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Abstract Maternal immunization has undergone a para-

digm shift in recent years, as women and healthcare pro-

viders accept and recognize the benefits of this strategy not

only for the pregnant woman but also for the developing

fetus and young infant. This article reviews the evidence

for active immunization during pregnancy, with an

emphasis on perinatal and infant outcomes. Current rec-

ommendations for immunization during pregnancy are

presented, with particular focus on the routinely recom-

mended vaccines during pregnancy: influenza and Tdap

(tetanus, diphtheria, and pertussis). We discuss future

research directions, maternal vaccines in development, and

considerations for optimizing and advancing this

underutilized strategy.

Key Points

Maternal immunization is the optimal strategy for

protection of vulnerable infants too young to be

vaccinated.

There is emerging evidence of robust effectiveness

and safety for the routinely recommended vaccines

in pregnancy (influenza and Tdap [tetanus,

diphtheria, and pertussis]).

Novel vaccines in development against respiratory

syncytial virus and group B streptococcus provide

major opportunities to add to the rapidly evolving

maternal immunization platform.

1 Introduction

Immunization is one of the world’s greatest public health

achievements. Implementation of routine immunization

programs has resulted in a great reduction, and in some

cases eradication, of vaccine-preventable disease (VPDs),

significantly contributing to the 25-year increase in average

lifespan over the last century [1, 2]. However, despite the

ongoing remarkable progress made through increasing the

uptake of new and underused vaccines, the World Health

Organization (WHO) estimates that over 1.5 million chil-

dren aged \5 years died due to a VPD in 2014 [3]. In

particular, young infants remain exquisitely vulnerable to

VPDs because of both an inability to be adequately vac-

cinated and sub-optimal immune responses to pathogens.

The WHO estimates that up to two-thirds of newborn
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deaths can be prevented if known effective health measures

are provided [4].

This article reviews the effects of VPD during preg-

nancy and early infancy and discusses active immunization

during pregnancy for maternal and infant benefit (known as

maternal immunization) as the optimal strategy for pre-

vention of infant disease. Particular emphasis is given to

the impact and benefit of the vaccines currently recom-

mended for routine maternal immunization for the devel-

oping fetus and infant. Potential future research directions

and opportunities are highlighted.

1.1 Effects of Vaccine-Preventable Disease (VPD)

During Pregnancy

Pregnant women are at risk for the same infectious diseases

as non-pregnant women and in some cases are at higher

risk because of the physiologic and immunologic changes

that increase a pregnant women’s susceptibility to infec-

tion. During pregnancy, there is a shift from a T-helper

(Th)-1 response toward a more Th2-favoured response,

which allows for fetal antigen tolerance but potentially

increases vulnerability to infectious diseases [5]. This

concept has been repeatedly reported, with disproportion-

ately high rates of influenza-related morbidity and mor-

tality in pregnant women during the Spanish Flu epidemic

of 1918 [6], the Asian Flu epidemic of 1959 [7], and the

more recent H1N1 pandemic of 2009 [8, 9]. In one study,

H1N1-infected pregnant women were four times more

likely to be hospitalized with influenza-related complica-

tions than the general population [10]. Additionally, preg-

nant women with co-existent HIV infection (even when

managed with antiretroviral agents) were more susceptible

to influenza disease than HIV un-infected pregnant women

in a South African trial [11]. Other studies have shown

pregnant women to have higher rates of intensive care unit

(ICU) admission and death than the general population [8]

or women of child-bearing age [12], and the risk is higher

in the second and particularly the third trimester of preg-

nancy [8, 13] and immediately post-partum [12]. A meta-

analysis of laboratory-confirmed H1N1 infection data from

ten countries computed a relative risk (RR) of 6.8 (95%

confidence interval [CI] 4.5–12.3) for hospitalization and

an increased RR of 1.9 (95% CI 0.0–2.6), although this was

not significant for death among pregnant women compared

with women of child-bearing age [13]. It was postulated

that this was because higher rates of death among pregnant

women were not consistently observed in all countries;

however, in further pooled analyses, a higher fraction of

total deaths was observed in women of child-bearing age

during the 2009 pandemic, similar to during the 1918 and

1957 pandemics [14]. Of note, the discovery that all

pregnant women, not just those with pre-existing and

chronic respiratory conditions, were at increased risk of

morbidity and mortality led to an increase in emphasis on

pregnant women as a priority group for influenza

vaccination.

Although influenza disease in pregnancy, and its related

adverse effects, is the most well studied VPD, others, such

as measles and Haemophilus influenzae during pregnancy,

have also been shown to significantly increase maternal

morbidity and mortality [15, 16].

