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PBST were allowed to react for 1 h at 37°C. After wash-
ing 4 times with PBST, donkey anti-human IgG (H+L)
conjugated to horseradish peroxidase (Jackson Immu-
noResearch Laboratory Inc.) diluted 1:1000 in 2.5%
skim milk in PBST was added. The plates were incu-
bated for 1 h at 37°C, then washed 4 times with PBST,
and o-phenylenediamine-2HC1 substrate was added.
The OD was read by spectrophotometry at 492 nm. As
the mean OD of the control samples was 0.047 + 0.026,
we defined 0.124 (mean + 3 SD) as the baseline value
in this study.

Statistical analyses

Statistical analyses were performed using JMP7 (SAS
Institute, Cary, North Carolina, USA). A Mann-Whit-
ney U-test was used to compare the levels of rotavirus
antigenemia between sera collected from transplant
recipients and immunocompetent rotavirus gastro-
enteritis patients (days 1, 3, and 5). The antigen
levels in 16fold and 4-fold diluted serum samples
were compared using a Wilcoxon’s signed-ranks test.
The anti-rotavirus IgG antibody levels with and with-
out rotavirus antigenemia were compared using a
Student’s #test.

To elucidate risk factors for rotavirus antigenemia
in transplant recipients, pre-transplant variables and
transplant variables were compared between recipi-
ents with and without antigenemia. Pre-transplant vari-
ables included age, gender, and underlying diseases.
Transplant variables included TBI, ATG, HLA match-
ing, type of graft source, and acute GVHD. The ages
of the recipients with and without rotavirus antigen-
emia were compared using a Student’s ftest. Odds
ratios (and 95% confidence intervals) were based on
2 x 2 contingency tables and were calculated to
assess the association between rotavirus antigenemia
and demographics. The significance of measurement
was determined by chi-square and Fisher's exact
tests.

Results

Rotavirus antigen was detected in 43 (6.8%) of 633
serum samples (8 of 62 patients). The kinetics and
season of rotavirus antigenemia are shown in
Figure 1. Rotavirus antigenemia lasted between 1 and
10 weeks. Rotavirus antigenemia started within
4 weeks of the transplant in all 8 recipients. Although
the endemic seasons for rotavirus gastroenteritis are
generally in the winter and spring in Japan, rotavirus
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antigenemia was observed in non-endemic periods in
Cases 1, 2, 3, 4, and 7. Figure 1 also shows a tempo-
ral relationship between rotavirus antigenemia and
diarrhea. Diarrhea was concurrent with rotavirus anti-
genemia in Cases 3, 6, 7, and 8. Meanwhile, rotavirus
antigenemia persisted after the cessation of diarrhea
in Cases 6 and 7. Moreover, diarrhea was not
observed during rotavirus antigenemia in Cases 1, 2,
and 5.

To determine whether the amount of serum rotavi-
rus antigen was higher in HSCT recipients than in
immunocompetent rotavirus gastroenteritis patients,
the antigen levels were compared between the 2
groups (Fig. 2). As expected, rotavirus antigen
peaked on day 3 after illness onset in the serum
samples collected from immunocompetent rotavirus
gastroenteritis patients. The levels of rotavirus anti-
genemia in the transplant recipients (0.22 + 0.19) and
day 5 serum samples collected from immunocompe-
tent rotavirus gastroenteritis patients (0.19 + 0.20)
were similar (P = 0.9060). The level of viral antigen in
the transplant recipients was significantly lower than
that observed in either day 1 (0.49 + 0.18, P = 0.0011)
or day 3 (0.63 + 0.09, P = 0.0005) of serum samples
collected from immunocompetent rotavirus gastro-
enteritis patients. Although a remarkable peak in
rotavirus antigen levels was observed in immunocom-
petent rotavirus gastroenteritis patients (11), no such
peak was seen in the kinetics of rotavirus antigenemia
in HSCT recipients (data not shown).

As rotavirus antigenemia levels were low in HSCT
recipients, antigen level was measured using less dilute
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Fig. 1. Associations between rotavirus antigenemia (black boxes)

and diarrhea (shaded bars) are shown. White boxes indicate anti-
genemia-negative serum samples.
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Fig. 2. Comparison of rotavirus antigen levels between immuno-
competent rotavirus gastroenteritis patients and hematopoietic stem
cell transplant (HSCT) recipients. *Days after onset of the illness.
OD, optical density.

sera (1:4) to determine whether these positive samples
contained low levels of rotavirus antigen. Forty-three
antigen-positive serum samples and 40 randomly
selected antigen-negative samples were used in this
experiment (Fig. 3). The lower dilutions of antigen-
positive serum samples (1:4) demonstrated signifi-
cantly higher rotavirus antigen levels than the 1:16
diluted sera (P < 0.0001). However, no statistical differ-
ence was observed between 1:4 and 1:16 dilutions of
antigen-negative samples (P = 0.2733). In addition, the
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immune response against rotavirus was also examined
to confirm rotavirus infection; only one recipient with
rotavirus antigenemia demonstrated a marked increase
in rotavirus IgG antibody titers (Fig. 4).

Table 1 summarizes the results of statistical analyses
identifying risk factors for rotavirus antigenemia in
HSCT recipients. No statistical difference was seen
between the ages of recipients with (7.4 + 5.6 years)
and without (8.3 + 5.1 years) rotavirus antigenemia
(P = 0.652). Moreover, neither gender (P = 0.312) nor
underlying disease (P = 0.368) correlated with occur-
rence of rotavirus antigenemia. Of the 4 transplant-
related variables, neither having received TBI
(P = 0.955), having received ATG (P = 0.080), compli-
cations from acute GVHD (P = 0.705), nor type of graft
source (related vs. unrelated; P = 0.827, related vs.
cord blood; P =0.760, related vs. peripheral blood
stem cell transplant; P = 0.206) were associated with
occurrence of rotavirus antigenemia. However, a
patient who received a graft from an HLA-mismatched
donor was at significant risk for rotavirus antigenemia
(P = 0.024; odds ratio = 9.44) in comparison to patients
who received a graft from an HLA-matched donor.

