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Circulation of pertussis and poor protection against
diphtheria among middle-aged adults in 18
European countries
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Reported incidence of pertussis in the European Union (EU) and the European Economic Area
(EEA) varies and may not reflect the real situation, while vaccine-induced protection against
diphtheria and tetanus seems sufficient. We aimed to determine the seroprevalence of DTP
antibodies in EU/EEA countries within the age groups of 40-49 and 50-59 years. Eighteen
countries collected around 500 samples between 2015 and 2018 (N =10,302) which were
analysed for IgG-DTP specific antibodies. The proportion of sera with pertussis toxin antibody
levels >100 IU/mL, indicative of recent exposure to pertussis was comparable for 13/18
countries, ranging between 2.7-5.8%. For diphtheria the proportion of sera lacking the
protective level (<0.1 IlU/mL) varied between 22.8-82.0%. For tetanus the protection was
sufficient. Here, we report that the seroprevalence of pertussis in these age groups indicates
circulation of B. pertussis across EU/EEA while the lack of vaccine-induced seroprotection
against diphtheria is of concern and deserves further attention.
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hooping cough or pertussis is a highly infectious dis-

ease that has resurged since the 1990s despite high

vaccine coverage. The epidemic of 2012 in several
countries resulted in the highest incidence of morbidity and
mortality since the large-scale introduction of vaccines in the
1950s. The increase in the number of deaths in neonates, who are
too young to be (fully) vaccinated, is particularly alarming. These
newborns represent the highest-risk group for fatal pertussis
disease, and often parents and close family members (e.g.
grandparents) are the main source of infection!-2.

The incidence of pertussis in European countries varies from
0.01 up to 50 per 100,000 inhabitants>*. Moreover, most natural
infections among adolescents and adults due to Bordetella
pertussis result in mild or subclinical disease and are often not
reported®. This underreporting of cases is recognised and the
estimated rate of reported infections between European countries
ranges from 1/1000 up to 33/1000 inhabitants, yearly®’. To get a
better estimate of the circulation of B. pertussis in the population,
sero-epidemiology is a valuable tool complementary to clinical
surveillance programmes. Serosurveillance of infections covered
by the national vaccination programmes is important because it
provides relevant information about the burden of infection and
the immunological status of the population, and thus provides a
tool to evaluate the risk of infection for not yet vaccinated infants.
Furthermore, seroprevalence studies offer an opportunity to study
waning immunity based on antibody decay in the population.
Several European countries have performed such studies for
pertussis (Belgium, Denmark, Italy, the Netherlands, Sweden and
United Kingdom)8-13. However, these studies are based on
antibody decay only and do not take into account other immu-
nological parameters like cellular responses affecting the whole
immunity against disease. Still, they reflect one side of the
immunological protection induced by antibody seroprevalence.
Furthermore, comparing serosurveillance studies between coun-
tries is not easy due to the wide variety of cohort selection criteria
and laboratory tests that were used®.

No internationally accepted correlate of protection for pertussis
has been established. However, because pertussis toxin (PT) is
specific for B. pertussis, the level of antibodies against PT (IgG-PT
in IU/mL) is used as an aetiological marker of pertussis. Based on
this marker the proportion of recent exposures in the population
can be estimated provided that individuals vaccinated at least in
the last 2 years are excluded!41>,

In contrast to pertussis, the incidence of diphtheria and tetanus
according to the data reported to ECDC has been very low in the last
decade across EU/EEA countries, due to the longstanding vaccina-
tion programmes and high coverage, indicating that these vaccines
seem to confer better protection than the pertussis vaccines!S.
Almost all EU/EEA countries reported a coverage of >90% for the
third infant dose of DTP in the last decade!”. Diphtheria re-emerges
when vaccination programmes are compromised and outbreaks
have been observed following drops in vaccination coverage to 60
and 80% in the former Soviet Union and former Soviet republics
during 19901995 (ref. 18), and more recently in Venezuelal®.

The aim of this study was to determine the seroprevalence
levels of IgG-PT, IgG-Dt and IgG-TT within two specific age
groups (i.e. 40-49 and 50-59 years of age) in EU/EEA countries
to explore the proportion of sera indicative for a recent exposure
to pertussis to determine the circulation of B. pertussis, and the
persistence of vaccine-induced protection against diphtheria and
tetanus in EU/EEA.

Results
Study characteristics. From the 28 invited countries, 18 countries
agreed to participate and shipped around 250 samples for both

targeted age cohorts of 40-49 and 50-59 years to the RIVM. The
characteristics of the sample collections like collection period
(2015-2018) and locations are summarised in Table 1. The sex
distribution of the samples was obtained from 16 countries. To
avoid a selection bias, all samples (N = 1644) from the two age
groups collected in a national serosurveillance study in the
Netherlands were included. UK data comprised samples from
England only. Altogether, the number of subjects included was
10,302.

