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ABSTRACT

Pertussis has had a resurgence with the highest incidence and complication rates in young infants, and
deaths occurring mainly at < age 3 months. Infants are infected by older individuals whose immunity has
waned. Strategies such as targeted immunization of infant caregivers have had limited success. Pertussis
vaccination in pregnancy may protect infants through passive and active transfer of maternal antibodies
that protect the infant until the primary immunization series. Studies show vaccinating pregnant women
with acellular pertussis vaccine is safe for mother and infant, immunogenic with efficient transfer of
antibodies to infants, and effective in preventing pertussis in young infants. Vaccine uptake in pregnant
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women is sub-optimal, but provider recommendation is the most important factor in improving
vaccination rates. Studies are ongoing to determine the best timing of vaccination to protect infants, and
into other strategies. Vaccinating pregnant women offers hope to prevent pertussis-related morbidity and

mortality in infants worldwide.

Despite the advent of effective infant immunization programs
throughout the world, pertussis, also called whooping cough,
remains a significant cause of infant morbidity and mortality.
The World Health Organization (WHO) estimates that
approximately 50 million cases and 300,000 deaths are attribut-
able to pertussis each year.' The highest burden of disease and
largest number of fatal cases occur in resource-poor nations,
where vaccination coverage with 3 doses of whole cell pertus-
sis-containing vaccine in infancy is suboptimal.' The true bur-
den of pertussis in these nations is likely underestimated as
surveillance systems may be less robust. However, even in
resource-rich nations where infant immunization rates exceed
95%, pertussis is widely acknowledged as a very poorly con-
trolled vaccine-preventable disease.>”

A resurgence of pertussis has been documented in resource-
rich nations during the last 30 years and regular outbreaks are
reported. The reason behind this resurgence is multifactorial.
Under-diagnosis of atypical or subclinical cases in adolescents
and adults who then spread the infection widely in their com-
munities, improved detection secondary to increasing use of
polymerase-chain reactions (PCR) based tests rather than the
more difficult to perform culture for diagnosis, and possible var-
iations in Bordetella pertussis may all contribute. Waning immu-
nity to pertussis, acquired from natural disease or induced after
vaccination, is a significant factor.”” Significant waning of per-
tussis immunity occurs within 5 to 10 years after infection or
vaccination with whole cell pertussis vaccines. Further, data
from the 2010 pertussis epidemic in California demonstrate that
waning of immunity occurs more rapidly after receipt of acellu-
lar pertussis vaccines compared to whole cell vaccines, rendering
significant numbers of individuals susceptible to repeated

infection as soon as one to 3 years after their most recent vac-
cine dose.®

Disease burden of pertussis

Pertussis infection, regardless of whether disease is endemic or
epidemic, carries a substantial disease burden for all age groups,
such as chronic cough, the associated complications (post-tus-
sive emesis, weight loss, urinary incontinence, rib fractures etc),
and time lost from education or employment. These effects,
while unpleasant, are rarely life threatening, except in young
infants who are the age group infected disproportionately by
this illness. In resource poor countries, pertussis-associated
case fatality rates as high as 4% are reported." In resource rich
countries infant case fatality rates are lower, but infants who
are too young to have completed their primary infant immuni-
zation series with diphtheria, tetanus and acellular pertussis
vaccine (DTaP), consistently have approximately a 20-fold
increased incidence of pertussis infection compared with other
age groups and suffer significantly higher morbidity and
mortality.” '* For example, of pertussis-infected infants in the
United States, where diphtheria, pertussis and acellular pertus-
sis (DTaP) vaccine is given at 2, 4 and 6 months of age in the
primary immunization series, approximately 2 thirds of pertus-
sis-infected infants under one year of age will be hospitalized,
61% will have apnea, 23% will develop pneumonia, 1% will
develop seizures, 0.3 % encephalopathy and 1% will die."”
During the 2010 pertussis epidemic in California, the attack
rate for pertussis in infants under 6 months of age reached 435
per 100,000 population and 10 infants died, all but one of
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whom was too young to have started the DTaP series at
2 months of age."” This epidemiological pattern of dispropor-
tionately high incidence of infection and pertussis-associated
complications in young infants is repeated in other resource-
rich countries. Pertussis-associated deaths occur almost exclu-
sively in infants less than 3 months of age, 76% in those less
than 2 months of age.'®