Discussion

Although it has been reported that rotavirus can
cause severe clinical manifestations in immuno-
compromised transplant recipients (1-4), few studies
have been conducted to elucidate the full spectrum of
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Fig. 3. Comparison of rotavirus antigen levels between 16-fold and 4-fold diluted serum samples to determine rotavirus antigenemia. OD,
optical density. (A) Antigenemia positive (n = 43). (B) Antigenemia negative (n = 40).
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Fig. 4. Kinetics of antirotavirus immunoglobulin G (IgG) antibody
titers in rotavirus antigenemia-positive patients (# = 8). IgG anti-
body titers were determined using enzyme-linked immunosorbent
assay. OD, optical density.

rotavirus infection in transplant recipients (4, 19-21).
In this study, rotavirus antigen was detected in 43/
633 (6.8%) serum samples, and rotavirus antigenemia
was observed in 8/62 (12.9%) transplant recipients. To
the best of our knowledge, this is the first study that
demonstrates rotavirus antigenemia in transplant
recipients. Stelzmueller et al. (4) demonstrated that
rotavirus infection was observed in 1.5% of solid organ
transplant (SOT) recipients, and the highest fre-
quency of rotavirus infections was observed in
pediatric liver transplant recipients (52%) based on
conventional rotavirus antigen detection analysis of
stool samples. In addition, previous reports have iden-
tified rotavirus infection in 10-12% of pediatric BMT
recipients (1, 20). Thus, although the clinical speci-
mens used to detect rotavirus antigen were different,
the frequency of antigenemia in our pediatric HSCT
recipients was similar to previous studies (1, 20).

Both rotavirus-specific neutralizing antibodies and
CD8" cytotoxic T cells have been shown to play
important roles in terminating rotavirus infection (22—
25). In addition to adaptive immunity, it has been
suggested that the innate immune response is also
important for protecting the host from rotaviral infec-
tion (13, 26). Thus, it is likely that rotaviral infection
would be more severe in transplant recipients with
severe immunosuppression than in immunocompetent
children. Persistent rotavirus excretion in the stool
has been documented in children with a congenital
T-cell deficiency (27) and BMT recipients (5). We pre-
viously reported that the duration of rotavirus antigen-
emia in immunocompetent rotavirus gastroenteritis
patients was short (11). Our present study suggests
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that rotavirus antigenemia persists for a longer period
in transplant recipients, and this corresponds to rota-
virus excretion in the stool (5).

To confirm specificity of the low levels of antigen-
emia in transplant recipients, antigen levels were mea-
sured in less diluted serum samples (Fig. 3). As less
dilute (1:4) sera demonstrated statistically higher lev-
els of antigen than that of a higher dilution (1:16), we
considered that serum demonstrating low level of anti-
gen really contained low levels of rotavirus antigen.
Ray et al. (8) and Blutt et al. (9) reported that serum
rotavirus antigen levels were negatively associated
with rotavirus antibody levels in children with rotavi-
rus antigenemia. Moreover, serum rotavirus antigen
levels were significantly lower in patients who had a
subsequent infection than in those with primary infec-
tion (7). The ages of the patients in this study ranged
between 8 months and 23 years old. Thus, most of
the recipients in this study could have previously had
a primary rotavirus infection, which may have caused
their lower levels of "rotavirus antigen. Further
detailed immunologic analysis of rotavirus infection is
needed to clarify the pathogenesis of the characteris-
tic kinetics of rotavirus antigenemia (low levels and
long duration) observed in HSCT recipients.

Seven of 8 recipients with rotavirus antigenemia
failed to demonstrate an antibody response against
rotavirus. There are 2 possible explanations for such
a low immune response rate. One is low immunoge-
nicity of the low levels of antigenemia, and another is
severe immunosuppression in transplant recipients.
Although it is not clear whether positive antigenemia
indicates active rotaviral infection, a serological assay
is insufficient for monitoring rotavirus antigenemia in
HSCT recipients.

It has been suggested that rotavirus can cause
severe diarrhea (1, 3-5) and toxic megacolon (28), and
may be confused with enteric GVHD (29), which
results in significant morbidity in transplant recipients.
As shown in Figure 1, persistent diarrhea and rotavirus
antigenemia were concurrent in Cases 3, 6, 7, and 8.
Meanwhile, rotavirus antigenemia persisted for a few
weeks after the resolution of diarrhea in Cases 3, 6,
and 7. Diarrhea was not observed in the 2 cases with
persistent rotavirus antigenemia. Although it would be
difficult to prove an association between rotavirus anti-
genemia and persistent diarrhea, because no complete
examinations were carried out to exclude all other
pathogens that would cause diarrhea, the current
findings suggest that rotavirus antigenemia may be
involved in the persistent diarrhea in HSCT recipients
in some recipients. It was difficult to determine how
many patients without rotavirus antigenemia had
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diarrhea during the observation period following trans-
plantation, because this study was a retrospective study
using stored serum samples. Therefore, future prospec-
tive study is needed to elucidate the precise association
between rotavirus antigenemia and diarrhea.

Moreover, asymptomatic rotavirus antigenemia was
demonstrated in these patients. Asymptomatic rotavi-
rus excretion in stool has also been reported in HSCT
recipients, which could potentially make them index
cases for nosocomial rotavirus infections (19). Thus,
it is important to elucidate the ability of virus to be
transmitted from asymptomatic rotavirus antigenemia
patients. A prospective study that concurrently moni-
tors rotavirus antigenemia and viral excretion in the
stool is currently underway.

Notably, the timing after transplantation and occur-
rence of rotavirus antigenemia in non-endemic sea-
sons in HSCT recipients were quite different from
expected. According to a previous study based on
detecting rotavirus antigen in stool, the median dura-
tion of rotavirus infection is 20 days after SOT (). In
our study, rotavirus antigenemia started within
4 weeks after transplant in all 6 cases except for
Cases 7 and 8. Six of the 8 recipients were cared for
in laminar airflow rooms at the beginning of rotavirus
antigenemia. Although medical personnel may have
caused nosocomial transmission, the likelihood of this
possibility is very low, because standard precautions
were thoroughly followed. Kang et al. (20) detected
rotavirus antigen in the stool of an HSCT recipient at
the time of pre-ransplant screening. From a clinical
standpoint, a large-scale molecular epidemiological
study is needed to elucidate the route of viral trans-
mission in HSCT recipients. In addition to the timing
of rotavirus antigenemia, the seasons in which the
rotavirus antigenemia occurred are another remark-
able finding in this study. Although the endemic sea-
sons in Japan for rotavirus infection are the winter
and spring, rotavirus antigenemia was observed in the
summer and fall in several cases (Fig. 1). Recently, a
similar finding was demonstrated in SOT recipients
(4). One possible mechanism for rotavirus antigen-
emia outside of its endemic season is the persistence
of rotavirus infections in immunocompromised
patients. Further human or animal studies are neces-
sary to determine whether rotavirus can persistently
infect a host.

