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SUMMARY: In 2007, a large outbreak of pertussis occurred at a university in Japan. Initially, a student, suffer-
ing from nocturnal cough and post-tussive vomiting for 3 weeks was diagnosed with pertussis. During the
subsequent outbreak, 361 university students and staff members presented with a primary complaint of a cough.
In the present study, we analyzed bacterial agglutinin titers against two Bordetella pertussis strains, Yamaguchi
(epidemic strain) and Tohama (vaccine strain), in 310 patients with a cough and evaluated its diagnostic accuracy
for adolescent and adult pertussis. These serological analyses showed a significant difference (P < 0.001) in the
levels of Yamaguchi agglutinin titer, but not in those of Tohama agglutinin titer, between patient and healthy
adult groups. Thercfore, the bactcrial agglutination assay against strain Yamaguchi may be a uscful tool for
diagnosis of adolescent and adult pertussis, especially in young adults, when an agglutinin titer cutoff value of

>160X is used in combination with clinical symptoms and other clinical laboratory tests.

INTRODUCTION

In Japan, more than 100,000 cases of pertussis were reported
every year before the 1950s. Whole-cell pertussis vaccine
was introduced in 1950 in Japan, followed by a dramatic
decrease in the number of pertussis cases (1). In the 1970s, it
was reported that the whole-cell pertussis vaccine caused
encephalitis in Japan, and the pertussis vaccination rate in
Japan then decreased, followed by an increase in the number
of pertussis cases (1). A safer purified diphtheria-tetanus-
acellular pertussis (DTaP) vaccine was introduced in Japan
in 1981. Consequently, the prevalence of pertussis decreased
and Japan was reported to reach the WHO pertussis target of
a prevalence of <1/100,000 persons (2), although this con-
clusion was questionable. In 2007, there was a large-scale
pertussis outbreak in adolescents and adults at a university
in Japan, during which we were able to analyze Bordetella
pertussis agglutinin titers. To the best of our knowledge, this
is the first report of an analysis of B. pertussis agglutinin
titers among adolescents and adults during a pertussis out-
break.

PATIENTS AND METHODS

Serological tests: Analysis of B. pertussis agglutinin titers
was performed on people with a cough during a pertussis
outbreak at the university (outbreak group: students and staff
members n = 310; 176 male, 134 female; age range 18-55
years; average age 23.7; median age 21). Bacterial agglutinin
titers against B. pertussis strains Yamaguchi (epidemic strain,
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agglutinogens 1, 3. 6, 7, and 13) and Tohama (vaccine strain,
agglutinogens 1, 2, 4, 7, and 13) were measured using the B.
pertussis antigen for agglutination test ‘SEIKEN’ N (Denka
Seiken, Tokyo, Japan) according to the manufacturer’s instruc-
tions (3). The cut-off point for a positive result was taken as
an agglutinin titer >40X_ This criterion is used for serological
diagnosis for infants and children in Japan. To determine the
cut-off criterion for adult pertussis, we compared data from
the 2007 university outbreak group with data from healthy
people without a cough during the same season (4) (control
group n = 246; 156 male, 90 female; age range 21-60 years;
average age 40.3; median age 39.5).

Genetic tests: Molecular diagnosis of B. pertussis infec-
tions was performed using the loop-mediated isothermal
amplification (LAMP) method (5). Nasopharyngeal swab
specimens were collected from 60 patients with suspected
pertussis, and total DNA was extracted using QIAamp DNA
Micro Kits (Qiagen, Hilden, Germany). The DNA samples
(2 1£1) were analyzed by the LAMP assay.

Case definition: A “probable case” was defined as a per-
son who had a cough and a B. pertussis strain Yamaguchi
agglutinin titer 240X between May 17 and July 4, 2007. A
“definite case™ was dcfined as a person who had a cough, a
B. pertussis strain Yamaguchi agglutinin titer 240X, and a
positive LAMP assay result between May 17 and July 4, 2007.

Statistical analyses: The Mann-Whitney U-test, chi-square
test, and 7 test were performed. The level of significance was
P <0.01.