Control strategies

Pertussis (the 100 day cough) is characterized by 3 stages of ill-
ness, the catarrhal stage which resembles any upper respiratory
infection, paroxysmal stage characterized by spasms of cough-
ing, and the convalescent stage where coughing spasms become
less frequent and less severe. Individuals become susceptible to
pertussis infection multiple times during their lifetime due to
waning immunity. A major difficulty in controlling pertussis is
late diagnosis, particularly in adolescents and adults who often
have atypical disease or are asymptomatic. Despite this atypical,
non-specific illness, they are capable of transmitting infection,
especially to vulnerable young infants. Antibiotic prophylaxis is
of limited value since it is most effective in ameliorating disease
during the catarrhal phase of infection, and most individuals
are diagnosed later, or their infection may go unrecognized.'”
The mainstay of pertussis control has been immunization,
predominantly through infant and childhood immunization
programs. While countries differ in their infant and childhood
immunization schedules, all recommend pertussis-containing
vaccine as a 2 or 3 dose primary course in infancy followed by
booster dose(s) for toddlers or in later childhood. Such pro-
grams have reduced pertussis-associated morbidity and mortal-
ity by over 90%.'® Reports of adverse events associated with
whole cell pertussis vaccines, led to the development of less
reactogenic acellular pertussis vaccines with comparable short
term immunogenicity, and acellular pertussis vaccines have
been routinely used in resource-rich countries since the 1990s
and early 2000s."”” Increased recognition of adolescent and
adult pertussis infection led to the development of acellular per-
tussis vaccines for use in adolescents and adults (Tdap). Acellu-
lar pertussis vaccines are given in combination with tetanus
and diphtheria toxoids (which contribute to their reactogenic-
ity) and contain different numbers and concentrations of per-
tussis antigens, depending on the manufacturer. Acellular
pertussis vaccines available in resource rich nations contain
pertussis toxin (PT), filamentous hemagglutinin (FHA), and
pertactin (PRN), with fimbrial proteins 2 and 3 (FIM) also
being components in some. Regardless of manufacturer, ado-
lescent and adult formulations contain lower amounts of per-
tussis antigen than the corresponding infant formulation.*
The most common source of pertussis infection in infants
is typically a household contact. Most often this was mothers
followed by fathers and other family members or
caregivers,”" >> however, recent studies indicate that other
siblings now surpass parents as the infecting source.** This
change in source of infant infection is likely a combination of
increased circulation of pertussis in older children who
received their last dose of acellular pertussis vaccine 3 to 5y
previously and in whom immunity has waned, with possible
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contributions from other control strategies specifically targeted
to prevent infant infection.®®

Targeted immunization of parents and adult caregivers of
young infants, the primary sources of infant infection at the
time, seemed an attractive strategy to control infant pertussis
once tetanus, diphtheria and acellular pertussis booster vaccine
(Tdap) was licensed. This strategy, known as “cocooning,” was
recommended by the Centers for Disease Control and Preven-
tion (CDC) in the US in 2005 and focused on providing Tdap
to postpartum women prior to their being discharged from
hospital, and young infant caregivers ideally a minimum of
2 weeks before infant contact was anticipated, thus providing
indirect protection to infants by protecting those most likely to
infect them.'""***> Although effectiveness data were lacking the
Global Pertussis Initiative (GPI) recommended cocooning, esti-
mating that it could have a strong indirect effect on infection
and potentially reduce pertussis cases by 70% in infants under
3 months of age.”” Despite the lack of data, the GPI considered
cocooning “worthy of implementation because even protecting
some infants would be considered a success.” Cocooning was
also recommended in some European countries and in Aus-
tralia. On a practical level however, cocooning proved
extremely difficult to implement on a widespread scale. In the
US, single centers reported successful cocooning programs
with uptake rates varying from 40% (parents in pediatric office
settings) to between 70% and 95% (postpartum and family
immunization programs in birthing hospitals and neonatal
intensive care units),”*>° but financial and logistical issues
limited implementation of cocooning at a national level.”!
Moderate uptake rates were also reported in select programs in
Europe.®”*®> However, a study in Canada noted poor cost
—effectiveness for cocooning when pertussis incidence was
low,* and outcome studies performed in the US and Australia
demonstrated little or modest clinical effectiveness of cocoon-
ing.>>” These studies demonstrate the inherent limitations of
cocooning as a stand-alone pertussis prevention strategy for
infants, although it remains a recommended component of a
multi-faceted approach to decrease pertussis disease burden.*®

