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ABSTRACT

Pertussis is one of the most prevalent vaccine-preventable diseases worldwide. The true infection rate is
significantly higher than the reported incidence rate. An increased prevalence of pertussis in older
populations has been found, mainly caused by waning immunity after vaccination. Vaccine-induced
immunity differs due to variation in vaccine content, schedule and coverage. Protection following acellular
pertussis vaccines has been suggested to wane faster than whole cell pertussis vaccines. However, long-
term immune persistence of whole cell pertussis vaccines may be confounded by a progressive
acquisition of natural immunity. The World Health Organization has recommended that a switch from
whole cell to acellular pertussis vaccines for primary immunization in infants should only be considered if
additional periodic boosters or maternal immunization can be ensured and sustained in the national
immunization schedules. In this review, we present data on immune persistence after different pertussis
vaccinations and compare the findings from countries with different vaccination strategies. Future aspects
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in serological studies are briefly discussed.

Introduction

Despite high vaccination coverage, a resurgence of pertussis
(whooping cough) has been observed during the past few deca-
des. Estimated by World Health Organization (WHO) in 2011,
pertussis caused 50 million cases and 300 000 deaths every
year.! Recently increased incidence of pertussis has been
observed in both developed and developing countries. In
Argentina, the incidence of the disease rose from 1.8/100,000 in
2003, 5.7/100,000 in 2005 to 8.3/100,000 in 2011.> * In China, a
total of 3408 and 6658 pertussis cases were notified in 2014 and
2015, whereas the corresponding number of notified cases
ranged from 1612 to 2517 during the period of 2008-2013.* In
England and Wales, the total number of confirmed cases was
9741 in 2012, 10 times higher than the number of 902 reported
in 2008.° In 2012, the number of reported cases in USA was
48,277, the highest in the past 50 y in this country.® Clearly per-
tussis has become one of the most prevalent vaccine-prevent-
able diseases throughout the world.* Furthermore, based on
recent seroprevalence studies estimated infection rates ranged
from 1% to 12% in industrialized countries and from 5% to
50% in developing countries.”

Whooping cough is most dangerous in neonates who are
too young to be immunized and in infants who have not
completed their primary vaccinations. The incidence rate,
hospitalizations and deaths are particularly high in children
younger than 2 y (reported case fatality rate: 0.2% and 4%
in developed and developing countries, respectively).*’
A shift in the epidemiologic profile of pertussis to older age
groups has been found.'”'* In developed countries,

pertussis is one of the most common causes of prolonged
cough illnesses in adults, ranging from 2.9% to 32%."> The
increased prevalence of pertussis in older populations is
mainly due to the waning of immunity against Bordetella
pertussis (B. pertussis).'* Today, adults and adolescents are
recognized as the most notable source of transmission of
infant pertussis.”>""”

The duration of immunity against pertussis after infection or
vaccination was reported to be 7-20 y and 4-12 years.'*'®
Compared to a natural infection, the duration of protection
after vaccination appears to be shorter, especially after the vac-
cination with acellular pertussis (aP) vaccines.”” Since the
1990s, aP vaccines have replaced whole cell (wP) vaccines in
most of industrial countries. However, this change has not
been able to control the circulation of B. pertussis. One of the
possible reasons is that protection provided by aP vaccines is
less enduring than previously thought, raising the possibility
that the switch from wP vaccines to aP vaccines may have
aggravated the pertussis problem. >

Estimates of vaccine-induced immunity are often difficult to
make because vaccine efficacy (primary vaccine failure) and
waning immunity (secondary vaccine failure) are confounded,
and potentially affected by variation in vaccine strategies used
in different countries.”> In this review, we present data on
immune persistence after pertussis immunizations with wP and
aP vaccines, and compare the findings from countries with dif-
ferent vaccination strategies. In addition, future aspects in sero-
logical studies are briefly discussed. To better understand the
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Table 1. Terms used in this study.

Term Definition Reference
Cell-mediated Host defenses that are mediated by 130
immune response antigen-specific T cells.
Correlate of An immune marker statistically 3
protection correlated with vaccine efficacy
(equivalently predictive of vaccine
efficacy) that may or may not be a
mechanistic causal agent of
protection
Humoral immune Host defenses that are mediated by 130
response antibody present in the plasma,
lymph, and tissue fluids. It protects
against extracellular bacteria and
foreign macromolecules.
Immune response The outcome of pathogen recognition, 130
which is an intracellular or
extracellular cascade of events that
ultimately leads to the labeling and
destruction of the pathogen
Immunity Is the state of protection against 130
foreign pathogens or antigens
Protection Host defenses that protect against 130
infection
Seropositivity Significant presence of antibodies in This study

the blood against a particular
pathogen

Altered risk to be infected by certain
pathogens due to genetic factors or
lack of protection e.g., from
vaccination

130

Susceptibility

content in this review, definitions of common terms used have
been listed in Table 1.