RESULTS

Progression of the pertussis outbreak: On May 17, 2007,
a student complained about a prolonged severe cough and
was diagnosed with pertussis based on the clinical findings
at a university hospital. On the following day, another stu-
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dent complained about a severe cough that had persisted for
4 weeks and was diagnosed with pertussis based on the clini-
cal findings at a general hospital. On the same day, 10 stu-
dents complained of a persistent cough and, on May 24, 8 of
the 10 students were diagnosed with pertussis. Also on May
24, the mass media reported a pertussis outbreak at the univer-
sity. Starting the next day, many students and staff members
began to complain of a persistent cough, and the number of
pertussis patients continued to increase. It was agreed that an
outbreak was spreading throughout the entire university, and
it was decided to close the university for 2 weeks. Patients
diagnosed with pertussis were treated with macrolides. The
last paticnt presented on July 4 (Fig. 1). From May 17 to July 4,
361 people (285 students, 76 staff members) had a primary
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complaint of a cough, and 290 of these (231 students, 59
staff members) were serologically-positive: 270 were diag-
nosed as “‘probable cases™ and 20 as “definite cases.” Chemo-
prophylaxis with macrolides was provided to 1.163 persons
who had contact with pertussis paticnts and who would come
in contact with infants due to hospital or educational practices
(6,7). We analyzed the symptoms and life-styles of students
and staff members with severe cough and found that these
patients’ contacts clustered around three specific places: a
dormitory, a club. and an office.

Cases in the dormitory: In the dormitory, a student com-
plained of a nocturnal cough, paroxysmal cough, dyspnca,
and post-tussive vomiting for 3 weceks. Five students in the
dormitory subsequently complained of a paroxysmal cough
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Fig. 1. Calendar showing duration of cough in patients during pertussis outbreak in a university. Patients (n = 128) with probable
pertussis were asked for the date of cough onset during May to July 2007. Length of a bar shows the duration of cough until the

date of serological analysis.
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and were diagnosed with pertussis. A total of 9 students had a
primary complaint of cough. These students shared a dining
room and a kitchen in the same dormitory and frequently
watched TV and played video-games together in the same
room.

Cases in the club: In the club, a student complained of a
paroxysmal cough for morc than 2 weeks. Four students in
the club subsequently complained of a persistent cough and
were diagnosed with pertussis. A total of § students had a
primary complaint of cough. All members of this club had
dinner with the initial patient after a club activity, and also
lived together in a training camp.

Symptoms of the patients: In most cascs, the main symp-
tom of pertussis has been reported to be a protracted cough
(6.8). For the pertussis cases in this study. paroxysmal cough
occurred in 53.9% of patients and noctumal cough in 50.7%
of patients (Table 1). Since some patients with a strong posi-
tive agglutinin titer were not conscious of their prolonged
light cough, it is possible that paticnts with very mild symp-
toms transmitted pertussis to other people.

Serological tests: The bacterial agglutinin titers against
the strain Yamaguchi of the outbreak group (median = 160X,
upper quartile = 320X) were significantly higher than thosc
of the control group (median = 40X, upper quartile = 160X)
(P <0.001) (Fig. 2A). Therefore, significantly more cases in
the outbreak group had Yamaguchi agglutinin titers >160X
(178/310, 57.4%) compared to the control group (74/246.
30.1%) (P < 0.001). In contrast, there was no significant dif-
ference in the Tohama agglutinin titers between the outbreak
and control groups (median = 80X, upper quartile = 160X)
(Fig. 2B).

To investigate the relevance of age, we compared the agglu-
tinin titers in people <39 years old in the outbreak group (n —
282; 155 male, 127 femalce; age range 18-39 years; average
age 21.2; median age 20) and in the healthy control group (n =
123; 65 male. 58 female; age range 21-39 years; average age
32.3; median age 32). The Yamaguchi agglutinin titers of the

ety

‘fable 1. Symptoms of the pertussis
patients in this study

Symptom Yo
Paroxysmal cough 53.9
Nocmrnal cough 50.7
Whooping cough 14.7
Dyspnea 17.5
Post-tussive vomiting 6.3
Speaking induced cough 23.8

Probable cases (n = 63).

‘Table 2. Analysis of the relationship between the
Yamaguchi agglutinin titer and duration of cough in

students
(A) Students probable cases (n =93)
Agglutinin titer <80x 2160x
Duration of cough (d) 3.8+2.5 11.1£233
(n=28) (n=65)

Result of Mann-Whitney U-test; P = 0.078.