Antibody prevalence for pertussis. The total percentages of sera
per country with a level for IgG-PT > 100 IU/mL varied between
0.0% (Finland) and 9.7% (Norway) with 13/18 countries showing
a level between 2.7 and 5.8% (Fig. 1 and Table 2). The levels
between 50 and 100 IU/mL for IgG-PT (Table 2) ranged between
4.8% (United Kingdom) and 9.9% (France) for all countries,
excluding Norway with a level of 12.5%. The proportion of
subjects with no detectable antibodies, IgG-PT < 0.85IU/mL,
varied between 2.0% (Norway) and 9.8% (Greece) (Table 2). The
seroprevalence (IgG-PT >100IU/mL) of the two age cohorts
separately and in total per country is illustrated in Fig. 2 with a
subdivision per sex. We found no influence of age and sex on the
seroprevalence overall (p =0.846 and p =0.802 resp.), but the
country effect was significant (p = 0.023, Supplementary Table 1).
For overall seroprevalence of IgG-PT levels 50-100IU/mL,
also no effect was found for age and sex (p=0.212, p =0.082
resp.) and the country effect remained significant (p =0.007),
while for the IgG-PT level 250 IU/mL all three categories were
significant (p = 0.038, p=0.020, p < 0.001, respectively, Supple-
mentary Table 1). The geometric mean concentration (GMC)
values for IgG-PT antibodies ranged from 7.2 to 14.8 IU/mL
within the 18 countries (Table 3). Significant GMC differences
between the age cohorts were found for Austria, Lithuania, Lat-
via, the Netherlands and Norway with elevated IgG-PT con-
centrations in the 50-59 year cohort, except for Austria (Table 3).
Between sex, significant GMC differences could be observed
in the total cohort for Finland, Hungary, the Netherlands,
Portugal and UK with elevated IgG-PT concentrations in males
(Supplementary Fig. 1).

Antibody prevalence for diphtheria. The proportion of sera with
Dt antibody levels below the basic immunity level of 0.01 IU/mL
varied between 4% (Finland) and 43% (Greece) and for the
protective level of 0.1 IU/mL from 23% for Finland up to around
80% for Greece, Ireland, Romania and United Kingdom (Fig. 1
and Table 2). Age, sex and country had a significant influence on
the seroprotection for both cut-offs (p <0.001, Supplementary
Table 1). Significant differences for sex within the countries were
found for the levels <0.01 IU/mL in the 40-49 years groups for
Denmark, the Netherlands and Sweden, in the 50-59 year olds for
Hungary, the Netherlands, Slovak Republic and United Kingdom
and in the total cohorts for Denmark, Hungary, the Netherlands,
Slovak Republic and United Kingdom (Fig. 3). For the levels
<0.1 TU/mL differences in sex were found in the 40-49 year olds
for Denmark, France, Hungary, Ireland and the Netherlands, in
the 50-59 year olds for Denmark and the Netherlands, and in the
total cohorts for Denmark, France, Ireland and the Netherlands.
The GMCs of IgG-Dt levels were low for all participating coun-
tries, not exceeding 0.1 IU/mL in the total cohorts for 11/18
countries (Table 3). The GMCs in the 50-59 year olds were
always lower than those of the 40-49 year olds, except for the
Netherlands and Romania equally low and a significant difference
in GMC between the age groups was found in 11/18 countries
(Table 3).
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Fig. 1 Relative distribution of samples by IgG intervals and by country. IgG-PT (a), IgG-Dt (b) and IgG-TT (c). Proportion of pertussis seroprevalence
divided in samples <0.85 IU/mL (yellow), 0.85 to <50 IU/mL (green), 50 to <100 IU/mL (blue) and >100 IU/mL (purple) and seroprotection against
diphtheria and tetanus in <0.011U/mL (purple), 0.01 to <0.11U/mL (green) and >0.11U/mL (yellow) within the 18 countries. The bars sum up to 100%.
Abbreviations of all participating countries and the number of samples included in the study are listed in Table 1.

Antibody prevalence for tetanus. In contrast with diphtheria, the
seroprotection levels for tetanus were sufficient with only very few
sera lacking basic immunity (Fig. 1 and Table 2). The proportion
of sera with levels below 0.01 IU/mL ranged from 0 to 1.2%, apart
from Greece (2.4%). For the total cohort, seven countries were
considered as fully protected (Austria, Finland, France, Hungary,
Latvia, Portugal and Slovenia). The protective level of 0.1 IU/mL
was reached in more than 90% of the sera in all countries, apart
from Greece (79%) and Ireland (83%). In the other 16 countries
the proportion of sera with unprotected levels (<0.1 IU/mL)

ranged from 0.4 to 8.2%. Whereas sex and country had significant
impact on the seroprotection level (<0.11U/mL, p <0.001), no
significant impact at the unprotected level (<0.011U/mL) was
found for age, sex and country (p =0.902, p=0.986) p = 0.491,
resp., Supplementary Table 1). Between countries no significant
sex differences were found for the unprotected level in both age
groups and the total cohort (Fig. 4). However, for the ser-
oprotection level sex differences were found in the age group
40-49 years for Sweden, in the 50-59 years for Denmark, Hun-
gary, Ireland and Latvia, and in the total cohorts for Belgium,
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Table 2 Percentages of pertussis seroprevalence and Dt and TT seroprotection per country and by age group.