Pertussis vaccination
Pertussis vaccines

At present, 2 types of pertussis vaccines are being used, wP vac-
cines and aP vaccines. Most of them are combined with diph-
theria and tetanus toxoids (DTwP or DTaP), while some are
also combined with other vaccines routinely administered dur-
ing infancy, such as Haemophilus influenzae type b (Hib), hep-
atitis B (HBV) and/or inactivated poliovirus (IPV). Vaccines
containing reduced concentrations of pertussis antigens and
diphtheria toxoid (Tdap) have been used for booster immuni-
zations. Thus there are various B. pertussis containing vaccines,
but no stand-alone pertussis vaccines available worldwide.**
wP vaccines are made of bacterial suspensions of one or
more strains of killed whole B. pertussis bacteria. In the latest
recommendations for wP vaccines,” the World Health Organi-
zation (WHO) has developed a set of requirements for the pro-
duction, standardization, and quality control of wP vaccines.
For example, strains of B. pertussis used in preparing vaccines
should be identified by a full record of their history and be well
characterized; since the vaccines may be prepared from more
than one strain, the bacterial concentration should be deter-
mined by comparison with the 10 IU of WHO opacity standard
before killing and detoxification, making the number of bacte-
ria in a single human dose of the final bulk be equivalent to
having an opacity of no more than 20 IU; thiomersal or other
preservatives should be added for multidose presentations
while aluminum used as adjuvant should not exceed an upper
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limit of 1.25 mg per single human dose; the potency of a passed
vaccine should not be less than 4.0 IU per single human dose,
with a lower fiducial limit of the estimated potency being no
less than 2.0 IU; and vaccines containing wP must not be frozen
but instead should be stored at 2-8°C.>> Despite the standard-
ized procedure of vaccine production, manufacturers use differ-
ent strains of B. pertussis, and the methods used for production
also vary. Whole-cell pertussis vaccine induces complex
immune responses to many bacterial antigens, including those
included in the aP vaccines.”® The varying amounts of biologi-
cally active components are unclear, hence the wP vaccines are
relatively heterogeneous, which complicates the comparisons of
immunogenicity, efficacy and effectiveness of different vaccines
in different studies. A systematic review reported that the
pooled efficacy of wP vaccines against pertussis in children was
78%, but efficacy varied significantly among vaccines.”” For
example, DTwWP vaccines manufactured by Pasteur Mérieux,
Behring, Wyeth-Lederle, and SmithKline Beecham had effica-
cies of 92% to 98%, but a DTwP vaccine from Connaught Labo-
ratories had an extremely low efficacy of 40% when it was used
in vaccine trials in the 1990s. The vaccine was also a licensed
wP vaccine having passed recommended potency assays.”® The
potency of wP vaccines is still being tested by the mouse intra-
cerebral challenge, which does not work for aP vaccines.

aP vaccines contain 1 to 5 highly purified B. pertussis anti-
gens, including pertussis toxin (PT), filamentous haemaggluti-
nin (FHA), pertactin (PRN), and serotypes 2 and 3 fimbriae
(FIM2, FIM3). The latest recommendations to ensure the qual-
ity, safety and efficacy of aP vaccines were issued by the WHO
in 2013. However, there is as yet no consensus about the anti-
genic composition of an ideal aP vaccine. Currently licensed
vaccines contain either detoxified PT alone or detoxified PT in
combination with FHA, with or without PRN and FIM 2 and 3.
Not only the number, but concentrations of antigen compo-
nents also vary in different aP vaccines, with different degrees
of adsorption to different adjuvants. Table 2 shows some
worldwide licensed pertussis vaccines. However, there is no
internationally agreed upper limit for active PT in aP vaccines.
In addition, different strains of B. pertussis, purifying methods,
and detoxification agents used for individual antigen prepara-
tion also vary among manufacturers.”> Therefore, direct com-
parison of the protection provided by various aP vaccines is
difficult. Infanrix (GSK) and Pediacel (Sanofi-Pasteur MSD)
induced comparable short-term efficacy in clinical trials per-
formed in Sweden.*® Difference in vaccine effectiveness (VE)
following vaccination with different Tdap brands (Boostrix/
Adacel) was also found in a study conducted in the USA.*!
However, there is no sufficient amount of evidence to establish
any significant difference in VE of the aP vaccines.** Several
sources of evidence revealed the differing capacity to induce
immune responses among different brands of aP vaccines.
Higher levels of antibodies and B. pertussis antigen-specific
memory B cells were induced in mice immunized with Infanrix
vaccine, suggesting the longer persistence of protection
observed with the vaccine.”> Whereas, compared with Tetravac
(Sanofi Pasteur MSD), Infanrix-vaccinated preterm children
had a persistently lower specific cell-mediated immune
response.”> Two parallel studies performed in the same cohort
of children showed that a longer persistence of IgG-PT and
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Table 2. Licensed aP and wP vaccines in the world.”