1.2 Effects of VPD on the Fetus and Infant

It has been suggested that the fetus is susceptible to

infections during pregnancy because of the immaturity of

the fetal immune system and its tendency to mount

tolerogenic immune responses [17]. Observations of high

rates of stillbirth and preterm delivery among pregnant

women during the Spanish Flu epidemic of 1918 were the

first documented evidence that influenza disease during

pregnancy could have adverse effects on the developing

fetus [6]. More recently, multiple studies of pregnant

women with laboratory-confirmed influenza infection dur-

ing the 2009 H1N1 pandemic reported an increased risk of

adverse fetal outcomes, including preterm birth, low birth

weight, small for gestational age (SGA) infants, and need

for caesarean delivery [14], compared with pregnant

women with non-influenza acute respiratory infections,

pregnant women who were disease free during the pan-

demic or pregnant prior to the pandemic, and a historical

non-pregnant cohort of women [18–20].

Young infants are particularly susceptible to more sev-

ere or prolonged infections than adults because of their

reduced ability to mount optimal immune responses to

many viral, bacterial, and fungal pathogens. The reasons

for this are multifactorial, including immaturity of the

immune system, propensity to mount tolerogenic respon-

ses, lack of existing immunological memory, and a less

intact mucosal barrier [17, 21, 22]. Infants aged\6 months

have been shown consistently across populations and

influenza seasons to have the highest rates of influenza-

associated hospitalizations, with rates second only to older

adults (aged [65 years). Young infants also have more

severe influenza disease, evidenced by the need for inten-

sive care or death, compared with older children [23].

Furthermore, pertussis, a highly contagious endemic–epi-

demic infectious disease, has repeatedly been shown to

primarily affect infants before they are fully immunized.

During recent epidemics in Norway, Sweden, and Finland

from 2003 to 2007 and in California, USA, in 2010, the

highest incidence rates were reported in infants (35.5 [24]

and 38.5 [25] per 100,000, respectively). Furthermore,

young infants have the highest rates of both hospitalization

and death [26, 27] and account for around 90% of all
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pertussis-associated deaths [24, 28, 29]. In addition, tetanus

remains an important cause of neonatal mortality glob-

ally—albeit no longer in resource-rich countries—with a

case fatality approaching 100% in the absence of medical

treatment [30] and up to 60% with hospital care (depending

on the availability of intensive care facilities) [31]. Other

potentially VPDs such as group B streptococcus (GBS) and

respiratory syncytial virus (RSV) cause significant infant

morbidity and mortality and are discussed in Sect. 3.

2 The Maternal Immunization Strategy

As newborns do not efficiently develop protective immu-

nity in response to many vaccines, routine infant immu-

nizations to diseases such as pertussis only commence at

the age of C6 weeks, and influenza is only licensed for

infants aged [6 months [32–34]. Furthermore, for most

vaccines given in infancy, two or more doses are required

to achieve antibody levels that are considered protective,

leaving a critical window of vulnerability for the infant

between birth and up to around the age of 4 months. Infants

therefore depend on passive maternal antibodies for

protection.

Immunization during pregnancy as a strategy for mini-

mizing infectious conditions previously responsible for

substantial perinatal morbidity and mortality is not new.

Indeed, the infant protection afforded from passively

acquired maternal humoral immunity (immunoglobulin G

[IgG] antibodies produced from either natural infection or

active immunization during pregnancy) has been appreci-

ated for over 100 years and was first noticed in the 1870s

as a consequence of maternal smallpox vaccination. A

small number of early maternal immunization trials led the

way with this strategy, against early infant pertussis [35],

influenza [36, 37], and H. influenzae type b [38]. However,

significant gaps in knowledge of the efficacy and safety of

these vaccines impeded progress for many years.

An ongoing major concern cited by parents and provi-

ders is the potential for vaccines administered during

pregnancy to harm the developing fetus [39]. Theoretically,

immunizing a pregnant woman with a live, albeit attenu-

ated, vaccine could expose the developing fetus to a live

pathogen that could acquire secondary mutations, leading

to a reversion to virulence. Furthermore, in immunocom-

promised pregnant women, live attenuated vaccines could

cause potentially severe complications. Live attenuated

vaccines are therefore generally contraindicated in preg-

nant women. However, inadvertent administration of

rubella or varicella to women unknowingly in the first

trimester of pregnancy has not been shown to cause con-

genital rubella or varicella syndrome, respectively [40, 41].