We believe that this is the first report to demonstrate
HLA mismatches as a significant risk factor for rota-
virus antigenemia after HSCT, which is similar to
Epstein-Barr virus (EBV) infection (30). ATG adminis-
tration, which is another well-known risk factor for
EBYV infection after HSCT (30), tended to be a risk for
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rotavirus antigenemia, though it did not reach the level
of statistical significance. Several characteristic factors
have been suggested to pose significant risks for each
viral infection in HSCT recipients. The present study
suggests that the risk factors for rotavirus antigenemia
are similar to those for EBV infection after HSCT. If the
clinical significance of rotavirus antigenemia in HSCT
recipients is confirmed, predictions about patients at
high risk for rotavirus antigenemia would be important
for improving their prognosis. Further clinical analysis
of rotavirus antigenemia should be continued to deter-
mine the significance of rotavirus antigenemia on the
morbidity or mortality of HSCT recipients.

Acknowledgements:

Funding: Funding for this research was obtained from
Research Promotion of Emerging and Re-emerging
Infectious Diseases (H21-Shinko-009) from the Minis-
try of Health, Labour and Welfare of Japan.

Presentation: These data were presented at the 47th
Annual Meeting of the Infectious Diseases Society of
America, Washington, D.C., October 2008.

References

1. Yolken RH, Bishop CA, Townsend TR, et al. Infectious gastro-
enteritis in bone-marrow-transplant recipients. N Engl J Med
1982; 306: 1010-1012.

2. Willoughby RE, Wee SB, Yolken RH. Non-group A rotavirus
infection associated with severe gastroenteritis in a bone
marrow transplant patient. Pediatr Infect Dis J 1988; 7: 133-135.

3. Kanfer EJ, Abrahamson G, Taylor ], Coleman JC, Samson DM.
Severe rotavirus-associated diarrhoea following bone marrow
transplantation: treatment with oral immunoglobulin. Bone
Marrow Transplant 1994; 14: 651-652.

4. Stelzmueller I, Wiesmayr S, Swenson BR, et al. Rotavirus
enteritis in solid organ transplant recipients: an underestimated
problem? Transpl Infect Dis 2007; 9: 281--285.

5. Liakopoulou E, Mutton K, Carrington D, et al. Rotavirus as a
significant cause of prolonged diarrhoeal illness and morbidity
following allogeneic bone marrow transplantation. Bone Marrow
Transplant 2005; 36: 691-694.

6. Blutt SE, Kirkwood CD, Parreno V, et al. Rotavirus antigenaemia
and viraemia: a common event? Lancet 2003; 362: 1445-1449.

7. Fischer TK, Ashley D, Kerin T, et al. Rotavirus antigenemia in
patients with acute gastroenteritis. J Infect Dis 2005; 192: 913-919.

8. Ray P, Fenaux M, Sharma S, et al. Quantitative evaluation of
rotaviral antigenemia in children with acute rotaviral diarrhea.

J Infect Dis 2006; 194: 588-593.
9. Blutt SE, Matson DO, Crawford SE, et al. Rotavirus antigenemia
in children is associated with viremia. PLoS Med 2007; 4: e121.

10. Crawford SE, Patel DG, Cheng E, et al. Rotavirus viremia and
extraintestinal viral infection in the neonatal rat model. J Virol
2006; 80: 4820-4832.

Transplant Infectious Disease 2011:0: 1-8 7



Sugata et al: Rotavirus antigenemia after transplantation

11.

12.

14.

15.

16.

17.

18.

19.

Sugata K, Taniguchi K, Yui A, et al. Analysis of rotavirus anti-
genemia and extraintestinal manifestations in children with rota-
virus gastroenteritis. Pediatrics 2008; 122: 392-397.

Feng N, Kim B, Fenaux M, et al. Role of interferon in homolo-
gous and heterologous rotavirus infection in the intestines and
extraintestinal organs of suckling mice. J Virol 2008; 82: 7578
7590.

. Aich P, Wilson HL, Kaushik RS, Potter AA, Babiuk LA, Griebel

P. Comparative analysis of innate immune responses following
infection of newborn calves with bovine rotavirus and bovine
coronavirus. J Gen Virol 2007; 88: 2749-2761.

Azuma E, Kojima S, Kato K, et al. Conditioning with cyclophos-
phamide/antithymocyte globulin for allogeneic bone marrow
transplantation from HLA-matched siblings in children with
severe aplastic anemia. Bone Marrow Transplant 1997; 19:
1085-1087. .

Matsuyama T, Horibe K, Kato K, Kojima SS. Bone marrow
transplantation for children with acute myelogenous leukaemia
in the first complete remission. Eur J Cancer 2000; 36: 368-375.
Kojima S, Inaba J, Yoshimi A, et al. Unrelated donor marrow
transplantation in children with severe aplastic anaemia using
cyclophosphamide, anti-thymocyte globulin and total body irra-
diation. Br J Haematol 2001; 114: 706-711.

Taniguchi K, Urasawa T, Urasawa S, Yasuhara T. Production of
subgroup-specific monoclonal antibodies against human rotavi-
ruses and their application to an enzyme-linked immunosorbent
assay for subgroup determination. ] Med Virol 1984; 14: 115-125.
Taniguchi K, Urasawa T, Morita Y, Greenberg HB, Urasawa S.
Direct serotyping of human rotavirus in stools by an enzyme-
linked immunosorbent assay using serotype 1-, 2-, 3-, and 4-spe-
cific monoclonal antibodies to VP7. J Infect Dis 1987; 155: 1159—
1166.

van Kraaij MG, Dekker AW, Verdonck LF, et al. Infectious gas-
tro-enteritis: an uncommon cause of diarrhoea in adult alloge-
neic and autologous stem cell transplant recipients. Bone
Marrow Transplant 2000; 26: 299-303.

