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a  b  s  t  r  a  c  t

Combination  vaccines  containing  a monocomponent  acellular  pertussis  (aP)  vaccine,  manufactured  at
Statens Serum  Institut  (SSI),  Denmark,  have  successfully  controlled  Bordetella  pertussis  infections  in
Denmark  since  1997.  The  efficacy  of  this  aP  vaccine  was  71%  in  a double-blind,  randomised  and  controlled
clinical  trial.  Its safety  and  immunogenicity  have  been  demonstrated  in infants,  children,  adolescents  and
adults. In  approximately  500,000  children  it was  effective  against  pertussis  requiring  hospitalisation  (VE:
93% after 3 doses)  and  against  pertussis  not  requiring  hospitalisation  (VE:  78%  after  3  doses).  IgG  antibod-
ies  against  pertussis  toxin  (IgG  anti-PT)  response  rates  after  booster  vaccination  of  adults  with  tetanus,
diphtheria  and  aP  combination  vaccine  (TdaP)  were  considerably  higher  for  this  monocomponent  aP
vaccine  containing  20 �g pertussis  toxoid,  inactivated  by hydrogen  peroxide  (92.0%),  than  for  two  multi-
component  aP  vaccines  inactivated  by  formaldehyde  and/or  glutaraldehyde:  3-component  aP  with  8  �g
hooping cough
tatens Serum Institut

pertussis  toxoid  (77.2%)  and  5-component  aP with  2.5 �g pertussis  toxoid  (47.1%),  without  compromis-
ing  the  safety  profile.  In Denmark  where  this  monocomponent  aP  vaccine  has  been  the  only  pertussis
vaccine  in  use  for 15  years,  there  has  been  no  pertussis  epidemic  since  2002  (population  incidence  36  per
100,000),  in contrast  to  neighbouring  countries,  where  epidemics  have occurred.  This  monocomponent
aP  vaccine  can be  used  in  combination  vaccines  for  primary  and  booster  vaccination  against  pertussis  in

all age  groups  and  is  an  important  tool  for successful  pertussis  control.

© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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who were still at risk of pertussis (i.e. pertussis cases were consid-
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. Introduction

This review summarises experience from clinical trials and post-
arketing data of a monocomponent aP vaccine which contains

ertussis toxoid in a less denatured form and at a higher dosage
han other aP vaccines in use [1,2]. In spite of the introduction
f universal infant vaccination [3], pertussis remains one of the
eading causes of vaccine preventable deaths with an estimated
0 million cases and 300,000 deaths occurring worldwide annu-
lly. Over the past two decades, there has been a modest but
teady increase in reports of pertussis incidence in Europe, the USA
nd other parts of the World [4,5]. This increase in incidence is
ainly seen in adolescents and adults [6]. Several possible rea-

ons for the apparent increase in incidence have been suggested
6]: low vaccine coverage in infants, insufficient administration of
ooster doses, increased awareness of pertussis, availability of new
iagnostic tools, decreased chance of natural boosting in the vacci-
ation era, reduced longevity or quality of the immune responses

nduced by the acellular pertussis (aP) vaccines currently in use, and
astly new circulating genotypes of Bordetella pertussis (B. pertussis)
5,7,8]. aP vaccines contain from one to five pertussis antigens. It
s generally agreed that antibodies against pertussis toxin (anti-PT)
lay a major role in protection [9–11] and all aP vaccines contain
ertussis toxoid. In addition to pertussis toxoid, multicomponent
P vaccines contain varying amounts of filamentous hemagglu-
inin (FHA), pertactin (PRN) and/or fimbriae (FIM) types 2 and 3.
he roles of the additional antigens in protection against pertussis,
nd the possible advantages obtained are subject of debate [9–11].
nterestingly, the monocomponent aP vaccine, which is the sub-
ect of this review, has successfully controlled B. pertussis infections
n Denmark, at least as effectively as in neighbouring countries

here multicomponent aP vaccines are used, supporting that per-
ussis toxoid is both essential and sufficient for a pertussis vaccine
10,12].

. Development history and aP vaccine particulars

The pertussis toxoid in the Danish aP vaccine is inactivated by
ydrogen peroxide, whereas other aP vaccines are inactivated using

ormaldehyde and/or glutaraldehyde. It has been shown that chem-
cal inactivation of pertussis toxin by hydrogen peroxide results
n a lower degree of epitope impairment [1,2] and thus in a bet-
er immunogen. The development of the Danish vaccine, presently

anufactured at Statens Serum Institut (SSI), Denmark, was ini-
iated in the 1980s at the National Institute of Child Health and
uman Development (NICHD), National Institute of Health (NIH),
Please cite this article in press as: Thierry-Carstensen B, et al. Experience
infants,  children, adolescents and adults—A review of safety, immunogenic
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ethesda, MD,  USA [13]. It was found to be safe and immunogenic in
nitial dosage finding trials in adults [14], 18–24-months-old chil-
ren [15], and in infants [1,16]. After these early trials, the efficacy
as demonstrated in Gothenburg, Sweden, during 1991–94 [17],
 . . . .  . . .  . . . . .  .  . . .  .  . . . . .  . .  . . . . . . .  . . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 00

Table 1 and Section 3. The selected dosage of 40 �g pertussis toxoid
for the efficacy trial has subsequently remained unchanged in com-
bination vaccine formulations for primary vaccination, whereas
20 �g has been established as sufficient for booster vaccination.
All SSI combination vaccines are adsorbed to aluminium hydrox-
ide and contain no preservative. During the last decade, the clinical
development has continued with safety and immunogenicity trials
in infants [18–20], children [21–23], adolescents [24] and adults
[25,26] in various countries, Table 1 and Sections 4 and 5. The
first regulatory approvals were obtained in 1996 in Denmark and
Sweden, followed by other European countries in 1997 and the USA
in 1998, and recently a booster formulation was  approved for vacci-
nation of children, adolescents and adults in 12 European countries.
In Denmark combination vaccines containing monocomponent aP
have been routinely used for primary vaccination of infants at 3, 5
and 12 months of age since 1997, and for booster vaccination of pre-
school children since 2003. The results of two large post-marketing
effectiveness studies [27,28] are presented in Table 1 and Section
6, and a description of the epidemiological situation of pertussis
in Denmark is given in Section 7. In the following, DTaP refers to
combination vaccines intended for primary vaccination with full
doses of diphtheria (D), Tetanus (T) and pertussis (aP) antigens, with
or without inactivated poliovirus vaccine (IPV) and Haemophilus
influenzae type b conjugate vaccine (PRP-T). TdaP refers to com-
bination vaccine formulations for booster vaccination where the
diphtheria (d) and pertussis (aP) dosages are reduced, except in
the dosage finding trials [22,23] where TdaP was investigated in
dosages of 20 and 40 �g pertussis toxoid.

