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Genetic Analysis of Multidrug-resistant Streptococcus pneumoniae Including Meropenem Resistance that was
Isolated from Elderly Residents with Pneumonia in Nursing-care Facilities

Kazuko OTAP®, Naoko CHIBA?, Kentaro SATO", Syoetu NARA", Satoko KATO?, Hisao KANAZAWA?,
Shin IKEJIMA”, Yoshihiro TAKAHASHI?, Satoshi IWATA® & Kimiko UBUKATA?
"Department of Clinical Laboratory, Odate Municipal Hospital, ?Laboratory of Molecular Epidemiology for Infectious
Agents, Kitasato Institute for Life Sciences, Kitasato University, (?Present Affiliation : Department of Infectious Dis-
eases, Keio University School of Medicine), *Department of Pharmacy, Odate Municipal Hospital, “Department of In-
ternal Medicine, Odate Municipal Hospital, *Infection Control and Prevention Division, Department of Clinical Labora-
tory, Odate Municipal Hospital, “Department of Infectious Diseases, Keio University School of Medicine,

From February to December 20XX, penicillin-resistant Streptococcus pneumoniae (PRSP) showing MICs of
16-32ug/mL to cefotaxime (CTX) and 4-8ug/mL to meropenem (MEPM) were isolated from 6 patients hospi-
talized at the general hospital S (2 cases) and hospital A (4 cases), close to the hospital S. Five elderly pa-
tients among these six cases came from nursing care facilities or nursing care-related medical facilities. All
elderly persons (mean age: 81.7 years) were diagnosed as having pneumonia at the time of admission and
the problematic PRSP was isolated from sputum samples collected on admission.

Notably, all of these PRSP isolates simultaneously showed high resistance to macrolide agents mediated
by an erm (B) gene and to fluoroquinolone agents via mutations in the gyrA and parC genes. Eventually, they
were identified as multidrug-resistant S. pneumoniaze (MDRSP) with high resistance to many agents. The cap-
sule type of all strains was serotype 19F and multilocus sequence typing (MLST) revealed that they be-
longed to clonal complex (CC) 7993, which has not been reported before. It was thus concluded that the
MDRSP that had spread within the nursing facilities was transmitted to the general hospitals via the elderly
inpatients with pneumonia caused by these agents. Although one case finally had a poor outcome, the pneu-
mococcal infection was not the direct trigger of the event.

The current ratio of MDRSP is concluded to be very low. However, general hospitals that accept pa-
tients for therapeutic purposes from nursing-care facilities have to share epidemiological information in a
timely manner with the nursing homes to prevent nosocomial infections.
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Investigation in a murine model of possible
mechanisms of enhanced local reactions
to post-primary diphtheria-tetanus toxoid
boosters in recipients of acellular pertussis-

diphtheria-tetanus vaccine

Masaki Ochiai', Yoshinobu Horiuchi®, Chun-Ting Yuen?, Catpagavalli Asokanathan?, Akihiko Yamamoto', Kenji Okada?,
Michiyo Kataoka', Kevin Markey? Michael Corbel*?, and Dorothy Xing?

"National Institute of Infectious Diseases; Musashimurayama-shi, Tokyo Japan; *National Institute for Biological Standards and Control; Potters Bar, Hertfordshire UK;
*Present; Consuitant, 24 the Approach, Milton Keynes MK8 8PA, UK; *Fukuoka Dental College; Sawara-ku, Fukuoka-shi, Fukuoka, Japan

Keywords: acellular pertussis vaccine, local reaction, histamine sensitizing activity, carbohydrate binding, enzymatic-HPLC assay

Abbreviations: aP, acellular pertussis vaccine; D, diphtheria; Dd, D toxoid; DTd, D and T combined toxoids; DTaP,
acellular pertussis diphtheria-tetanus combined vaccine; D'TwP, whole-cell pertussis vaccine combined with D and T toxoids;
E-HPLC, enzyme coupled-high performance liquid chromatography; HS, histamine sensitizing; HIST, histamine sensitization test;
Mab, monoclonal antibody; MFES, mouse footpad swelling; NIBSC, National Institute for Biological Standards and Control; pAb,
polyclonal antibody; PT, pertussis toxin; PTd, pertussis toxoid; T, tetanus; wP, whole-cell pertussis vaccine

In recipients primed with acellular pertussis diphtheria-tetanus combined vaccine (DTaP) an increased incidence
of severe local reactions with extensive redness/swelling has been reported for each subsequent dose of diphtheria-
tetanus based combination vaccine given as a booster. This has been attributed to residual active pertussis toxin (PT) in
the primary vaccine. In this study, we investigated the possible contribution of the A-subunit enzymatic activity and the
B-oligomer carbohydrate binding activity of residual PT in DTaP to local reactions in a murine model using Japanese DTaP
batches produced before and after the introduction of a test for reversion of pertussis toxoid to toxin. Residual PT activity
was correlated with the B-oligomer carbohydrate binding activity. The in vivo mouse footpad swelling model assay
indicated that the B-oligomer carbohydrate binding activity and possibly other factors were associated with intensified
sensitization to local reaction following diphtheria toxoid booster.