Transplant Infectious Disease 2011:0: 1-8

20.

21

22.

23.

24.

25.

26.

27.

28.

30.

Kang G, Srivastava A, Pulimood AB, Dennison D, Chandy M.
Etiology of diarrhea in patients undergoing allogeneic bone
marrow transplantation in South India. Transplantation 2002; 73:
1247-1251.

Kamboj M, Mihu CN, Sepkowitz K, Kernan NA, Papanicolaou
GA. Work-up for infectious diarrhea after allogeneic hematopoi-
etic stem cell transplantation: single specimen testing results in
cost savings without compromising diagnostic yield. Transpl
Infect Dis 2007; 9: 265-269.

Franco MA, Greenberg HB. Immunity to rotavirus infection in
mice. J Infect Dis 1999; 179 (Suppl 3): S466-S469.

Franco MA, Tin C, Rott LS, VanCott JL, McGhee JR, Greenberg
HB. Evidence for CD8 + T-cell immunity to murine rotavirus in
the absence of perforin, fas, and gamma interferon. J Virol
1997; 71: 479-486.

Green KY, Kapikian AZ. Identification of VP7 epitopes associ-
ated with protection against human rotavirus illness or shedding
in volunteers. J Virol 1992; 66: 548-553.

Ward RL. Mechanisms of protection against rotavirus in
humans and mice. J Infect Dis 1996; 174(Suppl 1): S51-S58.
Barro M, Patton JT. Rotavirus nonstructural protein 1 subverts
innate immune response by inducing degradation of IFN
regulatory factor 3. Proc Natl Acad Sci U S A 2005; 102: 4114~
4119.

Wood DJ, David TJ, Chrystie IL, Totterdell B. Chronic enteric
virus infection in two T-cell immunodeficient children. J] Med
Virol 1988; 24: 435-444.

Stelzmueller I, Dunst KM, Hengster P, et al. A cluster of rotavi-
rus enteritis in adult transplant recipients. Transpl Int 2005; 18:
470-474.

. Troussard X, Bauduer F, Gallet E, et al. Virus recovery from

stools of patients undergoing bone marrow transplantation.
Bone Marrow Transplant 1993; 12: 573-576.

Curtis RE, Travis LB, Rowlings PA, et al. Risk of lymphoprolif-
erative disorders after bone marrow transplantation: a multi-
institutional study. Blood 1999; 94: 2208-2216.

— 408 —



‘@ prosene

OPEN @ ACCESS Freely available online

Prevalence and Genetic Characterization of Pertactin-
Deficient Bordetella pertussis in Japan

Nao Otsuka, Hyun-Ja Han"®, Hiromi Toyoizumi-Ajisaka, Yukitsugu Nakamura, Yoshichika Arakawa"™®,

Keigo Shibayama, Kazunari Kamachi*

Department of Bacteriology Ii, National institute of Infectious Diseases, Tokyo, Japan

Citation: Otsuka N, Han H-J, Toyoizumi-Ajisaka H, Nakamura Y, Arakawa Y, et al. (2012) Prevalence and Genetic Characterization of Pertactin-Deficient Bordetella
pertussis in Japan. PLoS ONE 7(2): e31985. doi:10.1371/journal.pone.0031985

Editor: Eliane Namie Miyaji, Instituto Butantan, Brazil
Received September 15, 2011; Accepted January 19, 2012; Published February 14, 2012

Copyright: © 2012 Otsuka et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by grants for Research on Emerging and Re-emerging Infectious Diseases (09158691 and 09158699) from the Ministry of
Health, Labor and Welfare of Japan. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: kamachi@nih.go.jp.

Competing Interests: The authors have declared that no competing interests exist.

na Current address: National Fisheries Research and Development Institute, Busan, Republic of Korea
1b Current address: Nagoya University Graduate School of Medicine, Nagoya, Japan

Introduction

Bordetella pertussis is the causative agent of pertussis or whooping
cough, a highly contagious discase of the human upper respiratory
tract. Adolescents and adults arc its primary reservoir and play a
crucial role in the transmission of the microbe to infants and
unvaccinated children [1,2]. Immunization is the most effective
method for the prevention and control of pertussis. In Japan,
acellular pertussis (aP) vaccines were introduced in 1981 and
pertussis has been controlled by means of a schedule of three
primary doses and a single booster dosc at ages 3, 4, 5, and 18-23
months. The vaccine coverage with three primary does has been
=90%.

B. pertussis produces several virulence factors that contribute to
its adherence to the respiratory ciliate epithelium. The virulence
factors pertussis toxin (PT) and filamentous hacmagglutinin (FHA)
are critical antigens responsible for inducing immunity to B.
pertussis and are included as major antigens in aP vaccines. Some
aP vaccines include either the virulence factor pertactin (Prn) and/
or fimbriac (Fim) as additional antigen(s). Among four currently
used Japanese aP vaccines, two vaccines contain Prn (5-7.5 pig per
0.5 ml dose) and Fim?2 (1 pg/dosc), and others do not contain both
Prn and Fim?2 [3]. In contrast, aP vaccines widely used in Europe
and the USA contain from 3 to 8 ug per dose of Prn: Infanrix,

@ PLoS ONE | www.plosone.org

8 nug; DAPTACEL, 3 pg. The three-component aP vaccine
containing PT, FHA, and Prn is more effective than the two-
component aP vaccine consisting of only PT and FHA [4,5]. In
vaccine cfficacy trials, the anti-Prn antibody level correlates with
clinical protection, suggesting an important role for Prn in
immunity [6]. In vitro studies also show that anti-Prn antibody
is crucial for opsonophagocytosis [7].