Accordingly, the Centers for Disease Control and

Prevention (CDC) and the WHO advise that, if a live viral

vaccine such as measles, mumps, and rubella (MMR) or

varicella is inadvertently administered to a woman who did

not realise she was pregnant, she should be counselled

about the theoretical risk to the fetus, although this

administration should not be considered a medical indica-

tion to terminate the pregnancy [42].

2.1 Current Recommendations for Vaccination

During Pregnancy

Influenza and Tdap (tetanus, diphtheria, and pertussis) vac-

cines are routinely recommended in pregnancy and are dis-

cussed in detail in the following sections. Tetanus vaccine is

used extensively in pregnancy in some resource-poor areas

of the world to combat maternal neonatal tetanus.We review

this extraordinary program, which has been a trailblazer for

maternal immunization. Additionally, while not well stud-

ied, other inactivated and very occasionally live attenuated

vaccines are sometimes indicated in special circumstances

based on the potential for maternal benefit when the risk of

infection/exposure or where the potential for severe/com-

plicated infection is high [43] (Table 1).

2.1.1 Tetanus

For almost three decades, the WHO Maternal and Neonatal

Tetanus (MNT) Elimination Initiative has been immuniz-

ing pregnant women and other women of reproductive age

with tetanus toxoid vaccine and promoting more hygienic

deliveries and cord care practices in resource-poor coun-

tries [46]. Between 1999 and 2016 alone, the MNT Elim-

ination Initiative protected an estimated 148 million

women against tetanus [47, 48], assisted 41 additional

countries achieve MNT elimination status (one or fewer

case of neonatal tetanus per 1000 live births) [46], and

produced substantial declines in neonatal tetanus. Indeed,

immunization of pregnant women or women of child-

bearing age (who have never received a tetanus toxoid

vaccine or have no documentation of such immunization)

with at least two doses of tetanus toxoid more than 4 weeks

apart is estimated to reduce mortality from neonatal tetanus

by 94% (95% CI 80–98) [30]. Evaluation of this extensive

MNT experience has revealed no increased risk of con-

genital anomalies to the developing fetus [49, 50]. How-

ever, the WHO estimates that, in 2013 (the latest year for

which estimates are available), 49,000 newborns still suc-

cumbed to neonatal tetanus, which continues to persist in

18 countries, indicating continued efforts are needed [46].

At only 60 cents per dose, including full operational costs,

it is hoped global elimination from this important and

preventable cause of neonatal mortality (aided largely by

maternal immunization) will soon be realized [30].
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Table 1 Current recommendations for immunizations during pregnancy Adapted from [43–45]

Vaccine Recommendation Notes

Routinely recommended for all pregnant women

Inactivated IIV Recommended. One dose each

pregnancy, as early as possible

during influenza season

Clinical outcomes and safety data below. May be given with

acellular pertussis-containing vaccine. Note: LAIV is

contraindicated in pregnancy.

Acellular pertussis-

containing

vaccine (Tdap)

Recommended. One dose each

pregnancy, optimally at

20–32 weeks’ gestation

Clinical outcomes and safety data below. May be given during

pregnancy from 16 weeks’ gestation. May be given with IIV

Not routinely recommended in pregnancy

Inactivated

bacterial

Td Routinely recommended during

pregnancy in some countries for

MNT elimination

May be given for management of tetanus-prone wounds or risk

of MNT. Extensive use has not revealed any increase risk to

fetus

Cholera (oral) Not routinely recommended Limited data

Hib Not routinely recommended Limited data. May be considered for women at high risk of

invasive Hib disease (e.g., asplenia)

Meningococcal

conjugate

Not routinely recommended Limited data. May be considered for women at high risk of

invasive meningococcal disease

Meningococcal

polysaccharide

Not routinely recommended Limited data. May be given to women at high risk of invasive

meningococcal disease

Meningococcal B Not routinely recommended No data. May be considered for women at high risk of invasive

meningococcal disease

13-Valent

pneumococcal

conjugate

Not routinely recommended No data. May be considered for women at high risk of invasive

pneumococcal disease (e.g., asplenia)

23-Valent

pneumococcal

polysaccharide

Not routinely recommended Limited data. May be given to women at high risk of invasive

pneumococcal disease (e.g., asplenia)

Typhoid Vi Not routinely recommended May be given to women at high risk of exposure (e.g., travel to

endemic regions)

Inactivated

viral

HepA Not routinely recommended Limited data. May be used for post-exposure prophylaxis

HepB Not routinely recommended Limited data. May be used for post-exposure prophylaxis