IgG-PT (IU/mL) IgG-Dt (IU/mL) IgG-TT (1U/mL)
<LLOQ 50to<100 >100 <0.01 <0.1 <0.01 <0.1
Country Agegroup Ntotal % % N % 2% corr. N % N % N % N % N
AT 40-49 250 1.2 28 52 4.3 13 10.4 26 536 134 0.0 0 1.6 4
50-59 250 52 13 3.6 2.2 9 200 50 592 148 0.0 0 1.6 4
Total 500 6.0 8.2 41 4.4 3.2 22 15.2 76 564 282 0.0 0 1.6 8
BE 40-49 252 7.1 18 7.5 7.4 19 135 34 548 138 0.0 0 6.0 15
50-59 252 1.5 29 7. 6.8 18 278 70 631 159 1.2 3 8.7 22
Total 504 5.6 9.3 47 7.3 7. 37 206 104 589 297 06 3 7.3 37
DK 40-49 249 7.6 19 5.6 49 14 12.9 32 526 131 04 1 4.0 10
50-59 242 9.5 23 1.2 121 27 15.3 37 529 128 0.0 0 5.8 14
Total 491 45 8.6 42 8.4 8.4 41 14.1 69 528 259 0.2 1 49 24
FI 40-49 250 4.0 10 2.0 0.1 5 3.2 8 204 51 0.0 0 0.4 1
50-59 250 6.8 17 16 0.0 4 4.4 n 25.2 63 0.0 0 0.4 1
Total 500 6.6 5.4 27 18 0.0 9 3.8 19 228 1n4 0.0 0 0.4 2
FR 40-49 299 9.4 28 44 32 13 2.0 6 231 69 0.0 0 2.7 8
50-59 298 10.4 31 8.1 8.0 24 10.7 32 480 143 0.0 0 3.4 10
Total 597 4.0 9.9 59 6.2 5.6 37 6.4 38 355 212 0.0 0 3.0 18
GR 40-49 250 6.0 15 48 3.8 12 268 67 724 181 0.0 0 1.6 29
50-59 250 52 13 3.2 1.7 8 596 149 916 229 48 12 312 78
Total 501 9.8 5.6 28 40 2.7 20 433 217 820 am 24 12 214 107
HU 40-49 260 5.0 13 15 0.0 4 3.5 9 604 157 0.0 0 2.7 7
50-59 273 4.8 13 3.7 23 10 12.5 34 681 186 0.0 0 2.2 6
Total 533 4.5 4.9 26 2.6 0.9 14 8.1 43 64.4 343 0.0 0 2.4 13
IE 40-49 250 8.4 21 5.6 4.8 14 332 83 764 191 04 1 128 32
50-59 249 10.4 26 5.6 4.8 14 418 104 771 192 20 5 213 53
Total 499 3.8 9.4 47 5.6 4.8 28 375 187 768 383 1.2 6 17.0 85
LV 40-49 250 4.8 12 40 2.7 10 12 3 220 55 0.0 0 0.8 2
50-59 250 9.6 24 5.2 43 13 9.2 23 440 10 0.0 0 3.6 9
Total 500 5.2 7.2 36 46 35 23 52 26 330 165 0.0 0 2.2 1
LT 40-49 250 7.2 18 438 3.8 12 2.8 7 276 69 04 1 3.6 9
50-59 250 10.8 27 8.0 8.0 20 10.8 27 484 121 0.8 2 8.4 21
Total 500 2.8 9.0 45 6.4 5.8 32 6.8 34 380 190 0.6 3 6.0 30
NL 40-49 830 8.6 71 4.9 39 41 123 102 565 469 05 4 4.6 38
50-59 814 7.5 61 5.9 52 48 133 108 586 477 0.1 1 5.8 47
Total 1644 5.6 80 132 5.4 45 89 128 210 575 946 03 5 52 85
NO 40-49 251 12.0 30 7.6 7.4 19 5.6 14 319 80 0.0 0 3.6 9
50-59 251 13.1 33 M2 121 28 8.8 22 327 82 04 1 6.8 17
Total 502 2.0 125 63 9.4 9.7 47 7.2 36 323 162 0.2 1 52 26
PT 40-49 250 6.0 15 40 2.7 10 7.6 19 424 106 0.0 0 0.4 1
50-59 250 6.4 6 4.4 3.2 1 10.0 25 41.6 104 0.0 0 0.4 1
Total 500 8.8 6.2 31 42 29 21 8.8 44 420 210 0.0 0 0.4 2
RO 40-49 252 71 18 4.0 2.7 10 258 65 774 195 0.0 0 4.0 10
50-59 252 1.1 28 4.0 2.7 10 250 63 742 187 04 1 123 31
Total 504 5.2 9.1 46 4.0 2.6 20 254 128 758 382 0.2 1 8.1 41
SK 40-49 250 6.0 15 7.2 6.9 18 52 13 644 161 0.0 0 2.0 5
50-59 250 5.6 14 48 3.8 12 6.8 17 7.2 178 0.4 1 1.2 3
Total 500 4.8 5.8 29 6.0 53 30 6.0 30 678 339 02 1 1.6 8
Sl 40-49 263 7.2 19 46 35 12 1.9 5 266 70 0.0 0 0.4 1
50-59 261 5.0 13 3.8 2.5 10 10.3 27 379 99 0.0 0 1.5 4
Total 524 44 6.1 32 42 29 22 6.1 32 323 169 0.0 0 1.0 5
SE 40-49 253 9.5 24 63 5.8 16 1.5 29 585 148 0.0 0 5.5 14
50-59 251 6.0 15 4.0 2.7 10 211 53 622 156 0.4 1 6.4 16
Total 504 3.2 7.7 39 52 42 26 16.3 82 603 304 02 1 6.0 30
UK 40-49 250 4.0 10 5.2 43 13 2438 62 71.6 179 1.2 3 7.6 19
50-59 249 5.6 14 44 33 1 357 89 791 197 04 1 8.8 22
Total 499 8.6 4.8 24 438 3.7 24 303 151 754 376 08 4 8.2 41

3lgG anti-PT percentage (%) >100 IU/mL corrected for assay sensitivity (Se =78%) and specificity (Sp = 98%).
bCalculated negative IgG anti-PT percentage (%) >100 IU/mL changed to 0.0%.
Abbreviations of all participating countries are listed in Table 1.
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Fig. 2 Percentage of pertussis infected sera in the two age groups (40-49 and 50-59) separately and in the total cohort, and subdivided by sex per
country (Y-axis). On the X-axis the percentage of seroprevalence for PT >100 IU/mL is displayed. The dots indicate the estimated seroprevalence, the
bars the corresponding 95% confidence intervals. The estimates and p values of the differences are obtained by a binomial generalised linear regression
model, in which a modified logit link function is used to correct for a specificity of 0.98 and a sensitivity of 0.78. Abbreviations of all participating countries

and the number of samples included in the study are listed in Table 1.