Prn belongs to the type V autotransporter family whose
members undergo autoproteolytic processing; mature Prn is a
69-kDa protein that is attached to the bacterial cell surface
[8,9,10]. This protein contains an RGD (Arg-Gly-Asp) motif,
which is implicated in ligand-receptor interactions in cukaryotes
[11]. Prn is considered to function as an adhesin that can bind
human epithelial cells; however, the host receptor for Prn has not
been identified. Besides its potential role as an adhesin, Bordelella
bronchiseptica Prn has been shown to function as a phage receptor
[12,18]. During the last decade, Prn polymorphism has been
described among B. pertussis strains circulating worldwide. Prn
variation is mainly limited to 2 regions, designated as region 1 (R1)
and region 2 (R2), which arc composed of the repeat motifs
(GGXXP)n and (PQP)n, respectively [14]. Most variations are
found in R1, which is located adjacent to an RGD motif. Thirteen
Prn variants have been identified so far [15,16]. In Japan, Prnl
and Prn?2 variants currently predominate; however, the vaccine-
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type Prnl has been gradually replaced with the nonvaccine-type
Prn2 since the mid-1990s [17]. A recent study shows that the
ability of B. pertussis strains to colonize mouse lung decreases in the
order Prnl1>Prn2 and Prn3 [18].

B. pertussis Prn” isolates are present in Europe [19,20]. The
Prn” isolates were collected in Italy (n= 1) and France (n=4), and
this phenotype is duc to the deletion of prn or insertion of the
1S481 element. The 1S481 is present in multiple copies in the B.
pertussis chromosome, causing frequent chromosomal rearrange-
ments and deletions [21,22]. The emerging Prn™ strains raise the
possibility that the prevalence of Prn™ strains reduces the efficacy
of aP vaccines containing Prn. Here, we identified the significant
prevalence of Prn™ strains recently circulating in Japan. To obtain
detailed insights into these strains with respect to their genetic,
temporal, and geographical characteristics, we performed se-
quence analysis and multilocus variable-number tandem repeat
analysis (MLVA). Using an in vitro growth competition assay, we
attempted to gain insights into the biological mechanisms
responsible for the prevalence of Prn™ strains.

Results

Identification of Prn~ isolates

B. pertussis Prn expression was analyzed by immunoblotting with
anti-Prnl antiserum. Figure 1 shows a representative blot of 6 Prn-
positive and 4 negative isolates. Total 33 Prn™ isolates were identified
among 121 B. pertussis isolates collected in 1990-2009 in Japan, which
we acquired from the National Institute of Infectious Discases (N1ID),
Japan. Interestingly, all Prn™ isolates harbor vaccine-type pml/ and
ptxA2 alleles. 'The expression of other virulence factors PT, FHA, and
Fim3 was detected in the recent Prn™ isolates (collected in 2005—
2009) by immunoblotting and serotyping. Detailed information on
these 121 isolates is listed in Table SI.

Pertactin-Deficient Bordetella pertussis

Sequence analysis of Prn™ isolates

To investigate the molecular basis for the loss of Prn expression
in Prn” isolates, we sequenced the Prn gene of all 33 Prn™ isolates.
Two independent mutations were detected, which had caused the
loss of Prnl: a deletion of the pm/ signal sequence (prn/ASS) and
an IS481 insertion, prnl:1S481 (Figure 2). The pml signal
sequence, which plays an important role in localizing Prn to the
B. pertussis outer cell membrane, was deleted in 24 (73%) out of 33
Prn” isolates. All 24 isolates harboring pmlASS had the same 84-
bp deletion, resulting in the deletion of 28 amino acid residucs
(Val’~Trp™) (Figure 2A). Sccondary structure analysis also
showed that the deleted DNA sequence is predicted to form a
hairpin-loop structure (Figure S1). In contrast, 9 (27%) of 33 Prn™
isolates were shown to contain the IS487 insertion in prel. Eight
1S481 sequences were specifically inserted in the 5'-3" orientation
between a 6-bp direct repeat (ACTAGG, 1593-1598 bp), and 1

was oriented in the opposite direction (Figure 2B).

Temporal and geographical characterization in Prn™
isolates

Figure 3 shows the temporal trend of the frequency of Prn™
strains among 121 B. pertussis isolates according to the year of
collection. The frequencies of Prn~ isolate harboring pmlASS
were 0, 0, 27 and 25% in the periods 1990-1994, 1995-1999,
2000-2004 and 20052009, respectively. In contrast, the frequen-
cies of Prn™ isolates harboring prn/::1S481 were 0, 3, 11 and 7% in
1990-1994, 1995-1999, 2000-2004 and 2005-2009, respectively.
Notably, the total percentage of the Prn™ isolates significantly
increased from the 2000s, i.c., 0% in 1990-1994, 5% in 1995—
1999, 38% in 2000-2004 and 32% in 2005-2009.

During 1990 to 2000, 5 Prn~ isolates (pn/ASS, 4 isolates;
pml:18481, 1 isolate) were collected only in the Kanto district.
Thereafter, Prn™ isolates were collected in several areas during
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Figure 1. Prn expression in B, pertussis clinical isolates. The isolates harboring prn2 allele (BP157, BP159, BP162, BP228, and BP235) and prn1
allele (BP155, BP156, BP232, BP233, and BP243) were cultured on CSM plates. Total protein (10 1g) extracted from the bacterial cells was separated by
SDS-PAGE followed by CBB R-250 staining (left panel). Immunoblots (1 ug protein/lane) were incubated with anti-Prn1, anti-PT or anti-FHA antiserum
(right panel). Ten ng of purified Prn1, PT, or FHA and total protein (1 ug) from B. pertussis Tohama were run on the gel as positive controls.

doi:10.1371/journal.pone.0031985.9001
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Figure 2. Molecular mechanisms of loss of Prn expression. (A) Deletion of the Prn signal sequence (prn1ASS). Prn™ isolates (n=24) have an

84-bp deletion, resulting in a 28-amino acid deletion (Val® to Trp®) in the

N-terminal region. (B) IS487 insertion mutation in Prn1 gene (prn1:15481).

Eight Prn ™ isolates have an 15481 insertion in the forward direction at the 6-bp direct repeats (ACTAGG, 1593-1598 bp) of prn7, and 1 isolate had the

insertion in the reverse.
doi:10.1371/journal.pone.0031985.g002

2001 to 2009 (Figure 4). In the period from 2000 to 2009, 20 Prn
isolates harboring pm/ASS were collected from Tohoku, Kanto,
Chubu, Kinki, and Kyushu districts, and 8 Prn  isolates harboring
pral:1S481 were collected from Kanto, Chubu, Kinki, Shikoku,
and Kyushu. These findings indicate that Prn isolates were
present nationwide since 2000.