Contents of pertussis

type Brand® Manufacturer antigens per dose Adjuvant (mg-AP" content) Reference
DTap  Hexavac Sanofi Pasteur PT 25 uug; aluminum hydroxide 0.3 mg 34132133
FHA 25 11g
Tetravac(DTap-IPV)
Pentaxim (DTaP-IPV//PRP-T)
Infanrix/Pediarix GlaxoSmithKline Biologicals PT 25 png; aluminum hydroxide 0.5 mg 3
FHA 25 pg;
PRN 8 g
Pediacel/Pentacle (DTap-IPV- Sanofi Pasteur PT 2044g; aluminum phosphate 1.5 mg 134135
Hib)
FHA 20 ug;
Quadracel (DTap-IPV)
PRN 3 ug;
FIM2/35 ng
Daptacel Sanofi Pasteur PT 10 ug; aluminum phosphate 0.33 mg 2,136
FHA5 nug;
PRN 3 ug;
FIM 2/3 5 g
Tripacel
Tdap  Boostrix GlaxoSmithKline Biologicals PT 8 ug; Aluminum hydroxide < 0.39 mg 34137
(US) or 0.5 mg (rest of world)
FHA 8 ug;
PRN 2.5 g
Adacel, Sanofi Pasteur PT 2.5 ug; Aluminum phosphate 0.33 mg 132136137
Triaxis FHA 5 g;
Covaxis(Tdap-+OPV) PRN 3 ug;
Repevax (Tdap-IPV) FIM2/35 g
diTeKiBooster Serum Institute of India Ltd. PT 20 ;g Aluminum hydroxide 0.5 mg 136
wP Triple Antigen Serum Institute of India Ltd. Whole-cell B. pertussis > 4 IU aluminum phosphate < 1.25 mg 8138

Pentavac (DTwP-HepB+-Hib)
DT-COQ

Quinvaxem

DTwP

Sanofi Pasteur
Crucell-Janssen
GlaxoSmithKline Biologicals

28
28
137

Whole-cell B. pertussis > 4 1U
Whole-cell B. pertussis > 41U
Whole-cell B. pertussis > 2 U

aluminum hydroxide 0.6 mg
aluminum phosphate 0.3 mg

*“The table does not represent all worldwide licensed pertussis vaccines.

IgG-PRN antibody levels after the pre-school booster was
observed in Infanrix-primed children than in Hexavac (Sanofi
Pasteur)-primed children, while cell-mediated immune
responses were significantly higher in the children primed with
Hexavac than in those who received the Infanrix vaccine. The 2
vaccines seemed to behave differently in terms of induction of
humoral and cell-mediated immune responses. However, there
was no evidence that the 2 types of immune responses are in
anyway correlated.***

Pertussis vaccination schedules

The main aim of a pertussis vaccination is to reduce the risk
of severe pertussis in infancy. At least 90% coverage of infants
with 3 doses of high quality pertussis vaccines remains the pri-
ority of the immunization program worldwide, particularly in
countries where pertussis still poses a serious health problem
in infants and young children. wP vaccines were first intro-
duced widely in industrialized countries in the mid-20th cen-
tury. Since 1974 they have been included in the WHO
Expanded Program of Immunization (EPI). Associated with
significantly fewer adverse reactions than wP vaccines, DTaP
was first introduced in Japan in 1981 and then replaced
DTwP in the 1990s in many industrial countries. According
to the WHO, during 2015, about 86% (116 million) of infants
worldwide received 3 doses of the diphtheria-tetanus-pertussis
(DTP3) vaccine, with 126 countries having reached at least
90% coverage of the DTP3 vaccine.’® However, there are also

many countries that are still using wP vaccines, including Ser-
bia and Poland in Europe, as well as low- and middle- income
countries (LMICs) in Africa, the Middle East, South America
and Asia.”

To protect infants who are at the highest risk of pertussis,
WHO recommends a 3-dose primary series in childhood, with
the first dose administered at the age of 6 weeks; subsequent
doses should be given 4-8 weeks apart, at the age of
10-14 weeks and 14-18 weeks, or so that the last dose be
administrated by the age of 6 months. A booster dose is recom-
mended for children aged 1-6 years, preferably during the sec-
ond year of life, and should be given >6 months after the last
primary dose.”* More than 80 different pertussis vaccination
schedules are used globally. In general, only aP vaccines are
now used for both primary and booster vaccination in most of
developed countries” and in some developing countries such as
China,*” Ma\laysia38 and Turkey.39 In countries like Belgium,
Canada, Germany, Israel, the Netherlands, Spain, USA and
Turkey, a 5-dose childhood series of the DTaP vaccine was
used, while a 3-dose series is recommended in many other
European countries, typically at 2, 3 and 4 months; 2, 4 and
6 months; or 3, 5 and 11 months of age, usually followed with a
booster vaccine for school-aged children aged 4-9 y.”***! In
some countries including Argentina,** India,"> Mexico,**
Poland, and Serbia,*” both wP and aP vaccines are used. Chil-
dren or adolescents are boosted by aP vaccines after 3 to 5
doses of wP vaccines. In Mexico, however, 4 doses of aP vac-
cines are first given and then 1 booster dose of wP vaccine is



used. Many LMICs only provide wP vaccines.”**** In the
majority of countries where wP vaccines are used, 3 primary
doses are administered at various intervals within the first year
of life, followed by one or 2 boosters between 15 months and
5 y of age. Two primary immunization schedules are most
commonly used. In the first, all 3 doses are given at approxi-
mately equal intervals of 4-8 weeks (3p), while in the other, 2
doses are given at a short interval of about 2 months, with a
longer interval (4-6 months) before the third dose ((2—|—1)p).50