Introduction

Acellular  pertussis vaccine (aP) in combination with
diphtheria (D) and tetanus (T) toxoids (DTaP) was developed
successfully in Japan and has been used there since 1981} It has
proven to be clinically safe and effective and along with whole-cell
pertussis vaccine (wP) combined with D and T toxoids (DTwP)
is recommended by WHO for pediatric immunisation.>*
Although the rates of adverse reactions to DTaP are lower than
for DTwP, DTaPs have been reported to cause occasional rather
severe local reacrions to booster doses of D and T combined
toxoids (DTd, approximately one-fifth antigen content of the
DTaP primary dosc) given at 11~12 y of age in Japan.?® The rates
of local reactions increased wich each subsequent booster dose
of DT based combination vaccines and extensive local redness/

*Correspondence to: Yoshinobu Horiuchi; Email: ib4y-hruc@asahi-netorjp

swelling have also been reported for booster doses in DTaP-based
schedules in other countries.™

In Japan in the 1980s it emerged that pertussis toxoid (PTd)
in DTaP could revert to toxicity during long-term storage.””
Accordingly, following extensive investigation of this issue, the
detoxification process was improved by manufacturers and the
levels of residual histamine sensitizing (HS) activity in Japanese
DTaPs began to decline from 1985 onwards. This finally resulted
in the revision of the Japanese Minimum Requirements for
Biological Products' in 1991. The histamine sensitization test
(HIST) for reversion of PTd to active pertussis toxin (PT) was
implemented on DTaP incubated at 37 °C for 4 wk (accelerated
reversion test) and also the specified upper limic for residual
HS activity was revised from 0.8 to 0.4 HS units (HSU)/mL."2
Subsequently, in a clinical surveillance study'? performed during
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! Figure 1. Change in annual mean residual HS activity of DTaP batches |
and local reactions to the booster dose with DTd. Annual geometric |
means of HS activity (&) of DTaP batches used for primary immunization
were determined shortly after them being manufactured. Detoxification !
processes for aP antigens were revised from the mid-1980s without
changing other specifications for DTaP. Local reactions foliowing DTd :
‘booster in adolescents at the age of 11-12 y* were monitored from 1992 |
to 2000 in cohorts from Hisayama-cho, Fukuoka, Japan.!? The number
of adolescents (in brackets) who received the booster in these cohorts
from 1992 to 2000 were 1992 (368), 1993 (986), 1994 (1170), 1995 (175),
1996 (150), 1997 (56), 1998 (310), 1999 (313), and 2000 (146). {4) is the !
percentage of local reaction incidence at the injection sites determined
by size of area of redness of 25 cm in diameter observed 2 d after the
booster; *The vaccination program in Japan was temporarily suspended
due to 2 cases of severe adverse events after DTwP vaccination in 1975
and resumed 3 mo later to start at 2 y of age until revision of the immu- ;
nization schedule in 1994 to start at 3 mo of age, Therefore all children in
this surveillance study were immunized with DTaP at 2 y of age with the
subsequent 3 doses at 3 to 8 wk intervals with an additional dose 12 to
18 mo later (primary immunization).

1992-2000 it was observed that the changes in annual mean
residual HS activity in DTaP lots were associated with decreased
annual incidence rates of local reactions following boosting with
DTd in adolescents (Fig. 1). Thus, adolescents who received the
primary DTaP immunizations before 1985 and were boosted
with DTd in 1992-1993 showed a higher incidence of local
reaction (measured as size of area of redness at the injection
sites) in comparison with those receiving the DTaP primary
immunizations after 1985 followed by the DTd booster after
1993.

PT is a member of the AB5 family of bacterial toxins, having
an A-subunit named S1, which is an ADP-ribosyltransferase
that targets the a-subunit of some GTP-binding regulatory
proteins.'*> The B-oligomer (B-subunit) of subunits 52 through
to S5 is required for cell targeting and cytosolic entry of S1./V7
PT is an important protective antigen and in its detoxified form,
PTd is included as a component in all types of aP vaccines.
Although detoxified, the possibility of partial reversion to toxic
PT activity of aP is recognized and monitoring for PT residual
toxicity by the HIST is regarded as an essential part of the safery
control of aP-containing vaccines and is required by regulatory
authorities.""®"”
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Previous investigation performed in an animal model showed
that excess residual active PT as indicated by residual HS acrivity
in DTaP could cause intensified sensitization to subsequent
severe local reaction to a booster dose of D roxoid (Dd) without
augmenting IgG and IgE responses, suggesting a role for cell
mediated immunity.? In the present study, to elucidate the role
of subunits of PT in relation to local reactions, the acrivity of
A- and B-subunits of PT in Japanese DTaP batches produced
before and after 1990 were investigated using the mouse footpad
swelling (MFS) model and established in vitro A- and B-subunits

assay systems.”

Results

Relationship of ADP-ribosyltransferase activity to HS and
sensitizing activities to MFS reaction

Eleven and 6 batches of DTaP produced before and after
1990, respectively, were assayed for enzymatic activity by enzyme
coupled-high performance liquid chromatography (E-HPLC).
They were also assayed for HS activity in mice and sensitizing
activity to MFS and the results are represented in Figure 2A
and B. Batch to batch variations in these assays were similar for
vaccine batches made before and after 1990. Much reduced HS
activities were seen in batches produced after 1990 in comparison
with carlier ones. The difference between batches produced
before and after 1990 was even more evident in the sensitizing
activity to MFS compared with HS activity. Mean swelling
(x107 mm) for batches produced before 1990 was 57.2 (x10?mm)
and thar for batches produced after 1990 was 20.2 (x107 mm)
(P < 0.0001). However, similar levels of ADP-ribosylcransferase
activity were observed for batches produced both before and after
1990, although considerable batch to batch variations were seen
(Fig. 2). The results indicarte that the enzymatic activity in those
vaccines was not directly proportional to the observed decrease
in both the HS activity and the sensitizing activity to MFS for
the products manufactured after 1990. Furthermore, they also
suggest that the change in the detoxification process after 1990
probably had a limited effect on the A-subunit of PT.