(B) Students in the dormitory and the club (n = 17)

Agglutinin titer <80x =160«
Duration of cough (d) 38+6.0 10363
n=7) {n=10)

Result of Mann-Whimey U-test; P = 0.012.
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outbreak group (median = 160X, upper quartile = 320X) were
significantly higher than those in the control group (median
= 40X, upper quartile = 80 x) (P < 0.001) (Fig. 3A). There-
fore, significantly more cases in the outbreak group had
Yamaguchi agglutinin titers >160 X (165/282, 58.5%) com-
pared to the control group (27/123, 22.0%) (P < 0.001). In
contrast, there was no significant difference in Tohama agglu-
tinin titers between the outbreak and control groups (median
= 80X, upper quartile = 160X) (Fig. 3B).

Relationship between the Yamaguchi agglutinin titers
and the duration of cough: We analyzed the relationship
between the Yamaguchi agglutinin titers and the duration of
cough in the students. Of the 93 student probable cascs, 28
had a Yamaguchi agglutinin titer <80 X and a cough for 3.8 =
2.5 days. while 65 had a Yamaguchi agglutinin titer >160x
and a cough for 11.1 = 23.3 days. Therefore, the duration of
cough was longer in student probable cases with Yamaguchi
agglutinin titcrs >160X than in cases with Yamaguchi ag-
glutinin titers <80 (Table 2A). Of the 17 students in the
dormitory and the club, 7 had a Yamaguchi agglutinin
titer <80X and a cough for 3.8 £ 6.0 days, while 10 had a
Yamaguchi agglutinin titer >160X and a cough for 10.3 =
6.3 days. Therefore, the duration of cough was longer in stu-
dents in the dormitory and the club with Yamaguchi agglutinin
titers >160X than in cases with Yamaguchi agglutinin titers
<80X (Table 2B).

Genetic tests: Molecular diagnosis of B. pertussis infection
was performed using the LAMP method (5). Of the 60 pa-
ticnts with suspected pertussis infection, 20 (33.3%) were
positive by the LAMP assay, indicating that the outbreak was
causced by B. pertussis infection. Interestingly, all positive

A Yamaguchi strain

(%)

35

BEcontrol

Woutbreak

30
25
20
15
10

<10 10 20 40 80 160 320 640 1,2802,5605,120

(%) Tohama strain

Econtrol
Woutbreak

<10 10 20 40 80 160 320 640 1,2802,5605,120

Fig. 2. B. pertussis agglutinin titers of people in the outbreak and con-
trol groups. (A) B. pertussis agglutinin titers against the strain
Yamaguchi. (B) B. pertussis agglutinin titers against the strain
Tohama. x axis, agghutinin tter. v axis, percentage of patients. @,
control group (n = 246). B, outbreak group (r = 310).
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Fig. 3. B. pertussis agglutinin titers of people <39 years old in the out-
break and control groups. (A) B. pertussis agglutinin titers against
the strain Yamaguchi. (B) B. pertussiy agglutinin titers against the
strain Tohama. v axis, agglutinin titer. y axis, percentage of patients.
@, control group (n = 123). M, outbreak group (n = 282).

samples had been collected from patients (7 = 34) at an carly
stage (before June 4) of the outbreak (positive rate 20/34,
58.8%). No positive samples were collected at the late stage
(after Junc 5). The difference in the number of positive samples
between the early and late stages may have been due to anti-
biotic prophylaxis or therapy. In fact, no early-stage patients
received antibiotics before the LAMP assay, whereas at least
6 of 26 late-stage patients had received antibiotics.

DISCUSSION

The index case of the pertussis outbreak in this study was
probably a university student living in the dormitory. An in-
fection in such a small, scmi-closed population can spread
like a wave throughout the population, Icading to a mass
outbreak. In the university, to control further spread of the
pertussis outbreak, the cooperation of students and staff mem-
bers who had complained of a persistent cough was neces-
sary. Prescription of macrolides as chemoprophylaxis to
people who had contact with pertussis cases in the dormitory,
the club, or the office seemed to be effective in controlling
the outbreak.

