
appeared to be histidine at position 1042, since the growth of
H1042Y at 39°C was markedly higher than that of KRT (Fig. 1).
Moreover, it was observed that no genomic regions, except p150,
contributed to the ts phenotype of KRT in our previous report [10].
Hence, we investigated whether the other region(s) participated
in the growth of RVi/Matsue.JPN/68 at 39 °C in combination with
His!%42, Two recombinant viruses, Y1042H-KRT p90 and Y1042H-
KRT SP, were generated employing a point-mutated virus based
on rRViM with Y1042H. Y1042H-KRT p90 was constructed by
exchanging the p90 region of RVi/Matsue.JPN/68 with that of KRT.
Y1042H-KRT SP was generated by replacing the structural proteins
(capsid, E2, and E1) of RVi/Matsue.JPN/68 with those of KRT. The
growth kinetics of these viruses were examined at 35 and 39°C
(Fig. 2). There were no significant differences in the growth kinet-
ics among the recombinant viruses (Y1042H, Y1042H-KRT p90, and
Y1042H-KRT SP) and parental viruses (rKRT and rRViM) at 35 C.At
39°C, the growth kinetics of rRViM and Y1042H showed a very
similar pattern, and there were no significant reductions in com-
parison with those at 35°C. The replacement of the SP region of
rRViM with that of KRT showed a small influence on the growth of

Strain Wild-type/vaccine Clade Genotype GenBank accession no.
KRT Vaccine 1 a AB222608
TO-336vac Vaccine 1 a AB047329
RVi/Matsue JPN/68 Wild-type 1 a AB222609
RVi/TO-336wt.JPN/67 Wild-type 1 a AB047330
RVi/SUR.SVK/74 Wild-type 1 a AF435866
RVi/GUZ.GER/92 Wild-type 1 B DQ388280
RVi/Anim.MEEX/97 Wild-type I C DQO085341
RVi/JC2.NZL/91 Wild-type I D DQ388281
RVi/6423.ITA/97 Wild-type I E DQ085343
RVi/BRI.CN/79 Wild-type 11 A AY258322
RVi/AN5.KOR/96 Wild-type 11 B DQ085342
RVi/C4.RUS/67 Wild-type Il c DQ388279
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rRViM at 39 °C, while that of the p90 region brought about a marked
reduction in virus growth similar to that of rKRT at 39 ‘C. These
results indicated that the non-ts phenotype of RVi/Matsue.JPN/68
altered the ts phenotype by the amino acid substitution of histidine
at position 1042 together with the p90 region of KRT.

3.3. Determination based on KRT vaccine strain for wild-type
viruses representing ts phenotype

There was a single amino acid difference at position 1497 in
the p90 region between the two strains. The amino acid at position
1497 of p90 was changed from tyrosine (T) of RVi/Matsue.JPN/68 to
isoleucine (I) of KRT. In order to decide on the amino acid residue
responsible for altering the non-ts to ts phenotype, two mutated
viruses, T14971 and Y1042H-T1497], containing a single amino acid
substitution at position 1497 or both at positions 1042 and 1497 of
KRT were constructed, and the growth kinetics at 35 and 39 °C were
investigated (Fig. 3). The growth kinetics of T14971 were slightly
lower than those of the other viruses at 35°C. They showed dif-
ferent patterns of growth at 39 °C. The maximum titer of rRViM
and Y1042H at 39 °C was approximately 1/20 and 1/50 of those
observed at 35 °C, respectively, and there was no significant change
in the peak infective titer between the two. As for the growth kinet-
ics of T1497], there were no differences in the peak titer between 35
and 39°C. The maximum titers of Y1042H-KRT p90 and Y1042H-
T14971 at 39 °C were markedly lower than those at 35 °C. The peak
titer of Y1042H-KRT p90 at 39°'C was less than 1/2000 of that
at 35'C. As for the amino acid difference in p90, the growth of
Y1042H-T14971 clearly decreased, and the peak titer at 39°C was
approximately 1/200 of that at 35°C. However, virus growth of
Y1042H-T14971 at 39 °C was not identical to that of Y1042H-KRT
p90.

To rule out any potential regions of KRT influencing virus growth
of RVi/Matsue.JPN/68 at 39 °C, the effects of each genomic region of
KRT were investigated on the growth of RVi/Matsue.JPN/68 at 39 °C,
constructing a series of recombinant viruses (Supplementary Fig.
1). As in our previous study, there were no genomic regions except
for the p150 region that reduced the growth of RVi/Matsue.JPN/68
at 39°C. Replacement of the p90 region of pRViM with that of
KRT did not alter the growth of RVi/MatsueJPN/68 at 39°C by
itself. The effects of other fragments in the p150 region of KRT
were investigated by generating a series of recombinant viruses
(Supplementary Figs. 2 and 3). In the series of recombinant viruses
based on pRViM and pY1042H, the kinetics of growth at 35 °C were
very similar, and the peak titer at that temperature was approxi-
mately 106 PFU/ml. At 39 -C, the maximum titers of all recombinant
viruses roughly exhibited a range of 10455 PFU/ml. Among those
viruses, Y1042H and rRViM-KRT p150-rec 3, with His'%42, tended
to show slightly weaker growth, and there were no regions that
decreased the growth at 39°C together with His'%42. Thus, the
results strongly suggested that two mutations at positions 1042
and 1497 were essential for RVi/Matsue.JPN/68 representing the
ts phenotype. The amino acid sequences of the NSP region were
compared among KRT and wild-type viruses (Clade [: 1a, 1B, 1C,
1D, and 1E; Clade II: 2A, 2B, and 2c). Genomic information on those
viruses is summarized in Table 1, and the characteristic amino acid
residues of KRT that were otherwise conserved among wild-type
viruses (Table 2). There were six amino acid differences in the NSP
region, five residues in the p150 region, and one in the p90 region.
Positions 295,483, and 674 were located in a non-identified region,
while those of 961, 1042, and 1497 were identified in X, protease,
and helicase domains, respectively, which were highly conserved
among wild-type viruses of all genotypes. These data conclusively
demonstrated that two mutations at positions 1042 and 1497 were
necessary for any wild-type viruses altering their non-ts phenotype
to the ts of a KRT vaccine strain.