Denmark, Hungary, Ireland, Latvia and Sweden. The GMCs
of IgG-TT were above 1.0 IU/mL in 14 countries ranging from
1.15 to 3.16IU/mL, and below 1.0IU/mL in four countries
ranging from 0.36 to 0.83 IU/mL. In 13 countries the GMCs in
the 50-59 years olds were lower than in the 40-49 year olds.
Significant differences in GMC between the age groups were
found in France, Greece, Latvia and Romania (Table 3).

Discussion

The proportion of sera with an IgG-PT antibody level 2100 IU/
mL indicative for a recent exposure to pertussis was comparable
for 13 out of 18 EU/EEA countries ranging between 2.7 and 5.8%
with outliers up to 0.0 and 9.7% as illustrated by RCDCs (Fig. 5).

In addition, the GMCs of IgG-PT antibodies in all countries
varied between 7 and 15IU/mL, suggesting that the epidemio-
logical situation for pertussis across EU/EEA is broadly similar. In
contrast, for diphtheria the proportion of sera with no basic
immunity showed a broad range between 3.8 and 43.3%. For the
protective level these proportions ranged from 22.8% to 82.0%,
suggesting that the protection against diphtheria is insufficient in
older age cohorts in most EU/EEA countries. For tetanus the
protection seems sufficient with only very few sera lacking basic
immunity. More than 90% of the sera from all countries pos-
sessed protective levels except one country with 83%. To our best
knowledge, this is the largest seroprevalence study of pertussis,
diphtheria and tetanus conducted in EU/EEA since DTP vaccines
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Table 3 GMCs for IgG-PT, IgG-Dt and IgG-TT in IU/mL per country and by age group.
IgG-PT (1U/mL) IgG-Dt (1U/mL) IgG-TT (IU/mL)

Country Age group GMC (95% CI) p value GMC (95% CI) p value GMC (95% CI) p value
AT 40-49 11.8 (9.8-14.1) 0.08 (0.06-0.10) 1.84 (1.64-2.07)

50-59 7.8 (6.5-9.4) 0.05 (0.04-0.06) 1.85 (1.63-2.10)

Total 9.6 (8.4-10.9) 0.002 0.06 (0.06-0.07) 0.008 1.85 (1.70-2.01) 0.952
BE 40-49 12.1 (10.1-14.4) 0.07 (0.06-0.09) 1.64 (1.38-1.95)

50-59 12.4 (10.4-14.9) 0.04 (0.03-0.05) 1.34 (1.09-1.64)

Total 12.2 (10.8-13.9) 0.829 0.05 (0.05-0.06) <0.001 1.48 (1.30-1.69) 0.136
DK 40-49 10.8 (9.0-13.0) 0.08 (0.07-0.10) 1.80 (1.52-2.13)

50-59 13.3 (11.0-15.9) 0.08 (0.06-0.09) 2.02 (1.70-2.41)

Total 12.0 (10.5-13.6) 0.128 0.08 (0.07-0.09) 0.739 1.91 (1.69-2.15) 0.346
Fl 40-49 7.4 (6.2-8.9) 0.29 (0.24-0.36) 3.23 (2.93-3.57)

50-59 8.0 (6.7-9.6) 0.22 (0.18-0.27) 3.10 (2.77-3.47)

Total 7.7 (6.8-8.8) 0.544 0.25 (0.22-0.29) 0.053 3.16 (2.94-3.41) 0.582
FR 40-49 12.9 (10.9-15.2) 0.27 (0.23-0.33) 1.94 (1.72-2.20)

50-59 14.0 (11.8-16.5) 0.09 (0.08-0.11) 1.28 (1.12-1.45)

Total 13.4 (11.9-15.1) 0.502 0.16 (0.14-0.18) <0.001 1.58 (1.44-1.73) <0.001
GR 40-49 8.0 (6.7-9.6) 0.03 (0.02-0.04) 0.62 (0.51-0.75)

50-59 7.6 (6.3-9.1) 0.01 (0.01-0.01 0.21 (0.17-0.26)

Total 7.8 (6.9-8.9) 0.675 0.01 (0.01-0.02) <0.001 0.36 (0.31-0.42) <0.001
HU 40-49 7.5 (6.3-8.9) 0.08 (0.07-0.10) 2.38 (2.02-2.79)

50-59 8.2 (6.9-9.7) 0.05 (0.04-0.07) 2.24 (1.92-2.62)

Total 7.8 (6.9-8.8) 0.495 0.07 (0.06-0.08) 0.006 2.31(2.06-2.58) 0.614
IE 40-49 10.7 (8.9-12.8) 0.02 (0.02-0.03) 0.79 (0.64-0.97)

50-59 12.2 (10.1-14.6) 0.02 (0.02-0.02) 0.64 (0.50-0.81)

Total 11.4 (10.0-12.9) 0.317 0.02 (0.02-0.02) 0.006 0.71 (0.60-0.83) 0.184
LV 40-49 7.0 (5.8-8.4) 0.26 (0.21-0.31D) 1.94 (1.70-2.20)

50-59 111 (9.2-13.2) 0.11 (0.09-0.14) 1.42 (1.21-1.65)

Total 8.8 (7.7-10.0) <0.001 0.17 (0.15-0.20) <0.001 1.66 (1.50-1.83) 0.002
LT 40-49 10.6 (8.8-12.7) 0.17 (0.14-0.21) 1.29 (1.10-1.51)

50-59 15.0 (12.5-18.0) 0.08 (0.07-0.10) 1.03 (0.85-1.24)