3. Vaccine efficacy of monocomponent aP

3.1. Double-blind, randomised, controlled trial, DTaP (SSI)

The efficacy of the monocomponent aP vaccine was demon-
strated in a double-blind, randomised and placebo controlled trial
with DTaP (SSI), in Gothenburg during 1991–94, when pertussis
was endemic in Sweden [17], Study A, Table 1. After active and
double-blind follow-up for pertussis for a median of 17.5 months,
the efficacy was  71%, (95% CI: 63–78%) defining a pertussis case
according to the WHO  definition recommended at that time. In fully
DTaP vaccinated subjects with or without pertussis in the subse-
quent follow-up period, but with no pertussis ± 2 months from the
time of sampling, the one month post-3rd vaccination geometric
mean concentration (GMC) of IgG anti-PT was 145 IU/mL, Study
A. At the end of the double-blind follow-up period, trial subjects
 with monocomponent acellular pertussis combination vaccines for
ity, efficacy and effectiveness studies and 15 years of field experience.

ered no longer at ‘risk’ of pertussis from the first day of cough)
were followed during an open extension follow-up period of 6
months where the vaccine efficacy was 77%, (95% CI: 65–85%) [29],
Study A.

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Table 1
Tabular overview of trials investigating the safety, efficacy, immunogenicity and postmarketing and effectiveness studies with monocomponent aP vaccine in infants, children, adolescents and adults. Including references, design,
trial  population, vaccination schedules, content of pertussis toxoid (PT, �g) in the vaccines; pertussis case definitions, number of included subjects (N), IgG anti-PT ELISA assay results or toxin neutralising anti-PT CHO  cell assay
results,  IgG anti-PT GMCs, booster response, seroconversion and/or seropositivity rates, frequencies of injection site redness, swelling, pain and fever and other results or comments.

Study A: Efficacy trial – pivotal results, DTaP (SSI)

Reference, country &
year

Design Pertussis case definition Population &
schedule

Vaccines
(PT, �g)

Trial subjects;
N

Efficacy results
Cases; n (%)
Efficacy (95% CI)

1 mth  post-vaccination
GMC  IgG anti-PT in
DTaP × 3 serology subset

Other results/comments

ELISA CHO cell

Trollfors et al. [17]
Taranger et al. [29]
Sweden
1991–94

- Double-blind,
randomised,
placebo-controlled
- Double-blind
follow-up (median 17.5
mth) from 1 mth  after
3rd dose to 24 July 94
- Open extended
follow-up from 25 July
94 to 31 Jan 95

WHO  case definition:
Trial subject:
-  Paroxysmal cough ≥21
days
Laboratory confirmation:
- Culture positive trial
subject or family member
-  Statistically significant
increase in serum anti-PT
or anti-FHA in trial subject

Infants 3, 5, 12
mth  DTaP (40)

DT

DTaP (40)
DT

Double-blind:
1724
1726

Open extended:
1530
1389

Double-blind:
72 cases (4.2%)
240 cases (13.9%)
Efficacy: 71%
(63–78)
Open extended:
29 cases (1.9%)
110 cases (7.9%)
Efficacy: 77%
(65–85)

145 IU/mL
(n = 566)

240 (titre)
(n = 488)

- In the DTaP × 3 serology
subset the 1 mth
post-vaccination anti-PT
GMC  was higher in
subjects with no pertussis
during follow-up
(153 IU/mL) than in cases
(96.9 IU/mL) (p = 0.001)
- In cases, DTaP vaccinees
had milder disease than
DT vaccinees

-  Subjects with or without
pertussis in the subsequent
follow-up period, but with no
pertussis ±2 months from the
time of sampling

Study B: Efficacy trial, household exposure after 2 or 3 doses, DTaP (SSI)

Reference, country
& year

Design Pertussis case definition Population & schedule Vaccines
(PT, �g)

Trial subjects
Household
exposed; N

Efficacy results
Cases, secondary; n (%)
Efficacy (95% CI)

Other
results/comments

Trollfors et al. [30]
Sweden
1991–94

- Double-blind,
randomised,
placebo-controlled
- Double-blind follow-up
from day of 2nd dose to 24
July 94

Trial subject (household
exposed):
-  WHO  case definition
- Onset of pertussis 6-60 d
after onset of primary case
Household contact
(primary case):
-  Pertussis category 1, 2 or
3 as defined in [30]

- Infants 3, 5, 12 mth
- Trial subjects household
exposed after 2 or 3doses

DTaP (40)
DT

DTaP (40)
DT

After 2 doses:
32
35

After 3 doses:
99
79

After 2 doses:
4 cases (13%)
13 cases (37%)
Efficacy: 66% (15–90)
After 3 doses:
20 cases (20%)
64 cases (81%)
Efficacy 75% (64–84)

DTaP provides
protection against
pertussis both after
household and
community
exposure

Study C: Efficacy trial, correlation of post-vaccination anti-PT level and protection, DTaP (SSI)

Reference, country
& year

Design Pertussis case definition Population & schedule Vaccines
(PT, �g)

1 mth post-vaccination GMC  IgG
anti-PT by ELISA in DTaP × 3
serology subset

Other results/comments

Taranger et al. [32]
Sweden
1991–95

- Double-blind, randomised,
placebo-controlled
- Double-blind and open follow-up
(21–33 mth) from 1 mth  after 3rd
dose to 31 March 95

Trial subject (not household
exposed):
-  Severe pertussis: Paroxysmal
cough ≥21 d
- Mild pertussis: Paroxysmal
cough <21 d
Trial subject (household exposed):
-  Onset of severe or mild pertussis
6–60 d after onset of primary case
Laboratory confirmation severe &
mild pertussis:
- Culture positive trial subject or
family member
- Statistically significant increase
in serum anti-PT or anti-FHA in
trial subject

- Infants 3, 5, 12 mth
- DTaP × 3 serology subset
- Not household exposed or
household exposed

DTaP (40) Not household exposed (N = 687):
A: Severe pertussis (n = 85),
102 IU/mL
B: Mild pertussis (n = 37),
115 IU/mL
C: No pertussis (n = 566), 150 IU/mL
A vs C (p < 0.0001)
Household exposed (N = 126):
A: Severe pertussis (n = 27),
79 IU/mL
B: Mild pertussis (n = 24),
143 IU/mL
C: No pertussis (n = 75), 212 IU/mL
A vs C (p < 0.0001)

- Highly statistically
significant correlation
between post-vaccination
anti-PT GMC  and
protection against
pertussis during follow-up
-  1 mth  post-vaccination
GMC  of IgG anti-PT may be
used as correlate of
protection

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Table 1 (Continued )

Study D: Safety & immunogenicity trial in infants, primary vaccination 3, 5, 12 mths, DTaP-IPV (SSI)

Reference, country
& year

Design Population &
schedule

Vaccines
(PT, �g)

Trial subjects,
N

Post-vaccination GMC
IgG anti-PT by ELISA

Post-vaccination anti-PT
seropositives (≥4 IU/mL)

Safety results: % subj with
redness/swelling/fever
48 h after 3rd ds; DTaP-IPV
vs wP

Other results/
comments

After 1
mth

24 mth  of
age

After 1
mth

24 mth of
age

Gyhrs et al. [18]
Denmark
1993–96

Open, randomised,
controlled

- Infants 3, 5,
12 mth
- Infants 5 wk,
9  wk 10 mth

DTaP-IPV (40) 186 267 IU/mL
(n = 117)

34.5 IU/mL
(n = 75)

100%
(n = 117)

97.3%
(n = 75)

Redness ≥2 cm:  53.6%
(n = 168)
Swelling ≥2 cm: 29.8%
(n = 168)
Fever ≥38.0 ◦C: 18.5%
(n = 168)

DTaP-IPV was
concluded to
be safe and
immunogenic
in infants

wP  84 11.1 IU/mL
(n = 26)