Carbohydrate binding activities of PT B-oligomer detected
using different antibodies

Carbohydrate binding activities of PT B-oligomer using
fetuin ligand in DTaP batches produced before and after 1990
were measured by detecting fetuin-bound PT using either a
polyclonal antibody (pAb) against PT or monoclonal antibodies
(Mabs) against S2&3 and S4 subunits of PT, respectively,
Although large variations in binding activities were observed
between these batches (Fig. 3), the overall results indicated that
the vaccines produced after 1990 showed significantly lower
binding acrivities than those produced before 1990 (P < 0.05)
(Fig, 3).

In the HIST, the mean HS activity of batches produced
before 1990 was 0.024 log HSU/mL and that of barches
produced after 1990 was -0.767 log HSU/mL, an approximately
6-fold difference (P = 0.0013) (Fig. 3). In the fetuin-binding
assay, all the antibodies detected carbohydrate binding activity
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Figure 2. Relationship of residual enzymatic activity of St as measured by E-HPLC to (A) HIST and (B) sensitizing activity to mouse foot swelling (MFS) to
Dd booster. Vaccine produced after 1990 differ to those before 1990 only in strengthened detoxification procedure for aP antigens and no change was |
made to other specifications. (&) DTaP (n = 11) produced before 1990; (O) DTaP (n = 6) produced after 1990.

differences berween the 2 groups of DTaP vaccines, but the
ratio of differences detected by Mab S4 was far lower than those
detected using pAb or Mab S2&3. The ratio of difference in
binding activities between vaccines produced before and after
1990 using different detecting antibody (Fig. 3) showed a
ranking of Mab 2&:3 (5.3) followed by pAb (4.1) and Mab 54
(2.6). This may be explained by the different efficiency of each
detecting antibody c.g., they could show different abilities to
distinguish berween the 2 groups of vaccines on one hand, and
on the other hand the changes to the detoxification procedure
1990 may have had greater impact on subunits 2&3 than
subunit 4.

Carbohydrate binding activities and sensitizing activity
to MFES of DTaP produced before and after 1990

DTaP batches produced before 1990 (11 batches) showed
significant sensitization (>40 x 107 mm reaction) to MFS, while
those produced after 1990 (6 batches) showed far less sensitization
(<30 x 10 mum reaction) (Fig. 4A—C). Although no significant
correlation could be seen berween the sensitizing activities
to MFS and carbohydrate binding activities using any of the
detection antibodies, most vaccine batches produced before 1990
showed higher carbohydrate binding activity units (BU) with
values between 1 BU/mL (0 log BU/mL) up to approximately
13 BU/mL (1.11 log BU/mL) and 65 BU/mL (1.81 log BU/mL)
respectively when pAb and Mab 2&3 were used as detecting
antibodies, while binding activities detected for most of the
batches produced after 1990 were at or less than 0.76 BU/mL
(-0.119 log BU/mL) except for one outlying batch (Fig. 4A—C).
In the present study there was no significant sensitizing activity to
MFS observed if residual B-subunit binding activity of PTd was
below 0.76 BU/mL (-0.119 log BU/mL) (upper value detected
by pAb except for an outlying value) or 1 BU/mL (0 log BU/
mL) (upper value detected by Mab S2&3 except for an outlying
value) detected by pAb or Mab S2&3, respectively. The resules
suggest that the higher carbohydrate binding activity of PTd
in DTaP batches made before 1990 was related to the observed
reactogenicity in the mouse model.
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Discussion

In general, DTaPs have proved less reactogenic and safer than
DTwPs."#2¢ However, severe local swelling has been regarded
as a safety problem for booster immunizations with DTaP and
DTd. Although the mechanisms of the reactogenicity remain
unknown, residual PT activicy of DTaPs for immunization was
shown to play a role in the enhanced sensitization of mice to
the DTd booster related hind paw swelling.? We atcempted to
investigate further the possible contribution of the enzymatic
activity (A-subunit) and carbohydrate binding activity
(B-oligomer) of PT to the enhanced local reaction in a mouse
model.

Various chemical treatments have been used by manufacrurers
to detoxify PT. Although formaldehyde has been the only
detoxification reagent used by all manufacturers in Japan,?”
different  detoxification e.g., formaldehyde
concentration, incubation period, or temperature could resul
in different amino acid side-chain modifications and changes
in conformational and linear epitope binding patterns for the
resulting PTd.**?* This may reflect the variation in residual
activities observed among these vaccines made both before and
after 1990 from different manufacturers. Furthermore, although
DTaP batches used in this study contained either aluminum
hydroxide or aluminum phosphate (£0.3mg Al/mL) according
to manufacturer, these aluminum gels were reported not to be the

conditions

major cause of injection site inflammation at the primary dose
and also showed no sensitizing effect to DTd boosters.?*