Table 2
Distinct amino acid residues in the NSP region of KRT that differed from wild-type
viruses.

Amino acid differences

Position Region Domain KRT Wild-type viruses
295 p150 None A T
483 p150 None A T
674 p150 None \ 1
961 p150 X \Y A

1042 p150 Protease H Y

1497 p90 Helicase I T

Table 3

Unique amino acid residues in the NSP region of TO-336vac that differed from wild-
type viruses.

Amino acid differences

Position Region Domain TO-336vac? Wild-type viruses
501 p150 None R C
573 p150 None Y H

1159 p150 Protease S N

1351 p90 Helicase D N

2 The genomic sequence of TO-336 vaccine strain was cited from reference [19].

3.4. Other mutations in attenuation process of TO-336

It was hypothesized that the characteristic residue(s) for the ts
phenotype of other vaccine strains would be located in NSP, espe-
cially protease and helicase domains, responsible for the growth of
wild-type viruses at a high temperature. The TO-336 vaccine strain
(TO-336vac) was investigated because all Japanese vaccine strains
had the ts phenotype and the complete genomic sequences of
TO-336vac and its parental wild-type virus (RVi/TO-336wt.JPN/67)
were identified [19]. A comparison of the amino acid residues in
NSP between TO-336vac and wild-type viruses is shown in Table 3.
There were four substitutions at positions 501, 573, 1159, and
1351, and two residues at positions 1159 and 1351 were located
in the protease and helicase domains, respectively. Each residue
was introduced into pRViM, and the influence on growth at 39 °Cis
shown in Fig. 4. At 35°C, the growth patterns of all viruses were
similar and their peak titers were approximately 10% PFU/ml at
72 hpi. As for the growth at 39 °C, C501R, H537Y, and N1351D grew
well and the peak titers of these viruses were approximately 4-hold
higher than that of rRViM. On the other hand, the growth of N1159S
was extremely poor at 39 °C, as well as that of rKRT. These results
clearly demonstrated that serine at position 1159 was the critical
determinant of a significant reduction in the growth of wild-type
viruses at 39°C, and it was responsible for the ts phenotype of the
TO-336 vaccine strain.

4. Discussion

Vaccine strains have several biological differences such as cell
tropism, plaque morphology, the ts phenotype, and immunogenic
markers of rabbits and guinea pigs in comparison with wild-
type viruses [8-11,13,23,24]. All rubella vaccine strains, RA27/3,
KRT, TO-336vac, Matsuura, and Matsuba, which are available
on the market, have the common feature of temperature sen-
sitivity (ts). The ts phenotype is invaluable for analysis of the
attenuation mechanisms of rubella viruses at the molecular level,
because rubella vaccines were established through cold adap-
tation whereby isolated rubella wild-type viruses were serially
passaged with human diploid or primary animal cells at 35°C
or less [8,25]. The acquisition of the ts phenotype during cold
adaption was strongly correlated with the attenuation of their pro-
genitor wild-type viruses, although the molecular mechanisms or
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essential residues of the ts phenotype differ in each vaccine strain
[10,19,26].

Through our previous experiments using the KRT vaccine strain,
the genomic region responsible for the ts phenotype of the vaccine
was identified using RG. The introduction of tyrosine at position
1042 of the RVi/Matsue JPN/68 into rKRT resulted in growth recov-
ery at 39°C, and the rate of restoration was 100-fold higher than
that of KRT. From these observations, a marked reduction was
expected in the growth of RVi/Matsue JPN/68 at 39°C by intro-
ducing histidine at position 1042 (His'®2) into rRViM. However,
this did not influence virus growth at 39°C, and the growth kinet-
ics of Y1042H at 39 °C barely reduced. Nevertheless, this result did
not lessen the importance of our previous findings of the neces-
sity of histidine at position 1042 for the ts of KRT, because H1042Y
based on rKRT showed efficient growth at 39 “C in the present study
(Fig. 1). These results suggested the possibility of additional modi-
fication at position 1042. The propensities of Y1042H-KRT p90 and
Y1042H-T14971 at 39 “C were comparable, showing a significant
reduction in virus growth compared to parental rRViM and Y1042H.
Nonetheless, their growth patterns did not entirely coincide with
that of rKRT (Figs. 2 and 3). This may be due to the differences
in the genetic background between KRT and RVi/Matsue.JPN/68,
because the growth properties at 39 °C showed diverse patterns in
wild-type viruses and vaccine strains [24]. In fact, there was only
one difference at the amino acid level in the p90 region between
the two, but there were 65 differences at the nucleotide level.
These nucleotide differences occurred through cold adaptation;
thus, the accumulation of these mutations may be beneficial to
replicate genomic RNAs at a low temperature, with the loss of sta-
bility of the genomic structure and efficiency of genomicreplication
at a high temperature. Alternatively, it remains a possibility that
there is compatibility of conformational interaction between the
viral genome and NSP. Consequently, the individual impacts of the
p90 region and isoleucine at position 1497 of KRT on the growth
of rRVIM at 39°C were not specifically identified (rRViM-rec3 in
Supplementary Fig. 3 and T1497! in Fig. 3), and the influence of the
mutation at 1497 on the growth at the temperature was exerted
together with histidine at position 1042 with certainty. It is espe-
cially noteworthy that the combination of the two substitutions, at
positions 1042 and 1497, with brought about more than a 100-fold
reduction in growth at 39 °C compared with the parental rRViM.