6.8 IU/mL
(n = 18)

73.1%
(n = 26)

55.6%
(n = 18)

Redness ≥2 cm:  59.0%
(n = 61)
Swelling ≥2 cm: 44.3%
(n = 61)
Fever ≥38.0 ◦C: 42.6%
(n = 61)

Study E: Safety & immunogenicity trial in infants, primary vaccination 3, 5, 12 mths, DTaP-IPV (SSI)

Reference, country
& year

Design Population &
schedule

Vaccines (PT,
�g)

Trial, subjects,
N

1  mth  post-vaccination
GMC  IgG anti-PT by ELISA

Post-vaccination anti-PT
seropositives (≥10 IU/mL)

Safety results: % subj with
redness/swelling/fever 7 d
after 3rd ds/PRP-T vs
+PRP-T

Other results/
comments

After 2nd
ds

After 3rd
ds

After 2nd
ds

After 3rd
ds

Knutsson et al. [19]
Sweden
1997–99

Open, randomised,
controlled

Infants 3, 5,
12 mth

DTaP-IPV
(40)/PRP-T

204 127 IU/mL
(n = 185)

261 IU/mL
(n = 192)

100%
(n = 185)

100%
(n = 192)

Redness ≥2 cm: 13.3%
(n = 203)
Swelling ≥2 cm: 16.3%
(n = 203)
Fever ≥ 38.0 ◦C: 24.0%
(n = 203)

Mixing caused
moderate
impairment of
PRP-T response,
not clinically
significant, in
infants

DTaP-IPV (40)
(+PRP-T)

203 121 IU/mL
(n = 188)

236 IU/mL
(n = 185)

100%
(n = 188)

100%
(n = 185)

Redness ≥2 cm: 24.9%
(n = 197)
Swelling ≥2 cm: 24.9%
(n = 197)
Fever ≥38.0 ◦C: 17.0%
(n = 197)

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Table 1 (Continued )

Study F: Safety & immunogenicity trial in infants, primary vaccination 2, 3½, 5 and 16 mths, DTaP-IPV (SSI)

Reference, country
& year

Design Population &
schedule

Vaccines
(PT, �g)

Trial subjects,
N

1  mth  post-vaccination GMT
anti-PT by CHO cell assay

Post-vaccination anti-PT
seropositives (titre ≥4)

Safety results: % subj with
redness/swelling/fever 72 h
after any ds; Vero vs Mkc

Other results/
comments

After 3rd
ds

After 4th
ds

After 3rd
ds

After 4th
ds

Pietrzyk et al. [20]
Poland
2003–05

Double-blind,
randomised,
controlled,
non-inferiority trial

Infants 2, 3½,
5, 16 mth

DTaP-IPV (40)
Vero

410 42.1(titre)
(n = 402)

205 (titre)
(n = 389)

100%
(n = 402)

100%
(n = 389)

Redness ≥2 cm: 16.5%
(n = 400)
Swelling ≥2 cm: 12.3%
(n = 400)
Fever ≥38.0 ◦C: 31.0%
(n = 410)

The safety and
immunogenicity
of DTaP-IPVVero

was
demonstrated to
be non-inferior to
DTaP-IPVMkc in
infantsDTaP-IPV

(40)Mkc
407  41.6

(titre)
(n = 404)

187 (titre)
(n = 389)

100%
(n = 404)

100%
(n = 389)

Redness ≥2 cm: 12.9%
(n = 402)
Swelling ≥2 cm: 10.4%
(n = 402)
Fever ≥38.0 ◦C: 35.1%
(n = 407)

Study G: Safety & immunogenicity trial in children, booster vaccination 4–6-years, DTaP (Certiva)

Reference, country
& year

Design Population & schedule Vaccines
(PT, �g)

Trial subjects,
N

Pre & post-vaccination
GMC  IgG anti-PT by
ELISA

Anti-PT booster response
(≥×4  rise & post ≥4 IU/mL):
Anti-PT seroconversion
(≥×4 rise):

Safety results: % subj
with redness/swelling
7 d after booster ds

Other results/
comments

Pre Post

Blatter et al. [21]
USA
1995–96
Unpublished

Open,
non-controlled

- Children 4–6 yr,
booster vaccination-
Previously wP at 2, 4, 6 &
wP  or aP at 12-24 mth

DTaP (40)
-  Certiva

222 3.7 IU/mL
(n = 211)

97 IU/mL
(n = 211)

Booster response:
93% (n = 211)
Seroconversion:
95% (n = 211)

Redness ≥6 cm:  1.0%
(n = 222)
Swelling ≥6 cm:  1.4%
(n = 222)

Booster vaccination with
DTaP was safe and
immunogenic in children

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Table 1 (Continued )

Study H: Safety & immunogenicity trial in children, booster vaccination 6-years, TdaP (20 & 40), TdaP-IPV (20 & 40) (SSI)

Reference, country
& year

Design Population &
schedule

Vaccines (PT,
�g)

Trial subjects,
N

Pre & post-vaccination
GMC  IgG anti-PT by ELISA

Anti-PT seropositive
(post ≥4 IU/mL):
Anti-PT seroconversion
(≥×4 rise):

Safety results: % subj
with pain/redness/
swelling 14 d after
booster ds

Other results/
comments

Pre Post

Taranger et al. [22]
Sweden
1997–99
Unpublished

Open, randomised,
controlled,
non-inferiority trial

-  Children 5–6 yr,
booster vaccination
- Previously
monocomponent aP
at 3, 5, 12 mth

TdaP (20) 162 6.8 IU/mL
(n = 161)

223 IU/mL
(n = 152)

Seropositive: 99.3%
(n  = 152)
Seroconversion: 97.4%
(n = 152)

Pain (any): 55.6%
(n = 162)
Redness ≥6 cm:  20.4%
(n = 162)
Swelling ≥6 cm:  9.9%
(n  = 162)

- Anti-PT booster
response of TdaP (20)
non-inferior to TdaP
(40) in children
- Lower frequency
injection site
redness/swelling for
TdaP (20) than TdaP
(40)
- Anti-PT GMC  ratio of
32.8 from pre- to
post-vaccination for
TdaP (20)

TdaP (40) 168 10.8 IU/mL
(n  = 168)

287 IU/mL
(n = 166)

Seropositive: 100%
(n  = 166)
Seroconversion: 98.2%
(n = 166)

Pain (any): 63.1%
(n = 168)
Redness ≥6 cm:  30.4%
(n = 168)
Swelling ≥6 cm:  19.6%
(n  = 168)

TdaP-IPV (20) 148 10.7 IU/mL
(n  = 147)

222 IU/mL
(n = 143)

Seropositive: 100%
(n  = 143)
Seroconversion: 97.9%
(n = 143)

Pain (any): 48.7%
(n = 148)
Redness ≥6 cm:  23.7%
(n = 148)
Swelling ≥6 cm:  10.8%
(n  = 148)

TdaP-IPV (40) 142 11.6 IU/mL
(n = 142)

243 IU/mL
(n = 141)

Seropositive: 100%
(n  = 141)
Seroconversion: 95.7%
(n = 141)

Pain (any): 64.8%
(n = 142)
Redness ≥6 cm:  27.5%
(n = 142)
Swelling ≥6 cm:  14.1%
(n  = 142)

Study I: Immunogenicity trial in children, booster vaccination 10-years, TdaP (20 & 40) (SSI)

