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The increase in whooping cough (pertussis) incidence
in many countries with high routine vaccination cov-
erage is alarming, with incidence in the US reaching
almost 50,000 reported cases per year, reflecting
incidence levels not seen since the 1950s. While the
potential explanations for this resurgence remain
debated, we face an urgent need to protect newborns,
especially during the time window between birth and
the first routine vaccination dose. Maternal immunisa-
tion has been proposed as an effective strategy for
protecting neonates, who are at higher risk of severe
pertussis disease and mortality. However, if mater-
nally derived antibodies adversely affect the immu-
nogenicity of the routine schedule, through blunting
effects, we may observe a gradual degradation of herd
immunity. ‘Wasted’ vaccines would result in an accu-
mulation of susceptible children in the population,
specifically leading to an overall increase in incidence
in older age groups. In this Perspective, we discuss
potential long-term epidemiological effects of mater-
nal immunisation, as determined by possible immune
interference outcomes.

Pertussis over the past 75 years

Since Jenner’s time, immunisation has been a promi-
nent instrument in the public health toolbox, espe-
cially against the microparasitic diseases of childhood.
Ideally, it protects the vaccinee directly against sub-
sequent infection or at least clinical disease [1].
Accordingly, vaccination schedules for childhood dis-
eases have sought to reach infants as early as possi-
ble. An added bonus of transmission-blocking vaccines
is the indirect protection they provide to unvaccinated
individuals by reducing pathogen circulation, an effect
known as herd immunity [1]. The Figure illustrates this,
showing how incidence among unvaccinated infants
drops as vaccine uptake increases.
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Pertussis, a highly contagious childhood disease, was
once considered a candidate for eradication due to the
pronounced early success of immunisation in reduc-
ing morbidity and mortality in populations where high
coverage was achieved [2]. In the 19405 and 1950s, a
number of countries introduced routine pertussis vac-
cination with three doses of the whole cell vaccine (wP),
delivered in infancy. The result was a marked drop in
incidence and mortality including in infants too young
to be immunised [2,3]. The last two decades, however,
have seen pertussis incidence resurge in a number of
populations where it had been under control [3]. In
particular, the World Health Organization has raised
concerns about the success of current vaccination
strategies, following increases in pertussis incidence
in some countries with long-standing high coverage,
including the United States (US), the United Kingdom
(UK) and Australia [2,3]. These resurgence events are
characterised by increased incidence among teenag-
ers and adults but, for the first time in decades, recent
pertussis outbreaks have included infant deaths (e.g.
10 in California in 2010 and 14 in the UK in 2012) [2-4].

As yet, there is no consensus on the reasons for this
resurgence. Improved diagnostics and heightened
awareness appear to be partly responsible for some of
the rise in incidence, but there is also clear evidence
for increased bacterial circulation in these popula-
tions [3]. A variety of explanations for the latter have
been proposed. These include the possibilities of (i)
vaccine-driven evolution of the bacterium [s5], (ii) pri-
mary vaccine failure, where some vaccinees fail to
mount an immune response [6], (iii) failure of vaccines
to block transmissible infection [7], (iv) increases in
vaccine hesitancy [8], (v) waning of infection- and/or
vaccine-induced immunity, where the loss of protection
over time renders individuals susceptible [9] and (vi)
gradual accumulation of susceptible individuals due
to incomplete historical vaccination coverage (an ‘end
of honeymoon’ effect) [10]. Some of these hypotheses



FIGURE

Ilustration of how routine pertussis vaccination schedule (2, 4 and 6 months of age) affects disease prevalence by age group
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Increasing vaccine coverage leads to a shift in the mean age of infection to older age groups. With an assumed basic reproduction ratio Ro of
10 and no vaccination, mean age of infection is 6 years; with vaccine coverage of 45%, 65%, 85%, and 98% the mean age of infection rises to
15, 22, 31 and 38 years, respectively. This figure was generated by numerical integration of an age-structured transmission model with age-

assortative mixing [12].