JE (JEspect) Not routinely recommended May be given to women at high risk of exposure (e.g., travel to

endemic regions)

Polio Not routinely recommended May be given to women at high risk of exposure (e.g., travel to

endemic regions)

Rabies Not routinely recommended Limited data. May be used for post-exposure prophylaxis

HPV Not routinely recommended Insufficient data. Although clinical trial and limited

observational data to date indicate no increased risk to fetus,

completion of routine course should be deferred until after

pregnancy

Live

attenuated

viral

Yellow fever Not routinely recommended Pregnant women should avoid travel to yellow fever-endemic

areas; if unavoidable, live attenuated Yellow fever vaccination

can be given. Yellow fever vaccine has been given to a large

number of pregnant women and no adverse outcomes have

been reported

Contraindicated in pregnancy

Live

attenuated

bacterial

BCG Contraindicated Avoid. Hypothetical risk to fetus

Oral typhoid Contraindicated Avoid. Hypothetical risk to fetus
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2.1.2 Influenza

Influenza vaccine was first recommended for pregnant

women in 1960 [51] and has been widely studied with no

demonstrated safety concerns. The current guidelines from

the Advisory Committee on Immunization Practices

(ACIP) and the WHO recommend inactivated influenza

vaccine (IIV) for all women in each pregnancy at the

preconception visit or as early in pregnancy as possible

during the influenza season. Maternal benefits of this

strategy are well documented, with a large randomized

controlled trial (RCT) in Bangladesh reporting an influenza

vaccine effectiveness of 36% against febrile respiratory

illness [52] and one in South Africa reporting an efficacy of

50 and 58% for preventing laboratory-confirmed influenza

in HIV-uninfected and HIV-infected pregnant women,

respectively [11]. Similar results have been reported in a

US case–control study over two inter-pandemic seasons,

with a maternal vaccine effectiveness of 44% against lab-

oratory-confirmed influenza A and B [53]. Most recently,

in 2016, a large RCT in Mali showed an impressive vac-

cine efficacy of 77% (95% CI 28–94) in pregnant women;

importantly, this trial proved the acceptability and feasi-

bility of administering influenza vaccine in resource-poor

settings [54].

Obstetric and perinatal outcomes that have been

specifically evaluated to assess the risks of influenza vac-

cine in pregnancy include spontaneous abortion, stillbirth,

fetal death, preterm birth, low birth weight, SGA, and

congenital anomalies. Recently, a plethora of epidemio-

logic studies and a few clinical trials have evaluated these

perinatal outcomes. These studies have been comprehen-

sively reviewed, with no evidence found for increased risk

of fetal death, spontaneous abortion, or congenital mal-

formations [55–57]. Moreover, a meta-analysis of studies

of stillbirth and spontaneous abortion revealed protective

effects of influenza vaccination in pregnancy, with a lower

likelihood of stillbirth (RR 0.73; 95% CI 0.55–0.96) but no

significant protective effect on spontaneous abortion

(\20 weeks gestation) [58]. As vaccination would not be

expected to affect outcomes early in pregnancy, before

immunization, this result is not unexpected. Two outcomes

repeatedly found to reduce following maternal influenza

vaccination are pre-term birth and low birth weight

[59–62]. A recent meta-analysis of these outcomes found

maternal influenza vaccination was associated with a

decreased risk of preterm birth (odds ratio [OR] 0.87; 95%

CI 0.77–0.98) and low birth weight (OR 0.74; 95% CI

0.61–0.88) [63]. Finally, although a reduction in SGA

infants has been associated with maternal influenza vacci-

nation in a few studies [61, 64], results have been mixed,

and a recent meta-analysis [63] found no statistically sig-

nificant impact on this outcome.

Earlier studies assessing the effect of maternally derived

antibodies to provide passive protection to infants against

influenza yielded mixed results, for example, no protective

effect was found on hospital admission or outpatient visits

for influenza-like illness (ILI) [65] or medically attended

acute respiratory infection [66]; however, evidence sup-

porting strong protective effects to the infant of maternal

influenza vaccination using more specific outcomes con-

tinues to emerge. In 2008, an RCT in Bangladesh found a

vaccine effectiveness of 63% against laboratory-confirmed

influenza and 29% against febrile respiratory illness in

infants aged B6 months born to mothers who received a

third-trimester influenza vaccine [52]. In 2014, an RCT in

HIV-negative pregnant women and their infants in South

Africa demonstrated an influenza vaccine efficacy in

infants of 49% against laboratory-confirmed influenza [11].