Histidine at position 1042 and isoleucine at position 1497 were
essential for altering the non-ts phenotype of any wild-type viruses
with different genotypes to the ts phenotype, since those positions
of wild-type viruses were highly conserved. These two amino acids
were unique for the KRT strain. Next, the region(s) was investi-
gated that was responsible for the ts of other vaccines. The TO-336
Japanese vaccine strain (TO-336vac) had four amino acid substi-
tutions compared to wild-type viruses and each mutation was
introduced into rRViM. A point-mutated virus (N1159S) was gen-
erated by introducing the serine at position 1159 of TO-336vac into
rRViM, which exhibited a very similar pattern of growth at 39°C to
that of rKRT (Fig. 4). Interestingly, the effect of the single residue
on virus growth of TO-336vac was more efficacious than the com-
bination of two residues of KRT, and position 1159 was also located
in the protease domain.

In our advanced study, the molecular function of the residue
at position 1042 (H1042Y and Y1042H) was investigated regarding
the steps of viral life cycles. Through the results of analysis concern-
ing the efficiency of genomic replication, expression level of viral
proteins ininfected cells, and production of infective viruses in cul-
ture medium, the poor virus growth of the ts phenotype of KRT was
due to the reduction of viral RNA synthesis, and RNA replication
of the H1042Y at 39 °C was restored at a significant level (data not
shown). On the other hand, Y1042H showed a declined genomic
replication at 39 C in comparison to that of rRViM:; however, the

infective titer in the medium barely decreased. The efficacy of
genomic replication was evidently affected by the substitution at
position 1042. In the genomic replication of rubella virus, the non-
cleaved NSP (p200)is essential for synthesizing the complementary
genomic RNA (cRNA) as the template of viral genomic RNA (VRNA),
while the cleavage complex of p150 and p90 is required for the
efficient production of new vRNA as the template of synthesized
cRNA. The replication stage of genomic RNA for both vRNA and
cRNA is temporally controlled by the regulation of NSP process-
ing [27]. Thus, the substitutions at position 1042 or 1159 would be
correlated with the reduction in protease activity to cleave p200
into p150 and p90 and/or in the conformational stability of non-
processed and processed NSP to limit viral RNA replication in each
phase at a high temperature.

In other members of the family Togaviridae, Sindbis and Semliki
Forest viruses, many ts mutants have a single mutation respon-
sible for the ts phenotype in the protease or helicase domains,
not combinations [28-33]. The ts phenotype represented by the
combination of two mutations in protease and helicase domains
may be characteristic of rubella virus. Interestingly, the protease
domain of hepatitis C viral NS3 accelerated NS3 helicase activity,
just as the helicase activity enhanced protease activity [34-36].
Protease and helicase domains of hepatitis C virus were located
on one molecule of N53, while the two domains of rubella virus
locate on p150 and p90. These observations provide insights into
structural and biochemical interactions. To account for the differ-
ences between H1042Y and Y1042H in ts or non-ts characteristics,
the analysis of T14971, Y1042H-T1497I, their inversion construc-
tions in the viral life cycle, and biochemical characterization of the
protease and helicase domains are currently under investigation.

In conclusion, using two vaccine strains, KRT and TO-336, we
found that the mutations in the protease and helicase domains are
necessary for the conversion of non-ts of wild-type viruses to the
ts phenotype of vaccine strains. This may be applied to the other
vaccine strains (RA27/3, Matsuura, and Matsuba) through further
investigations.

Acknowledgment

We are very grateful to Katsuhiro Komase (Department of
Virology III, National Institute of Infectious Diseases) for critical
discussions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.vaccine.2010.11.074.

References

[1] Frey TK. Molecular biology of rubella virus. Adv Virus Res 1994;44;69-160.

[2] Chantler J, Wolinsky JS, Tingle A. Rubella virus. In: Knipe DM, Howley PM, edi-
tors. Fields virology. 4th ed. Philadelphia, PA: Lippincott Williams & Wilkins;
2001, p. 963-90.

[3] WHO. Rubella vaccines. WHO position paperWkly Epidemiol Rec; 2000.

{4] Plotkin SA. Rubella eradication. Vaccine 2001;19(May (25-26)):3311-9.

[5) Banatvala JE, Brown DW. Rubella. Lancet 2004;363(April (9415)):1127-37,

(6] Plotkin SA, Reef SE. In: Plotkin SA, Crenstein WA, editors. Vaccines. 4th ed.
Philadelphia, PA: Elsevier Inc.; 2004. p. 707-43.

[7] Robertson SE, Featherstone DA, Gacic-Dobo M, Hersh BS. Rubella and con-
genital rubella syndrome: global update. Rev Panam Salud Publica 2003
Nov;14(5):306-15.