The 2007 pertussis outbreak suggests that a pertussis vac-
cination system should be reconsidered in Japan. The pertus-
sis vaccine has been administered to 86% of pertussis patients
(9.10). However, the duration of effectiveness of vaccination-
induced pertussis immunity is 4-12 years (9,10). Attenuation
of immunity 1s thought to be due to a decrease in the number
of plasma cells producing specific antibodies and specific
CD8+ cells, although the number of memory B and T cells
doges not decrease (9.10). Currently, in Japan, the DTaP vac-
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cine for pertussis vaccination is administered to infants in 4
doses: 3 doses during an infant’s first year and once at | year.
In contrast, in the USA, DTaP vaccine is administered in 5
doses (at 2, 4, 6, and 15-18 months, and at 5 years), and an
additional tctanus toxoid. reduced diphtheria toxoid and acel-
lular pertussis (Tdap) vaccine dose is recommended at 11-18
years, for a total of 6 pertussis vaccine doses (11). It has been
reported that Tdap vaccine prevents B. periussis infection in
adolescents and adults (12,13). Therefore, since there is a sig-
nificant risk of pertussis outbreaks in adolescent and adult
populations, pertussis vaccination of adolescents and adults
should be considered in Japan.

In this study, we demonstrated that the bacterial agghutina-
tion assay against strain Yamaguchi might be a useful tool
for diagnosis of adolescent and adult pertussis. especially in
voung adult patients (18-39 years old) when a cut-off value
of 2160 X is used to determine positive agglutination results
(Table 2A, B, Fig. 3A, B). The major agglutinogens of B.
pertussis Tohama arc agglutinogens 1, 2, and 4, while those
of the Yamaguchi strain are agglutinogens 1, 3, and 6 (3,14,
15). In the outbreak group, the Yamaguchi agglutinin titers
were significantly higher than in the control group, but the
Tohama agglutinin titcr was not statistically different between
these two groups, This observation strongly suggests that there
was an increase in the antibody against agglutinogens 3 and
6 in outbreak group patients, although B. pertussis could not
be isolated.

It has been reported that anti-pertussis toxin (PT) IgG of
100-125 units/ml in a single scrological test is diagnostic of
a B. pertussis infection in the previous 2-3 weeks in Europe
(16-19). Surprisingly, it has also been reported that a B.
pertussis culture-positive infant was positive by the Yamaguchi
agglutinin assay but negative for anti-PT IgG at 7 days after
hospital admission (20). Thesc observations indicate that the
‘Yamaguchi agglutinin titer might not always be in agreement
with that of anti-PT 1gG. Thercfore, both anti-PT IgG and
Yamaguchi agglutinin titers should be measured to avoid an
anti-PT 1gG false-negative and to yield a more accurate diag-
nosis.
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Abstract

Bordetella pertussis is the aetiologic agent of whooping cough, a common cause of severe respiratory iliness in children and prolonged
mild cough in adults. To understand some of the reasons for differences in clinical symptoms between adults and children, we measured
B. pertussis DNA loads in nasopharyngeal swabs (NPS) from 19 adults and 40 children (including 14 infants) by quantitative IS48/ real-
time PCR. All cases had been pre-diagnosed with the B. pertussis-specific loop-mediated isothermal amplification method. The mean
PCR threshold cycles for adult and child NPS were 34.9 and 27.1, respectively, indicating a significantly lower B. pertussis DNA load in
adults than in children (p <0.001). Moreover, adults had very low DNA loads during both early and later stages of the disease. When
corresponding bacterial loads in NPS were calculated for B. pertussis Tohama cells using a standard curve, the mean number of bacterial
cells taken with a rayon-tipped swab from an adult, older child and infant was estimated to be 320 (95% CI 120-910), 2.1 x 10* (95%
Cl1 53 x 10’ to 83 x 10% and 1.1 x 10° cells (95% CI 1.2 x 10° to 8.9 x 10°), respectively. This indicates that the B. pertussis load in
NPS is closely correlated with patient age. Qur observations suggest that adult pertussis is characterized by a lower bacterial load in
the nasopharynx, resulting in milder symptoms and negative cultures.
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and adults vaccinated during childhood are different from
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typical presentations in children, and may consist only of a

prolonged cough [6-9]. Moreover, culture of B. pertussis has
a much lower sensitivity for diagnosis of pertussis in adults
than in children [5,9]. Although B. pertussis infection is known

Introduction to present differently in adults and children, the differences

in the bacterial load in the nasopharynx remain unclear.