Rationale for pertussis immunization in pregnancy

There are reasons to be confident that maternal pertussis vacci-
nation will effectively reduce infant pertussis infection, at least
in the first few months of life when the risk of mortality and
morbidity are highest.>***" First, maternal immunization
offers an ideal “2-for one” strategy because it offers direct pro-
tection of the infant through the induction of maternal anti-
bodies that can be transported across the placenta to protect
the infant from birth, while also indirectly protecting the infant
through preventing infection in and thus transmission from
their mother.”"** Second, Tdap is an inactivated vaccine so
there are no theoretical concerns regarding safety in pregnant
women. Third, unlike influenza, pertussis is not known to
increase morbidity in pregnant women (although contempo-
rary data are lacking), therefore Tdap administration can be
delayed until later in pregnancy, thereby avoiding concerns
about interference with fetal development or mistaken associa-
tion with pregnancy loss which is most common in the first tri-
mester. Vaccination later in pregnancy also has the advantage
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that maternal antibodies are highest when placental transport is
most efficient (from approximately 34 weeks gestation).”*'
This timing theoretically optimizes levels of maternally-derived
antibodies in the newborn infant leading to more sustained
protection. Fourth, unlike antibodies induced by polysaccha-
ride antigens (IgG,) where placental transport is less efficient,
Tdap induces antibodies of the immunoglobulin G, subclass;
these IgG; antibodies are both actively and passively trans-
ported across the placenta leading to increased infant levels.
Fifth, because the first dose of the primary immunization series
is given early in life (2 months of age in resource rich nations,
6 weeks of age in resource poor), it is likely that antibody levels
need to persist for relatively short periods of time to protect
against severe and fatal infant disease.

Safety of pertussis immunization in pregnancy

Numerous studies have assessed the safety and immunogenicity
of acellular pertussis vaccines in infants and children, adoles-
cents and adults.”®*" These studies invariably demonstrated
that acellular pertussis vaccines are well-tolerated with lower
rates of adverse events than whole cell pertussis vaccines.
Although, pregnant women were excluded from pre-licensure
studies of Tdap, because it is an inactivated vaccine no theoreti-
cal safety concern existed. Further, there were extensive data on
the safety of tetanus and diphtheria toxoid vaccines in preg-
nancy as this was the cornerstone of efforts to eliminate neona-
tal tetanus worldwide.’" Post-licensure, both manufacturers of
Tdap set up registries to collect information on pregnant
women who received Tdap during pregnancy, either inadver-
tently or deliberately as part of outbreak control measures.****
Available data prior to recommendations to immunize preg-
nant women with Tdap did not show any pattern of increased
adverse events, including pregnancy loss or poor neonatal out-
comes, from either registry data or small studies in pregnant
women. In 2011, these data were sufficient for the US to
become the first country to recommend Tdap immunization of
pregnant women who had not previously received Tdap,
regardless of the interval from prior tetanus-containing vac-
cine.”’ This was later updated to recommend Tdap during the
third trimester of every pregnancy.'® The United Kingdom rec-
ommended Tdap in pregnancy in 2012 in response to a pertus-
sis epidemic causing many infant deaths,*® and this policy has
since been adopted by other countries.*”**

A number of studies have been published evaluating the
safety of Tdap immunization during pregnancy since the origi-
nal 2011 US recommendation. The first US phase 1-2 random-
ized, double-blind, placebo-controlled study recruited 48 Tdap-
naive pregnant women who received Tdap (N = 33) or placebo
(N = 15) during weeks 30 to 32 gestation with crossover immu-
nization postpartum.49 A group of non-pregnant women also
received Tdap for comparison. There were no Tdap-associated
serious adverse events (SAE) in mothers or infants, and no dif-
ference in the proportion of participants reporting any injec-
tion-site reaction following Tdap immunization between
pregnant, postpartum or non-pregnant women (78.8%, 80%
and 78.1%, respectively, P > 0.99). Systemic symptoms (mostly
mild and self-limited) post-vaccination were less frequent in
pregnant women (36.4%) than in either postpartum (73.3%) or

non-pregnant recipients (53.1%), respectively (P 0.055). A
recent randomized controlled trial reported from Vietnam
comparing 52 women who received Tdap with 51 receiving TT
in pregnancy found that while approximately 50% of women
reported an adverse event post-vaccination, these occurred in
similar proportions of Tdap and TT recipients and were pre-
dominantly short lived, and no Tdap-associated SAEs
occurred.”® Donegan et al reported an observational cohort
study of 20,074 pregnant women who received Tdap in the first
6 months of the UK pregnancy campaign and matched them
with a historical unvaccinated cohort.”* There was no evidence
of increased risk of early or late stillbirth post Tdap in preg-
nancy compared with national historical rates. There was no
increased risk of earlier delivery or increased risk of serious
antenatal or neonatal events. In addition, although congenital
malformation was not a pre-specified adverse event of interest
in this study because Tdap is given in the third trimester of
pregnancy after organogenesis, this outcome is monitored con-
tinuously through pharmacovigilance and no signals for
increased risks were raised.