Total 12.6 (11.1-14.3) 0.007 0.12 (0.10-0.13) <0.001 115 (1.02-1.30) 0.076
NL 40-49 9.7 (8.7-10.7) 0.06 (0.06-0.07) 1.24 (1.13-1.36)

50-59 1.2 (10.2-12.4) 0.06 (0.06-0.07) 1.20 (1.10-1.32)

Total 10.4 (9.7-1.2) 0.037 0.06 (0.06-0.07) 0.700 1.22 (114-1.30) 0.690
NO 40-49 13.0 (10.9-15.6) 0.17 (0.14-0.21) 1.45 (1.24-1.68)

50-59 16.9 (14.1-20.2) 0.16 (0.13-0.19) 1.18 (0.98-1.41)

Total 14.8 (13.1-16.9) 0.047 0.16 (0.14-0.19) 0.553 1.31 (1.16-1.47) 0.084
PT 40-49 6.9 (5.7-8.2) 0.12 (0.10-0.15) 2.63 (2.36-2.92)

50-59 8.8 (7.4-10.6) 0.11 (0.09-0.14) 2.63 (2.38-2.91)

Total 7.8 (6.8-8.8) 0.055 0.12 (0.10-0.14) 0.688 2.63 (2.44-2.83) 0.974
RO 40-49 9.9 (8.3-11.9) 0.03 (0.02-0.04) 0.80 (0.69-0.93)

50-59 10.9 (9.1-13.0) 0.03 (0.02-0.04) 0.56 (0.47-0.66)

Total 10.4 (9.1-11.8) 0.479 0.03 (0.03-0.03) 0.762 0.67 (0.60-0.75) 0.002
SK 40-49 9.5 (7.9-11.4) 0.06 (0.05-0.08) 1.56 (1.36-1.80)

50-59 8.2 (6.8-9.8) 0.05 (0.04-0.06) 1.64 (1.42-1.89)

Total 8.8 (7.8-10.0) 0.254 0.06 (0.05-0.07) 0.168 1.60 (1.45-1.77) 0.632
S 40-49 10.4 (8.7-12.4) 0.18 (0.14-0.22) 2.03 (1.79-2.30)

50-59 8.6 (7.2-10.3) 0.12 (0.09-0.14) 2.01 (1.76-2.30)

Total 9.4 (8.3-10.7) 0.150 0.14 (0.12-0.17) 0.004 2.02 (1.85-2.21) 0.916
SE 40-49 11.6 (9.7-13.9) 0.07 (0.06-0.09) 1.14 (0.97-1.36)

50-59 9.4 (7.8-1.2) 0.05 (0.04-0.06) 1.22 (1.01-1.46)

Total 10.4 (9.2-11.8) 0.100 0.06 (0.05-0.07) 0.012 118 (1.04-1.34) 0.626
UK 40-49 7.3 (6.1-8.8) 0.03 (0.03-0.04) 0.86 (0.72-1.02)

50-59 7.2 (6.0-8.6) 0.02 (0.02-0.03) 0.80 (0.67-0.95)

Total 7.2 (6.4-8.2) 0.901 0.03 (0.02-0.03) 0.001 0.83 (0.73-0.93) 0.578
P values are given for the difference between the two age groups. Abbreviations of all participating countries and the number of samples included in the study are listed in Table 1.

were introduced, using centralised testing of specific antibody
levels to minimise the variation of methods used, and which
enables direct comparison between all participating countries.
In Europe, vaccination programmes including whole-cell per-
tussis (WP) vaccines were implemented during the 1950s, so the
majority of participants of this study would have received a wP
vaccine. However, it may be expected that due to waning

immunity the vaccinated participants are susceptible to infection
just like the non-vaccinated and have been re-infected potentially
with milder symptoms. From the late 1990s up until 2006 all
European countries (except Poland) switched to acellular per-
tussis vaccines (aP). However, despite continuous high pertussis
infant vaccination coverage in most countries (295%) the
pathogen is still circulating. Based on the ECDC and WHO
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Fig. 3 Percentage of sera protected against diphtheria in the two age groups (40-49 and 50-59) separately and in the total cohort, and subdivided by
sex per country (Y-axis). On the X-axis the percentage of lack of seroprotection against diphtheria for 1gG-Dt <0.011U/mL (a) and <0.11U/mL (b) is
displayed. The dots indicate the estimated seroprevalence; the bars the corresponding 95% confidence intervals. The estimates and p values of the
differences are obtained by a binomial generalised linear regression model with logit link function. Abbreviations of all participating countries and the

number of samples included in the study are listed in Table 1.

websites>* an increase in the incidence of pertussis has been
reported during the last decade in Austria, Belgium, Denmark,
Ireland, Latvia, the Netherlands, Norway, Slovak Republic, Slo-
venia, Sweden and United Kingdom, although increased aware-
ness and improved laboratory diagnostics by serology and PCR
also could have contributed. After the initial increase, the inci-
dence has remained high in most countries, while in the other
countries (Finland, France, Greece, Hungary, Lithuania, Portugal
and Romania) low incidence was reported.