During the last decade, nucleic acid amplification tests

Bordetella pertussis, a highly communicable gram-negative coc-
cobacillus, is the aetiologic agent of whooping cough, which
has been a major acute respiratory infection, resulting in
severe childhood illness and infant death [1]. In Japan, the
incidence of pertussis cases in adolescents and, especially,
adults, has significantly increased from the early 2000s; this
has also been seen in other countries with high vaccination
coverage [2]. Adolescents and adults are assumed to be the
primary reservoir of B. pertussis and play a crucial role in the
transmission of the microbe to infants and unvaccinated chil-
dren [3-5]. The clinical symptoms of pertussis in adolescents

have revolutionized the laboratory diagnosis of B. pertussis
infections. Various detection methods, including real-time
PCR and loop-mediated isothermal amplification (LAMP),
have been developed that target different regions of B. per-
tussis genome [10-13]. Previously, we developed a LAMP
assay method targeting the pertussis toxin promoter region,
which provided rapid, sensitive and highly specific detection
of B. pertussis DNA [ 1], although the amplification efficiency
is too high to make a quantitative assay of the bacterial load
in clinical specimens. By contrast, real-time PCR targeting
insertion sequence 1548/ is a useful tool not only for rapid

©2010 The Authors

Journal Compilation ©2010 European Society of Clinical Microbiology and Infectious Discases
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and sensitive diagnosis, but also for quantitative analysis. The
IS481 real-time PCR can detect other Bordetella subspecies,
such as Bordetella holmesii, Bordetella bronchiseptica and Borde-
tella parapertussis, although this assay is now widely used for
the diagnosis of B. pertussis [14,15). In neonates and young
children with pertussis, the IS48/ real-time PCR showed that
the B. pertussis DNA load in nasopharyngeal swabs (NPS)
persists for a long time (3 weeks) after administration of
antimicrobials [16,17]. For other pathogenic agents causing
respiratory tract infections, such as Moraxella catarrhalis and
Streptcoccus pneumoniae, the quantitative changes in bacterial
DNA load in NPS correlate with the numbers of organisms
detected by semiquantitative culture [18,19].

The present study aimed to determine B. pertussis DNA
loads in NPS among adults and children, who were confirmed
to have pertussis by B. pertussis-specific LAMP assay, by using
quantitative S48/ real-time PCR. We also investigated the
relationship between B. pertussis load and bacterial genotypes.

Materials and Methods

Clinical samples

Approximately 200 NPS were obtained from adults
(=16 years old) and children (<15 years old) with suspected
pertussis between June 2007 and September 2009. The NPS
were collected with sterilized rayon-tipped swabs (Eiken
Chemical Co., Ltd, Tokyo, Japan) and then transported to
the National Institute of Infectious Diseases, Japan. NPS were
immersed in 0.5 mL of saline, vortexed, and precipitated
by centrifugation (20 000 g for 10 min). Total DNA was
extracted from the precipitation using QlAamp DNA Micro-
kit (Qiagen, Hilden, Germany), and eluted with 25 ul of the
AE elution buffer. The DNA samples were stored at —20°C
until used.

LAMP assay

To confirm B. pertussis infection, a B. pertussis-specific LAMP
assay was performed on DNA samples from NPS as
described previously [11]. The LAMP amplification was per-
formed with a 60-min reaction, and confirmed with real-time
monitoring of the increase in turbidity using LA-320C (Eiken
Chemical Co.,, Ltd). Among the DNA samples tested, |19
from adults and 40 from children (14 infants and 26 older
children) were positive in the LAMP assay (20.| turbidity),
respectively. The vaccination history was obtained in 13
infants and 12 older children, but not in adults. Of 13 infants,
11 (85%) had never been immunized with pertussis vaccine.
By contrast, ten (83%) of 12 older children had received four
doses of pertussis vaccine.

©2010 The Authors

1S48] real-time PCR

Quantitative real-time PCR targeting IS48/ was performed
by an Applied Biosystems 7500 Fast Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) as described
previously [12], with minor modifications. Briefly, the 15481/
real-time PCR amplifications were done in 20-ul reaction
volumes containing |X Premix Ex Taq™ (Perfect Real Time;
Takara Bio Inc., Shiga, Japan), 0.9 yM primer PPert and
APPert, 0.25 uM TagMan probe SPert, 0.4 uL of 50x Rox
reference dye Il, and 2 uL of DNA sample. The PCR condi-
tions were |5 s at 95°C, followed by 40 cycles of 95°C for
3s and 57°C for 30s. Real-time data were analyzed by
Sequence Detection Systems software, version |.4 (Applied
Biosystems). Standard curve was generated with ten-fold
serial dilutions of B. pertussis Tohama DNA from 10 ng
(24 x 10° bacterial cells) to 0.1 fg (0.024 bacterial cells). The
number of bacterial cells was calculated with the Tohama
genome size of 4.1 Mbp (2.4 genomic copies/|0 fg DNA)
[20].