In the US, Tdap safety is monitored through the manufac-
turer registries and several national surveillance systems such
as vaccine adverse event reporting system (VAERS), vaccine
safety datalink (VSD) and clinical immunization safety assess-
ment (CISA) project.’® Some single center or managed care
organizations have also reported their experience.>> All but
one report found no difference in risk of any adverse pregnancy
or neonatal adverse event.”> One single center study of more
than 7,000 women actually found that the rate of preterm birth,
small for gestational age and neonatal hospitalization was
increased in the unvaccinated group although the small num-
bers of unvaccinated women in this study preclude a definitive
answer that Tdap is protective for these outcomes.”® A small
but statistically significant increased risk of a recorded diagno-
sis of chorioamnionitis was found in a retrospective cohort
study of pregnant women from 2 VSD sites between 2010 to
2012, although the magnitude of this risk was lower in those
immunized during the third trimester.”® However, it was not
possible to adjust for other chorioamnionitis risk factors in the
cohort and there was no increased risk of preterm birth, a
major sequela of chorioamnionitis. This finding should there-
fore be interpreted with caution due to residual confounders
and the fact that only there was only a 50% positive predictive
value for having a clinical presentation consistent with cho-
rioamnionitis in those given the diagnosis, reflecting the diffi-
culty in reliably diagnosing chorioamnionitis. It is noteworthy
that no other study has found a similar signal to date.”

Acellular pertussis vaccine is currently available only in
combination with tetanus and diphtheria toxoids. Concerns
were therefore expressed that administering Tdap soon after a
previous dose of tetanus and diphtheria containing vaccine (TT
or Td) would increase the rate of local and systemic reactions.
This led to initial recommendations that a 2 y interval since
either TT or Td be observed before giving Tdap to postpartum
women.'" This minimum interval was removed from US per-
tussis recommendations in 2011 and 2012,'%*! however, con-
cerns persisted that repeated doses of tetanus containing
vaccines may lead to increased adverse events. Sukumaran et al.
addressed this concern in a retrospective cohort study of



29,155 women across 7 VSD sites who received Tdap in preg-
nancy following a tetanus containing vaccine less than 2
(N = 4,812), 2 to 5 (N = 9,999) and more than 5y (N =
14,344) previously.”” No significant differences in rates of med-
ically-attended adverse events or adverse birth outcomes
(preterm delivery, low birth weight, small for gestational age)
were found. It is possible that this tolerance of short tetanus
vaccination intervals in pregnant women may be related to the
natural immunosuppression of pregnancy, with differences in
humoral and cell-mediated responses and natural killer cells
that occur to protect the fetus, compared with the non-preg-
nant population. There was no increase in adverse events or
poor birth outcomes when Tdap was given concomitantly with
influenza vaccine during pregnancy.”® Although continued sur-
veillance is prudent, the conclusions from all the available data
support the safety of Tdap immunization in pregnancy, even
when repeated doses are given at short intervals.

Immune response following pertussis immunization in
pregnancy

Prior to implementation, there was indirect evidence that per-
tussis immunization in pregnancy was likely to be immuno-
genic and effective. Anecdotal evidence from the pre-vaccine
era when peak incidence of infant infection was older than age
2 months suggested that high levels of passively acquired
maternal antibodies in infants, presumably boosted by natural
infection in mothers prior to delivery, may have protected
them in early life.* During the 1940s and 1950s small numbers
of women received whole cell pertussis vaccine during the third
trimester of pregnancy.”>®> No adverse events were docu-
mented and increased antibody levels in mother and baby with
enhanced in vitro killing of B. pertussis were reported. Concerns
that high maternal antibody levels would suppress infant
immune response to pertussis vaccines in infancy were lessened
when Englund et al. demonstrated that no significant interfer-
ence occurred with DTaP vaccines.®® Further studies since 2000
demonstrated that both naturally and vaccine-induced pertus-
sis-specific IgG in mothers was efficiently transported across
the placenta, resulting in higher infant than maternal antibody
levels for tested pertussis antigens.®*®® Van Savage et al. had
calculated the half-life (t;,) of naturally-induced maternal
antibody to PT and FHA to be 36 and 40 days, respectively.”’
Serological correlates of protection from pertussis are not
known. However, if it is assumed that the t,,, of Tdap-induced
antibodies is similar to that of natural antibody, it is reasonable
to expect that high maternal antibody levels in infants following
immunization in pregnancy would persist at “sufficient” levels
to protect infants from acquiring infection in the early months
of life.