Reference &
country

Design Population & schedule Vaccines
(PT, �g)

Trial subjects,
N

Pre & post vaccination median IgG anti-PT by
ELISA Subject stratification by:

Other results/comments

Pre < LOQ Pre ≥ LOQ

Trollfors et al. [23]
Sweden

Open, randomised,
controlled

- Children 10 yr, booster
vaccination
- Previously wP, aP or
pertussis

TdaP (20) 166 Pre: <1 IU/mL (n = 30)
Post: 16.5 IU/mL (n = 30)

Pre: 18 IU/mL (n = 136)
Post: >400 IU/mL (n = 136)

-  10-yr olds with non-detectable antibodies
before the booster vaccination had lower
post-vaccination levels
-  The addition of aP to the Td vaccine did not
affect anti-tetanus and anti-diphtheria
antibody responses
-  An age of 10 yr for the first booster dose after
primary DTaP vaccination may be to high

TdaP  (40) 170 Pre: <1 IU/mL (n = 21)
Post: 36 IU/mL (n = 21)

Pre: 16 IU/mL (n = 149)
Post: >400 IU/mL (n = 149)

Td  166 Pre: <1 IU/mL (n = 20)
Post: <1 IU/mL (n = 20)

Pre: 16.5 IU/mL (n = 146)
Post: 16 IU/mL (n = 146)

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Table 1 (Continued )

Study J: Safety & immunogenicity trial in adolescents, booster vaccination 15–16-years, TdaP (20) (SSI)

Reference, country
& year

Design Population & schedule Vaccines
(PT, �g)

Trial subjects,
N

Pre & post-vaccination
GMC IgG anti-PT by ELISA

Anti-PT booster
response (≥×2  rise
&  post ≥4 IU/mL):

Safety results: % subj with
pain/redness/swelling 14 d
after booster ds

Other results/
comments

Pre Post

Netterlid et al. [24]
Sweden
2009
In publication

Open,
randomised,
controlled

- Adolescents 14–15 yr,
booster vaccination
-  Previously 5-comp. aP at
3, 5, 12 mth  & 5-comp. aP
at 5½ yr

1-comp.
TdaP (20)

115 2.9 IU/mL
(n = 113)

74.2 IU/mL
(n = 113)

Booster response:
95.6% (n = 113)

Pain (severe): 0.9% (n = 113)
Extensive redness/swelling:
2.7% (n = 113)

Both TdaP vaccines were
safe and immunogenic
given as a 5th dose to
adolescents

5-comp.
TdaP

115 In publication In publication Booster response:
87.7% (n = 113)

Pain (severe): 7.1% (n = 113)
Extensive redness/swelling:
2.7% (n = 113)

Study K: Safety & immunogenicity trial in adults, booster vaccination, TdaP (20) (SSI)

Reference, country
& year

Design Population &
schedule

Vaccines
(PT, �g)

Trial subjects,
N

Pre & Post-vaccination
GMC  IgG anti-PT by ELISA

Anti-PT booster response
(pre <20 IU/mL: ≥×4 rise;
pre ≥20 IU/mL: ×2 rise):
Anti-PT seropositive (post
≥5 IU/mL):

Safety results: % subj with
pain/redness/swelling 28 d
after booster ds

Other results/comments

Pre Post

Thierry-Carstensen
et al. [25]
Denmark
2010

Double-blind,
randomised,
controlled,
non-inferiority trial

- Adults, booster
vaccination
- Previously wP
according to
Danish schedule

TdaP (20) 401 6.9 IU/mL
(n = 401)

122 IU/mL
(n = 401)

TdaP (20):
Booster response: 92.0%
(n = 401)

Pain (severe): 0.7% (n = 401)
Redness ≥5  cm:  0.7% (n = 401)
Swelling ≥5 cm:  1.5%
(n = 401)

- T and d immunogenicity
of TdaP non-inferior to Td
in adults
-  No differences in safety
profile of TdaP (20) and Td

Td  401 7.0 IU/mL
(n = 399)

7.3 IU/mL
(n = 399)

Seropositive: 98.3%
(n = 401)
GMC (rise): 17.7(n = 401)

Pain (severe): 2.2% (n = 401)
Redness ≥5  cm:  0.7% (n = 401)
Swelling ≥5 cm:  1.5%
(n = 401)

Study L: Effectiveness and herd immunity – a massvaccination study, DTaP & aP (SSI)

Reference, country
& year

Design Pertussis case definition Population & schedule Vaccines (PT, �g) Effectiveness results/herd
immunity

Other results/comments

Taranger et al. [28]
Trollfors et al. [43]
Sweden
1995–99

- Open, prospective study
with historic control
-  Gothenburg population
(778,597) with pertussis,
no vaccination 1975–95

The effect of vaccination on
the incidence of pertussis
evaluated by numbers of
positive cultures and
numbers of
hospitalisations due to
pertussis

Infants:
3,  5, 12 mth
Target population:
Children (≥1yr; up to 10
yr): 3 doses with 2 & 6 mth
interval
- Exclusion of subjects with
a history of pertussis

DTaP/aP (40)
-  DTaP replacement by aP
according to number of
previous DT doses
- 167,810 aP (40) doses
administered to 61,219
subjects in target
population

In target population:
-  Mean number of culture
positives declined from 1214
per yr (1993–95) to 64
(1997–Jun 99 (p < 0.0001))
- Hospitalisations due to
pertussis in same periods
declined from 62 per yr to 6
(p  < 0.0001)
In all age groups of population:
- Significant decreases in
pertussis incidences in
unvaccinated infants (<6 mth)
and in adults (≥15 yr.) i.e. herd
immunity

-  In DTaP/aP × 3 serology
subset post-vaccination
GMC  IgG anti-PT by ELISA
was 198 IU/mL (N = 481) in
infants
-  Mass vaccination
decreased spread of B.
pertussis in the population

dx.doi.org/10.1016/j.vaccine.2013.08.034
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3.2. Household contact and transmission studies, DTaP (SSI)

The efficacy of DTaP under household exposure was investigated
in 245 infants in the efficacy trial [30], Study B, Table 1. Included
were infants who had secondary pertussis starting 6–60 days after
the onset of a primary case of pertussis in their household. The
vaccine efficacy was  66% in infants exposed to pertussis from the
day of the 2nd vaccination and 75% in infants exposed from the
day of the 3rd vaccination. Moreover, in a transmission study of
parents and younger siblings of the efficacy trial participants, it
was demonstrated that DTaP reduced the spread of pertussis to
close contacts [31], a prerequisite for herd immunity.

3.3. Correlation between IgG anti-PT levels and protection
against pertussis, DTaP (SSI)

In an extension study to the efficacy trial the correlation
between the one month post-vaccination GMC  of IgG anti-PT and
protection against pertussis was investigated in fully DTaP vac-
cinated infants from whom a serum sample was  available [32],
Study C, Table 1. The follow-up period included double-blind and
open follow-up for 21 to 33 months. A statistically significant
correlation between the one month post-vaccination GMC  of IgG
anti-PT and subsequent protection against severe pertussis (parox-
ysmal cough ≥21 days) was demonstrated both in non-household
exposed (p < 0.0001) and in household exposed (p < 0.0001) infants,
Study C.