In general, it is noted that the detoxification procedure after
1990 had significant impact on B-subunit binding activity
(Figs. 3 and 4) while the A-subunit enzymatic activity hardly
changed (Figs. 2 and 3) when compared with earlier products.
Therefore, the reduced residual PT acrivities observed in the in
vivo assays for samples produced after 1990 were probably largely
due to the reduction in B-subunit binding activities detected,
whether by reduced binding to fetuin ligand or reduction/
modification of epitopes recognized by the detection antibodies.
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Results from this study also suggest that the choice of
detection antibody may impact on the detection efficiency of
carbohydrate binding activity of chemically detoxified PTd.
While the B-oligomer of PT has 4 distinct subunits, all amino
acid residues involved in binding activities have thus far been
mapped to the S2 and $3 subunics of the B-pencamer.?'** Multiple
binding sites have been identified on S2 and S3 subunits.®® In the
present study, a pAb and different Mabs to different subunits in
B-oligomer were used to detect the PT molecule bound to fetuin
ligand. While there were no significant differences in binding
results between pAb and Mab S28&3 as detection antibodies,
significant differences were observed between binding activities
assessed using Mab S283 and Mab S4 (P = 0.0007), or pAb
and Mab S4 (P = 0.039) (Fig. 3). Although all the antibodies
were able 1o detect a difference in binding activities between the
samples produced before and after 1990, pAb and Mab S2&3
showed the biggest differential binding activities for products
made before and after 1990 (Fig. 3). This lower sensitivity of
Mab S4 in differentiating products made before and after 1990
suggests that the S4 epitope on the PTd molecule may have
been less affected by the change in detoxification process after
1990 than the epitopes recognized by Mab S2&3. Since the
exact mechanisms and sites of action of the different toxoiding
reactions on the PT molecule have not yet been defined, using
pAb as the detection antibody may be more appropriate for
detecting possible structural changes by recognizing a wider
range of epitopes on PTd molecules than a particular Mab. In
any case, if a Mab is used in preference to pAb, Mab to subunits
28&3 would be more appropriate.

Although significant differences between the vaccines
produced before and after 1990 were shown in residual HS
activity and also in the sensitizing activity to MFS, enzymatic
activity did not differ between these 2 groups. On the other

www.landesbioscience.com
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hand, higher carbohydrate binding activities were seen for the
vaccines produced before 1990 than those after 1990 and in most
cases the binding activity showed a positive relationship to the
sensitization activity to MES.

Cell mediated immunity is reported to be a potential cause
of local reactions to booster vaccination.” Although the precise
mechanisms and the role of each A- or B-subunirt for reacriviry
in vivo are unknown, B-subunit of PT was reported to enhance
both Thl and Th2 immune responses to co-administered
antigens.” Our results suggest that B-oligomer binding activiry
may play a role in priming the intensification of the MFS and
similarly the immune response intensified by B-subunit may
result in intensified sensitization to booster doses. However,
conclusive correlation of the binding activity to MFS was not
established in the present study which suggests other unknown
mechanisms via holotoxin activity could also play a role in the
priming for intensified MFS t a co-administered antigen.?
Although residual enzymatic activity of PT alone showed no
direct relevance to the sensitization to MFS, the higher residual
carbohydrate binding activity of PT could promote the entry of
the A-subunit into cells in vivo and thus holotoxin activity could
also contribute to the intensified MFS observed for the vaccines
produced before 1990.

Materials and Methods

Materials

The PT used was a freeze-dried reference prepararion
(National Institute for Biological Standards and Control
(NIBSC), 90/518).> Japanese reference pertussis vaccine for
toxicity test lot 2 (reference vaccine) with a known HS activity
(48 HSU/vial) was used as the reference preparation for HIST.
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i Figure 4. Relationships between sensitizing activity to footpad swelling and B-subunit carbohydrate binding activities to fetuin ligand detected using '
various antibodies: (A) pAb, (B) Mab 52&3, and (C) Mab S4. (@) DTaP (n = 11) produced before 1990; (O) DTaP (n = 6) produced after 1990 which differ from |
those produced before 1990 only in strengthened detoxification procedure for aP antigens. *Outlier (see Statistical analysis section under Materials and |

A rotal of 28 batches of DTaP from 6 manufacturer sources
in Japan were used in this study, which included vaccine batches
produced in the 1980s (n = 11), before the implementation of a
stricter regulation on HS activity for residual PT, and manufactured
in the 1990s (n = 17), after the implementation of the regulation.
Aluminum hydroxide or aluminum phosphate was contained as
the adjuvant in the vaccines. While pertussis antigen formulations
in these vaccines varied depending on the source manufacrurer,?
contents of D and T toxoids were almost the same for all the
products. Those produced after 1990 differed from before 1990
only in strengthened detoxification procedure for pertussis antigens
e.g., employing higher formalin concentration, longer period, or
higher temperature of treatment etc. After obtaining, all vaccine
samples were stored at 4-8 °C throughout.

ThePT enzyme substrate, fluorescein-tagged Gai3C20 peptide,
F-VFDAVTDVIIKNNLKECGLY-COOH (F-Gai3C20)
was custom-synthesized by AnaSpec Inc. and was reported to
have »95% purity. Polyclonal anti-PT antibody (pAb) (NIBSC,
97/572), monoclonal antibodies (Mabs) to S$2&3 subunits
(NIBSC, 99/534), and S4 subunits (NIBSC, 99/554) were from
NIBSC. Peroxidase labeled anti-sheep IgG (A3415) and peroxidase
labeled anti-mouse IgG (A0168) was obtained from Sigma. All
other chemicals, unless specified otherwise, were of analytical
grade and purchased from either Sigma-Aldrich or VWR-BDH.
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E-HPLC coupled assay

The determination of ADP-ribosyltransferase activity of PT in
vaccines was performed as previously described.?# The enzyme
activity was expressed as enzymatic activity units (EU) where 1 EU
equals to fluorescence produced by 1 pg of PT (90/518) under
identical assay and analysis conditions. All assays were performed
in duplicate and met the in house assay validity criteria.®

Carbohydrate binding assay

The carbohydrate binding activity of PT in vaccines using
bovine fetuin as carbohydrate coat was performed as described
by Gomez et al.*® Apart from polyclonal antibody (1/10000
dilution), Mab to S283S53 and Mab to S4 were also used as the
detecting antibody at 1/500 dilution. All samples were assayed in
duplicate. PT (90/518) used in the assay is for calibration purpose
for comparing differences between vaccine products in binding
activity units (BU). BU is arbitrary units representing the binding
activity in vaccine products. The potency of PT binding activity
in vaccine relative to 90/518 was calculared using a paralle] line
analysis and was expressed as arbitrary binding activity units
(BU) where 1 BU equals to optical density produced by 1 pg of
PT (90/518) under identical assay and analysis conditions.