The US Phase 1-2 study demonstrated that Tdap in preg-
nancy was immunogenic resulting in geometric mean concen-
trations (GMC) of pertussis toxin (PT) antibodies in mothers
and infants at delivery that were 5.6-fold (51 ELISA units [EU]/
ml [95% C.I. 37.1-70.1] versus 9.1 EU/ml [95% C.I. 4.6-17.8])
and 4.9-fold (68.8 EU/ml [95% CI 52.1-90.8] vs. 14 EU/ml
[95% C.I. 7.3-26.9]) greater, respectively, in women who
received Tdap in pregnancy than those who received placebo
(P < 0.001).* Significant, although slightly lower magnitude,

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1975

differences in response to PT were seen at delivery in women
receiving Tdap versus TT during pregnancy in the RCT in Viet-
nam, with approximately 3-fold higher concentrations in Tdap-
vaccinated women (P < 0.001).°° Similar findings were
reported in studies from Belgium, Israel and Spain, when deliv-
ery samples from infants of 57, 61 and 132 Tdap immunized
women, respectively, were tested.”””> The largest reported
delivery cohort to date compared infant cord delivery samples
from 312 pregnancies where women received Tdap during the
third trimester as per CDC recommendations in the US
(Tdap+) with those from 314 pregnancies where Tdap was not
given (Tdap-).”> The GMC to PT was 47.3 international units
(IU)/ml (95% CI 42.1-53.15) in samples from Tdap+ pregnan-
cies vs. 12.93 IU/ml (95% CI 11.8-14.17) in Tdap- pregnancies
(P<0.001).

The effectiveness of a pregnancy immunization strategy in
preventing infant pertussis relies on maintaining antibody lev-
els in infants at a “protective” level through the period of high-
est risk of death or serious illness (age 3 months). A generally
accepted serological correlate for protection against pertussis is
not defined, but it is likely to be higher in infants than in older
children or adults primed through natural infection or immu-
nization. Young infants rely solely on passively acquired anti-
bodies for protection and lack the ability to mount cell-
mediated responses for recovery. Although contemporary data
on the t;,, of Tdap-induced maternally derived antibodies are
lacking, they would be expected to wane quickly as do antibod-
ies induced following natural infection. This rapid waning was
confirmed by both RCTs and by the prospective cohort study
in Belgium where, although still significantly higher than in
infants of mothers not immunized with Tdap or from historical
unimmunized cohorts, the GMCs of PT antibodies were signifi-
cantly lower (approximately 3-fold in RCTs; 6-fold in cohort
study) in infants of immunized mothers prior to starting the
primary immunization series compared to those at deliv-
ery.*>% 7! Despite this rapid waning, it is reasonable to assume
that should “high” levels of antibodies be present at delivery,
these will be “sufficient” for protection through the start of the
primary immunization series. It is therefore reassuring that
data from the larger delivery cohorts estimate that infants of
approximately 2 thirds of women receiving Tdap in late preg-
nancy (>20 weeks gestation [Spain]; >27 weeks gestation
[US]) would have PT > 10 IU/ml at 2 months of age.72’73

The need for high levels of pertussis antibodies at delivery is
important because it influences recommendations on the need
for repeated doses of Tdap during subsequent pregnancies and
timing of immunization during pregnancy to give maximum
immunological benefit to the infant. Recommendations for
immunization during every pregnancy in the US were driven
by continued high morbidity and mortality in infants, but also
by data suggesting that immunization during one pregnancy
would be unlikely to protect infants of subsequent pregnan-
cies.'®”* One study evaluated 105 mother-newborn infant pairs
where the mother had received Tdap at a median of
13.4 months (all within 24 months) prior to the birth of the
infant.”> Most mothers had received Tdap postpartum after the
birth of a prior infant but 19 received Tdap during pregnancy,
16 in early pregnancy. Although the GMC of pertussis antibod-
ies in maternal and infant cord samples at delivery was higher
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than that reported in the pre-Tdap era, it was estimated that the
GMC of PT-specific IgG would be less than 5 EU/ml in infants
by the time of the first DTaP dose and that only 40% of infants
would have detectable antibody through age 2 months. This
suggests that most infants whose mothers were immunized
prior to the third trimester of pregnancy would have little
immunological benefit as a consequence of maternal vaccina-
tion, although some indirect benefit likely could be expected as
a consequence of preventing maternal infection and transmis-
sion to the infant (that is, through partial cocooning).