3.4. Interpretation of results of efficacy trials with aP vaccines

The efficacy trials with the aP vaccines, monocomponent and
multicomponent, conducted in the 1990s have left important ques-
tions unresolved. Most importantly, none of the three double-blind,
randomised and controlled efficacy trials [17,33,34] were designed
to answer the question of how many components an aP vaccine
should contain. Moreover the fact that all multicomponent aP vac-
cines contain FHA introduced a bias, as paired FHA serology was
used for laboratory confirmation of pertussis cases in the trials.
The bias was caused by the presence of vaccine induced anti-FHA
in acute phase sera from multicomponent aP recipients, reduc-
ing the likelihood of statistically significant increases in anti-FHA
between acute and convalescent phase sera, resulting in missed
pertussis cases and artificially high efficacy estimates for the mul-
ticomponent aP vaccines. Correction of this bias can be done by
excluding pertussis cases confirmed solely by paired FHA serology
from the efficacy calculations. Calculated this way the efficacy of
monocomponent aP is 78% [17,35].

In a review by Martha Granström [36] the corrected efficacies
for the mono-, three-and five-component aP vaccines investigated
in the three double-blind, randomised and controlled efficacy trials
[17,33,34] were all estimated to be approximately 80%.

4. Safety in infants, children, adolescents and adults

Adverse reactions to vaccination were compared among DTaP
vaccines. The multicentre acellular pertussis trial (MAPT) per-
formed in the 1990s investigated the safety of 13 DTaP vaccines
in infants. Monocomponent DTaP (SSI) was not included in the
original MAPT, but was subsequently tested according to the same
protocol [37]. Although there were differences among the DTaP
vaccines, none was  consistently the most or least reactogenic; how-
ever, all were associated with substantially fewer and less severe
 with monocomponent acellular pertussis combination vaccines for
ity, efficacy and effectiveness studies and 15 years of field experience.

adverse reactions than the DTwP vaccines [37]. The reactogenicity
of DTaP combination vaccines has been shown to increase with the
number of received doses, mainly attributed to the D and aP com-
ponents [38]. To decrease reactogenicity, the amounts of diphtheria

dx.doi.org/10.1016/j.vaccine.2013.08.034
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nd pertussis antigens in TdaP and TdaP-IPV formulations intended
or booster vaccination have been reduced. A broad range of clini-
al trials have documented the safety of these booster formulations
n populations of children, adolescents and adults [39–41]. In the
afety and immunogenicity trials [18–20,22,24,25] with combina-
ion vaccines containing monocomponent aP reviewed below, no
accine related serious adverse events were reported.

.1. Safety of DTaP-IPV and DTaP-IPV/PRP-T (SSI) in infants

The safety profiles of the DTaP-IPV (SSI) and DTaP-IPV/PRP-T
SSI) primary combination formulations in Danish, Swedish and
olish infants [18–20] are shown in Table 1, Studies D, E and F. The
requencies of injection site redness and swelling and of fever were
ower in DTaP-IPV recipients than in wP recipients [18], STUDY
. Approximately 15% of the infants who completed the primary
accination schedules with DTaP-IPV or DTaP-IPV/PRP-T experi-
nced injection site redness and/or swelling ≥2 cm and 20–30%
xperienced fever ≥38.0 ◦C [18–20], Studies D, E and F. In Study

 it was demonstrated that the frequencies of redness and swelling
ncreased with the number of DTaP-IPV dose [20]. In Study D there

as one case of persistent crying ≥3 h, whereas in Study F three
uch cases were reported [18,20].

.2. Safety of TdaP and TdaP-IPV (SSI) in children

Swedish pre-school children who had previously received 3
oses of DTaP (SSI) were booster vaccinated with either TdaP
20 �g), TdaP (40 �g), TdaP-IPV (20 �g) or TdaP-IPV (40 �g) [22],
tudy H, Table 1. Injection site pain (of any intensity) was  experi-
nced by 55.6% whereas injection site redness (≥6 cm)  occurred in
0.4% and swelling (≥6 cm)  in 9.9% of the TdaP (20 �g) recipients,
tudy H. No extensive swelling (≥10 cm)  reactions were reported
n any group [22]. Injection site redness and swelling frequencies

ere lower in TdaP (20 �g) than in TdaP (40 �g) recipients, Study
. The most commonly reported systemic symptoms were somno-

ence, malaise, irritability and rhinitis, with no obvious patterns or
rends [22].

.3. Safety of TdaP (SSI) in adolescents

TdaP (SSI) and 5-component TdaP were investigated in two
arallel groups in 14–15-year-old Swedish adolescents who were
accinated with 3 doses 5-component DTaP and 1 dose 5-
omponent TdaP in previous clinical trials [24], Study J, Table 1.
fter the TdaP (SSI) booster vaccination, the frequency of severe

njection site pain was 0.9% and of extensive redness and swelling
of more than half the circumference of the upper arm) 2.7%, Study
. The most frequently reported systemic symptoms were moderate
o severe fatigue (15.2%) and moderate to severe headache (17.0%)
24].

.4. Safety of TdaP (SSI) in adults

In a trial in Danish adults the investigated TdaP (SSI) and Td
SSI) vaccines contained identical tetanus and diphtheria toxoid
atches, which allowed for an unbiased double-blind evaluation
f the contribution of the aP component to the safety profile of
daP [25], STUDY K, Table 1. In TdaP recipients, the frequencies of
evere injection site pain, redness ≥5 cm and swelling ≥5 cm were
.7%, 0.7% and 1.5%, respectively, with comparable frequencies in
d recipients, Study K. No TdaP recipients experienced injection
Please cite this article in press as: Thierry-Carstensen B, et al. Experience
infants, children, adolescents and adults—A review of safety, immunogenic
Vaccine (2013), http://dx.doi.org/10.1016/j.vaccine.2013.08.034

ite swelling or redness ≥10 cm whereas two Td recipients (0.5%)
id. The three most frequent systemic symptoms in TdaP recipients,
hether related or not to the vaccination and including all inten-

ities were: headache (20.4%), fatigue (17.0%) and myalgia (10.0%),
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with similar frequencies in the Td group. There was thus no indi-
cation of the aP component contributing to higher rates of local or
systemic adverse events in this clinical setting [25]. The safety pro-
file was similar to that reported for 3- and 5-component TdaP in
American adults [25,42].

5. Immunogenicity in infants, children, adolescents and
adults

The immunogenicity of the combination vaccines containing
monocomponent aP was evaluated measuring IgG anti-PT levels by
ELISA coated with native PT in most trials whereas the toxin neu-
tralising anti-PT Chinese hamster ovary (CHO) cell assay was used
in a few [17,20]. Across trial comparisons of post-vaccination IgG
anti-PT concentrations are not always possible. In the early Swedish
trials A, B, C, E, H and I, the IgG anti-PT determinations were per-
formed by the same laboratory using the FDA reference pertussis
antiserum lot 3 as standard and are comparable. In other trials the
assays were performed by different laboratories either using the
FDA or NIBSC (06/140) international standards. IgG anti-PT levels
are presented here as reported.