link resurgence to the switch to acellular vaccines (aP)
that many countries made over the past two decades
in response to concerns over the reactogenicity of wP
vaccines [3,11]. While the debate regarding the underly-
ing causes of the resurgence continues, there remains
an urgent need to protect newborns during the window
of susceptibility, i.e. the interval between birth and the
commencement of routine vaccination, which coincides
with the period of maximum vulnerability to pertussis
disease (Figure) [12]. During this period, immaturity of
the neonate’s immune system leaves the infant par-
ticularly vulnerable to complications from pertussis
infection, including death [2].

Neonatal pertussis vaccination is not a viable option
[2]. Because of the immaturity of the infant immune
system, vaccination at too early a stage produces only
a weak serological response [13]. Moreover, maternal
antibodies (MatAb) can interfere with vaccination,
resulting in inhibited seroconversion, a phenomenon
known as ‘blunting’ [11]. Blunting can occur, for exam-
ple, by epitope masking [14,15] and has been observed
with some live vaccines (e.g. measles), where MatAb
even in minute quantities can significantly inhibit

seroconversion [14-16]; it is less clear whether blunting
by MatAb is an actual concern in the case of pertussis.
The recommended schedules for pertussis vaccination
reflect these potential concerns, having been designed
to prime and subsequently boost protection as the
infant immune system matures and maternal antibody
protection wanes [2,16].

To provide indirect protection to newborns, three main
strategies have been proposed. Cocooning targets the
immediate family and other likely close contacts for
booster vaccination [2,4]. The second strategy aims to
reduce incidence in adults and teenagers via an aug-
mented booster schedule. The overall impact of these
two strategies has been modest [2,8,14], however,
leading some countries to consider a third strategy,
vaccination of pregnant women, as an additional means
of protecting infants [2]. The rationale is that such vac-
cination provides direct antenatal passive immunity via
active transfer of maternal IgG, with increasing concen-
tration of antibodies in the fetus until birth, in addition
to the indirect protection as a form of cocooning [14].
Moreover, prenatal check-ups represent a convenient
vehicle for such immunisations.
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The case for maternal immunisation

Studies in the 1930s and 1940s established a corre-
lation between antibody levels in mother and infant,
with high titres in infants whose mothers had a his-
tory of pertussis infection or had been immunised dur-
ing pregnancy [17]. Because typically fewer than 50%
of pregnant women have detectable serum antibod-
ies for pertussis [14], immunisation during pregnancy
has been advocated. It is expected to result in higher
neonate antibody levels, conferring clinical protection
[11,14,16,17] during the window of vulnerability (Figure)
[12,15]. This strategy is successfully demonstrated by
maternal tetanus immunisation, which has been shown
to be safe, immunogenic and protective of infants
against neonatal tetanus [18].

Maternal immunisation unknowns: vaccine
interference

While the motivation for maternal immunisation is
clear, the need for caution in view of the potential for
blunting has been noted [11,16,18-23]. To examine the
risk of blunting, several studies have compared infant
antibody response to the primary schedule in rela-
tion to maternal immunisation status [11,16,18-23].
In infants receiving the wP vaccine, a negative cor-
relation was observed between MatAb titres and the
immune response elicited after routine vaccination
[16]. Among infants receiving the aP vaccine, how-
ever, the evidence regarding blunting effects is less
clear-cut, with substantial variability between studies
[11,16,20-23]. Studies of aP vaccines have variously
shown reduction [20,22,23], increase [21] or no impact
[16] of MatAb on the pertussis toxin-specific antibody
response. The response to other antigens (filamentous
haemagglutinin, fimbriae and pertactin) has been simi-
larly inconsistent [21-23]. This discord is partly attrib-
utable to heterogeneity in study design and protocol,
as well as differential vaccine histories in the included
population.