Molecular epidemiology of Prn isolates

Thirty-three Prn~ and 88 Prn" isolates collected by the NIID
between 1990 and 2009 were subjected to MLVA. Among the 121
isolates, 33 different MLVA types were identified, of which 10

[] Prn* Prn~ harboring ] Prn™ harboring
b prn1ASS prn1::15481
100
» .
» 80
-
I
© 60
2
S 40
R
20 A
0 p—— T
1990-1994 1995-1999 2000-2004 2005-2009
(n=8) (n=19) (n=237) (n=57)

Figure 3. Temporal trend of the occurrence of Prn" isolates in
Japan. The frequencies of Prn~ isolates harboring prn1ASS and
prn1:15481 were based on 121 B. pertussis isolates collected during
1990-2009. Prn" indicates Prn-expressing isolate.
doi:10.1371/journal.pone.0031985.g003
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were novel (MLVA-223 to -227, -229, -230, -233, -234, and -248)
(Figure 5 and Table S1). T'wenty-six of these MLVA types were
present at low frequencies (cach, =2% of all isolates). Thirty-three
Prn~ isolates belonged to only 3 MLVA types; 24 isolates (73%)
were MLVA-186, 6 isolates (18%) were MLVA-194, and 3 isolates
(9%) were MLVA-226. MLVA-186 was the predominant type
(frequency, 35% of all isolates), whercas MLVA-194 and MLVA-
226 were minor (frequency, 5% and 2%, respectively). The
3 MLVA types were closely related phylogenctically. When
categorized by their mutations, 24 Prn~ isolates harboring pmASS

Hokkaido
(n=0

® Prn™ harboring prn1ASS
@® Prn~ harboring prn7::1S481

Kyushu
(n=12)
J inki =31
6;\ tn=4) (nK;"'f's) =30 200 km

Figure 4. Geographical distribution of Prn~ isolates in Japan
during 2001-2009. Blue and red circles indicate Prn~ isolates
harboring prn1ASS and prn1:15481, respectively. Numbers of isolates
tested are indicated in parentheses.
doi:10.1371/journal.pone.0031985.g004
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Figure 5. Minimum spanning tree of MLVA of Prn~ and Prn" isolates. Total 121 B. pertussis isolates, collected during 1990-2009 in Japan,
were subjected to MLVA: Prn” isolate harboring prn1ASS, 24 isolates; Prn~ isolate harboring prn1:15481, 9 isolates; Prn* isolate, 88 isolates. Each circle
in the tree represents a different MLVA type with the MLVA type number. The distance between neighboring genotypes is expressed as the similarity

value. Prn™ isolates belong to MLVA-186, -194, and -226.
doi:10.1371/journal.pone.0031985.g005

belonged to MLVA-186 (n=16), MLVA-194 (2 =6), and MLVA-
226 (n=2); 9 Prn = isolates harboring pmi::1S481 belonged to
MLVA-186 (n=8) and MLVA-226 (n=1). Thus, MLVA-186 and
MILVA-226 were common to both the Prn~ isolates, whereas only
the Prn™ isolate harboring prm/ASS was typed as MLVA-194.

Growth advantage of Prn ™ isolates

We investigated the growth advantage of Prn™ isolates by an in
vitro growth competition assay. For this purpose, we constructed 2
Prn* back-mutants (Prn™-BP59Sm" and Prn*-BP202Sm") that were
derived from B. pertussis isolates BP59 (pmIASS) and BP202
(pm1::15481), which expressed Prn at a level similar to that of the
B. pertussis vaccine strain ‘Tohama (Figure S2). B. pertussis Tohama
produced Prnl at levels similar to those of other Prn™ isolates
(Figure 1), indicating that the Prn* back-mutants expressed Prnl at
the same levels as those of naturally occurring Prn* isolates. ‘The
Prn" back-mutants also produced PT and FHA at levels equivalent
to their parental strains. Moreover, the expression of Fim2 and/or
Fim3 was confirmed in the Prn* back-mutants by scrotyping (data
not shown).

Figure 6 shows the growth characteristics of the Prn” strain.
When the Prn*-BP202Sm" back-mutant was co-cultured with its
parent, Prn~-BP202Sm’", the percentage of Prn -BP202Sm" cells
increased markedly with time and then reached 100% after 72 h.
Similarly, the percentage of Prn™-BP59Sm" increased, reaching
71% and 78% at 72 and 144 h, respectively. These results indicate
that Prn~ strains have higher growth rates in vitro than their Prn*
back-mutants. Surprisingly, when the Prn~ and Prn” strains were
individually cultured in mSS broth, no significant differences were
observed in their growth rates (data not shown). Furthermore, no
revertant Prn~ strains arising from the Prn® back-mutants were
observed under the individual culture conditions.

Discussion

Here, we demonstrate that B. periussis Prn™ isolates, gencrated
by 2 different mutations, pmASS and pr::1S481, have significantly
increased in Japan since the carly 2000s. The emerging Prn~
isolates were found nationwide in the 2000s and were found to
specifically harbor the vaccine-type pm/ allele. The rate of Prn
isolation from 2005 to 2009 was 32% (18/57). We believe that this

@ PLoS ONE | www.plosone.org

rate is accurate because we investigated all of the isolates (collected
in 2005-2009) present in the NIID strain collections except for
epidemiologically related cases. Recently, Prn™ mutants were also
isolated in France at a rate of 5.6% [20], which is significantly
lower than for Japan. Taken together, our findings confirm the
high prevalence of Prn™ strains in the Japanese B. pertussis
population and raise the question of the pathogenic role of Prnl in
B. pertussis infections.

MLVA analysis revealed that various Prn™ isolates have high
genctic similarity. The Prn™ isolates are mainly of the MLVA type
186. The MLVA type has been found in specific countries, Japan
and Hong Kong, China [23]. The data on the gecographic
distribution of Prn isolates lend support to our hypothesis that the
Prn isolate harboring pm/ASS or prnl:1S481 has clonally
expanded. Interestingly, 3 of 4 French Prn™ isolates have an
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Figure 6. Population dynamics of Prn~ strains in in vitro
growth competition assay. Prn" back-mutants and parental Prn”~
strains were mixed in the ratio 4:1 (Prn*-BP59Sm" versus BP59Sm" or
Prn*-BP202Sm" versus BP202Sm") and cocultured in mSS broth at 36°C.
The bacterial cultures were collected at 0, 36, 72 and 144 h, and plated
on CSM agar plates. The representation of Prn™ strains among 40
colonies was examined by colony-PCR. Data are means and standard
deviations from 3 independent experiments.
doi:10.1371/journal.pone.0031985.g006
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IS481 insertion in pr at the same position as the Japanese Prn™
isolates,and the other French Prn™ isolate has a larger pm deletion
(2.4-kbp) involving the 5'-upstream region and signal sequence
[20]. Unlike Japanese Prn~ isolates, all French Prn isolates
harbor nonvaccine-type pmZ2 alleles, indicating that the Japanesc
Prn” isolates are genetically distinguishable from the French Prn—
isolates.