[8] Shishido A, Ohtawara M. Development of attenuated rubella virus vaccines in
Japan. Jpn ] Med Sci Biol 1976 Oct;29(5):227-53.

[9] Ohtawara M, Kobune F, Umino Y, Sugiura A. Inability of Japanese rubella vac-
cines to induce antibody response in rabbits is due to growth restriction at 39
degrees C. Arch Virol 1985;83(3-4):217-27.

[10] Sakata M, Komase K, Nakayama T. Histidine at position 1042 of the p150 region
of aKRT live attenuated rubetla vaccine strain is responsible for the temperature
sensitivity. Vaccine 2009 Jan 7;27(2):234-42,



M. Sakata, T. Nakayama / Vaccine 29 (2011) 1107-1113 1113

[11] Lund KD, Chantler JK. Mapping of genetic determinants of rubella virus associ-
ated with growth in joint tissue. ] Virol 2000;74(January (2)):796-804.

[12] Pugachev KV, Abernathy ES, Frey TK. Improvement of the specific infectivity
of the rubella virus (RUB) infectious clone: determinants of cytopathogenicity
induced by RUB map to the nonstructural proteins. ] Virol 1997;71(January
(1)):562-8.

[13] Pugachev KV, Galinski MS, Frey TK. Infectious cDNA clone of the RA27/3 vaccine
strain of Rubella virus. Virology 2000;273(July (1)):189-97.

[14] Tzeng WP, Frey TK. Complementation of a deletion in the rubella virus p150
nonstructural protein by the viral capsid protein. J Virol 2003;77(September
(17)):9502-10.

[15] Wang CY, Dominguez G, Frey TK. Construction of rubella virus genome-length
cDNA clones and synthesis of infectious RNA transcripts. ] Virol 1994;68(June
(6)):3550-7.

[16] Yao], GillamS. Mutational analysis, using a full-length rubella virus cDNAclone,
of rubella virus E1 transmembrane and cytoplasmic domains required for virus
release. ] Virol 1999;73(June (6)):4622-30.

[17] Fogel A, Plotkin SA. Markers of rubella virus strains in RK13 cell culture. ] Virol
1969;3(February (2)):157-63.

[18] Umino Y. Improved potency assay of rubella vaccine: parameters for plaque
formation. | Virol Methods 1995;51(February (2-3)):317-28.

[19] Kakizawa], NittaY, Yamashita T, UshijimaH, KatowS. Mutations of rubella virus
vaccine TO-336 strain occurred in the attenuation process of wild progenitor
virus. Vaccine 2001;19(April (20-22)):2793-802.

[20] Zheng DP, Zhou YM, Zhao K, Han YR, Frey TK. Characterization of genotype 11
Rubella virus strains. Arch Virol 2003;148(September (9)):1835-50.

[21) Zhou Y, Ushijima H, Frey TK. Genomic analysis of diverse rubella virus geno-
types. ] Gen Virol 2007;88(March (Pt 3)):932-41.

[22] Hofmann J, Renz M, Meyer S, von Haeseler A, Liebert UG, Phylogenetic analysis
of rubella virus including new genotype 1 isolates. Virus Res 2003;96(October
(1-2)):123-8.

[23] Linnemann Jr CC, Hutchinson L, Rotte TC, Hegg ME, Schiff GM. Stability of
the rabbit immunogenic marker of RA 27-3 rubella vaccine virus after human
passage. Infect Immun 1974;9(March (3)):547-9.

[24] Chantler JK, Lund KD, Miki NP, Berkowitz CA, Tai G. Characterization of
rubella virus strain differences associated with attenuation. Intervirology
1993;36(4):225-36.

[25] Plotkin SA, Farquhar ), Katz M, Ingalls TH. A new attenuated rubella virus grown
in human fibroblasts: evidence for reduced nasopharyngeal excretion. Am ]
Epidemiol 1967;86(September (2)):468-77.

[26] Pugachev KV, Abernathy ES, Frey TK. Genomic sequence of the RA27/3 vaccine
strain of rubella virus. Arch Virol 1997;142(6):1165-80,

[27] Liang Y, Gillam S. Rubella virus RNA replication is cis-preferential and syn-
thesis of negative- and positive-strand RNAs is regulated by the processing of
nonstructural protein. Virology 2001;282(April (2)):307-19.

[28] Hahn YS, Strauss EG, Strauss JH, Rice CM, Levis R, Huang HV. Mapping of
RNA- temperature-sensitive mutants of Sindbis virus: assignment of comple-
mentation groups A, B, and G to nonstructural proteins. ] Virol 1989:63(July
(7)):3142-50.

[29] De I, Sawicki SG, Sawicki DL. Sindbis virus RNA-negative mutants that faif to
convert from minus-strand to plus-strand synthesis: role of the nsP2 protein. |
Virol 1996;70(May (5)):2706-19.

[30] Suopanki ], Sawicki DL, Sawicki SG, Kaariainen L. Regulation of alphavirus 265
mRNA transcription by replicase component nsP2. | Gen Virol 1998;79(Febru-
ary (Pt 2)):309-19.

[31] Lulla v, Merits A, Sarin P, Kaariainen L, Keranen S, Ahola T. ldentification of
mutations causing temperature-sensitive defects in Semliki Forest virus RNA
synthesis. ] Virol 2006;80(March (6)):3108-11.

[32] Balistreri G, Caldentey ], Kaariainen L, Ahola T. Enzymatic defects of the
nsP2 proteins of Semliki Forest virus temperature-sensitive mutants. ] Virol
2007;81(March (6)):2849-60.