Temperature method of HIST

The HIST by temperature measurement was performed as
described in previous publications."# The HS activity in the

Volume 10 Issue 7

- 376 —



vaccines was calculated relative to that of the reference vaccine
using a parallel line analysis and was expressed as HSU.

Mouse footpad swelling (MFS) model

An animal model in which mice are primed with DTaP and
boosted (challenged) with Dd was used to assess the sensitizing
activity to intensified local reaction (swelling size) as described
by Yamamoto et al.*" In brief, BALB/c female mice were injected
intramuscularly with an immunizing vaccine (DTaP) twice at
a one-month interval. They were injected intraperitoneally with
indomethacin daily from 3 d before challenge and their right and
left hind paws were injected subcutaneously with a 50 pL dose
of Dd (diluted to 30 Lf/mL with saline containing 0.15 mg Al/
mL of AI{OH), gel) and saline respectively 14 d after the last
immunization of vaccine. Thickness of right and left hind paws
was measured until 48 h after the challenge with Dd and the
maximum difference becween the thickness of right and left paws
was taken as the swelling reaction.

Statistical analysis

Analysis of the parallel line assays was performed by the
Finney method.*? Significance and validity tests were made at a

level of P = 0.05 and confidence intervals were expressed at 95%
probability level unless otherwise stated. Comparison of groups
was made by 7 test to calculate P value for null hypothesis.

The outlier was detected by calculating F value using s? for all
batches in a group and s* for batches excluding the most deviated
one from the analysis. If the F value was significant, the most
deviated value was considered an outlier.
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Abstract
Clinical features of pertussis in adulis

Hiroko Nogami®, Kenji Okada®, Satoshi Honjo, Kazunari Kamachi® and Tomoaki Iwanaga®
“Department of Respiratory Medicine, National Hospital Organization Fukuoka National Hospital
"Section of Pediatrics, Department of Medicine, Division of Oral and Medical Management, Fukuoka Dental College
¢ Department of Pediatrics, National Hospital Organization Fukuoka National Hospital
4 Department of Bacteriology 11, National Institute of Infectious Diseases

To evaluate the clinical features of pertussis infection in adults, we examined 33 subjects (11 males and 22
females; mean age, 420+ 165 years) who were clinically diagnosed to have pertussis infections according to
guidelines of the Japanese Respiratory Society. All subjects were examined for medical history, family history,
and respiratory function, and serum samples and nasopharyngeal swabs were collected. The nasopharyngeal
samples were analyzed by loop-mediated isothermal amplification (LAMP). The serum specimens were assayed
for antibodies to pertussis toxin (PT) by an enzyme-linked immunosorbent assay. Fourteen patients were diag-
nosed as having a pertussis infection based on the values of the PT and/or the nasopharyngeal swab (LAMP).
The other 19 subjects were not diagnosed. The duration of coughing in pertussis subjects was significantly lon-
ger than in the other cough subjects. No pertussis subjects had a high fever (>375T). Five subjects (35.7%)
developed cough variant asthma or bronchial asthma postpertussis. In adult patients with persistent coughs, es-
pecially in those without high fevers, a pertussis infection should be considered as a differential diagnosis.
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ABSTRACT Bordetella pertussis causes pertussis, a respiratory disease that is most severe for infants. Vaccination was introduced
in the 1950s, and in recent years, a resurgence of disease was observed worldwide, with significant mortality in infants. Possible
causes for this include the switch from whole-cell vaccines (WCVs) to less effective acellular vaccines (ACVs), waning immunity,
and pathogen adaptation. Pathogen adaptation is suggested by antigenic divergence between vaccine strains and circulating
strains and by the emergence of strains with increased pertussis toxin production. We applied comparative genomics to a world-
wide collection of 343 B. pertussis strains isolated between 1920 and 2010. The global phylogeny showed two deep branches; the
largest of these contained 98% of all strains, and its expansion correlated temporally with the first descriptions of pertussis out-
breaks in Europe in the 16th century. We found little evidence of recent geographical clustering of the strains within this lineage,
suggesting rapid strain flow between countries. We observed that changes in genes encoding proteins implicated in protective
immunity that are included in ACVs occurred after the introduction of WCVs but before the switch to ACVs. Furthermore, our
analyses consistently suggested that virulence-associated genes and genes coding for surface-exposed proteins were involved in
adaptation. However, many of the putative adaptive loci identified have a physiological role, and further studies of these loci may
reveal less obvious ways in which B. pertussis and the host interact. This work provides insight inte ways in which pathogens
may adapt to vaccination and suggests ways to improve pertussis vaccines.

IMPORTANCE Whooping cough is mainly caused by Bordetella pertussis, and current vaccines are targeted against this organism.
Recently, there have been increasing outbreaks of whooping cough, even where vaccine coverage is high. Analysis of the genomes
of 343 B. pertussis isolates from around the world over the last 100 years suggests that the organism has emerged within the last
500 years, consistent with historical records. We show that global transmission of new strains is very rapid and that the world-
wide population of B. pertussis is evolving in response to vaccine introduction, potentially enabling vaccine escape.