In 11 countries, the serum collection period coincided with the
increase and subsequent higher incidence. In the other seven
countries, low incidence numbers were reported during that
period. Distribution of the collection period into three groups
(2015-2016, 2016-2017 and >2017) revealed no statistically sig-
nificant influence on the pertussis seroprevalence data. However,
as in many European countries booster vaccinations were
implemented??, this has most likely affected the circulation of the
disease as described by the study of de Cellés et al. based on
mathematical modelling showing the impact of childhood boos-
ters to transmission of the disease?!. Also, the geographical origin
of the samples did not affect the pertussis serosurveillance out-
come when the countries were divided into three groups of one
location, 2-7 locations or whole country. The source of the serum
samples was very diverse: from patients (three countries), from
healthy people (three countries), but mostly of unknown origin
consisting of leftover samples for diagnostics (12 countries).
Therefore, the possibility that the different sources might have

affected the results seemed minimal considering the non-
matching different outcomes per country and source. Whereas
no age and sex effect on the seroprevalence results for IgG-PT >
100 IU/mL for the whole study was observed, the country effect
was very clear because the whole range of proportions of recently
exposed participants in the EU/EEA was still quite large. This
country effect might be explained by the differences in pertussis
vaccination schedules, including adult boosters, and vaccines used
in the EU/EEA countries throughout the years. Geography and
density of the population did not seem to play a role, as Finland
and Norway (extremes) are both low-density Nordic countries.
A trend towards higher GMCs in males was observed in 14
countries reaching significance in four countries, while in the two
other countries GMCs were almost identical between females and
males. This might be due to booster vaccinations for the military
service and/or a slightly better immune response upon natural
infection in males. Sex-specific susceptibility for pertussis might
be a relevant factor.

This cross-sectional seroprevalence study shows (low) circu-
lation of pertussis among these middle-aged adults in EU/EEA
despite well implemented childhood vaccination programmes and
underscores the need for vigilant surveillance of pertussis. For
only two countries (Finland and Hungary) the serosurveillance
study is not sensitive enough and indicates to no pertussis cir-
culation at all. Surprisingly, in these two countries pertussis
case have been notified during 2015-2018 and specifically in
Finland the reported number of pertussis during the study period
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Fig. 4 Percentage of sera protected against tetanus in the two age groups (40-49 and 50-59) separately and in the total cohort, and subdivided by
sex per country (Y-axis). On the X-axis the percentage of lack of seroprotection against tetanus for IgG-TT <0.011U/mL (a) and <0.11U/mL (b) is
displayed. The dots indicate the estimated seroprevalence, the bars the corresponding 95% confidence intervals. The estimates and p values of the
differences are obtained by using exact binomial methods. Abbreviations of all participating countries and the number of samples included in the study are

listed in Table 1.

(2015-2016) was 597 including 31 culture-proven cases,
suggesting that B. pertussis is actually circulating in this country
as well. This study also emphasises that a very large proportion of
middle-aged adults in all 18 EU/EEA countries seem to have low
to insufficient antibody levels against PT (<50 IU/mL) with a
small proportion showing undetectable levels and therefore could
be susceptible for pertussis infection as measured by antibodies.
This situation is of concern for young infants at high risk for
serious disease, because recent studies have shown that parents,
siblings and close family (grandparents) are the main source of
whooping cough in infants!2. However, we need to stress that
immunity against pertussis is not only based on anti-PT IgG
antibodies. There are several other factors, e.g., cell-mediated
immunity and antibodies against other pertussis antigens, con-
tributing to protection against pertussis. But, the primary aim of
this study was to detect circulation of pertussis in the adult
population and antibodies are not generated unless there is an
exposure to the pathogen or a recent vaccination against the
disease. It should be mentioned that it is not possible to differ-
entiate between a recent pertussis vaccination and a pertussis
infection in the last 2 years but a recent pertussis vaccination is
not very likely in these age cohorts (40-59 years) because such
adult boosters are not included in the national immunisation
programmes except for France and Austria and the coverage of
these adult boosters is very low. The national vaccination pro-
grammes for pertussis are designed to protect vulnerable infants,

but despite the high vaccine coverage, an increasing incidence of
pertussis among children has been reported. This has led to a
renewed focus on how to protect infants, such as maternal
immunisation, which might be needed to prevent pertussis but
must be considered nationally and should take into account the
local epidemiology??. In EU/EEA, ten countries have now
implemented maternal immunisation which has been found
highly effective at preventing pertussis in young infants from
birth until they receive primary vaccinations?324. Also, 11
countries have implemented more aP vaccinations, like adoles-
cent boosters, boosters for military service, adult boosters and/or
cocooning. However, only a high country-wide coverage of these
boosters might have a significant influence on the pertussis
incidence. Moreover, there is evidence that the immunogenicity
of repeated aP boosters seems to diminish, although the persis-
tence of aP vaccine-induced antibodies after a first booster in wP-
primed adults appeared to be longer compared to children?>.
Furthermore, many studies have shown the kinetics of anti-PT
IgG antibodies and how they quite rapidly wane after vaccination
or even after infection, although more prolonged20-28,

The reported pertussis cases of the countries participating in
this study varied enormously ranging from 0.01 per 100,000 citi-
zens up to 50/100,000, annually as illustrated in Supplementary
Table 2 (refs. 34). In this study we show a pertussis circulation in
the adult population consistent with other serosurveillance
studies®-13, suggesting a large underreporting of adult pertussis
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Fig. 5 Reverse cumulative distribution curves for IgG-PT (IU/mL)
illustrated by increasing values at 50% per country. Values below the
LLOQ are not included. Abbreviations of all participating countries and the
number of samples included in the study are listed in Table 1.