The sampling efficiency of NPS and the presence of PCR
inhibitors were examined by amplification of the human
f2-microglobulin gene with primers B2ZM-TR-| and B2M-TR-2
[16] using SYBR green-based real-time PCR. Each 12 adult
and child DNA samples, which were randomly selected from
LAMP-positive samples, showed f;-microglobulin C, values in
the range [5.1-24.8 (mean 21.9) and 19.8-22.3 (mean 21.1),
respectively, confirming that the respective sampling efficiency
and PCR inhibition were almost identical between adult and
child NPS samples.

Multilocus sequence typing (MLST)

B. pertussis allelic genes (pertussis toxin ptxA, pertactin prn
and serotype 3 fimbriae fim3) were amplified directly from
patient DNA samples by nested-PCR. The first PCR was
performed in a |5-ulL reaction volume containing 1.87 ulL
DNA sample, 0.44 mM concentrations of each dNTPs,
0.2 4M concentrations of each primer, and 0.3 U of KOD-
FX DNA polymerase (Toyobo, Osaka, Japan). For the
nested-PCR amplification, | uL of the first PCR product
was added as the template to the PCR mixture containing
the same components described above, except that the
nested primers were used instead of the first set of prim-
ers (Table |). Cycling conditions were: denaturation for
| min at 94°C; 30 cydes of 10s at 98°C, 30 s at 55°C,
45 s at 68°C; and a postextension of 5 min at 72°C. The
PCR products were sequenced with the BigDye terminator
v3.l cycle sequencing kit on an ABI PRISM 3130x Genetic
Analyzer (Applied Biosystems). The combined allelic pro-
files were used to define MLSTs as described previously

[21.
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TABLE 1. Primers used in multilocus sequence typing

analysis
Target Primer
gene  name Sequence (5- to 3') PCR Coordinate®
ptk px-outerf  TAACGCGGGTCTATCACAAC Ist 3988790
ptx-outerR  TAGAACGAATACGCGATGCT Ist 3989047

ptx-innerF  GACCACGACCACGGAGTATT 2nd 3988824
px-innerR  GTACACGAGAACCATCGCCT  2nd 3989021

pm prn-AF GCCAATGTCACGGTCCAA  Ist 1098595
pm-AR GCAAGGTGATCGACAGGG st 1099163
pm-innerf  GTCATTGCAGCCGGAAGACC 2nd 1098657
pm-nnerR  CCGGTCTCGATGACATTGEC  2nd 1099111

fim3  Fim3-Fl ATGTCCAAGTTTTCATACCC  Ist 1647602
Fim3-RI GGTGACCTTGCCGGTAAA Ist 1648082
fim3-innerF  CCAGCACCCTCAACCATATC 2nd 1647738
fim3-innerR - GGCTTGCGTGGTTTTGTC 2nd 1648055

*Coordinates in Bordetelia p is Tohama g NC02929.

Statistical analysis
Data were analyzed using the Mann-Whitney U-test. p <0.05
was considered statistically significant.

Results

Sensitivity and specificity of I1S481 real-time PCR

The real-time PCR with ten-fold serial dilutions (0.1 fg to
10 ng) of B. pertussis Tohama DNA was able to detect bacte-
rial DNA over a linear range between [0 fg (2.4 bacterial
cells) and 10 ng (2.4 x 10° bacterial cells) per reaction mix-
ture (r2 =0.99) (Fig. 1). On the basis of three independent
experiments, the detection limit was a threshold cycle (C;) of
37.6 £ 0.3, corresponding to 2.4 cells of the Tohama. The
analytical sensitivity of the 1548/ real-time PCR was equal to
that of the B. pertussis-specific LAMP assay [I1].