Japanese Prn~ isolates harboring pm/ASS had an 84-bp
deletion in the pm signal sequence. The deleted DNA sequence
is predicted to form a hairpin loop structure, suggesting that the
DNA loop might be excised from the pml by DNA repair
enzyme(s) (Figure S1). Although the deleted sequence does not
affect the translational reading frame of Prnl gene, a truncated
Prnl precursor was not detected in the Prn™ isolates (Figure 1).
Interestingly, in vitro transcriptional-translation analysis revealed
that the pmIASS gene could be transcribed and translated as a
truncated Prnl precursor (data not shown). This suggests
immediate degradation of truncated Prnl in the bacterial cell. In
contrast, Prn™ isolates harboring prn/::1S481 were disrupted by an
1S481-insertion at a 6-bp direct repeat (ACTAGG, 1593-1598 bp)
in prml. The direct repeats in pml conform to the recognition
sequence of 1S481, NCTAGN [24]. 1S481 1s present in multiple
copies in the B. pertussis chromosome and the number of lost genes
increased with time by IS48/-dependent rearrangement [22,25].
Taken together with information published on French Prn™
isolates, 3 different mechanisms, IS487 insertion and 2 pm
deletions (84-bp and 2.4-kb), have contributed to the loss of Prn
expression in B. pertussis. These gene disruptions strongly suggest
that human host factors (genetic factors and immune status) that
select for Prn~ strains have arisen.

Prn’s adhesin properties have been investigated both in vitro
and in vivo [26,27,28,29]. A recent stucdy showed that B. pertussis
Prn~ mutants colonized less well than Prn™ strains in mice [18]. It
is also known that Prn prevents either bacterial adherence or
internalization or both, to human monocyte-derived dendritic cells
[30] and that it also plays a role in resistance to neutrophil-
mediated clearance [31]. Further, B. bronchiseptica Prn is required
for optimal colonization of the swine respiratory tract [32]. Prn
may therefore play a crucial role in bacterial adhesion and in
survival and colonization in humans. However, here we have
discovered a high prevalence of Prn™ isolates in recent B. pertussis
populations in Japan. This observation strongly suggests that loss
of Prn does not significantly reduce bacterial fitness in the present
environment. Prn is highly conserved among the Bordetella species.
Surprisingly, Prn” isolates of the human pathogen Bordetella
parapertussis have also been found recently in France [33]. This
finding supports our hypothesis that the role of Prn in fitness (or
transmission) has diminished in some hosts.

We demonstrate here that Prn™ strains have a higher growth
potential than their Pro™ back-mutants in vitro (Figure 6). The
increased growth advantage of Prn~ strains provides knowledge
about their biological properties. The most likely explanation for
prevalence of Prn™ strains is vaccine-driven sclection. Prn is an
important antigenic component of most current aP vaccines, and it
plays a role in eliciting protective immunity [4,6,7,34,35], leading
to the suggestion that Prn™ strains have escaped the immune
response to Prn. The herd immunity by aP vaccines could exert
selective pressure for pathogen evolution, like the emergence of the
PT promoter (ptxP3) lincage that produces higher levels of PT
[36]. In fact, Pl strains might be more fit in unvaccinated than
in vaccinated populations [18]. In Japan, four currently used
vaccines are produced from B. pertussis vaccine strain "Tohama; two
vaccines contain Prnl and others do not contain it [3]. The aP
vaccines that can be used interchangeably for routine immuniza-
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tion of infants have been introduced in Japan since 1981.
Subsequently, Prnl clinical strains have been gradually replaced
by Prn2 strains since the mid-1990s [17], and Prn~ strains
significantly increased since the early 2000s (as shown here). These
observations suggest the interesting possibility that Prn~ strains
may have increased fitness in vaccinated populations, i.c., Prnl
strains arc most affected by vaccination with aP vaccines
containing Prnl, whereas Prn2 strains producing non-vaccine
type Prn are not. However, in the present study, the vaccination
status of the majority of patients infected with Prn™ strain was
unknown (Table S1). Thus, the relationship between Prn™ strains
and vaccine efficacy is currently unclear. Further studies now
underway on patients’ background are needed to verify the
hypothesis.

In conclusion, Prn™ strains have significantly increased in B.
pertussis populations since the carly 2000s in Japan. B. pertussis Prn™
strains have also been found in France, as well as among isolates of
the human pathogen B. parapertussis. These observations suggest
that Prn expression may be not essential for fitness of Bordetella
species in the recent host environment and that Prn™ strains may
be fit in humans immunized with aP vaccines. Further analyses
and global surveillance are required to clucidate the emergence of
Prn~ strains.

Materials and Methods

Bacterial strains

We studied 121 B. pertussis clinical isolates collected from 1990
to 2009 in Japan (Table S1). The isolates were selected from the
National Institute of Infectious Discases (NLID) strain collections to
reflect the same temporal distribution of the pm allele [17,37].
Seventy-nine isolates harbor the vaccine-type prml allele, and 41
and 1 isolates harbor nonvaccine-type prn2 and pm9 allele,
respectively. All the isolates were epidemiologically unrelated
cases of pertussis. The isolates were cultured on Bordet-Gengou
agar (Difco) supplemented with 1% glycerol and 15% defibrinated
horse blood and incubated at 36°C for 2-3 days.