In 2015, an RCT in Nepal reduced laboratory-confirmed

Table 1 continued

Vaccine Recommendation Notes

Live

attenuated

viral

JE (Imojev) Contraindicated Avoid. If JE vaccine is needed for travel to endemic region, use

inactivated JE vaccine (JEspect): see above

MMR Contraindicated Avoid. Hypothetical risk to fetus. Avoid pregnancy for 28 days

post-vaccine. If inadvertently given, see above. Pregnant

women non-immune to rubella should be vaccinated as soon

as possible after delivery

Rotavirus Contraindicated Not registered or recommended for adolescents or adults

Varicella Contraindicated Avoid. Hypothetical risk to fetus. Avoid pregnancy for 28 days

post-vaccine. If inadvertently given, see above. Pregnant

women non-immune to varicella should be vaccinated as soon

as possible after delivery

Zoster Contraindicated Avoid. Hypothetical risk to fetus. Not registered for individuals

aged\50 years

Tdap tetanus, diphtheria, and pertussis, BCG Bacillus Calmette–Guérin, HPV human papillomavirus, IIV inactivated influenza vaccine, JE

japanese encephalitis, LAIV live attenuated influenza vaccine, MMR measles, mumps, rubella, MNT maternal and neonatal tetanus
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influenza in infants aged B6 months by 30% [67], and, in

2016, an RCT of more than 4190 women in Mali reported a

vaccine efficacy of 33% [54]. Notably, cumulative vaccine

efficacy decreased from 68% at 3 months to 57% at

4 months and was no longer evident by the age of

6 months [54], resembling kinetics from the South African

trial showing that, by the age of 6 months, infants no

longer have protective titers of maternally derived anti-

bodies [68]. A number of population-based studies

reviewing large datasets have also demonstrated that

maternal influenza vaccination provides significant pro-

tective effects against infant influenza hospitalization and

laboratory-confirmed influenza [69–72]. Of note, a recent

large cohort of more than 245,000 women and their infants

in the USA confirmed protective effects of maternal vac-

cination, with a risk reduction of 64% for ILI, 70% for

laboratory-confirmed influenza, and 81% for influenza

hospitalization of infants in the first 6 months of life [73].

In the near future, pooled data from large RCTs in Nepal,

Mali, and South Africa supported by the Bill and Melinda

Gates Foundation will provide further data on the impact of

maternal influenza vaccination on the incidence of com-

plicated or severe influenza disease in infants [74]. Over

the next decade, it is likely the full potential impact of

maternal influenza immunization on these and other out-

comes (such as acute otitis media or febrile illnesses,

antibiotic use) in the infants’ first 6 months of life will

emerge.

2.1.3 Pertussis

A sustained increase in pertussis disease documented in the

USA, UK, Australia, and other countries from 2008 to

2012 indicated that innovative strategies to protect young

infants and minimize this peak burden of morbidity and

mortality in early life were urgently needed. Cocooning,

neonatal immunization, and maternal immunization were

considered as potential control strategies. Cocooning, a

strategy of indirect protection that works via herd immu-

nity from vaccination of groups likely to be the disease

transmitters, was implemented as an emergency measure in

many countries. In fact, it had been previously recom-

mended, though not publically funded, in several countries,

including Australia and France. However, despite vacci-

nation of postpartum women and close contacts, with a

pertussis booster being recommended, issues of incomplete

coverage [75–77] and only moderate effectiveness [78] and

cost effectiveness of the programs [79] limited the utility of

this approach to preventing infant disease. Some clinical

trials in which the pertussis vaccine was administered as

soon as possible after birth, a direct protection strategy,

have also shown promise [80, 81]; however, one study was

not so reassuring [33]. Furthermore, even with

administration at birth, this strategy leaves a window of

vulnerability in infancy until sufficient immune response is

achieved, and the clinical significance of immune hypore-

sponsiveness to birth dose antigens and immune interfer-

ence to concomitant antigens in the infant vaccine schedule

remains uncertain [33, 82, 83].