Confident assessment of the epidemiological con-
sequences of maternal immunisation is challenging
both due to the aforementioned inconsistency in the
findings of clinical trial studies [18] and the absence
of a serological correlate for protection against per-
tussis. Critically, no threshold or functional relation-
ship between antibody titres and protection is known
[11,14,16,17,20-23]. Thus, the clinical or epidemio-
logical significance of altered antibody titres remains
uncertain.

A concern, therefore, is that should maternal immu-
nisation adversely affect the strength or duration of
protective vaccine-induced immunity following the
primary schedule, it may ultimately give rise to higher
pertussis incidence, perhaps among primary and mid-
dle school children. In a recent modelling study, we
demonstrated that averting such an eventuality would
require both prenatal and routine vaccination coverage
to be sufficiently high [12]. Moreover, this study pre-
dicted that due to the slow rate of population turnover,
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such downstream increases in incidence would take
decades to manifest. This phenomenon has been
observed in other studies of the long-term outcomes of
infection control strategies [3,10].

It is important to note that most studies of the impact
of pertussis MatAb on the efficacy of the routine vac-
cination schedule have measured antibody responses
at most one month after the administration of the
third routine dose [11,16,21-23]. Studies of antibody
titres after the fourth booster dose, however, found
no effect of maternal immunisation history [18,20,24].
There may be two not mutually exclusive explanations
for this finding: the absence of MatAb in 12—18-month-
olds due to waning [12,14], and the successful boost-
ing effect of the fourth dose, leading to antibody titres
similar to control individuals.

Maternal immunisation unknowns: timing
Another aspect of maternal immunisation that warrants
further research is the optimal timing of vaccination rel-
ative to pregnancy [14,19]. In newborns, MatAb levels
from mothers infected or immunised before pregnancy
are reduced compared with mothers immunised during
pregnancy [16,17,21]. Thus, it is of practical relevance
to ascertain when the most efficient transplacental
transfer of antibodies occurs [14,19] as it determines
the trimester during which maternal immunisation
should be administered. The timing remains controver-
sial, with newer studies proposing the second trimes-
ter of pregnancy [19], while earlier studies advised the
third trimester [14].

Concluding remarks

Maternal pertussis immunisation is safe for both
mother and infant [2,11] and is currently recommended
in Australia, Belgium, Brazil, Portugal, the UK and the
US, in response to the rise in incidence [2,18]. Its prin-
cipal aim is to reduce pertussis mortality and morbidity
in neonates. There is good reason to stress the direct
benefits of maternal immunisation to both mother and
infant. However, its potential adverse effects on rou-
tine vaccination efficacy and the subsequent long-term
epidemiological legacy remain the subject of debate
[11,12,16,17,20-23].

Given these unknowns, mathematical transmission
models can be instrumental in predicting the mag-
nitude and time scale of potential effects of mater-
nal antibody interference at the population level.
Our recent modelling study [12] identified a trade-off
between the direct protection of infants via maternal
immunisation and the reduced indirect effects of herd
immunity, leading to a gradual increase in incidence
among older age cohorts.

Ultimately, quantifying the efficacy and cost-effective-
ness of maternal immunisation requires a two-pronged
approach combining long-term clinical trials (such as
the ongoing and recently finished studies in the UK,
Canada and the US [18]) with epidemiological and



health economics modelling. Longitudinal clinical tri-
als can resolve the immunological effects of MatAbs
in response to routine vaccination. Furthermore, such
research can shed light on the nature of any interfer-
ence effect. Specifically, it is important to establish
whether interference leads to an increase in vaccine
failure, reduces the protective effects of the vaccine
or affects the duration of protection [12,18]. By inte-
grating information gleaned from clinical and immu-
nological studies within epidemiological transmission
models, the effectiveness of alternative strategies can
be evaluated.

Acknowledgements

This work was supported by a research grant from the
National Institutes of Health (grant number 1Ro1Al101155)
and by MIDAS, National Institute of General Medical Sciences

(grant number Us4-GM111274).

Conflict of interest

None declared.