5.1. Immunogenicity of DTaP-IPV and DTaP-IPV/PRP-T (SSI) in
infants

Three trials investigated the immunogenicity of DTaP-IPV (SSI),
administered according to primary infant vaccination schedules
[18–20], Studies D, E and F, Table 1. Before introduction of DTaP-IPV
into the Danish programme in 1997, the vaccine was investigated in
the suggested new ‘Nordic schedule’ of 3, 5 and 12 months, in com-
parison to the previous Danish wP vaccination schedule of wP at 5, 9
weeks and 10 months, STUDY D. Unintentionally, there are unequal
numbers in the two  trial groups in this trial. At 24 months of age,
approximately one year after the 3rd aP/wP vaccination, 97.3% of aP
and 55.6% of wP vaccinated infants were seropositive (IgG anti-PT
concentration ≥4 IU/mL), Study D. In a subsequent trial, PRP-T (Act-
HIB) was reconstituted with DTaP-IPV (SSI) and administered as
one injection, DTaP-IPV/PRP-T, and compared to DTaP-IPV + PRP-T,
injected separately, in Swedish infants during 1997–99 [19], Study
E. The one month post 3rd vaccination GMCs of IgG anti-PT were
261 IU/mL (DTaP-IPV/PRP-T) and 236 IU/mL (DTaP-IPV + PRP-T) in
the two groups. Finally, a trial was  conducted in Polish infants
during 2003–05 [20], Study F. Herein, the non-inferiority of DTaP-
IPVVero (SSI) to DTaP-IPVMkc (SSI) was demonstrated for all vaccine
antigens [20]. The toxin neutralising anti-PT geometric mean titre
(GMT) was 205 in DTaP-IPVVero vaccinated infants one month
after completion of the Polish 2, 3½, 5 and 16 months schedule,
Study F. In comparison, it was 240 in fully DTaP vaccinated infants
one month after completion of vaccination in the efficacy trial,
Study A.

5.2. Immunogenicity of DTaP (Certiva), TdaP and TdaP-IPV (SSI)
in children

During 1995–96, Certiva, an American DTaP (40 �g) combi-
nation vaccine (North American Vaccine Inc. Beltsville, MD,  now
acquired by Baxter), containing the same monocomponent aP as
the SSI vaccines, was investigated in 4–6-year old American chil-
dren, previously vaccinated according to the US programme [21],
Study G, Table 1. A booster response (4-fold increase in IgG anti-PT
& post-vaccination level ≥4 IU/mL) was  obtained by 93% after the
DTaP vaccination, Study G. In Sweden, children 5–6 years of age,
 with monocomponent acellular pertussis combination vaccines for
ity, efficacy and effectiveness studies and 15 years of field experience.

previously vaccinated with DTaP (SSI) at 3, 5 and 12 months in the
efficacy trial [17], were enrolled in a dosage finding trial during
1997–99 [22], Study H, Table 1, and booster vaccinated with either
TdaP (20 �g), TdaP (40 �g), TdaP-IPV (20 �g) or TdaP-IPV (40 �g)

dx.doi.org/10.1016/j.vaccine.2013.08.034
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SSI). The trial demonstrated that the immunogenicity of aP (20 �g)
as non-inferior to aP (40 �g), Study H. In a subsequent trial, TdaP

20 �g), TdaP (40 �g) and Td (SSI) were investigated in 10-year-old
wedish children with previous histories of wP or aP vaccina-
ion or pertussis [23], Study I, Table 1. Herein, TdaP (20 �g), TdaP
40 �g) and Td recipients were analysed in subgroups with or with-
ut detectable IgG anti-PT before the vaccination. One month post
accination, median IgG anti-PT concentrations were, as expected,
igher in the subgroups of children with detectable IgG anti-PT
efore the booster vaccination, Study I.

.3. Immunogenicity of TdaP (SSI) in adolescents

TdaP (SSI) and 5-component TdaP vaccine were investigated
n two parallel groups in Swedish 14–15-year-olds enrolled in a
andomised and controlled trial in 2009 [24], Study J, Table 1. The
dolescents had a history of vaccination with 5-component DTaP
t 3, 5 and 12 months and 5-component TdaP at 5½ years of age
n previous trials. TdaP (SSI) resulted in a booster response (2-fold
ncrease in IgG anti-PT & post-vaccination level ≥4 IU/mL) in 95.6%,

ith a GMC  of IgG anti-PT of 74.2 IU/mL, Study J, which was  approx-
mately 4 times higher than for the 5-component TdaP vaccine
24].

.4. Immunogenicity of aP and TdaP (SSI) in adults

A dosage finding trial investigating the safety and immuno-
enicity of five aP vaccines in American healthy adults was
ublished in 1999 [26]. For the monocomponent aP vaccine dosages
f 4, 12.5 and 40 �g pertussis toxoid were investigated. All inves-
igated aP vaccines were shown to be safe and immunogenic and
ere considered possible candidates for future use in adults [26].

More recently, TdaP (SSI) was compared to Td (SSI) in 802
ealthy Danish adults, previously immunised with wP [25] Study
, Table 1. The percentages of subjects with protective tetanus
nd diphtheria antibody levels after the TdaP vaccination (tetanus:
00%; diphtheria: 98.5%) were non-inferior to those after vac-
ination with Td (tetanus: 100%; diphtheria: 99.5%) [25]. In the
daP recipients, an IgG anti-PT booster response (4-fold increase,
f initially <20 IU/mL or 2-fold increase if initially ≥20 IU/mL) was
licited in 92.0% and the post-vaccination GMC  was  122 IU/mL,
tudy K.

In a trial in American adults the IgG anti-PT booster response
≥5 IU/mL if initially <5 IU/mL, 4-fold increase if initially ≥5
nd <20 IU/mL, or 2-fold increase if initially ≥20 IU/mL) rates
nd corresponding GMCs were 77.2% and 63.6 IU/mL for 3-
omponent aP containing 8 �g pertussis toxoid and 47.1% and
2.2 IU/mL for 5-component aP containing 2.5 �g pertussis toxoid
42].

. Postmarketing vaccine effectiveness studies and safety
xperience with monocomponent aP

.1. Effectiveness and herd immunity, mass vaccination study, aP
nd DTaP (SSI)

A mass vaccination (effectiveness) study with monocompo-
ent aP and DTaP was conducted in the Gothenburg area during
995–99 [28,43], Study L, Table 1. Infants were vaccinated with
TaP (SSI) at 3, 5 and 12 months of age, whereas children aged
1 year were offered 3 doses of aP (SSI), as they had already
ompleted the DT vaccination. 12 month old children (who had
Please cite this article in press as: Thierry-Carstensen B, et al. Experience
infants,  children, adolescents and adults—A review of safety, immunogenic
Vaccine  (2013), http://dx.doi.org/10.1016/j.vaccine.2013.08.034

lready received 2 doses of DT) were offered one dose of aP at
2 months followed by 2 doses of DTaP. From June 1995 through
ebruary 1999, 167,810 doses of monocomponent aP were admin-
stered to 61,219 children (56% received 3 doses). The number of
 PRESS
ccine xxx (2013) xxx– xxx