Received 16 March 2014 Accepted 19 March 2014 Published 22 April 2014

Citation Bart MJ, Harris SR, Advani A, Arakawa Y, Bottero D, Bouchez V, Cassiday PK, Chiang C-S, Dalby T, Fry NK, Gaillard ME, van Gent M, Guiso N, Hallander HO, Harvill ET, He
Q, van der Heide HGJ, Heuvelman K, Hozbor DF, Kamachi K, Karataev Gl, Lan R, Lutyriska A, Maharjan RP, Mertsola J, Miyamura T, Octavia S, Preston A, Quail MA, Sintchenko V,
Stefanelli P, Tondella ML, Tsang RSW, Xu Y, Yao S-M, Zhang S, Parkhill J, Mooi FR. 2014. Global population structure and evolution of Bordetella pertussis and their relationship
with vaccination. mBio 5(2):e01074-14. doi:10.1128/mBi0.01074-14.

Editor Jacques Ravel, University of Maryland School of Medicine
Copyright © 2014 Bart et al. This is an open-access article distributed under the terms of the Creative Commons Attribution 3.0 Unported license.
Address correspondence 1o Julian Parkhill, parkhill@sanger.ac.uk.

March/April 2014 Volume 5 Issue 2 e01074-14 n‘Blo mbio.asm.org 1

—- 385 -

Bio'wse oiqu Ag peystiand - §L0Z ‘g Aienige uo 510 Wse olguw Wolj pepeojumoq



Bart et al.

rdetella pertussis is the primary causative agent of pertussis
whooping cough), a respiratory disease which is particularly
severe for unvaccinated infants. Indeed, pertussis was a major
cause of infant deaths before the introduction of vaccination. Even
today, pertussis is a significant cause of child mortality, and esti-
mates from the WHO suggest that, in 2008, about 16 million cases
of pertussis occurred worldwide, 95% of which were in developing
countries, and that about 195,000 children died from this disease
().

There has been much speculation about the origin of pertussis,
Although the disease has very characteristic symptoms and high
mortality in unvaccinated children, references to pertussislike
symptoms have not been found in the ancient European litera-
ture. The first documented pertussis epidemic occurred in Paris in
1578 (2). In the 16th and 17th centuries, descriptions of pertussis
epidemics in Europe were documented more frequently in the
literature, possibly suggesting an expansion of the disease (3). The
apparent emergence of pertussis in Europe over the last 600 years
may be due to import, as symptoms similar to pertussis were de-
scribed in a classical Korean medical textbook from the 15th cen-
tury (4).

The introduction of vaccination has significantly reduced the
pertussis burden; however, in the 1990s, a resurgence of pertussis
was observed in many highly vaccinated populations (5). The
years 2010 to 2012 have seen particularly large outbreaks in Aus-
tralia, the Netherlands, the United Kingdom, and the United
States, with significant mortality in infants (6-10). The possible
causes for the pertussis resurgence are still under debate and in-
clude waning vaccine-induced immunity, the switch from whole-
cell vaccines (WCVs) to less effective acellular vaccines (ACVs),
and pathogen adaptation (5, 11-13). The contributions of these
causes probably differ from country to country. The importance
of pathogen adaptation is suggested by the antigenic divergence of
circulating strains from vaccine strains and the emergence of
strains which produce more toxin (reviewed in reference 5). An-
tigenic divergence initially involved relatively few mutations, af-
fecting up to 12 amino acids in the five B. pertussis proteins in-
cluded in ACVs, i.e., filamentous hemagglutinin (FHA), pertactin
(Prn), the Ptx A subunit (PtxA), serotype 2 fimbriae (Fim?2), and
serotype 3 fimbriae (Fim3). In the 1980s, strains emerged with a
novel allele for the Ptx promoter, designated ptxP3. Strains carry-
ing the ptxP3 allele have been shown to produce more Ptx in vitro
(14). Significantly, mutations in these six loci have been associated
with clonal sweeps (15). The emergence of the pixP3 lineage is
particularly remarkable because ptxP3 strains have risen to pre-
dominance, replacing the resident ptxPI strains in many Euro-
pean countries, the United States, and Australia (14, 16-21). Fur-
thermore, the emergence of ptxP3 strains is associated with
increases in pertussis notifications in at least two countries (14,
20). However, another study found that the resurgence of pertus-
sis in the United States was correlated with the fim3-2 allele and
not with ptxP3 (22). More recently, strains have emerged that do
not express one or more components of pertussis vaccines, in
particular, Prn and FHA (17, 23-25).

Together with at least 425 other genes, the genes for the five
B. pertussis proteins used in ACVs belong to the so-called Borde-
tella virulence gene (Bvg) regulon, consisting of a sensory trans-
duction system which translates environmental cues into changes
in gene expression (26, 27). Low temperatures and high sulfate
and nicotinic acid concentrations are signals known to suppress

2 rg&o mbio.asm.org

genes in the Bvg regulon (28). As essentially all known virulence-
associated proteins require Bvg for their expression, Bvg activa-
tion is used to identify genes that play a role in the interaction with
the host, even if the function of that gene is not known.

Key questions concerning pertussis are the origin of the dis-
ease, the forces that have driven the shifts in B. pertussis popula-
tions, and the role of these shifts in the resurgence of pertussis. To
address these questions, we have determined the global popula-
tion structure of B. pertussis by whole-genome sequencing of 343
strains from 19 countries isolated between 1920 and 2010. Phylo-
genetic analysis revealed a deep divergence between two lineages
of B. pertussis, possibly suggesting two independent introductions
of the organism from an unknown reservoir. Bayesian methods
showed that the date of the common ancestor of one of these
lineages correlates with the first descriptions of pertussis in Eu-
rope and that this lineage has increased in diversity subsequent to
the introduction of vaccination. Our analyses revealed that many
(putative) adaptive mutations occurred in the period in which the
WCV was used, suggesting that vaccination was the major force
driving changes in B. pertussis populations. Furthermore, we ex-
tend our previous observation that the mutation leading to the
ptxP3 allele occurred once and that the pxP3 strains have spread
and diversified worldwide (29). Finally, we identified novel puta-
tive adaptive loci, the analysis of which may cast new light on the
persistence and resurgence of pertussis and point to ways to in-
crease the effectiveness of vaccination.