[33] Rice CM, Levis R, Strauss JH, Huang HV. Production of infectious RNA tran-
scripts from Sindbis virus cDNA clones: mapping of lethal mutations, rescue of
a temperature-sensitive marker, and in vitro mutagenesis to generate defined
mutants, ] Virol 1987:61(December (12)):3809-19.

[34] Beran RK, Serebrov V, Pyle AM. The serine protease domain of hepatitis C viral
NS3 activates RNA helicase activity by promoting the binding of RNA substrate.
) Biol Chem 2007;282(November (48)):34913-20.

[35] Beran RK, Pyle AM, Hepatitis, C viral NS3-4A protease activity is enhanced by
the NS3 helicase. ) Biol Cherm 2008;283(October (44)):29929-37.

[36] Rajagopal V, Gurjar M, Levin MK, Patel SS. The protease domain increases the
translocation stepping efficiency of the hepatitis C virus NS3-4A helicase. ] Biol
Chem 2010;285(June (23)):17821-32.



Vaccine 28 (2010) 7626-7633

G o

ELSEVIER

Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier.com/locate/vaccine

s Vcccine :

Safe and effective booster immunization using DTaP in teenagers

Kenji Okada?, Takako KomiyaP, Akihiko Yamamoto®, Motohide Takahashi®, Kazunari Kamachi®,
Takashi Nakano€, Takao Nagai9, Nobuhiko Okabe®¢, Hitoshi Kamiya®, Tetsuo Nakayama®*

2 National Fukuoka Hospital, Department of Pediatrics, Japan
b National Institute of Infectious Diseases, Department of Bacteriology II, Japan
¢ National Mie Hospital, Department of Pediatrics, Japan

9 Nagai Pediatric Clinic, The Society of Ambulatory and General Pediatrics of Japan, Japan

¢ National Institute of Infectious Diseases, Infectious Disease Surveillance Center, Japan

T Kitasato Institute for Life Sciences, Laboratory of Viral Infection I, Kitasato University, Shirokane 5-9-1, Minato-ku, Tokyo 108-8641, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 20 July 2010

Received in revised form 2 September 2010
Accepted 13 September 2010

Available online 28 September 2010

The incidence of reported cases with pertussis has increased in young adults in Japan and the lack of
additional booster immunizations containing pertussis components is suspected to be one of the causal
reasons. Instead of DT immunization at 11-12 years of age, safety and immunogenicity were investigated
using 0.2 ml and 0.5 ml of DTaP. 176 subjects in DTaP 0.5ml, 178 in DTaP 0.2 ml, and 197 in DT 0.1 ml
groups were enrolled in clinical trial. The relative risk of local reactions in the DTaP 0.2 ml group compared
to the DT 0.1 ml group was 1.13 (95% CI: 0.97-1.30), and that of the DTaP 0.5 ml to the DT 0.1 ml group

I;:m:;‘ij:' was 1.34 (95% CI: 1.18-1.53). The relative risks of local pain and heat were 1.62 (95% CI: 1.33-1.98) and
DTaP 1.59 (95% Cl: 1.19-2.13), respectively, in the DTaP 0.5 ml group compared to the DT 0.1 ml group. Sero-
DT positive rates against PT and FHA were 54% and 82% before immunization and increased to >95% for both
PT after vaccination with no significant difference in GMT. Instead of the scheduled DT program, 0.2 ml of
FHA DTaP was acceptable and demonstrated efficient immunogenicity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Pertussis is still a serious illness in young infants, causing
whooping cough, apnea, cyanosis, chocking, and encephalopathy
[1]. In Japan, whole cell pertussis vaccine was developed in 1950s
and combined with diphtheria and tetanus toxoids (DTwP). DTwP
became accepted, resulting in a reduction of reported cases of per-
tussis [2,3]. Approximately 10% of recipients experienced a febrile
illness, with 50-60% showing redness and 20% induration [2]. In
1974-75, two accidental deaths after DTwP administration were
reported and, thereafter, DTwP was discontinued for a while. It
was re-introduced for children at 2 years of age, but the number
of pertussis patients increased because of low vaccine coverage
[2,3]. In 1981, a new type of acellular pertussis was developed,
and combined vaccine (DTaP) was introduced into recommended
immunization practice. Principally, two types of DTaP vaccines
were developed: the B-type consisted of two major antigens, per-
tussis toxin (PT) and filamentous hemagglutinin (FHA) and the
T-type contained pertactin and fimbrie besides PT and FHA [4-6].
Nationwide monitoring of clinical adverse events demonstrated
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low reactogenicity and sufficient antibody responses similar to
natural infection. Since 1981, the number of pertussis patients
decreased after the acceptance of DTaP. The incidence of pertussis
in adults has beenincreasing gradually from 2002 in Japan, and sev-
eral outbreaks on college campuses, and in high schools and offices
have been reported [7,8]. In addition, the incidence in young infants
less than 1 year of age increased as well as adult cases in 2009.

Pertussis is principally an infectious children’s illness causing
whooping and prolonged cough and the Advisory Committee on
Immunization Practices (ACIP) recommended a 5-dose DTaP sched-
ule, at ages 2, 4, 6, and 15-18 months and 4-6 years, instead
of the previous DTwWP in the US in 1997 [9]. In 1990s, the inci-
dence of pertussis in older age increased in many countries because
of waning immunity after primary childhood immunization and
antigenic change of pertussis, and adolescent pertussis was iden-
tified as the source of transmission of pertussis to young infants
through enhanced surveillance studies [10-16]. In 2005, tetanus
toxoid, and a reduced concentration of diphtheria toxoid combined
with reduced acellular pertussis (Tdap) vaccine was licensed, and
the ACIP recommended that adolescents aged 11-18 years should
receive a single dose of Tdap for booster immunization [17]. It was
now recommended for all generations from 19 to 64 years [18].