Given the shortcomings of cocooning and birth immu-

nization, maternal immunization became the most attrac-

tive option to try to deal with the resurgence of pertussis in

young infants seen in some countries. In 2011, the US

CDC’s ACIP amended their neonatal pertussis-prevention

strategy from a cocooning approach to one of maternal

immunization with Tdap for all previously Tdap unim-

munized pregnant women [84]. However, the recommen-

dation was modified because of evidence of a rapid decline

in pertussis antibody levels in adults and postpartum

women immunized with Tdap, together with the knowl-

edge that newborns are unlikely to have protective levels of

pertussis antibodies at birth if their mothers have not

received a recent vaccine [85, 86]. In October 2012, ACIP

recommended that all pregnant women be vaccinated with

one dose of Tdap during each pregnancy between 27 and

36 weeks’ gestation, regardless of the interval since prior

Td or Tdap immunization [87]. This strategy was quickly

adopted by the American College of Obstetrics and

Gynecologists and the American Academy of Pediatrics

and remains the current US recommendation. Also in

October 2012, after a rapid spike in pertussis disease and

infant deaths, the UK Department of Health introduced a

temporary emergency program to offer a five-component

tetanus, diphtheria, acellular pertussis, and polio (Tdap-

IPV) vaccine to all women between 28 and 32 weeks of

pregnancy [88]. Other countries have also introduced var-

ious maternal pertussis immunization recommendations to

combat national pertussis resurgences, including Australia,

New Zealand, Argentina, Belgium, and Spain [44, 89, 90].

Of note, although inactivated vaccines are considered

safe in pregnancy, these maternal pertussis vaccine rec-

ommendations were introduced without any direct evi-

dence of effectiveness or safety. However, post-

implementation studies soon emerged from the UK pro-

gram, confirming that pertussis vaccine is highly effective

in the prevention of newborn pertussis [91, 92]. Vaccine

effectiveness in the first year of the UK program (over

26,000 live births, with 64% vaccine coverage) was esti-

mated to be [90% for infants aged \2 months whose

mothers received Tdap-IPV at least 1 week prior to

delivery [91]. The safety of maternal pertussis immuniza-

tion has been supported by two large observational cohort

safety studies also published in 2014 [93, 94]. In the UK

cohort, including almost 18,000 pregnant women, there

was no evidence of an increased risk in any adverse events

related to maternal, fetal, or neonatal outcomes, including
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stillbirth, maternal or neonatal death, pre-eclampsia, cae-

sarian delivery, or low birth weight [94]. Safety was further

supported by the US cohort, which included over 120,000

women with livebirths. Maternal pertussis vaccination was

not associated with adverse pregnancy outcomes. In par-

ticular, vaccination was not associated with an increased

risk of preterm birth, SGA, or hypertensive disorders of

pregnancy (a small but statistically significant increased

risk of chorioamnionitis was observed; however, the

magnitude of this risk was small [RR 1.19] and not asso-

ciated with an increased risk of preterm birth) [93]. The

first RCT of Tdap administered to 33 pregnant women in

the third trimester of pregnancy was also reported in 2014

[95]. It found no increase in adverse events in women or

their infants, significantly higher concentrations of pertus-

sis antibodies at delivery and at age 2 months, and no

substantive differences to infant responses to Tdap fol-

lowing the fourth dose. Recently, vaccine effectiveness

data have been published for 3 years of the UK program;

they show sustained levels of protection ([90%) against

laboratory-confirmed pertussis and [95% vaccine effec-

tiveness against infant deaths (95% CI 79–100) [96].

Vaccine effectiveness did not differ significantly by vac-

cine product (dT5aP-IPV and dT3aP-IPV) and, impor-

tantly, despite a number of studies demonstrating variable

blunting of pertussis responses and other antigens in the

routine program in infants born to vaccinated mothers

[90, 95, 97, 98], there was no evidence of increased risk of

disease after routine primary vaccination in infants of

mothers who received maternal immunization (although

this warrants ongoing monitoring) [96]. Safety analysis of

acute maternal adverse events following Tdap vaccination

during pregnancy in a cohort of over 438,000 livebirths has

again provided reassuring results: vaccine coverage of 14%

revealed no increased risk of medically attended adverse

events within 3 days of vaccination or incident events

within 42 days of vaccination [99]. Furthermore, a

prospective cohort study in New Zealand of 403 infants

whose mothers had received Tdap vaccine during preg-

nancy found no significant differences in birth weight,

gestational age at birth, congenital anomalies, or infant

growth [100]. In the near future, the results of a large phase

IV RCT of Tdap vaccine in over 600 pregnant women

(cross-over design, Tdap to women post-natally) will

contribute further evidence of the safety and immuno-

genicity of these strategies (ClinicalTrials.gov identifier:

NCT02377349).