Immune persistence after vaccination with aPs

Persistence of immunity after DTaP immunization in
children

Although the aP vaccine provides a lower degree of protection
than the highly effective DTwP, the immunity after the aP vac-
cinations was once considered durable.” > However, the resur-
gence of pertussis in many industrial countries suggests
unsatisfying duration of immunity after aP vaccinations.

In a clinical follow-up study, Gustafsson et al. reported
increased incidence among 7- to 8-year-olds, suggesting that
protection wanes some 5-7 y after 3 doses of an aP vaccination
in infancy.54 Even after the immunization with a 5 dose series,
a case-control study conducted in California, USA indicated
that after the fifth dose of DTaP, the odds of acquiring pertussis
increased by an average of 42% per year. The increased odds
were consistent with a relative decline of 27% in estimated VE
from less than 1y to 5y or longer.”>>® Moreover, the results of
this cohort study showed that protection decreases in a period
of 5y after the fifth DTaP dose at the age of 5-6 years, and inci-
dence rates and the risk of pertussis have increased substan-
tially in the 6 y. This rise is likely attributable in part to waning
immunity from DTaP vaccines, which is suggested to occur
before the recommended adolescent booster dose at 11 to 12y
of age.”” A similar conclusion was made by a recent meta-anal-
ysis of duration of immunity after DTap vaccination. However,
no significant difference in duration of protective immunity
was found between a childhood immunization series with 3
and 5 doses of DTaP. For every additional year after the last
dose of DTaP, the odds to get pertussis increased by 1.33 times.
The estimated average duration of protection from DTaP is ~3
to 4 years, and only 10% of the children vaccinated with DTaP
would be protected by 8.5 y after the last dose.*’ Indeed, among
132 pediatric patients, there was a notable increase in cases
from ages 8-12 y with the highest positive testing rate among
those aged 12 y. The VE for children aged 8-12 y was the lowest
(24%) compared with that of 2-7 y and 13-18 y (41% and 79%,
respectively).”®

Results from recent serosurvey studies on the duration of
antibody responses also support waning immunity after aP vac-
cination in children. With a recent cross-sectional serological
study in Zhejiang province of China, where only DTaP was
administered after 2010, 63% of children aged 3 y (1 y after the
booster dose by aP vaccine) had undetectable IgG-PT antibod-
ies, indicating an increased risk of susceptibility to pertussis at
the population level.”® Maria Carollo et al. found that no matter
which kind of aP vaccines were used, 5 y after primary vaccina-
tion, the percentage of children with IgG-PT antibodies (>20
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EU/ml) reduced to below 50% in non-boosted children, which
was restored above 50% after the use of a pre-school booster
dose.>* Whereas, after the booster dose of around 4 y of age, a
recent follow-up study in UK children vaccinated with 3 differ-
ent aP-containing vaccines showed that antibodies to PT
became undetectable (PT <5 IU/ml) in 49% of children at the
5-year follow-up visit.*’

Thus, with a preschool booster offered for children aged
4-6 years, it is suggested that most children over the age of 10 y
would lose protection against pertussis, signaling the need for
an earlier adolescent Tdap booster.

Persistence of immunity after booster immunization of
Tdap in adolescents and adults

The primary goal of Tdap vaccination was to reduce the grow-
ing burden of pertussis among adolescents and adults and to
reduce the transmission of the disease to infants. Persistence of
immunity after aP booster immunizations was once thought to
be extended beyond 5 y. Within a prolonged follow-up of a
cohort, the persistence of pertussis-specific antibody and cell-
mediated immunity (CMI) after booster immunization in ado-
lescents were assessed at one month, 3 y and 5 y after a Tdap
(Boostrix) booster vaccination in adolescents aged 11-13 y in
Finland.®""*® During the 5-year follow-up, 28% of the study
subjects had undetectable anti-PT IgG antibodies, whereas IgG
antibodies to FHA and PRN were well preserved. CMI levels to
each of the 3 antigens also persisted above the prebooster levels
measured 5 y earlier. In most studies, long-term persistence of
antibodies is considered main indicator for the assessment of
immune persistence induced by Tdap vaccines. Since there are
no universally accepted antibody correlates of protection for
pertussis, seropositivity was evaluated by determining the pro-
portion of individuals having antibody levels at or above the
limit of quantitation (LOQ), or 4 times higher than the LOQ
(LOQx4).54% According to these studies conducted during the
follow-up of 1-10 y after a Tdap vaccination, the majority of
subjects were still seropositive for one or more pertussis-
specific antibodies, of which the concentration remained higher
than pre-vaccination levels.®*® Therefore, it has been sug-
gested that 10 y could be an optimal interval for Tdap vaccine
booster doses to reduce the reservoir of pertussis, which could
help protect young infants.®****” A second Tdap booster has
been found highly immunogenic and well tolerated in adults
who have received one Tdap dose 10 y previously.”>”!