[*3 Y
o o
tot
o

C, (threshold cycle)
n
o

10 10° 10" 102 10° 104 10° 108 107
B. pertussis DNA (fg)

FiG. |, Detection limit for linear calibration of IS48/ real-time PCR.
Serial dilutions of Bordetella pertussis Tohama DNA were subjected
to the real-time PCR. Data are the mean % SD for three indepen-

dent experiments.

Fifty-nine LAMP-positive (19 adults and 40 children) and
24 LAMP-negative DNA samples (six adults and 18 children,
randomly selected) were subjected to the S48/ real-time
PCR. The LAMP-positive samples had C, values in the range
14.6-39.5 (mean 29.7). By contrast, when the real-time PCR
assay was applied to the LAMP-negative samples, the C, val-
ues were in the range 37.2-40 (mean 39.7) (data not shown).
Twenty (83%) of 24 LAMP-negative samples had a C; value
of 40 (i.e. no detectable amplification). The 1548/ real-time
PCR and LAMP results showed a high level of agreement
(77/83; 93%) with 55/83 found to be positive in both assays
and 22/83 found to be negative in both assays, when a C,
value >37.6 was used as the cut-off for the real-time PCR.

B. pertussis DNA loads among children and adults

Figure 2a shows C, values of LAMP-positive DNA samples
from 40 children (mean age 6.0 years; age range 0-15 years)
and |9 adults (mean age 43.3 years; age range 22-83 years).
The child samples had C, values in the range 14.6-39.5 (mean

-
0
~—

P <0.001
404 l '
& *
:g " ! 349
3 -
& —?— 271
ke
Q
£ 204
3 -
E .
= 104
[$)
0.
Children Adults
(n = 40) (n=19)
(b)
P<0.05
o % .
I &
) 1 »
& 301 * —-i—— 201
2 —— 235 ]
£ 204 [
g 5 >
E .
Z- 104
(1]
Infants Older children
(n=14) (n = 26)

FiG. 2. Comparison of Bordetella pertussis DNA loads in nasopharyn-
geal swabs among children and adults with pertussis. (a) Children
(infant and older children, n = 40) versus adults (n = 19). (b) Infants
(n = 14) versus older children (n =26). The DNA samples (2 ul)
were subjected to IS48/ real-time PCR. Horizontal bars indicate

mean C, values.
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27.1), whereas the adult samples had significantly higher C
values in the range 29.1-39.0 (mean 34.9) within a narrow
range. Statistical significance was observed with respect to
the C. values between children and adults (p <0.001).
Figure 2b also shows C, values of LAMP-positive DNA
samples from |4 infants (mean age 2.9 months; age range 1-6
months) and 26 older children (mean age 9.2 years; age
range 2—15 years). The infant samples had C; values in the
range 14.6-33.8 (mean 23.6). By contrast, the older child
samples had higher C values in the range 18.8-39.5 (mean
29.1) (p 0.011).

The clinical information about cough duration was
obtained from 16 adult patients. Eight adults had a cough
duration of less than |4 days (mean 8.6 days) at the time of
sampling, and other adults had a duration of more than
15 days (mean 30.3 days). The C values (mean C; value of
<14 days, 35.9; >15 days, 34.8) were not statistically signifi-
cant between these two groups (p 0.92) (data not shown).

Relationship of B. pertussis DNA loads and bacterial
genotypes

On the basis of the MLST analysis, Japanese B. pertussis iso-
lates could be classified into five genotypes (MLST-I to
MLST-5), as described previously [2]. Among 40 children
NPS samples, the MLSTs in 33 samples were identified as: 17
MLST-| (harboring ptxA2, prnl and fim3A alleles); 14 MLST-2
(ptxAl, prn2 and fim3A); and two MLST-4 (pxAl, pm2 and
fim3B). The mean C. values for MLST-I, -2, and -4 were
27.0, 24.8, and 28.6, respectively. Comparison of C; values
for MLST-1 and -2 revealed no statistically significant differ-
ence (p 0.27) (data not shown). Among the infants and older
children, no correlation was found between B. pertussis DNA
loads and the bacterial genotypes.