cases. This is confirmed by calculating seroincidence rates from
our cross-sectional IgG-PT antibody data?®30. We estimated rates
to be between 0.02/person-year (Finland) and 0.05/person-year
(Norway), corresponding to the ones given by Kretzschmar
et al3l. Using 320 days as median seropositivity period with
antibody levels IgG-PT > 100 IU/mL3? this corresponds to a ser-
oprevalence of 1.8-4.4% in line with our serosurveillance results.
Many of these cases will occur as mild infections with subclinical
symptoms and are therefore not reported and not captured by
routine surveillance systems33. Although the real ratio of pertussis
infections to reported cases, and thus disease incidence, is
unknown, it has been shown that between 13 and 25% of adults
with prolonged cough have high levels of pertussis antibodies4,
demonstrating that the current monitoring system based on case
reporting is under-ascertaining the true burden of disease. To get a
better estimate of the circulation of B. pertussis in the population,
(regular) sero-epidemiology is a valuable tool complementary to
surveillance programmes based on case reporting. We endorse
that serology is perhaps not the gold standard for laboratory
diagnostic of pertussis but rather bacterial culture from naso-
pharyngeal swabs. However, the sensitivity of bacterial culture is
relatively low, especially for adults. If we only rely on culture, the
number of reported cases would be extremely low and we would
not obtain a good picture of pertussis situation. Several studies
have shown that pertussis vaccination conferred imperfect, but
quite long-lasting protection and that pertussis aP/wP vaccina-
tions directly decrease the number of pertussis cases and
transmission®!-33-38, Novel studies using mathematical models to
estimate vaccine efficacy and protection especially in children
showed that more than 65% of the children remained immune to
pertussis after 5 years since the last booster dose and vaccine
efficacy for a child booster is close to 75%, indicating good pro-
tection from the vaccine. Furthermore, boosting school children is
more effective than boosting adult population as the contact rates
among these two cohorts are different?1:336, Although it is still
clear that adding booster doses into national immunisation pro-
grammes (NIPs) will decrease the number of pertussis cases and

circulation of the disease, the effect of these booster vaccinations
on the exposure of pertussis in our age groups seems still limited
in our study. However, further investigations are clearly needed to
conclude the real long-term protection of the current pertussis
vaccinations.

The high proportion of sera with unprotected levels for diph-
theria is of concern, leaving at least a quarter up to over three-
quarters of the middle-aged adult population sampled not well
protected against diphtheria. Since the infection is toxin medi-
ated, protection will mainly be provided through specific anti-
bodies, but after waning of these antibodies other cellular
immunological mechanisms can still play a role in diphtheria
immunity. Presumably the vaccine-induced antibody levels
against diphtheria have waned in these middle-aged adult
cohorts, while the original responses to the primary series in the
first year of life would be expected to have been good and in many
countries (several) boosters have been administered during
childhood. In some countries DT boosters are administered when
people travel to endemic countries, but this is too sporadic to
influence the outcome of this study. From an epidemiological
perspective the protection against diphtheria seems sufficient
because no increase in cases has been noticed in EU/EEA during
the last decades but import from locations with diphtheria out-
breaks remains a real threat. Age, sex and country affected the
seroprotection levels in this study. The age effect can be explained
by waning immunity due to ageing. The country effect can be
attributed to the different vaccination schedules, but not to the
used vaccines because the Dt component is similar in most
combination vaccines. The sex effect is rather surprising, and
might be interpreted as a sex-specific difference in immunity but
has been described recently in another study of the European
diphtheria surveillance network3?. Moreover, a trend towards
higher IgG-Dt antibody levels in females compared to males in
12/16 countries was found reaching significance in five countries.
Waning of diphtheria immunity over the years appears to pro-
ceed faster in males than in females. Overall, the protection
against diphtheria in EU/EEA in the older age groups is sub-
optimal and certainly not sufficient, and might indicate a need for
boosting immunity. It emphasises the potential risk of suboptimal
protection against diphtheria in a time of high population
mobility, outbreaks in certain parts of the world and the global
shortage of diphtheria antitoxin.

In contrast with diphtheria, the seroprotection levels for teta-
nus were very reassuring leaving only 38 (3.7%o) sera without
protective levels and in seven countries seroprotection was
complete. The immunogenicity of the tetanus vaccine is superior
to the diphtheria vaccine as reflected by higher vaccine-induced
antibody responses to tetanus in numerous vaccine studies in all
age groups?%41. The age and country effect on the seroprotection
levels were similar to diphtheria. For sex the effect reached sig-
nificance only at the protective cut-off in the whole study and
within the countries there was also a trend towards higher levels
of tetanus antibodies in females compared to males in 12/16
countries reaching significance in six countries, pointing to a sex-
specific difference in immunity®. Overall, the protection against
tetanus in EU/EEA needs no extra further action. Moreover, we
found no correlation what so ever between the antibody levels of
pertussis, diphtheria and tetanus with each other, indicating no
interaction between these vaccines.

In conclusion, this cross-sectional retrospective seroprevalence
study among middle-aged adults in 18 EU/EEA countries showed
that there is circulation of B. pertussis despite highly implemented
childhood vaccination programmes. Furthermore, it indicates a
large underreporting of pertussis cases, also in the middle-aged
population. Clearly the current monitoring system of pertussis
based on case reporting is under-ascertaining disease, emphasising
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that the current monitoring system of pertussis based on case
reporting is not accurate enough and that sero-epidemiology is a
valuable tool to monitor disease complementary to the current
surveillance programmes. For diphtheria, the proportion of sera
with non-protective IgG levels is of concern, leaving between 23
and 82% of the middle-aged population unprotected. Therefore,
the protection against diphtheria in EU/EEA in these older age
groups is not sufficient and deserves proper attention. In contrast
to diphtheria, the seroprotection levels for tetanus were much
higher, leaving only 3.7%o of the sera with non-protective IgG
levels. The seroprotection against tetanus is reassuring warranting
no extra action but still requires ongoing monitoring to ensure this
situation remains unchanged.