It takes several years to obtain a license to introduce a new
vaccine from foreign countries into Japan, even though Tdap is
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used worldwide. The immunization schedule in Japan incorporates
no booster dose of pertussis components after the completion of
the initial primary immunization (three times over 3 months of
age and additional dose after approximately 12 months after the
third dose), and vaccine containing pertussis components should
be scheduled to cope with an outbreak of pertussis. In this study,
safety and immunogenicity were investigated in clinical trials using
0.2 and 0.5 ml of DTaP at the age of 11-12 years, in comparison with
0.1 ml of DT.

2. Subjects and methods
2.1. Subjects

The study was conducted from September 2008 to August 2009,
involving 29 pediatric outpatient clinics and departments of pedi-
atrics of regional public and university hospitals. Subjects of this
study included 555 children, 11-18 years of age, mostly 11-12
years of age, who had completed primary immunization of more
than three doses of DTaP and had not undergone DT immuniza-
tion. The study protocol was checked by the ethical committee of
National Mie Hospital as a central organization and also checked by
ethical committee of each hospital. Written informed consent was
obtained from their parents or guardians. A total of 555 children
were enrolled, but four children were excluded: three did not com-
plete the primary immunization (one or two doses of DTaP), and
one had already been immunized with DT. They were divided into
two study groups: group 1 consisted of 266 subjects undergoing
serological examination: 29 receiving 0.1 ml of DT, 119 for 0.2 ml
of DTaP, and 118 for 0.5 ml of DTaP. Group 2 comprised 285 immu-
nized without serological examinations, and totaling 551 subjects,
with 197 receiving 0.1 ml DT, 178 for 0.2 ml of DTaP, and 176 for
0.5ml of DTaP, were examined for safety. They are summarized in
Fig. 1.

2.2. Vaccines

Five brands of DTaP were on the market in Japan, and the com-
ponents of each antigen were different for each brand, as shown in
Table 1. Subjects were allocated equally to each brand. The B-type

(Biken and Kaketsu) vaccine consisted of PT and FHA and the T-type
(Takeda, Denka, and Kitasato) contained other components, and the
composition of pertussis antigens differed from the brands of DTaP
available abroad [5,6,19]. The PT antigen contents varied from 3 to
23.5 pg/dose, and FHA from 23.5 to 51.5 p.g/dose, but the amount
of diphtheria and tetanus toxoids was 15 and 2.5 Lf/dose, respec-
tively, without a difference among DTaP brands. 0.2 ml of DTaP
contained 1.2-9.4 pg of PT, 9.4-20.6 g of FHA, 6-6.6 Lf of diph-
theria toxoid, and 1.0 Lf of tetanus toxoid. Antigen contents of FHA
and diphtheria toxoid were slightly higher in 0.2 ml of DTaP than
Tdap, Boostrix and Adacel (2.5-8 g of PT, 5-8 p.g of FHA, 2-2.5 Lf of
diphtheria toxoid, and 5 Lf of tetanus toxoid) [17]. A 0.2-ml volume
of DTaP contained similar amounts to Tdap. The antigen content
of tetanus toxoid was lower in 0.2 ml of DTaP than Tdap available
abroad, similar to 0.1 ml of DT.

2.3. Study design

The study was designed as a randomized open trial. Subjects
were allocated randomly to DT 0.1 ml, DTaP 0.2 ml, and DTaP 0.5 ml
groups. They were observed for 30 min for the appearance of ana-
phylaxis. To assess the safety afterwards, they were asked to check
their body temperature and for adverse clinical events based on
the healthcare diary every day for 7 days after immunization. In
study group |, paired sera were obtained immediately before immu-
nization and principally 4-6 weeks after immunization and kept at
—20°C. The paired sera were divided into two aliquots and trans-
ferred to the National Institute of Infectious Diseases, Department
of Bacteriology Il to examine antibodies against diphtheria and
tetanus toxoids and to Kitasato-Otsuka Bio-Medical Assay Labo-
ratories for the examination of pertussis antibodies (PT and FHA).

2.4. Serology

Antibodies against tetanus toxoid were determined with a
KPA kit (Chemo-Sero-Therapeutic Research Institute, Kumamoto,
Japan) [20]. The kit comprised polypeptide artificial carrier
particles stained with Reaction Blue solution, sensitized with
highly purified tetanus toxoid (3000 Lf/mg PN), and provided in
lyophilized form. The test was performed as instructed by the

No. of entries

555 cases
<5 ~_ ~
DT 0.1 ml group DTaP 0.2 ml group DTaP 0.5 ml group
199 cases 179 cases 177 cases

Drop-out cases

17Y M DTaP 2 doses

12Y F DTaP 4 doses
12Y F DTaP 2 doses DT

12Y M DTaP 1 dose |

1 dose

~ >

~ >

~

Cases for safety analysis

Cases without serological examinations

168 cases 59 cases 58 cases
< 5 ~ 5 ~< 5>
Cases for immunological analysis
29 cases 119 cases 118 cases