In April 2016, the UK Joint Committee on Vaccination

and Immunisation (JCVI) changed the recommended tim-

ing of the vaccine to 20–32 weeks’ gestation (although it

may be given from 16 weeks) in light of new evidence that

pertussis antibodies (anti-pertussis toxin [PT] and anti-fil-

amentous hemagglutinin [FHA]) were significantly higher

in cord blood following immunization in the second versus

the third trimester (PT: 57.1 vs. 31.1 EU/ml and FHA:

284.4 vs. 140.2 EU/ml) [101]. A large retrospective cohort

study has also recently shown that concomitant adminis-

tration of Tdap and influenza vaccines during pregnancy is

safe, with no increased risk of adverse acute maternal

events or birth outcomes compared with sequential vacci-

nation [102]. It is hoped that widening the window of

opportunity for vaccination and allowing for concomitant

administration of pertussis and influenza vaccines will

improve coverage (Table 2).

3 Future Research Directions for Maternal
Immunization

A number of novel vaccines are aimed at reducing infant

infection through maternal immunization in various stages

of development. Two examples, GBS and RSV are dis-

cussed in the following sections. In addition, there is

potential for maternal immunization (if vaccines are suc-

cessfully developed) to be used in the prevention of disease

caused by other infectious agents that cause significant

morbidity and mortality in the fetus (e.g., cytomegalovirus,

herpes simplex virus, and zika virus) and young infant

(e.g., enteric bacteria and malaria).

3.1 Group B Streptococcus

GBS is a leading cause of sepsis and meningitis in the early

infant period. Intrapartum antibiotic strategies have

reduced the incidence of early-onset neonatal disease

(EOD), occurring before the age of 7 days, but have had no

impact on late-onset GBS disease (LOD), occurring

between the age of 7 and 90 days [103]. Several studies

have shown evidence of transplacental transfer of maternal

GBS antibodies, with a correlation between an infant’s

level of passively acquired antibodies directed against GBS

and reduced risk of infant GBS-related infection [104].

Passive immunity afforded to the infant via maternal GBS

immunization could offer a better and more cost-effective

solution to reliably prevent EOD and LOD and potentially

also prevent a proportion of preterm births. Vaccine

research and development for GBS vaccines has recently

been reviewed [105]. The National Institutes of Health

(NIH) and Novartis/GlaxoSmithKline (GSK) have various

GBS polysaccharide–protein conjugate vaccines in phase I

and II clinical trials, while another manufacturer (Min-

erVax) has commenced a phase I clinical trial of a novel

protein-based GBS vaccine [105]. One of the most

promising candidates is the Novartis/GSK CRM197-con-

jugated trivalent GBS vaccine. A phase Ib trial of two

dosages (5 and 20 lg), two schedules, and three
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formulations with various adjuvants of this candidate in

healthy non-pregnant women showed no additional

potential benefit from higher antigen content, addition of

an adjuvant, or a second dose [106]. A phase Ib/II RCT of

the same candidate vaccine in 60 non-pregnant, and a dose-

ranging study (0.5, 2.5, or 5 lg) in 320 pregnant, Black

women in South Africa found it was well tolerated, induced

capsular-specific antibody responses, and produced a sta-

tistically significant increase in GBS antibody concentra-

tions in infants born to mothers vaccinated between 28 and

35 weeks’ gestation [107]. The 5-lg dose of this candidate

vaccine was the most immunogenic, with tolerability

similar to that of lower doses, and was chosen to proceed to

the phase II RCT conducted in Belgium and Canada

involving 86 pregnant women. Results of this trial found no

maternal or infant safety signals or interference with anti-

body responses to the routine infant vaccines. Furthermore,

antibody concentrations were higher in women who had

detectable antibody levels at baseline and persisted in

infants until at least 90 days of age [108].