Field evaluations conducted shortly after the introduction of
the Tdap vaccine among adolescents revealed 66% to 78%
effectiveness.”>”> In the USA, shortly following the introduc-
tion of Tdap vaccines in 2005, reported rates of pertussis
among targeted adolescents aged from 11- to 18-years
decreased more quickly than all of the other age groups
the years immediately following Tdap introduction, suggesting
that the targeted use of Tdap reduced the burden of pertussis
preferentially in the adolescent age group.”* However, begin-
ning in 2010, this trend was reversed. Once again, the incidence
of disease among adolescents increased at a faster rate than the
other age groups, similar to what was observed before the intro-
duction of Tdap in the United States but at a much steeper
incline.”® It should be noted that pertussis is cyclic disease and
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outbreaks can occur every 2-5 y.** Therefore, in some cases one
does not know whether the outbreak is caused by resurgence or
due to the next cycle of pertussis. Another matched case-con-
trol study conducted during the 2012 pertussis epidemic in
Washington showed that among adolescents who received all
acellular vaccines, Tdap vaccine effectiveness declined from
73% within 1 y to 34% at 2 to 4 y post vaccination, suggesting
that protection induced by Tdap declined even faster than ever
thought. The lack of long-term protection after Tdap vaccina-
tion is likely contributing to increases in pertussis among ado-
lescents in this country.”®

Persistence of immunity after maternal immunization

Efficient placental transfer of specific pertussis antibodies has
been shown after maternal immunizations with aP vac-
cines.”””® The first recommendation for a routine pertussis vac-
cination in pregnancy was given by the CDC in 2011.”° After
that, some other countries, like the UK, Australia, New
Zealand, Israel and Belgium, adopted this recommendation
successively.”*" In a simulative decision and cost-effectiveness
analysis, Tdap vaccination during pregnancy could avert more
infant cases and deaths at a lower cost than postpartum vacci-
nation, even when postpartum vaccination is combined with
additional cocooning doses.®® Concentrations of vaccine-
induced pertussis antibodies in sera from infants born to moth-
ers immunized with Tdap during pregnancy were significantly
higher at birth and at the age of 2 months than in infants whose
mothers were immunized postpartum.® Ideally, maternal anti-
bodies should offer protection until the primary vaccination
schedule starts to confer protection. Recent studies in the UK
demonstrated that maternal antibodies can provide more than
a 90% protection against infection with B. pertussis in infants
younger than 2 months, and lead to lower prevalence rates in
the study cohorts.***> However, maternal antibodies wane rap-
idly. Although maternal vaccination status was not available,
Smallenburg et al. found that in children with a IgG-PT con-
centration >30 U/ml in their umbilical cord blood, the mean
IgG-PT concentration declined to levels around the concentra-
tion needed for protection against pertussis (>20 U/ml) in the
first 2 months of life.* In a recent Spanish study, in infants
whose mothers received Tdap between 21 and 38 weeks of ges-
tation a decline in geometric mean antibody titers (GMTs) of
IgG-PT between peripartum and follow-up levels were pre-
sented, 52.7 IU/ml versus 7.5 IU/ml at 2 months of age. The
median half-life of maternal antibodies to PT was 47 d.*

It is known that protection provided by transferred maternal
antibodies depends on the maternal antibody concentration,
which is mainly influenced by timing of maternal immuniza-
tion. Immunizing pregnant women during the third or late sec-
ond trimester (after 20 weeks of gestation), preferably at
27-36 weeks of gestation is recommended.””*® In the random-
ized clinical trial conducted by Munoz et al., maternal immuni-
zation given at gestation of 30-32 weeks with Tdap resulted in
concentrations of IgG-PT in the infants dropping from 68.8
EU/ml at birth to 20.6 EU/ml at the age of 2 months, which is a
relatively high concentration of pertussis antibodies in infants
during the first 2 months of life.* Whereas, compared with
31-36 weeks and >36 weeks, women immunized at gestation