Immunoblotting and serotyping

B. pertussis isolates were subcultured on cyclodextrin solid
medium (CSM) [38]. Total protein was extracted from bacterial
cells with SDS-lysis buffer (62.5 mM Tris-HCl, 1% SDS, 10%
glycerol, 5% 2-mercaptocthanol, pH 6.8). Protein samples (1 ug
protein) were subjected to 10% SDS-PAGE, transferred to
nitrocellulose membranes (Bio-Rad), and incubated with anti-
Prnl, anti-FHA, or anti-PT antiserum. Antigen-antibody com-
plexes were visualized using horseradish peroxidase (HRP)-
conjugated secondary antibody (Bio-Rad) and ECL Western
Blotting Detection Reagents (GE Healthcare) and the blots imaged
using a LAS-3000 (Fujifilm, Tokyo, Japan). The anti-Prnl
antiserum was generated in mice with purified Prnl derived from
B. pertussis strain "Tohama.

Scrotyping of B. pertussis isolates was performed in a microplate
agglutination assay using ati-Fim2 and anti-Fim3 monoclonal
antibodies [39]. The anti-Fim2 (NIBSC 04/154) and anti- Fim3
(NIBSC 04/156) antibodies were obtained from the National
Institute for Biological Standard and Control. B. perfussis strain
18323 expressing both Fim2 and Fim3 was used as a positive
control [40].

DNA sequencing

DNA sequencing of PCR fragments representing relevant
regions of pm was performed as described [14,41]. Sequence
reactions were carried out with a BigDye® Terminator v3.1 Cycle
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Sequencing Kit (Applied Biosystems), and the products were
sequenced using an ABI PRISM 3130xl Genetic Analyzer
(Applied Biosystems). The complete open reading frames of all
Prn™ isolates (n=33) were determined.

MLVA

MLVA typing was performed as described previously [23,42].
Six variable-number tandem-repeat loci (VNTRI, 3a, 3b, 4, 5,
and 6) were amplified by PCR, and the fragments were separated
using an ABI PRISM 3130x] Genetic Analyzer with GeneScan*™-
600LIZ® (Applied Biosystems) as an internal lane size standard.
For each VNTR locus, the size of the PCR product was converted
to a number of repeat units as alleles using GeneMapper software
ver.4.0 (Applied Biosystems). Each MLVA type was assigned as
described carlier [23,43], and novel MLVA type numbers were
assigned by Dr. F. Mooi, Netherlands Centre for Infectious
Diseases Control, National Institute for Public Health and the
Environment, The Netherlands.

Minimum spanning trees were generated from the 6 MLVA loci
using the FPQuest Software (Bio-Rad). Links were generated
between MLVA types with a categorical comparison algorithm,
with the following rules in priority order: (1) Link types must have
the maximum number of single-locus variants (SLVs), (2) types
must have the maximum number of SLVs and double-locus
variants, and (3) types must have the maximum number of entries.

Generation of Prn™ back-mutants

Two Pm* back-mutants (Prn*-BP59Sm” and Prn*-BP202Sm’)
were constructed from Prn™ isolates BP59 (pm/ASS) and BP202
(prnl::1S481) by double cross-over homologous recombination,
respectively [44]. To construct the Prn™-BP59Sm" back-mutant, a
2.4-kbp DNA fragment (prnA) encoding the intact pm signal
sequence was amplified by PCR with attBl-sigF and attB2-sigR
primers (Lable S2) using B. pertussis Tohama genomic DNA as the
template. The resulting PCR product was cloned into pDONR221
to obtain pDONR-prnA using the adaptor PCR method in the
Gateway cloning system (Invitrogen). The pDONR-prnA and
PABB-CRS2 [45] were combined to obtain pABB-prnA using the
Gateway cloning system. pABB-prnA was introduced into £. coli
SM 10%pir and transconjugated into strain BP59Sm" (streptomycin-
resistant, Sm'). The resulting mutant was designated Prn*-
BP59Sm".

To construct the Prn*-BP202Sm” back-mutant, a 2.3-kbp DNA
fragment (prnB) encoding intact prn gene was PCR-amplified using
attB1-ISI* and attB2-ISR primers (Table S2). Plasmid pABB-prnB
was constructed from pDONR-prnB and then transconjugated
into strain BP202Sm" via E. coi SM10Apzr. The resulting mutant
was designated Prn*-BP202Sm".

To confirm site-specific recombination, the pm of Prn* back-
mutants was sequenced, confirming that the pABB vector
sequence was entirely removed from pm of both Prn* back-
mutants.

In vitro growth competition assay

Prn™ back-mutants (Prn*-BP59Sm” and Prn™-BP202Sm") and
their parental Prn~ strains (BP59Sm" and BP202Sm") were
inoculated into modified Stainer-Scholte (mSS) broth [46], and
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pH 7.1, and plated on CSM agar plates. After incubation for 3—4
days, 40 colonies were checked for pm size by colony-PCR
performed as follows: 94°C for 2 min; 30 cycles of 98°C for 10 s,
55°C for 30 s, and 68°C: for 3 min; and final incubation at 72°C
for 5 min. Primer sets, PrnF and 1053R, and PrnF and PrnR,
were used for strains BP539Sm” (prnIASS) and BP202Sm"
(pml::1S481), respectively (Table S2).

Nucleotide sequence accession number

The nucleotide sequence data reported in this study have been
deposited in the DDBJ/EMBL/GenBank nucleotide sequence
databases under accession numbers AB670735 to AB670737.

Supporting Information

Figure S1 A hairpin loop structure in the signal
sequence (SS) of Prm geme. Twenty-four Prn™ isolates
harboring prm/ASS have an 84-bp deletion at position 26—
109 bp, corresponding to the hairpin loop. The schematic shows
a simplified map.

(TTE)

Figure $2 Expression of Prn, PT, and FHA in Prn" back-
mutants derived from Prn~ isolates. Prn" back-mutants
(Prn™-BP59Sm” and Prn*-BP202Sm") were constructed from
streptomycin-resistant Prn” isolates, BP59Sm" (pml/ASS), and
BP202Sm" (pm1::1S481), respectively. Total protein (1 pg) extract-
ed from the bacterial cells was subjected to SDS-PAGE and
analyzed by immunoblotting with anti-Prnl, anti-PT or anti-FHA
antiserum. Total protein (1 pg) from B. pertussis Tohama was run
on the gel as a positive control. PT-S1 indicates the S1 subunit of
PT.

(TIF)

Table $1 Characteristics of B. pertussis isolates.
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