Authors’ contributions

Ana | Bento wrote the first draft. Aaron King and Pejman
Rohani have commented and edited the subsequent drafts.
Revisions performed after editorial and reviewers’ com-
ments were made and agreed by all three authors.

References

1. Anderson R, May R. Infectious diseases of humans. Dynamics
and control. Oxford Science Publications; 1991.

2. World Health Organization (WHO) Study on global Ageing and
adult health (SAGE) pertussis working group. Background
paper. Geneva: WHO; 2014. Available from: http://www.who.
int/immunization/sage/meetings/2014/april/1_Pertussis_
background_FINAL4_web.pdf

3. Domenech de Celles M, Magpantay FMG, King AA, Rohani P.
The pertussis enigma: reconciling epidemiology, immunology
and evolution. Proc Biol Sci. 2016;283(1822):20152309.

4. Skoff TH, Kenyon C, Cocoros N, Liko J, Miller L, Kudish K, et
al. Sources of infant pertussis infection in the United States.
Pediatrics. 2015;136(4):635-41. DOI: 10.1542/peds.2015-1120
PMID: 26347437

5. Bart MJ, Harris SR, Advani A, Arakawa Y, Bottero D, Bouchez V,
et al. Global population structure and evolution of Bordetella
pertussis and their relationship with vaccination. MBio.
2014;5(2):€01074. DOI: 10.1128/mBi0.01074-14 PMID: 24757216

6. Kretzschmar M, Teunis PFM, Pebody RG. Incidence and
reproduction numbers of pertussis: estimates from serological
and social contact data in five European countries.PLoS Med.
2010;7(6):€1000291. DOI: 10.1371/journal.pmed.1000291 PMID:
20585374

7. Warfel JM, Zimmerman LI, Merkel T. Acellular pertussis
vaccines protect against disease but fail to prevent infection
and transmission in a nonhuman primate model.Proc Natl Acad
Sci USA. 2014;111(2):787-92. DOI: 10.1073/pnas.1314688110
PMID: 24277828

8. Wood N, McIntyre P. Pertussis: review of epidemiology,
diagnosis, management and prevention.Paediatr Respir Rev.
2008;9(3):201-11, quiz 211-2. DOI: 10.1016/j.prrv.2008.05.010
PMID: 18694712

9. Magpantay FM, Riolo MA, DE Cellés MD, King AA, Rohani P, De
Cellés MD, et al. . Epidemiological consequences of imperfect
vaccines for immunizing infections. SIAM J Appl Math.
2014;74(6):1810-30. DOI: 10.1137/140956695 PMID: 25878365

10. Riolo MA, King AA, Rohani P. Can vaccine legacy explain the
British pertussis resurgence?Vaccine. 2013;31(49):5903-8. DOI:
10.1016/j.vaccine.2013.09.020 PMID: 24139837

11. Munoz FM, Bond NH, Maccato M, Pinell P, Hammill HA, Swamy
GK, etal. Safety and immunogenicity of tetanus diphtheria
and acellular pertussis (Tdap) immunization during pregnancy
in mothers and infants: a randomized clinical trial. JAMA.
2014;311(17):1760-9. DOI: 10.1001/jama.2014.3633 PMID:
24794369

12. Bento Al, Rohani P. Forecasting epidemiological consequences
of maternal immunization.Clin Infect Dis. 2016;63(suppl
4):S205-12. DOI: 10.1093/cid/ciws57 PMID: 27838674

13. Siegrist CA. Blame vaccine interference, not neonatal
immunization, for suboptimal responses after neonatal
diphtheria, tetanus, and acellular pertussis immunization.)
Pediatr. 2008;153(3):305-7. DOI: 10.1016/j.jpeds.2008.04.032
PMID: 18718256

14. Van Savage |, Decker MD, Edwards KM, Sell SH, Karzon DT.
Natural history of pertussis antibody in the infant and effect
on vaccine response.) Infect Dis. 1990;161(3):487-92. DOI:
10.1093/infdis/161.3.487 PMID: 2313127