Fig. 1. Number of subjects in the study. A total of 555 subjects were enrolled, of whom four were excluded. Therefore, 551 subjects were evaluated regarding safety. Among
the 551, 197 were immunized with 0.1 ml of DT, 178 with 0.2 ml of DTaP, and 176 with 0.5 ml of DTaP. Study group 1 consisted of 266 subjects for serological examination:

29 with 0.1 ml of DT, 119 with 0.2 ml of DTaP, and 118 with 0.5 ml of DTaP.
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Table 1
Contents of PT, FHA, and diphtheria and tetanus toxoids.
DTaP/DT (manufacturers) PT (ng) FHA(pg) Pertactin Fimbrie D(Lf) T{Lp
DTaP 0.5 ml (Kaketsu) 8 32 <16.7 =25
DTaP 0.5 ml (Biken) 235 235 <15 €25
DTaP 0.5 ml (Takeda) 3 345 7.5 1 =15 =25
DTaP 0.5 ml (Denka) 9 32 15 1 <15 £25
DTaP 0.5 ml (Kitasato) 6 515 5 1 =15 =25
Adacel (Aventis) 25 5 3 2 5
Boostrix (GSK) 8 8 25 25 5
DTaP 0.2 ml 1.2-94 9.4-206 6-6.6 1.0
DT 0.1 ml 32 0.7
Table 2

Background of the subjects.

DTaP 0.2 mi (N=178)

DTaP 0.5ml (N=176)

DT 0.1ml (N=197)

Total (N=551)

Gender

Male 93 (52.2%) 95 (54.0%) 113 (57.4%) 301 (54.6%)
Female 85 (47.8%) 81(46.0%) 84 (42.6%) 250 (45.4%)
Age

11 years 97 (54.5%) 95 (54.0%) 73(37.1%) 265 (48.1%)
12 years 68 (38.2%) 68 (38.6%) 111 (56.3%) 247 (44.8%)
Others 13(7.3%) 13(7.4%) 13 (6.6%) 39(7.1%)
Mean age = SD 116+£08 11.6+0.38 11.8+08 11.6+08
Median age 11.0 110 12.0 12,0

Range (min-max) {11-15}) (11-15) (11-17) (11-17)
DPT history

I-1 178 (100.0%) 176 (100.0%) 197 (100.0%) 551 (100.0%)
I-2 178 (100.0%) 176 (100.0%) 197 (100.0%) 551 (100.0%)
I-3 172 (96.6%) 172 (97.7%) 193 (98.0%) 537 (97.5%)
1-boost 172 (96.6%) 168 (95.5%) 191 (97.0%) 531(96.4%)

manufacturers. Antibodies against diphtheria toxoid were exam-
ined using the micro cell-culture method with Vero cells, and
diphtheria antitoxin titers were expressed as international units
(IU)/ml [21]. Antibodies against PT and FHA were examined using
enzyme-linked immunosorbent assay (EIA) kits (Wako Chemicals,
Japan) as instructed by the manufacturers. Positive levels were
defined as =0.11U/ml for antibodies against diphtheria toxoid,
>0.01 IU/ml! for those against tetanus toxoid, and >10EU/ml for
those against PT and FHA [22,23].

2.5. Statistical analysis

The sero-positivity rate and the incidence of solicited adverse
events (fever as systemic reaction, and redness, swelling, pain, heat,
and itching as local reactions) were compared by using Fisher’s
Extraction test. Geometric mean titers (GMTs) of antibodies before
and after immunization were compared by converting to a loga-
rithmic scale using Wilcoxon rank test. The t student Welch method
was employed to evaluate significance and the significant level was
set at p<0.05.

Table 3
Incidence of clinical adverse events,

3. Results
3.1. Background of the subjects

The subjects included 555 children aged 11-18 years of age,
as shown in Fig. 1. A total of 555 subjects were enrolled, but four
were excluded. Therefore, 551 subjects were evaluated for safety.
Among the 551, 197 were immunized with 0.1 ml of DT, 178 with
0.2 ml of DTaP, and 176 with 0.5 ml of DTaP. The backgrounds of
the subjects are shown in Table 2. A total of 301 (54.6%) were
male, and the gender ratio was similar among the three groups
with no significant differences in ages, which ranged from 11 to 17
years, They had all completed their primary immunizations (three
or four doses of DTaP), confirmed by checking their immunization
records.

3.2. Incidence of adverse events

The incidences of adverse events are summarized in Table 3.
Febrile reactions were noted in 8 (4.1%) of 197 in the DT 0,1 ml
group, 7 (3.9%) of 178 in the DTaP 0.2ml group, and 7 (4.0%)
of 176 in the DTaP 0.5ml group, and the relative risks in DTaP

Adverse events DTaP0.2ml (1) DTaP 0.5ml(2) DT 0.1ml(3) Risk ratio (95% CI)
{N=178) (N=176) (N=197) (2)vs. (1) (1)vs.(3) (2)vs.(3)