The specific timing of maternal Tdap during the third tri-
mester of pregnancy to maximize infant antibody levels is not
well-defined. Biological data suggest that 28 through 32 weeks
would be optimal.”® A single study suggests that 27 through
30 weeks may be better but this was limited by small numbers
of mother-infant pairs studied.”” Further, data on whether the
gestation at immunization versus interval between immuniza-
tion and delivery is more important for immunological protec-
tion of infants are lacking. These and other questions,
including tailoring recommendations to protect infants at high
risk of being born preterm, remain high priority for
investigation.

The possibility that maternal immunization will interfere
with the induction of antibodies in infants in response to their
immunization series is another factor to consider. The extent
and duration of immune interference when present appears to
be dependent on maternal antibody and declines with postnatal
age as maternal antibodies wane. This phenomenon has been
observed for measles, oral poliovirus and hepatitis A vaccines.”
There is some insight into immune responses in infants follow-
ing maternal Tdap from the RCT's and prospective cohort stud-
ies. Munoz et al. (US) reported equivalent concentrations of
antibodies to PT, PRN and FIM but significantly lower concen-
trations of antibodies to FHA at 7 months of age, after infants
received DTaP at 2, 4 and 6 months, in infants of mothers
immunized in pregnancy vs. postpartum.49 However, at age
13 months after a fourth dose of DTaP, concentrations of anti-
bodies were not statistically different. Hoang et al. (Vietnam)
reported significantly lower concentrations of antibodies to
PRN, but not PT or FHA after 3 doses of DTaP given at 2, 3
and 4 months; no booster dose was given.’* Maertens et al.
(Belgium), in a study where pregnant women received a Tdap
vaccine with higher quantities of PT antigen than either of the
RCTs, showed blunting of PT response only, after a 2, 3 and
4 month infant schedule.”* In the UK, Ladhani et al. compared
127 infants of Tdap immunized mothers, immunized with
DTaP at 2,3 and 4 months, with a historical cohort to 246
infants born to non-immunized mothers.”” They found that
only antibodies to PT rose after completion of the immuniza-
tion series and antibodies to PT, FHA and FIM were all lower
after the series in infants of immunized mothers.

It is difficult to interpret the significance of the variable
immune interference demonstrated in these studies. First, dif-
ferent acellular vaccine products were used in the studies (for
both mothers and infants) possibly resulting in different anti-
body responses in infants. Second, the degree of interference
may be affected by different infant vaccination schedules with
possibly accelerated infant schedules resulting in more immune
interference. Third, it is unclear if the degree of interference

seen in any of the studies is likely to have any clinical signifi-
cance, especially if booster doses are given in the second year of
life.”® In summary, critical evaluation of the immunological
data available to date suggests that inducing high antibodies in
infants at birth to sustain them through the critical first months
of life is of greater benefit in preventing infant pertussis-associ-
ated mortality than possible mild interference with infant
immune response that may be overcome by giving a booster
dose after age 12 months.”®