RESULTS AND DISCUSSION

Phylogeny and phylogeography of B. pertussis. We explored the
evolutionary relationships among 343 B. pertussis strains collected
from 19 countries representing six continents. Strains were iso-
lated between 1920 and 2010 (Table 1; see Table S1 in the supple-
mental material). Ilumina reads were aligned to the reference
genome B. pertussis Tohama I (30), and 5,414 single-nucleotide

polymorphisms (SNPs) were identified (Table S2), corresponding

to a mean SNP density of 0.0013 SNPs/bp and an estimated mu-
tation rate of 2.24 X 1077 per site per year. We generated a max-
imum likelihood phylogeny representing the B. pertussis global
population structure (Fig. 1A; Fig. S1). This phylogeny revealed
two deep branches separated by 1,711 SNPs. Branch I contained
only a small number of strains (1.7%), which were isolated be-
tween 1954 and 2000 and harbor pixA5 and ptxP4 alleles (coding
for the Ptx A subunit and the Ptx promoter, respectively), which
are infrequently isolated nowadays. This branch includes the type
strain 18323. Branch II contained strains isolated between 1920
and 2010 which fall into the more common ptxA2 ptxP1, ptxAl
ptxP1, and ptxAl pixP3 types (Fig. 1B). Bayesian phylogenetic
analysis estimated that these two lineages diverged around
2,000 years ago (median, 2,296 years; 95% confidence interval
[CI], 1,428 to 3,340), which may reflect the loss of intermediate
lineages over time or may represent two independent introduc-
tions of B. pertussis into the global human population from an
unknown reservoir. The adaptation of B. pertussis to the human
population has been postulated to have involved a significant evo-
lutionary bottleneck and was associated with considerable gene
loss and gene inactivation due to insertion sequence (IS) element
expansion and mutations (30), a process commonly seen in host-
restricted bacteria (31). In the analysis of the Tohama I genome
sequence, it was estimated that up to 25% of genes were lost rela-
tive to those present in the common ancestor with Bordetella para-
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Global Evolution of Bordetella pertussis

TABLE 1 Geographic origin and period of isolation of B. pertussis strains used in this study

Continent Country No. of strains Isolation period Introduction of vaccination
Africa Kenya 17 1975 1980s
Senegal 4 1990-1993 1980s
Asia China 2 1957 Early 1960s
Hong Kong 5 2002-2006 1950s
Japan 17 1988-2007 1950s
Taiwan 23 1992-2007 1954
Australia Australia 37 1974-2007 1953
Europe Denmark 9 1962-2007 1961
Finland 16 1953-2006 1952
France 11 1993-2007 1959
Italy 15 1994-1995 1995
Netherlands 60 1949-2010 1953
Poland 16 1963-2000 1960
Russia 2 2001-2002 1956-1959
Sweden 23 1956-2006 1953
United Kingdom 20 1920-2008 1957
North America Canada 17 1994-2005 1943
USA 36 1935-2005 1940s
South America Argentina 13 1969-2008 1970s
Total 343 1920-2010

pertussis (30), and 9.5% of those remaining were inactivated and
were only present as pseudogenes. A manual comparison of 50%
of the pseudogenes in Tohama I and strain 18323 (representing
the two deep branches) showed that 72% of the pseudogenes were
shared, and of those, all had identical inactivating mutations (Ta-
ble $3). This indicates that the host restriction of B. pertussis and
the associated bottleneck occurred before the divergence of these
two lineages and long before the first description of the disease.
The most parsimonious explanation would suggest that this pro-
cess involved adaptation to the human host, and this would indi-
cate that pertussis was introduced into the global population twice
from a reservoir in an unsampled human population or that the
intermediate diversity has been lost. The alternative explanation,
that the adaption was to another host, would require both an
unknown reservoir species and two separate introductions into
the human population.

Three vaccine strains were included in this study, Tohama I
and two American strains (strains B308 and B310) (see Table S1in
the supplemental material), which were placed in branch II. The
vaccine strains and the reference genome, Tohama I, both repre-
sent lineages and antigenic genotypes for which recent isolations
are rare. Most recent B. pertussis isolates stem from a lineage (lin-
eage IIb) within branch II, which appeared before the introduc-
tion of vaccination but has expanded since. A Bayesian phyloge-
netic and skyline analysis of isolates from lineage IIb for which
isolation date information was available (Fig. 1B; Fig. S2) reveals
that there was no evidence of loss of diversity (represented by the
effective population size) after the introduction of vaccination.
This was unexpected, as one would assume that the introduction
of vaccination would lead to a decrease in population diversity, as
the selective pressure may lead to a population bottleneck
whereby only those lineages that escape the vaccine may survive.
Indeed, some previous studies have observed such a decrease in
population diversity following the introduction of vaccination.
However, these studies were based on geographically more re-
stricted pathogen populations (32—34). Our results suggest that,
despite whole-cell vaccines reducing the prevalence of many of the
older lineages, they have not been eradicated completely, so the

March/April 2014 Volume 5 Issue 2 e01074-14

diversity of these lineages is still present in the B. pertussis popu-
lation. The explanation for this may be that such lineages have
persisted in geographical regions where vaccination has not be-
come routine. In fact, there is some evidence from the skyline
analysis that population diversity increased in lineage b after
vaccine introduction. Although the effect of sampling density be-
fore and after vaccine introduction is unclear, the shape of the
phylogenetic tree suggests that this increase was primarily the re-
sult of the expansion of the ptxAI lineage, which may represent
some level of vaccine escape in countries where vaccination had
been introduced.