of 27-30 weeks conveyed the highest IgG-PT and IgG-FHA
antibodies from umbilical cord blood, suggesting an optimal
timing for maternal Tdap immunization.*” It is difficult, how-
ever, to know how often the vaccine would be needed to be
given during childbearing age to confer protection to infants.
Whether vaccination is needed in every pregnancy, irrespective
of pregnancy spacing is still controversial. In a previous study,
24 non-pregnant women received a Tdap booster vaccine
between 2 consecutive pregnancies. The mean interval between
the vaccination with Tdap and the next delivery was 12.7 (range
8-18.4) months. Although decreasing steeply in the first year
after vaccination (for example, GMT of IgG-PT in vaccinated
women declined between vaccination and the next delivery,
53.7 EU/ml vs. 12.1 EU/ml), antibody concentrations of the
cord blood remained above baseline in the next pregnancy
(GMT of cord serum IgG-PT in second born children after the
maternal booster dose was 19.0 EU/ml, compared with 6.1 EU/
ml in the sibling born before the vaccination). However, the
protective threshold is uncertain.®® On the contrary, Healy
et al. studied cord blood anti-pertussis antibody levels in 105
pregnant women who received Tdap sometime in the past 2 y
before delivery. No difference was found in GMTs for pertus-
sis-specific IgG in maternal delivery or infant cord sera for
women immunized before or during early pregnancy. The esti-
mated GMT of PT-IgG was <5 EU/ml in infants aged
2 months, a level which is definitely insufficient to provide pro-
tection against infection. The finding indicated that although
pertussis-specific IgG concentrations in delivering women were
high, maternal antibodies waned quickly, even in women
immunized during the first and second trimester, suggesting
that Tdap may need to be administered during the late stages
of each pregnancy.® Recent research has also highlighted the
importance of repeated Tdap immunizations for each preg-
nancy. Raya et al. measured pertussis-specific antibodies
9-15 months after delivery in women immunized with Tdap
after the 20th week of their recent pregnancy. All the detected
antibodies including IgG-PT, IgG-FIM and IgG-PRN exhibited
a significant decline between the peripartum and follow-up
levels in Tdap-immunized women.”

The Advisory Committee on Immunization Practices of the
CDC has recommended the immunization of all pregnant
women with Tdap in each pregnancy, irrespective of their
immunization status and the interval between pregnancies.*
However, these recommendations were based primarily on
studies in which Tdap was administered before pregnancy or
the timing of maternal vaccination could not be ascertained.®”

Moreover, it has been reported that maternal antibodies may
interfere antibody development in infant after primary vaccina-
tion. Antenatal pertussis immunization results in high antibody
concentrations in infant before primary immunization, but
may blunt subsequent antibody responses to some vaccine anti-
gens.””? Further researches are needed to evaluate the interfer-
ence effect on immune response and persistence in infants after
primary immunization.

Immune persistence after vaccination with wPs

As mentioned previously, considerable variation has been
noted in the antigenic content of different wP vaccines.



Therefore, it is difficult to directly compare the complex immu-
nogenicity of different wP vaccines. Also, the differences in
immunogenicity may not be translated into different clinical
effectiveness because of the absence of any known correlate of
protection.

The schedules of 3 primary doses are typically completed
between ages 4 to 6 months, whereas the 3rd dose in (2 + 1)p
schedules is given later at 11-13 months. According to those
early studies, after both kinds of schedules, decline in VE
started between 1-2 y after the third dose, and the duration of
immunity acquired after wP vaccination is estimated to range
from 4-12 y.** The most dramatic decline was reported in data
from Gustafsson et al. with a drop of VE from ~75% to ~34%
in 2 y after the 3p schedule, and this was suggested to be due to
the lower efficacy induced by a particular Connaught vaccine.”
In other studies, however, VE was mostly showed with a mod-
est decline and good protection was found in children up to the
age of 5 y.”*”” Some of the observational studies in the UK
even showed high effectiveness (ranging from 70% to 90%)
beyond 10 y.””*° Although most studies above are relatively
old, with limitation, and the majority of them were conducted
in high income countries where whole cell pertussis vaccines
are no longer used, the data are consistent with waning protec-
tion overtime since wP vaccination. For the vaccines currently
in use, wP vaccination was indicated to have a maximum
annual loss of protection of 13% and a minimum loss of 2% fol-
lowing a primary series.** But the actual rate of decline in VE
remains unclear. It could be due to waning in vaccine-derived
protection, or by a progressive acquisition of natural immunity
in the unvaccinated population.

There is little data on the duration of protection after a wP
vaccination from LMICs. However, the prevalence of pertussis
has been found to be increased in adolescents and adults with
prolonged cough in many LMICs.**'**'°" Asymptomatic per-
tussis infections are also common in school children aged
7-15 y old, as showed in a recent Chinese study.'* Similar to
the findings in developed countries,'” although reported inci-
dences are mostly <1/100 000, true incidences estimated by
seroprevalence studies are much higher, especially in adoles-
cents and adults populations.” Seropositivity rates even reached
40%~50% in adolescents and adults in Mexico and Iran, indi-
cating high circulation of pertussis in these countries where wP
vaccines are in use.**'°*'®> In Gambia, in children aged
between 6 and 10 y without serological evidence of recent per-
tussis infection, overall concentrations of IgG-PT antibodies
were lower but the seropositivity rate was higher compared
with the younger age group, suggesting waning of vaccine-
induced immunity and evidence for increased susceptibility to
natural infection. Increased age was associated with increased
infection risk (1.9% yearly increase), implying that childhood
vaccination with wP vaccine or disease may not be sufficient to
provide long-term immunity.”” Recent data from seropreva-
lence studies conducted in China might shed light on the per-
sistence of immunity to wP vaccines. In Beijing, the proportion
of subjects with undetectable IgG-PT levels (<5 IU/ml) was
found to increase significantly during the first 7 y after vaccina-
tion with the peak of 84.6% in 7 y olds." In another study per-
formed in Beijing, only 13.8% of adults who were at a
childbearing age of 20-39 y did not have detectable anti-PT
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antibodies (<5 IU/ml)."” Although China has recommended
the use of wP or aP vaccines since 2007, the vaccination sched-
ule (3, 4, 5, 18-24 months) has remained unchanged, no
booster dose is given to children after 2 y of age. Protection
induced by wP vaccination might have declind in 5 y since the
booster dose given at 2 y.