Methods

Study design and sample collection. This study was organised by the National
Institute of Public Health and the Environment (RIVM) and the University of
Turku (UTU) under contract of ECDC/EUPert-LabNet (ECDC/2015/009). All
national reference laboratories in EU/EEA countries were invited to participate.
The study design was a random sample of retrospective collections of anonymised
leftover serum samples from diagnostics or anonymised samples from nationwide
serosurveillance studies with formal approval from a medical ethical committee
(Medical Ethics Committee Noord-Holland, number: M015-022) during
2015-2018. No individual donor information was requested except age and date of
sampling. As a strict inclusion criterium, serum samples should not have been
collected from individuals suspected for respiratory infections, whereas samples
from subjects with known respiratory infections do not reflect a “healthy” popu-
lation. The successive age groups of 40-49 and 50-59 years were chosen for this
study. As there are many boosters included in the national immunisation pro-
grammes, we decided to choose cohort of 40-59 years, which is less vulnerable for a
bias caused by booster vaccinations and all significant antibody values in this study
should reflect a true exposure to the pathogen. The recommended number of
samples collected per country in each age group was 250 for a prevalence esti-
mation of 20% with 95% confidence intervals (CI) in each age group independently
of each other and regardless of country population. An equal distribution of sera
from male and female donors was preferred.

Procedures. In this study, centralised testing for all collected samples was per-
formed with the multiplex immunoassay (MIA). The use of the validated DTP-
MIA showing 1:1 correlation with the original FDA-ELISA for pertussis and 1:1
correlation with the neutralisation assay for diphtheria2-44 offered the advantage
of measuring PT, Dt and TT antibodies simultaneously in one assay run*>40.

In short, purified antigens were coupled covalently to distinct colour-coded acti-
vated carboxylated beads (Luminex, Austin, Texas, USA). Serum samples were
measured in duplicate (1/200 and 1/4000 dilution), with in-house references cali-
brated against international standards, control sera and blanks included on each
plate and MFI was converted to IU/mL by interpolation from a five-parameter
logistic standard curve. As control for possible drift of the assay in time and
different bead batches used, 5% of randomly selected samples per country were
assessed in an extra duplicate measurement.

Outcomes. The first primary outcome was the proportion of samples from the
middle-aged cohorts with a recent exposure to pertussis. As there has been dis-
cussions to include adult boosters into the European NIPs, we wanted to investigate
what the pertussis burden in the selected age cohort is. We also know that subjects
in this cohort have been immunised long time ago by primary wP vaccinations. In
absence of an internationally accepted correlate of protection for pertussis, the cut-
off value of IgG-PT =100 IU/mL was defined as indicative for a recent exposure
and a level of 250 IU/mL for the prevalence of exposure 2 years prior the sample
being taken, according to previous recommendations from several studies and from
the European reference laboratories! 1447, In addition, the proportion of sera with
undetectable (lower limit of quantification (LLOQ) = 0.85IU/mL) anti-PT IgG
antibodies was used as an indication of lost antibody-based immunity to pertussis.
The second primary study outcome was to estimate the level of vaccine-induced
protection against diphtheria and tetanus based on. the WHO cut-off level of
0.01 IU/mL for basic immunity and 0.1 IU/mL for protection for anti-diphtheria
(IgG-Dt) and anti-tetanus (IgG-TT) antibodies*>#!. The LLOQ for Dt and TT was
0.001 IU/mL.

Statistical analysis. The following information was collected: country, laboratory
and location of sample collection, date of collection, sample size, age group, sex and
type of collection. The final database included approximately 31,000 IgG results.
Antibody levels below the LLOQ were replaced by LLOQ/2. The GMCs with 95%
CI were estimated by linear regression modelling of the log-antibody levels, where
age group, sex and country, up to their three-way interaction, were used as
explanatory variables. Similarly, the seroprevalences with 95% CI were estimated by

binomial logistic regression modelling. The IgG-PT cut-off of 100 IU/mL is indi-
cated to have 78% sensitivity and 98% specificity'*. The corresponding ser-
oprevalence estimates were adjusted accordingly using this formula: pyrye = (Pest +
Sp — 1)/(Se + Sp — 1). Differences between GMCs and their corresponding p
values were obtained by least-squares means®3. Similarly, this was done for the
differences between seroprevalences. With regard to tetanus, for specific combi-
nations of country, age group and sex only sero-negative outcomes were found.
Therefore, seroprevalences were calculated with their corresponding 95% CI using
the exact method®’ and p values for differences in seroprevalences were calculated
using Fisher’s exact 2 x 2 test. All reported p values are two-sided; p values smaller
than 0.05 are considered significant. Overall differences in seroprevalences between
age groups, sex and countries were assessed using the likelihood ratio test, where
the binomial logistic regression models from above were compared with a model
without age group, sex or country, respectively. We arbitrarily subdivided the
collection period into three groups (2015-2016, 2016-2017 and >2017) and for the
geographical origin of the samples the countries were arbitrarily subdivided into
three groups of one location, 2-7 locations or whole country to determine any
possible statistical influence of these parameters. All statistical analyses were carried
out in R (version 4.0.2)50.

Ethical approval. The serosurveillance study in the Netherlands was approved by
the Medical Ethics Committee Noord-Holland (METC number: M015-022). For

the anonymised leftover samples from the other participating countries no ethical
approval was required.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All relevant data are available online at https://github.com/kassteele/EU_Pertussis_
seroprevalence.

Code availability

IgG antibody levels against pertussis toxin, diphtheria toxoid and tetanus toxin in all
serological samples were measured using the Bioplex LX200 and the software programme
Bioplex Manager 6.2 (Bio-Rad Laboratories, Hercules, CA, USA). Further data collection
has been done in Excel (Microsoft Office 365, version 16.0).
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