15. Siegrist CA. Mechanisms by which maternal antibodies
influence infant vaccine responses: review of hypotheses and
definition of main determinants.Vaccine. 2003;21(24):3406-12.
DOI: 10.1016/50264-410X(03)00342-6 PMID: 12850349

16. Englund JA, Anderson EL, Reed GF, Decker MD, Edwards KM,
Pichichero ME, et al. The effect of maternal antibody on the
serologic response and the incidence of adverse reactions after
primary immunization with acellular and whole-cell pertussis
vaccines combined with diphtheria and tetanus toxoids.
Pediatrics. 1995;96(3 Pt 2):580-4.PMID: 7659480

17. Kendrick P, Thompson M, Elderling G. Immunity response
of mothers and babies to injections of pertussis during
pregnancy.Am ] Dis Child. 1945;70(1):25-8. Available from:
https://doi.org/10.1001/archpedi.1945.02020190032005

18. Initiative for Vaccine Research (IVR). Immunization, Vaccines
and Biologicals (IVB), Family, Women’s and Children’s
Health (FWC) Cluster. Maternal immunization research and
implementation portfolio. Geneva: World Health Organization;
2015. Available from: http://www.who.int/immunization/
research/development/Portfolio_maternal_immunization_
activities.pdf?ua=1 Last accessed April 2017

19. Eberhardt CS, Blanchard-Rohner G, Lemaitre B, Boukrid
M, Combescure C, Othenin-Girard V, et al. Maternal
immunization earlier in pregnancy maximizes antibody transfer
and expected infant seropositivity against pertussis. Clin
Infect Dis. 2016;62(7):829-36. DOI: 10.1093/cid/ciwo27 PMID:
26797213

20. Hardy-Fairbanks AJ, Pan SJ, Decker MD, Johnson DR, Greenberg
DP, Kirkland KB, et al. Immune responses in infants
whose mothers received Tdap vaccine during pregnancy.
Pediatr Infect Dis J. 2013;32(11):1257-60. DOI: 10.1097/
INF.obo13e3182a09b6a PMID: 23799518

21. Ladhani SN, Andrews NJ, Southern J, Jones CE, Amirthalingam
G, Waight PA, et al. Antibody responses after primary
immunization in infants born to women receiving a pertussis-
containing vaccine during pregnancy: single arm observational
study with a historical comparator. Clin Infect Dis.
2015;61(11):1637-44. DOI: 10.1093/cid/civ695 PMID: 26374816

22. Hoang HTT, Leuridan E, Maertens K, Nguyen TD, Hens N, Vu
NH, et al. Pertussis vaccination during pregnancy in Vietnam:
Results of a randomized controlled trial Pertussis vaccination
during pregnancy. Vaccine. 2016;34(1):151-9. DOI: 10.1016/j.
vaccine.2015.10.098 PMID: 26529073

23. Maertens K, Caboré RN, Huygen K, Hens N, Van Damme P,
Leuridan E. Pertussis vaccination during pregnancy in Belgium:
Results of a prospective controlled cohort study.Vaccine.
2016;34(1):142-50. DOI: 10.1016/j.vaccine.2015.10.100 PMID:
26592142

24. Maertens K, Hoang TT, Nguyen TD, Caboré RN, Duong
TH, Huygen K, et al. The Effect of Maternal Pertussis
Immunization on Infant Vaccine Responses to a Booster
Pertussis-Containing Vaccine in Vietnam. Clin Infect Dis.
2016;63(suppl 4):5197-204. DOI: 10.1093/cid/ciws51 PMID:
27838673

License and copyright

This is an open-access article distributed under the terms of
the Creative Commons Attribution (CC BY 4.0) Licence. You
may share and adapt the material, but must give appropriate
credit to the source, provide a link to the licence, and indi-
cate if changes were made.

This article is copyright of the authors, 2017.

www.eurosurveillance.org