B. pertussis isolates from patients per year in the Gothenburg area
declined from 1214 (January 1993–December 1995) to 64 (January
1997–June 1999), and hospitalisations due to pertussis declined
from 62 to 5 in these two periods. Significant decreases in the
number of isolates occurred in all age groups, including adults
and non-vaccinated infants. Thus mass vaccination of the children
with monocomponent aP decreased the spread of B. pertussis in the
entire population, Study L, Table 1. In 2000 a combination vaccine
with two-component aP was  introduced for general vaccination of
infants in the Gothenburg area. Pertussis returned in 2004 with high
reported incidences in all age groups [43]. The reason for this out-
break is probably that no pre-school booster vaccination was  part
of the Swedish vaccination programme until 2007. From pertussis
surveillance data covering incidences during 1997–2011, reported
by The Swedish Institute for Infectious Disease Control (SMI)
[44,45], it is seen that pertussis incidences in Gothenburg were
significantly higher than in the rest of Sweden, especially during
2004. Contributing factors were the earlier use of PCR for diag-
nosis, a higher nasopharyngeal sampling rate and more reports of
mild pertussis cases in Gothenburg compared to the rest of Sweden
[45]. The possible contribution of the previous use of monocompo-
nent aP in Gothenburg was analysed in two  groups with different
vaccination histories: monocomponent aP primed at 3, 5 and 12
months of age (during 1996–98) and two-component aP primed
according to the same schedule (during 2000–11), and since 2007
including a pre-school aP booster. The risks of pertussis in these two
Gothenburg groups relative to the risk in the rest of Sweden (RRs)
were calculated [45]. In young partly vaccinated infants (e.g. 5–12
months old), the relative risk of pertussis in Gothenburg compared
to the rest of Sweden was  lower in the monocomponent aP group
[RR = 3.2 (95% CI: 1.8–5.4)] than in the two-component aP group
[RR = 9.2 (95% CI: 7.4–11.4)], whereas in children from 5 to 8 years
of age the RRs were lower in the two-component aP group, which
could be due to the effect of the pre-school aP booster vaccination
[45]. During 2005–11 there were no significant differences between
reported pertussis incidences in Gothenburg and the rest of Sweden
[45].

6.2. Effectiveness against pertussis, cohort study, DTaP-IPV (SSI)

The effectiveness of monocomponent aP in the Danish vacci-
nation programme, vaccine effectiveness (VE), was evaluated in a
large cohort of 541,525 children [27], Study M,  Table 1. DTaP-IPV
(SSI) was effective against pertussis requiring hospitalisation (VE:
93% after 3 doses) and against pertussis not requiring hospitali-
sation (VE: 78% after 3 doses), Study M,  Table 1. Infant vaccination
coverage rates in Denmark are approximately 90%. The higher effec-
tiveness against severe pertussis than against mild pertussis is in
line with results from the efficacy trial where the efficacy against
mild pertussis (any cough ≥7 days) was  lower than that against
WHO  defined pertussis (paroxysmal cough ≥21 days), i.e. 54% vs
71% [17].

6.3. Itching injection site nodules in the Gothenburg region

In 2003 a high rate of itching injection site nodules and con-
tact allergy to aluminium was reported from Gothenburg, where
aluminium adsorbed DTaP and aP vaccine from SSI had been admin-
istered in clinical trials including the mass vaccination study in
the 1990s [46,47]. It was suggested that these reactions could be
related to the type of aluminium salt adsorbent. This was further
investigated in a trial including 25,232 children 10 years of age
 with monocomponent acellular pertussis combination vaccines for
ity, efficacy and effectiveness studies and 15 years of field experience.

who were followed for itching injection site nodules and contact
allergy for 6 months after booster vaccination with Td (SSI) and
a standard Swedish Td vaccine, adsorbed to aluminium hydroxide
and aluminium phosphate, respectively. 3–6 children with itching

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Fig. 1. Total incidence of laboratory confirmed pertussis per 100,000 (population) in
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Table 2
Incidence per 100,000 (population) of laboratory confirmed pertussis in Denmark
by  age group in the years 1995 and 1996 (before introduction of monocomponent aP
in  1997) and in the years 2010 and 2011.The major age-group, besides the infants,
has  shifted from the 3–6-year-olds to the 13–14 year-olds.

1995 1996 2010 2011

0 years 115 94 111 96
1  years 28 28 14 16
2  years 34 34 12 15
3  years 41 67 17 31
4  years 48 61 9 11
5  years 53 72 3 6
6  years 33 72 9 3
7  years 44 36 9 12
8  years 41 38 14 9
9  years 25 17 28 14
10  years 9 16 7 22
11  years 4 18 21 13
12  years 13 6 19 22
13  years 5 11 17 25
14  years 2 5 21 26
15  years 5 3 23 11
16  years 2 3 24 19
17  years 0 2 10 8
18  years 0 3 12 4
19  years 0 0 3 4
20  years 0 0 6 3
20+  years 1 1 3 3

above Danish incidence rates to those in neighbouring countries
due to marked across country and region differences in surveillance
systems, use of diagnostic methods and awareness of pertussis
[4].

Table 3
Incidence per 100,000 (population) of laboratory confirmed pertussis in Denmark
by  age group in the years 1995 and 1996 (before introduction of monocomponent
aP in 1997) and in the years 2010 and 2011. Relative changes between the two time
periods are shown.

1995 and 1996 2010 and 2011 Relative
change

0 years 104.4 103.2 1.0
1–4  years 42.5 15.4 0.4
5–9  years 43.8 10.8 0.2
enmark through the years 1995–2011. The arrows mark changes to the vaccination
rogramme. (1) Substitution of the wP vaccine with the monocomponent aP vaccine.
2)  Introduction of the preschool monocomponent aP booster.

njection site nodules per 10,000 were identified in both groups
ith no differences between them and no detection of contact

llergy to aluminium [48]. Itching injection site nodules after vacci-
ation with similar aluminium adsorbed DTaP vaccines from other
anufacturers have been reported both from Sweden [49,50] and

rom other countries [51,52]. In conclusion, itching injection site
odules occur infrequently following vaccination with aluminium
dsorbed vaccines.

.4. Safety experience from spontaneous reporting systems

Since the introduction of combination vaccine containing mono-
omponent aP in 1997 in the Danish vaccination programme, more
han 2.5 million doses have been administered as primary vaccina-
ions to infants, and since 2003 approximately 600,000 doses of aP
ave been administered as booster vaccinations to preschool chil-
ren. The total number of adverse reaction reports related to the
P containing vaccines since 1997 is approximately 1100 related
o primary vaccination, and 200 related to booster vaccination. The

ajority of these reports concern events such as transient injection
ite reactions and fever. In light of the experience from the Gothen-
urg region the post marketing surveillance of itching injection site
odules has been of particular interest. Approximately 100 reports
oncerning such cases have been received since 1997, supporting a
ery low frequency of this vaccine related adverse reaction. There
ere just below 60 reports of extensive swelling reactions related

o the booster vaccinations.