However, it is not possible to distinguish between antibodies
induced by wP vaccination or infection using current ELISAs,
as the observed anti-PT antibodies may result from “silent” nat-
ural boosting. New assays capable of distinguishing between
vaccine- and infection-induced antibodies are in need to be
developed. Active surveillance and long-term follow-up studies
of vaccine trials are essential to establishing the duration of pro-
tection. As recommended by the WHO, the optimal immuniza-
tion schedule and the appropriate time for a booster dose of
DTwP vaccine should be assessed in individual national pro-
grammes, taking into account the current epidemiological
situation.**

Comparison of immune persistence after vaccinations
with wPs and aPs

It is suggested that wP vaccines provide a significantly better
and longer protection compared with aP vaccines.”’ A cohort
study in Australia compared relative risk among children who
were vaccinated with all doses of DTwP, all doses of DTaP, or a
mixed series in the same period during a pertussis outbreak of
2009 to 2011. Adolescents who received all doses of DTaP had
a 3.3-fold more likely chance to be diagnosed with pertussis
compared with children vaccinated with only DTwP.'”” Simi-
larly, among teenagers born during the transition period of
1994-1999 in the USA, a decreasing number of DTwP doses
was significantly associated with an increased risk of getting
pertussis.'”® Even with a first DTwWP priming, in all scenarios (3
or 5 primary doses, or with a Tdap booster >10 years), the
reported rates of pertussis were significantly lower among chil-
dren who had started the vaccination process with DTwP than
among those who were primed by DTaP.'"

Increasing evidence supports that wP vaccines induce lon-
ger-lasting immune responses than aP vaccines. In a previous
German study, adolescents aged at 10-14 y were primed with a
different schedule: 5 doses of a 2-component aP vaccine (last
dose given at age of 4-6 years), 4 doses of the aP vaccine (last
dose given at age of 18-24 months), or 4 doses of wP (last dose
given at age of 18-24 months), and all boosted with a Tdap vac-
cine. Although the interval since the last dose was longer, IgG-
PT levels in the wP-primed group were higher than those of
both pre- and post-boosters in the aP-primed groups.'*
Another study compared the B. pertussis-specific T cell
responses in Belgian children of 9-12 y olds primed with wP or
aP vaccines. They all received an aP booster between 5.5 and
8.2 y of age. The time since the booster was significantly longer
for wP compared with aP vaccinated children (4.8 y vs. 2.7 y).
But the proliferation capacity in response to antigen stimula-
tion was comparable, and more children had a detectable cyto-
kine response after wP, compared with an aP vaccination.'"!
However, higher pertussis-specific antibodies and better B cell
memory responses were noticed in children who received aP
vaccines in infancy, compared with those who were primed
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with a wP vaccine up to 2 y after a booster vaccine in Dutch
studies. As stated by the authors, the observation that children
who received aP vaccines in infancy and had higher pertussis
antibodies were possibly due to the wuse of non-
optimal Dutch wP vaccines.''*!'"* Thus care should be taken
not to generalize the findings to all wP vaccines.

Evaluation of protective immunity after pertussis
vaccination in human

It has been shown that wP and aP vaccines direct the host
immune responses differently. wP vaccines favor a T-helper 1
(Thl) response, whereas aP vaccines drive the immune
responses to a mixed Th2/Thl profile, and thus induce high
antibody titers against vaccine antigens.''* As already shown
by clinical trials performed in the 1990s, antibodies against vac-
cine antigens such as PT, FIM and PRN correlate with protec-
tion."'>"'® Thus measurement of serum antibodies to these
antigens is a classical approach to evaluate immune persistence
after immunization. Since PT is an essential virulence factor
and a protective antigen, level of IgG-PT antibodies is usually
taken as the most important parameter.''”"'* However, levels
of IgG-PT antibodies were already found to wane sharply
within a few years after the vaccination.' When comparing
IgG antibodies to FHA and PRN, IgG-PT antibodies usually
decreased fastest,>'*! possibly because PT is the most specific
antigen of B. pertussis while other antigens are usually involved
in cross-reaction.'”” However, serum antibodies, especially
IgG-PT, were considered to be insufficient to represent a corre-
late of protection, and immunized population with waning
antibodies could be still protected by presence of CMI. CMI
induced by vaccination are also believed to be important for
the evaluation of protection against pertussis.”>'>*'**> However,
complex T- and B- cell responses to pertussis were reported in
different studies.'** Until now, the immune mechanism(s) of
protection for pertussis are still not fully understood. Further
research is needed to better understand the type of immune
responses that yield optimal, long-lasting protection and the
mechanisms responsible for this protection.