A second increase in effective population size (diversity) coin-
cides with the emergence and expansion of a lineage carrying the
pixP3 allele. In the mid-1990s, there appears to be a drop in diver-
sity, correlating with the loss of a number of early ptxAI lineages,
and perhaps corresponding with the introduction of the ACV in
the mid-1990s. However, diversity very quickly increased again
with the expansion of a sublineage of the ptxP3 group that ac-
quired a fim3-2 allele, again suggesting the selection and diversifi-
cation of vaccine escape lineages.

There is little evidence of geographical structure in the phylo-
genetic tree (Fig. 1B). The sampling of the older branch I lineages
is sparse in space and time, making inference difficult. However,
the ptxAl lineage is clearly dispersed globally, and the ptxP3 and
fim3-2 lineages show no geographical clustering at all, indicating
that there has been very rapid global spread of these recently
evolved lineages.

Temporal trends in frequencies of alleles coding for vaccine
components. To explore the influence of vaccination on the
B. pertussis population, we focused on genes coding for antigens
known to induce protection and included in modern ACVs, in-
cluding serotype 2 fimbriae (fim2), serotype 3 fimbriae (fim3),
pertactin (prn), and the A subunit of Ptx (ptxA) (5, 35). Although
itis used in ACVs, filamentous hemagglutinin was not included, as
accurate assembly and assignment of SNPs was not possible due to
the presence of repeats and paralogs. As previous studies suggest
that variation in the Ptx promoter, ptxP, was linked to clonal
sweeps (15, 21, 33), we also included ptxP alleles in our analyses.
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FIG 1 Global phylogeny of B. pertussis. (A) Outline of the maximum likelihood phylogeny of all B. pertussis samples sequenced, showing the deep divergence
between lineages I and I1. The complete tree is shown in Fig. S1 in the supplemental material. (B) Bayesian phylogeny of samples for which date information was
available within the most common clade of B. pertussis. The position of a node along the x axis of the tree represents the median date reconstructed for that node
across all sampled trees. Dates of whole-cell vaccine (WCV) and acellular vaccine (ACV) periods are shown as background colors behind the tree. To the right
of the tree, the continent of origin of isolates is indicated by the first column of horizontal bars, colored according to the inset key. The remaining nine columns
represent loci within the ptx operon, the fim2 and fim3 loci, and the prn locus, with assigned numerical alleles colored according to the key. The positions of
reference strains 18323 and Tohama I (T) are indicated in panels A and B with green filled circles. Black filled circles represent the American vaccine strains B308
(A) and B310 (B) (Table S1). Red circles indicate the major changes in antigen gene alleles in proteins used in current ACVs (from pixA2 to pixAl, fim2-1 to
fim2-2, ptxPI to ptxP3, and fim3-1 to fim3-2).
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FIG2 Temporal trends in strain frequencies for the fim2 (A), fim3 (B), ptxA (C), ptxP (D), and prn (E) alleles. Four periods were defined to reflect the worldwide
changes in pertussis vaccination, the early WCV period (earlier than 1960), the period in which mainly WCVs were used (WCV period, 1960 to 1995), the period

in which both WCVs and ACVs were used (WCV/ACYV period, 1996 to 2000),

With the exception of ptxA10, prnl6, and prnl7, all alleles have
been described before, and references and accession numbers are
given in Text S1 in the supplemental material. The major changes
in antigen gene alleles (from pixA2 to pixAl, fim2-1 to fim2-2,
pixP1 to pixP3, and fim3-1 to fim3-2) are marked on the nodes in
the phylogenetic tree in Fig. 1B. In most countries, vaccination
was introduced between 1940 and 1960 (Table 1), and worldwide,
many different B. pertussis strains have been used to produce vac-
cines. A compilation of 23 vaccine strains revealed that the most
prevalent alleles found in vaccine strains were fim2-1 (82%), fim3-
1(100%), and prnl (74%) or prn7 (22%) (Table S4). If one Dutch,
one Swedish, and one acellular vaccine strain were omitted, all
other vaccine strains carried the fim2-1, fim3-1, and prn1/7 alleles.
More diversity in vaccine strains was observed with respect to

March/April 2014 Volume 5 lIssue 2 e01074-14

and a period in which mainly ACVs were used (ACV period, later than 2000).

PixA, for which four alleles, ptxAl, ptxA2, ptxA3, and ptxA4, were
observed at frequencies of 13%, 52%, 4%, and 31%, respectively.
For twelve vaccine strains, the ptxP allele has been determined.
The ptxP1 allele and ptxP2 allele were found in 67% and 33%,
respectively. Most ACVs are derived from two strains, Tohama I
and 10536, which carry the alleles fim2-1, fim3-1, prul, ptxA2, and
ptxP1 and fim2-1, fim3-1, prn7, ptxA4, and ptxP2, respectively.
To investigate temporal trends in allele frequencies, we defined
four periods to reflect the worldwide changes in pertussis vaccina-
tion (Fig. 2): the early WCV period (earlier than 1960; n = 22), the
period in which mainly WCVs were used (WCV period, 1960 to
1995; n = 126), the period in which both WCVs and ACV's were
used (WCV/ACV period, 1996 to 2000; n = 75), and finally, a
period in which mainly ACVs were used (ACV period, later than
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