. Description of the epidemiological situation of pertussis
n Denmark

Since 1995 Denmark has experienced one epidemic of pertussis
hich occurred in 2002 where the reported incidence was  36 per

00,000 (population) [53]. An incidence of 24 per 100,000 was
een in 2004 [53], while the incidence ranged between 6 and 11
er 100,000 in the remaining years up to 2011 [54,55], Fig. 1. Infant
eaths attributed to pertussis are rare in Denmark. The latest two
eaths occurred in 2010 [55] and 2005 [53] in infants too young to
ave been eligible for vaccination. The highest reported incidence

n a single age-group is among <1 year old infants of whom the
ajority were not or only partially vaccinated. The incidence of

ertussis among <1 year old infants ranged between 84 and 202
er 100,000 during the years 2005–11. For children ≥1 year of
ge, the incidence of pertussis peaked in the 3–6-year-olds in the
eriod when wP vaccination was still in use (1995–96). Since the
Please cite this article in press as: Thierry-Carstensen B, et al. Experience
infants, children, adolescents and adults—A review of safety, immunogenic
Vaccine (2013), http://dx.doi.org/10.1016/j.vaccine.2013.08.034

ntroduction of combination vaccine containing monocomponent
P in 1997, the peak has gradually shifted towards the young
eenagers 13–14 years old, Table 2 and Fig. 2. This moving peak
orrelates with the last age-cohort vaccinated with the wP  vaccine.
Total 7 8 7 7

The incidence among young children has decreased markedly, from
43 and 44 per 100,000 among the 1–4-year and 5–9-year-olds,
respectively, during 1995–96 to 15 and 11 for the same age-groups
during 2010–11. The total population incidences in these two
periods are comparable, Table 3. In 1998 PCR was  introduced as a
diagnostic method for pertussis in Denmark followed by serology
in 2010. Both PCR and serology have been shown to be superior to
culture [56]. PCR is in general more sensitive [57] and serology is in
particular superior when it comes to diagnosis of adults [58,59]. In
2011, 78% of all laboratory-confirmed cases of pertussis in Denmark
were identified by PCR, 17% by serology, 3% by culture and 1% by
combinations of two methods. The use of serology was still at a low
level in 2011, but as the use expands it is expected to have a similar
effect on the number of confirmed cases of pertussis as has been
seen in other countries [60]. Similar to other countries [4], Denmark
has experienced an increase in incidence of confirmed pertussis
among adults since the 1990s. Whether this increase is true or
merely an effect of improved diagnostic methods and increased
awareness is unknown. It is not possible to directly compare the
 with monocomponent acellular pertussis combination vaccines for
ity, efficacy and effectiveness studies and 15 years of field experience.

10–14 years 9.0 19.4 2.2
15–19 years 1.7 12.0 7.0
20+  years 1.3 2.9 2.2
Total 7.7 6.7 0.9

dx.doi.org/10.1016/j.vaccine.2013.08.034
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Fig. 2. Incidence by age group of laboratory confirmed pertussis in relation to total incidence that year. Columns indicate children who were vaccine-eligible in the three
d  1996
b ion of
a

8

o
a
e
c
i
i
v
T
6
d
b
t
s
y
p
a
c
p
r
w
i
t
o
o
n
a

ifferent periods with regards to vaccines: Turquoise: The whole-cell period (until
ooster (introduced September 2003, colour markings from 2004). (For interpretat
rticle.)

. Discussion

In Denmark, the introduction of wP in 1961 (Potency: ≥4 IU,
pacity before inactivation ≤20 OU, manufactured by SSI) caused

 rapid decline in notified pertussis cases in all age groups, how-
ver minor epidemics continued to occur every 3–4 years with wP
overage rates of around 80% [61]. Combination vaccines contain-
ng monocomponent aP have been used for primary vaccination of
nfants at 3, 5 and 12 months of age since 1997 and for booster
accination of pre-school children at 5 years of age since 2003.
he incidence of pertussis in Denmark has remained stable around
–11 per 100,000 during 2005–11 [54,55]. The most recent epi-
emic occurred in 2002, the year before introducing the 5-years aP
ooster vaccination, with an incidence of 36 per 100,000 [53]. Thus,
he 3–4 years outbreak intervals seen in the wP vaccination period
eem to have changed. The highest incidence among children ≥1
ear of age has shifted from the 3–6-year-olds in the wP  vaccination
eriod to the 13–14-year-olds. This change has occurred gradu-
lly and coincides with the introduction of aP vaccination. This
ould imply that the aP vaccine induces better immunity than the
reviously used wP vaccine in Denmark, which contradicts recent
eports from Australia and the USA where it was  suggested that
P primed individuals experience less pertussis than aP primed

ndividuals [62,63]. The changing epidemiology of B. pertussis infec-
ion in Europe and in the USA, with increasing numbers of cases in
Please cite this article in press as: Thierry-Carstensen B, et al. Experience
infants,  children, adolescents and adults—A review of safety, immunogenic
Vaccine  (2013), http://dx.doi.org/10.1016/j.vaccine.2013.08.034

lder populations, stresses the importance of booster vaccination
f children, adolescents and adults [4]. Infection-acquired immu-
ity against pertussis has been reported to wane after 4 to 20 years
nd immunity following vaccination seems to wane after 4–12
). Lilac: aP period without booster (1997–2003). Orange: aP period with preschool
 the references to color in the text, the reader is referred to the web version of the

years [64]. Several trials have documented that a booster response
is induced by TdaP vaccines in adolescents and adults [65–71].
As decennial booster vaccination against tetanus and diphtheria
during adolescence and adulthood is well established in many
countries, the recent trials documenting the safety and immuno-
genicity of decennial vaccination with TdaP vaccines [66,71] are
promising, as they support the feasibility of a shift from decennial
Td to decennial TdaP booster vaccination. The clinical implications
of the amount of and different manufacturing techniques of pertus-
sis toxoid were investigated in the MAPT in the 1990s [72]. Herein,
post-vaccination GMCs of IgG anti-PT could not be shown to cor-
relate with the quantity of pertussis toxoid in the investigated aP
combination vaccines. However, the immunogenicity of pertussis
toxoid was  highly dependent on antigen derivation and vaccine for-
mulation including inactivation techniques. This was  most clearly
demonstrated for an aP combination vaccine containing genetically
inactivated pertussis toxoid, which was the most immunogenic
vaccine although it contained the lowest amount (5 �g) of pertus-
sis toxoid [72]. Recent studies suggest that the impact of varying
chemical inactivation on pertussis toxin epitopes need to be fur-
ther investigated [73,74]. In two  trials in adults, IgG anti-PT booster
response rates and post-vaccination GMCs were higher for TdaP
(SSI) containing 20 �g pertussis toxoid inactivated by hydrogen
peroxide, than for 3- and 5-component aP vaccines containing 8
and 2.5 �g pertussis toxoid inactivated by formaldehyde and/or
 with monocomponent acellular pertussis combination vaccines for
ity, efficacy and effectiveness studies and 15 years of field experience.

glutaraldehyde [25,42]. The higher amount of pertussis toxoid, the
fact that it is less denatured in the TdaP (SSI) vaccine or both
may  play a role [1,2]. IgG anti-PT levels achieved after vaccination
with TdaP predict antibody persistence [67], and it was recently

dx.doi.org/10.1016/j.vaccine.2013.08.034
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uggested that the increased pertussis toxin production of the new
irculating P3 strains of B. pertussis would be less likely to cause
ertussis in the presence of higher levels of circulating neutralising
nti-PT in the populations [8]. Anti-PT levels have been shown to
ecline rapidly during the first years after TdaP booster vaccina-
ion of adults [65,67]. Interestingly, a recent small investigation in
anish adults indicated that anti-PT levels declined more rapidly

n patients who had experienced pertussis than in healthy adults
ooster vaccinated with the Danish aP vaccine [75]. Whether the
uccessful control of pertussis in Denmark can be attributed to the
onocomponent aP vaccine, the only vaccine in use in Denmark

uring the last 15 years, should be followed closely, including the
eed of an additional adolescent aP booster vaccination, as well as
he effectiveness of the monocomponent aP vaccine in the other
uropean countries where it is presently being introduced.
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