Effectiveness of maternal immunization in preventing
infant disease

The best evidence that maternal pertussis immunization will
protect very young infants comes from observational and case-
control studies performed in the UK.””® In September 2012
the UK responded to a resurgence of pertussis during the previ-
ous 2 y with accompanying pertussis-attributable deaths in very
young infants, by recommending pertussis immunization for
pregnant women at weeks 28 to 38 gestation. After introduc-
tion, vaccine uptake in pregnant women was high, peaking at
78% and then leveling out at approximately 60%. Amirthalin-
gam et al. analyzed laboratory confirmed pertussis cases and
hospital admissions for pertussis in infants between January
2008 through September 2013.”” Vaccine effectiveness was cal-
culated by comparing vaccination status for mothers in con-
firmed cases of pertussis with estimates of vaccine coverage in
pregnant women in England. One month after the introduction
of maternal immunization, the monthly total of confirmed
cases peaked and then fell in all age groups. There was a
decrease of 78% (95% CI 72% to 93%) in confirmed pertussis
cases and 68% (95% CI 61% to 74%) in pertussis-associated
hospitalizations in infants aged less than 3 months between
2012 and 2013, the only age group in whom fewer cases were
seen in 2013. There were 3 infant pertussis-related deaths in
2013, all in infants of unvaccinated mothers, compared to 14 in
2012 all of which occurred prior to the introduction of mater-
nal immunization. Vaccine effectiveness was 91% (95% CI 84%
to 95%) in preventing pertussis in infants less than age 3 months
if mother was vaccinated at least 7 d before infant delivery.
Similar results were found in a case control study of pertussis
infected infants in England and Wales.”® These studies, coupled
with emerging immunological data, strongly support maternal
immunization as a strategy to prevent severe disease in young
infants although ongoing studies of effectiveness are necessary.

Implementation of maternal immunization

There are many challenges in implementing a successful mater-
nal immunization program, even when the strategy has proven
safety and efficacy. Maternal immunization programs against
influenza in the US for example, had been recommended for
many decades, yet uptake prior to the HIN1 influenza pan-
demic in 2009 was 15%.> This increased to approximately 50%
after the pandemic, but has since shown minimal improvement
since then.'® The same is true of pertussis immunization which
although slowly increasing had estimated national uptake less
than 20%.”” There a number of barriers to be overcome. First,
although maternal immunization is an established strategy in



many resource-poor nations through efforts to eliminate
maternal and neonatal tetanus, it is a relatively new concept in
resource-rich countries. Second, the target population is
healthy adults who may be unaware of the need for immuniza-
tions throughout their lifetime. Third, there is a perceived
reluctance of pregnant women to take any medications, includ-
ing vaccines, during pregnancy. Fourth, there is concern that
adverse events may be erroneously associated with vaccination,
a particular concern given the natural rate of pregnancy loss.
Fifth, obstetrical care providers have not previously been vacci-
nators. Finally, there are substantial logistical and financial
barriers.

The responsibility for educating and informing pregnant
women about recommendations for vaccination in pregnancy
has not been left to providers alone. National immunization
bodies, professional and not-for-profit organizations have a
prominent role in raising awareness about the danger of pertus-
sis in infants and the recommendations to immunize pregnant
women for the general public, and pregnant women in particu-
lar.*>®* This is particularly important given the increasing use
of online resources. Many organizations have developed online
information that may be downloaded, are exploring using
social media platforms as education tools, or are developing
smartphone applications that send out reminders, to improve
vaccine uptake. Such organizations, coupled with print resour-
ces such as magazines specializing in pregnancy and childbirth,
are valuable resources in raising awareness.

Receiving a strong provider recommendation, however, is
the single most important factor in a pregnant woman’s ulti-
mate vaccination decision. Studies show that 78% to 93% of
pregnant or postpartum women say they would receive a vac-
cine recommended by their provider, regardless of influence
from other sources such as family, friends or online resour-
ces.*®” Numerous studies have evaluated the attitudes of preg-
nant and postpartum women toward maternal immunization.
Although some cultural differences exist, themes are emerging.
Maternal attitudes are remarkably consistent; their primary
concern is that the vaccine is safe both for them and their baby,
and they desire sufficient discussion with their provider to
explain the rationale behind immunization.*** %% The bene-
fits of and likely acceptance by pregnant women of pertussis
vaccination has resulted in strong statements in support from
organizations such as the American College of Obstetricians
and Gynecologists, along with resources such as the Tdap tool-
kit, which provides literature and talking points for pro-
viders.”””" While these interventions have not as yet been
translated into robust uptake rates, at least at a national level in
the US, they address some of the provider level barriers.