Fever 7(3.9%) 7{4.0%) 8(4.1%) 1.01(0.36,2.82) 0.97 (0.36,2.62) 0.98 (0.36,2.65)
Local reactions 123(69.1%) 145(82.4%) 121(61.4%) 1.19(1.06,1.34) 1.13{0.97,1.30) 1.34(1.18,1.53)
Redness 95(53.4%) ‘109(61.9%) 92 (46.7%) 1.16(0.97,1.39) 1.14 (0.93,1.40) 1.33(1.10,1.60)
Swelling 90(50.6%) 95{54.0%) 76(38.6%) 1.07 (0.87,1.30) 1.31(1.04,1.65) 1.40(1.12,1.75)
Pain 83(46.6%) 116(65.9%) 80(40.6%) 141(1.17,1.71) 1.15(091,1.45) 1.62 (1.33,1.98)
Heat 50(28.1%) 74(42.0%) 52(26.4%) 1.50(1.12,2.00) 1.06 (0.76,1.48) 1.59 (1.19,2.13)
itching 81(45.5%) 83(47.2%) 75(38.1%) 1.02(0.82,1.28) 1.21(0.95,1.54) 1.24 (0.98,1.57)
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Fig. 2. Summary of the risk ratio regarding the incidence of adverse reactions. The
relative risks of the incidence of adverse reactions after immunization with 0.2 ml
(®)and 0.5ml (O ) of DTaP in comparison with those observed after immunization
with 0.1 ml of DT are summarized. Vertical lines represent 95% Cl.

0.2 ml and DTaP 0.5 ml groups were 0.97 and 0.98, respectively, in
comparison with that observed in the DT 0.1 ml group. The relative
risk of local reactions after immunization with DTaP at 0.2 ml
was 1.13 (95% CI: 0.97-1.30) in comparison with the incidence
after immunization with DT at 0.1 ml, and that of the DTaP 0.5 ml
compared to the DT 0.1 ml group was 1.34 (95% CI: 1.18-1.53).
Relative risks of redness, swelling, local pain, heat, and itching
in the DTaP 0.2 ml group compared to the DT 0.1 ml group were
1.14 (95% CI: 0.93-1.40), 1.31 (95% CI: 1.04-1.65), 1.15 (95% Cl:
0.91-1.45), 1.06 (95% Cl: 0.76-1.48), and 1.21 (95% CI: 0.95-1.54),
respectively. However, the relative risks of redness, swelling,
local pain, heat, and itching in the DTaP 0.5 ml group compared
to the DT 0.1 ml group were 1.33 (95% Cl: 1.10-1.60), 1.40 (95%
CI: 1.12-1.75), 1.62 (95% CI: 1.33-1.98), 1.59 (95% CI: 1.19-2.13),
and 1.24 (95% CI: 0.98-1.57), respectively. The relative risks of the
adverse reactions after immunization in the DTaP 0.2 ml and 0.5 ml
groups in comparison with those observed after immunization in
the DT 0.1 ml group are summarized in Fig. 2. Thus, the incidence of
local reactions after immunization with 0.2 ml of DTaP was similar

Incidence of febrile reactions

to that observed after immunization with 0.1 ml of DT, but those
observed after immunization with 0.5ml of DTaP were higher
than after immunization with 0.1 ml of DT, notably regarding
the incidences of local pain and heat, demonstrating the relative
risks: 1.62 (95% CI: 1.33-1.98) and 1.59 (95% CI: 1.19-2.13),
respectively.

3.3. Onset of adverse reactions

The immunization day was defined as day 0. The onset of adverse
reactions was examined, and the results are shown in Fig. 3. Febrile
reactions were noted from days 0 to 7 without any case accumu-
lation, but the incidence of local reactions peaked on days 1 and
2. Systemic adverse events were reported sporadically: headache
in 25 (9 in DT 0.1 ml group, 9 in DTaP 0.2 ml group, and 7 in DTaP
0.5 ml group), fatigue in 11 (3 in DT 0.1 ml group, 4 in DTaP 0.2 ml
group, and 4 in DTaP 0.5 ml group), rhinorrhea in 10 (1 in DT 0.1 ml,
2inDTaP 0.2 ml, and 7 in DTaP 0.5 ml group), sore throat in 8, cough
in 7, and nasal obstruction in 7. Three subjects with urticaria erup-
tion were reported: two on day 0 (one for each DT 0.1 ml and DTaP
0.5 ml group) and one on day 1 in DTaP 0.5 ml group. Generalized
eruption was reported on day 1 in DTaP 0.5 ml group. The relative
risk of local reactions on day 0 after immunization with 0.2 ml of
DTaP compared to that observed after 0.1 ml of DT was 1.08 (95%
Cl: 0.74-1.58), 1.18 (95% Cl: 0.96-1.44) on day 1, 1.09 (95% CI:
0.91-1.30) on day 2, 1.19 (95% CI: 0.97-1.47) on day 3, 1.3 (95%
Cl: 0.99-1.71) onday 4, 1.56 (95% ClI: 1.09-2.23) on day 5, 1.42 (95%
ClI: 0.87-2.29) on day 6, and 1.54 (95% CI: 0.87-2.72) on day 7. The
incidence of local reaction for each day after immunization with
0.2 ml of DTaP was similar to that observed after 0.1 ml of DT. The
incidence of local reactions after immunization with 0.5 ml of DTaP
was higher than that observed in the DT 0.1 ml group, especially
on days 1 and 2, with a relative risk of 1.61 (95% CI: 1.35-1.92) on
day 1, and 1.33 (95% CI: 1.13-1.92) on day 2. Most local adverse
reactions appeared on day 1 and continued for 3-4 days, but those
observed in the DTaP 0.5 ml group became prolonged, showing a
relative risk of 2.15 (95% CI: 1.39-3.33) on day 6.

In this study, the extents of redness and swelling were moni-
tored when they appeared and the degree of adverse reactions was
evaluated (Fig. 4). There was no significant difference in the inci-
dence of redness and swelling of <2.0cm and 2-5cm among the
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Fig. 3. Onset of febrile and local reactions within 7 days after immunization and the no. of cases with systemic adverse events.