Another limitation needs to be noted. There is no unified
standard for evaluation of pertussis protection and vaccine
effectiveness. In serologic studies, seropositivities of pertussis-
specific antibodies were compared based on different cutoffs.
Most of the data on CMI mainly rely on identifying the capa-
bility of pertussis-specific cytokine production or cell prolifer-
ation. Which immune response—level of antibodies, level of
functional antibodies, or T-cell responses—would be the most
meaningful measure of the effectiveness, is still to be que-
ried."” In observational studies, the defining loss of immunity
also varied. The incidence of pertussis was compared for every
year since the vaccine was administered with the use of vari-
ous case definitions of pertussis. Symptoms, culture or poly-
merase chain reaction (PCR) were used solely or in
combination. Some of the studies used the confirmed/sus-
pected case definition from official documents. These varying
definitions of pertussis likely contributed to the observed het-
erogeneity between the studies.*’

Conclusion and future perspective

Pertussis resurgence is believed to happen due to waning vac-
cine-induced immunity. It has been suggested that wP vaccines
could provide a more effective and a longer duration of protec-
tion than aP vaccines,'?® although the precise rate of VE decline
and the related mechanisms are unclear. A recent study of a
baboon model has clearly shown that aP vaccines can protect
against disease, but had limited impact on protection from
infection or transmission. A possible mechanism seems to be
due to the lower Th1/Thl7 responses induced by aP vac-
cines."”” Indeed, all of the wP vaccines tested in the baboon
model can clear B. pertussis much faster than aP vaccines.*®
Since there is a more rapid waning of immunity and possibly a
reduced impact on transmission, with aP relative to wP vac-
cines, the overall goal of the national immunization program
needs to be carefully contemplated when considering a switch
from wP to aP vaccines for the primary vaccination series. In
LMICs, the scarcity of up-to-date data about the disease burden
will probably ensure that the focus will remain on the maximi-
sation of coverage for infants by wP vaccines. In high-income
countries with longstanding pertussis immunization and high
coverage, efforts to reduce severe morbidity (especially death)
from pertussis in infants before they receive the first dose
should be taken.'*® Maternal pertussis vaccination therefore is
considered the most cost-effective strategy and more effective
than cocooning.'*® But these findings are not necessarily appli-
cable to LMICs. Therefore, as recommended by the WHO, a
switch from wP to aP vaccines for primary infantile immuniza-
tion should only be considered if the inclusion in the national
immunization schedules of additional periodic boosters or
maternal immunization can be ensured and sustained. National
immunization program currently administering wP vaccines
should continue to use wP vaccines for primary vaccination
series; while others who currently using aP vaccines should
consider the need for additional booster doses and maternal
immunization to prevent early childhood mortality and the
resurgence of pertussis.”*

Several issues in this field need to be investigated in the
future. First of all, pertussis vaccines induce various
immune responses that typically are measured as serum
antibodies or CMI assays, but we do not know what they
really mean in regard to protection against re-infection on
the mucosal surface. Furthermore, the methods by which
especially CMI is measured are poorly standardized. Further
research is needed to better understand the type of immune
responses that yield optimal, long-lasting protection and the
mechanisms responsible for this protection. Since many fac-
tors may intervene, such as quality of the initial immune
response related to the vaccine type, vaccination schedules,
and the acquisition of natural immunity as a consequence
of high or low vaccine coverage, the magnitude and timing
of the protective immunity after vaccination are difficult to
predict and should continue to be evaluated. Mechanisms
that are related to the waning of antibodies are as yet
unclear. As the most widely used parameter, standardization
of the cutoffs for IgG-PT levels is urgent for the evaluation
of protection efficacy, as well as for surveillance of pertussis.



It should be kept in mind that pertussis is rather unique in
that the same antibody to pertussis antigens may be mea-
sured for diagnostic purposes, for performing seroepidemio-
logical studies and for measuring vaccine responses as well
as for estimating susceptibility to infection. The specific
humoral immune responses induced by vaccines cannot be
clearly distinguished from those induced after infection.
Therefore, except for PT, new protective and specific anti-
gens are needed to be explored and used for surveillance,
diagnosis and vaccine evaluation. Ideally, antibodies to these
new antigens should be capable of distinguishing the vacci-
nation from natural infection. Apart from waning immu-
nity, the reasons of decline in observed vaccine effectiveness
and the mechanisms involved are ambiguous, and need to
be studied further. Factors for this could be the loss of
functional antigenic epitopes during the treatment of the
antigens e.g. detoxification, or genetic changes in circulating
B. pertussis populations, like a dramatic increase in PRN-
deficient strains in some countries.'*®
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PT pertussis toxin
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