Logistical and financial barriers also need to be considered
when developing a maternal immunization program. In the
US, pregnant women whose providers stock and administer
influenza vaccine on site are up to 5 times more likely to receive
it than other pregnant women.'® This has also been shown in
reports from hospital-based clinics and managed care organi-
zations in the US, where Tdap uptake rates of 61% to 95% have
been attained.””* These reports describe the use of proven
effective strategies such as provider education initiatives, stand-
ing order protocols and best practice alerts in electronic medi-
cal records to attain these rates, but these settings benefit from
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being part of large organizations with more resources in terms
of ordering and storing vaccines compared to smaller, stand-
alone practices. The latter may require different strategies to
provide immunizations for their patients, such as partnering
with local pharmacies to administer vaccine to their patients.
Familiarity with the practical aspects of vaccination also may
explain some of the disparity between the national uptake of
maternal pertussis immunization in the US compared to the
UK, even though this strategy was recommended a year earlier
in the US. In the UK, pregnant women receive care predomi-
nantly from community-based general practitioners who work
in cooperation with hospital-based obstetricians. The former,
who also function as primary care providers for children, are
not only more personally aware of the consequences of pertus-
sis in young infants, but also routinely vaccinate against other
diseases on-site. This ability to stock, store, and administer vac-
cines, may be an unfamiliar paradigm to obstetrical providers
in other countries or with different models of healthcare deliv-
ery, such as the US. Providers and public health officials need
to therefore be aware of the challenges and resources available
in their particular country or region and plan accordingly to
best protect mother and infants.

Other strategies

Cocooning is recommended in the US in addition to immuni-
zation in pregnancy. Quinn et al. demonstrated a modest
decrease (51%) in the risk of pertussis in infants 4 months of
age or younger if both parents were immunized a minimum of
4 weeks prior to illness onset in the infant; to date this is the
only study to demonstrate effectiveness.”” While potentially a
tool to reduce the reservoir of infection in infant contacts,
cocooning is difficult to implement and not particularly cost
effective, thus it is probably best viewed as an important
adjunct strategy to maternal immunization. However, cocoon-
ing remains the only potential protection for infants born pre-
term, infants over 3 months of age or infants whose mothers
were not offered, declined, or did not respond to Tdap in
pregnancy.

Neonatal immunization is another strategy under investiga-
tion and studies to date have shown variable and sometimes
conflicting results. Studies in Italy, Germany and Australia
demonstrated that giving a monovalent aP vaccine at birth, or
at birth and one month of age led to increases of pertussis anti-
bodies during and after the primary infant series.”>”” Halasa
et al. showed lower pertussis responses after the primary series
in infants given an additional dose of DTaP at birth.”® There
was also evidence of interference to a variable degree with
infant response to Haemophilus influenza type b (Hib), hepati-
tis B (HBV) and diphtheria vaccines in 3 of the 4 studies, and
in one cohort this interference appeared to persist 4 y later.”**’
More recently, Wood et al. compared 221 infants who received
aP within 5 d of birth with 219 infants who did not; all infants
subsequently received a hexavalent DTaP-Hib-HBV-inacti-
vated polio vaccine at 6 weeks, 4 and 6 months.'®® Monovalent
aP vaccine at birth induced significantly higher antibodies
against PT and PRN by 10 weeks of age without reducing sub-
sequent pertussis antibody responses to routine primary immu-
nization; response to other antibodies was not reported.
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Although concerns about the acceptability of adding another
dose to the infant schedule and potential immune interference
will need to be addressed, and neonatal immunization will not
protect an infant from the time of birth, these data suggest that
neonatal immunization is worthy of study as another strategy
to prevent pertussis,

Conclusions

Pertussis remains a serious public health problem and an
extremely serious life-threatening problem for young infants
who become infected. Currently available vaccines do not give
life-long immunity and acellular pertussis vaccines used in
resource-rich countries have less durable immunity than previ-
ously thought. There is likely no single paradigm to effectively
control pertussis, which will likely require a combination of
efforts. Pertussis vaccination in pregnancy offers the best
opportunity to prevent pertussis-related deaths in young
infants. This approach has proven safety, immunogenicity and
effectiveness in preventing pertussis in young infants in coun-
tries where acellular pertussis vaccines are used, although ques-
tions remain as to the optimal gestation to administer vaccine
and whether observed immune interference in infants has any
clinical significance. While research continues to answer these
questions, and to determine the value and effectiveness of
adjunct strategies, it is imperative that efforts are made to opti-
mize uptake of pertussis vaccine by pregnant women. This
requires continued efforts to educate providers and pregnant
women, and novel thinking to help obstetrical care providers
overcome logistical and financial barriers to vaccination. Exam-
ples include adopting strategies that have successfully impacted
vaccination rates in pregnant women and other populations
such as standing order protocols, automatic prompts and “hard
stops” in electronic medical records, or partnering with phar-
macies to administer vaccines. Above all, it requires a strong
recommendation in favor of vaccination by obstetrical care
providers. It is only through these efforts and the development
of robust maternal immunization programs, that infant pertus-
sis-related deaths will be eradicated.
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