Discussion

To our knowledge, this is the first report of a precise com-
parative analysis of B. pertussis loads in adults and children.
The results obtained clearly indicate that adults had very low
B. pertussis DNA loads in their NPS compared to children,
especially infants. When bacterial loads in NPS were calcu-
lated for B. pertussis Tohama cells using a standard curve, the
mean numbers of bacterial cells taken with a rayon-tipped
swab from aduits, older children and infants were estimated
to be 320 (95% CI 120-910), 2.1 x 10* (95% CI 5.3 x 10° to
83x10%) and 1.1x10° cells (95% CI 12x10° to
8.9 x 10%), respectively (Table 2). Surprisingly, the bacterial
numbers in adults were 340-fold and 65-fold lower than

those in infants and older children, respectively. In general,

&2010 The Authors

TABLE 2. Number of Bordetella pertussis cells taken with a
rayon-tipped swab from infant, child and adult patient

Number Mean age B. pertussis

Patient of patients  (range) celisiswab (95% CI)*

Infant 14 25 months 11X 10% {12 % 10° t0 89 X 109
{16 months)

Older child 26 92 years 21 % 107 (5.3 % 10° t0 83 x 10%
(2-15 years)

Adult 19 433 years 320 {120-510)
(22-83 years)

*Bacterial cells were calculated for B. pertussis Tohama cell.

adults with pertussis showed only prolonged cough illness
and had less typical symptoms than children [3,6-9]. In addi-
tion, vaccinated asymptomatic children had significantly fewer
B. pertussis than symptomatic patients [21]. Our experimental
observations strongly suggest that the lower nasopharyngeal
bacterial load in adults is related to the atypical and milder
symptoms in adult pertussis.

Previously, Bidet et al. [I6] demonstrated that B. pertussis
DNA loads in NPS decreased progressively during antibiotic
treatment in children. Several factors are also considered to
affect B. pertussis load in the human nasopharynx, including
patient age, previous vaccination or infection, and host
genetic background. In the present study, infants had a larger
B. pertussis DNA load than older children, and most (85%) of
the infants had not received pertussis vaccination, whereas
most (83%) of the older children had received four doses of
the vaccine. Our findings support the hypothesis that the
B. pertussis DNA load is affected by vaccination. Unfortu-
nately, this does not apply to adults because pertussis vac-
cines are unable to provide lifelong immunity [22]. The
duration of immunity post-vaccination is estimated to be in
the range 4-|2 years and, therefore, the bacterial loads
in adults may be affected by other factor(s) besides the
vaccination.

B. pertussis culture has been taken as a gold standard diag-
nostic method because it is highly specific. However, the cul-
ture has limited sensitivity for previously vaccinated persons,
especially adolescents and adults [5,8,9]. In the present study,
we demonstrated that adults with pertussis had very low
B. pertussis DNA loads in their NPS during both early and
later stages of the cough illness. This finding suggests that
the diagnosis of pertussis by bacterial culture is difficult in
adults even if NPS are obtained in the early stage of the ill-
ness. Compared with the culture method, nucleic acid ampli-
fication tests such as [S48/-based real-time PCR and
B. pentussis-specific LAMP provide a highly sensitive proce-
dure for detection of B. pertussis DNA [11,13,14]. On the
basis of our findings, we recommend the performance of
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nucleic acid amplification tests for an accurate diagnosis
of pertussis, especially when adult pertussis cases are
suspected.

During the last three decades, genetic divergence in B. per-
tussis has been observed in many countries [23-27]. In Japan,
the circulating strains have shifted mainly from MLST-1 to
MLST-2. The MLST-| strains include vaccine-types ptxA2 and
prnl alleles, whereas the MLST-2 strains include nonvaccine-
types ptxAl and prn2 alleles [2]. This genetic shift has been
speculated to have resulted from adaptation of the bacterial
population to vaccine-induced immunity [23,24,28,29]. The
bacterial load of the emerging MLST-2 strains in the naso-
pharynx has not previously been investigated. We therefore
examined the bacterial DNA loads of MLST-2 and MLST-|
strains but found no association between the DNA loads
and their genotypes among infants and older children. This
would suggest that emerging MLST-2 strains have the ability
to produce similar bacterial loads to those of the the MLST-
| strains.

In conclusion, the B. pertussis DNA load in NPS depends
highly on patient age. Adults had very low B. pertussis DNA
loads and organism numbers in their NPS during both the
early and later stages of the cough illness, and this explains
the culture-negative results in adult pertussis cases. To make
an accurate diagnosis of adult pertussis, nucleic amplification
tests such as the 1S48/ real-time PCR and B. pertussis-specific
LAMP assays are recommended as sensitive methods.
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