3.2 Respiratory Syncytial Virus

RSV is the most important cause of viral acute lower res-

piratory illness (ALRI) in infants and children globally. It

presents as bronchiolitis and pneumonia and is responsible

for high infant morbidity and mortality worldwide. Primary

RSV infection occurs in most infants within the first

2 years of life and can recur throughout life; however, as

natural immunity increases, the disease becomes less

severe. As for other maternal immunization targets, higher

concentrations of maternal RSV-specific antibodies corre-

late with a reduced incidence of early infant RSV disease

[109]. RSV vaccine development has a notable history: in

the 1960s, seronegative infants received a formalin-inac-

tivated RSV (RSV-FI) vaccine that caused a vaccine-en-

hanced illness upon subsequent RSV infection due to

natural exposure and resulted in an 80% hospitalization

rate and two deaths [110]. This experience created a period

of hesitancy while vaccine developers sought a balance

between safety and immunogenicity; however, RSV

development has had a resurgence in recent years. Cur-

rently, 60 RSV candidates are in development, 16 of which

are advancing through phase I to phase III clinical trials,

using multiple vaccine platforms [111]. The success and

efficacy of passive immunization with palivizumab and

motavizumab, which bind to antigenic site II on the RSV F

protein has led many vaccine developers to focus on this as

the primary immunogen. The most advanced vaccine

candidate, an RSV-F nanoparticle vaccine developed by

Novavax is in phase III clinical trials in the elderly and in

pregnant women, the latter targeting over 8000 mother–

infant pairs globally. Additionally, GSK’s RSV-F protein

subunit vaccine is in a phase II maternal immunization

trial, and MedImmune’s RSV-F protein subunit vaccine

candidate is in a phase II trial in the elderly [111]. Data are

also emerging that, similar to influenza, RSV infection

during pregnancy may cause serious maternal complica-

tions [112], so the potential benefits of maternal RSV

vaccination could be broader than currently appreciated.

3.3 Other Considerations for Optimizing Maternal

Immunization

As research continues to add knowledge to the safety and

efficacy of recommended vaccines against influenza and

Table 2 Summary of evidence of key fetal/infant outcomes and safety of routinely recommended vaccines in pregnancy

Vaccine during

pregnancy

Fetal/infant outcomes Safety data

IIV 27% lower risk of stillbirth [58]

13% lower risk of preterm birth [63]

26% lower risk of low birth weight [63]

30–70% effective against laboratory-confirmed influenza in

infants [52, 54, 67, 73]

64% reduction of influenza-like illness in infants [73]

81% reduction in laboratory-confirmed influenza hospitalizations

(infants 0–6 months) [73]

No increased risk of maternal, fetal, or infant adverse

events [55–57]

Tdap [90% effective against laboratory-confirmed pertussis in infants

[91, 92, 96]

[95% effective in preventing infant death from pertussis [96]

No increased risk of pertussis disease after routine infant

vaccinations [92, 96]

No increased risk of maternal, fetal or infant adverse

events [93, 94, 100]

Tdap tetanus, diphtheria, and pertussis, IIV inactivated influenza vaccine
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pertussis and novel vaccines in development, research into

the most effective strategies to optimize uptake is needed

so that the full potential of maternal immunization may be

realized. Even in the UK, with a fully resourced maternal

immunization platform for influenza and pertussis, uptake

for pertussis in only around 60% [96], and sentinel cov-

erage data in Australia estimate uptake to be at 72% (Dr.

Helen Quinn, December 2016, personal communication).

However, in some states in the USA and in developing

countries, coverage rates are far lower [113]. Further

research into the determinants of vaccine acceptance [114]

and effective evidence-based interventions to improve

coverage are urgently needed [115, 116]. Overcoming

vaccine hesitancy will likely require a multifaceted

approach, with education and interventions aimed not only

at pregnant women and their families but also at healthcare

workers and government officials [117].

In addition, opportunities for further advancement of a

maternal immunization program [118] include the following.

1. Investment in the epidemiology of target pathogens

and the true burden of disease in the mother and infant

(including the numbers and cases of neonatal deaths),

in both resource-poor and resource-rich countries, to

enable better estimation of cost effectiveness of

maternal immunization [117].

2. Further understanding of the mechanism of breastmilk

antibody production and effect on the infant following

maternal immunization.

3. Investment in implementation research to understand

how the maternal immunization program can be

integrated into existing healthcare programs.

4. Ongoing standardization of research methods on

vaccines administered in pregnancy and definitions

of adverse events following immunization in preg-

nancy to further strengthen monitoring and analysis of

rare outcomes [119].

Recently, great leaps have been made to this end with

the Global Alignment of Immunization Safety Assessment

in Pregnancy (GAIA) project, coordinated by the Brighton

Collaboration Foundation. GAIA was formed in response

to a call from the WHO for a globally concerted approach

to harmonize safety data collection and serve as a platform

for strengthening programs of immunization in pregnancy,

particularly in low- and middle-income countries. Guid-

ance documents for the standardized conduct of clinical

trials in pregnant women have already been developed

[120, 121], and the first ten globally standardized case

definitions of key obstetric and neonatal terms have been

published [122].

4 Conclusion

Maternal immunization has undergone a paradigm shift in

recent years, with mothers accepting not only influenza

vaccine to prevent serious disease during pregnancy but

also pertussis vaccine, primarily to protect their infant. The

importance of maternal immunization as a potential

threefold strategy to protect the mother, developing fetus,

and young infant from the effects of VPD cannot be

understated. However, despite modest gains in recent

years, maternal immunization remains an underutilized

strategy. It is time to close the susceptibility gap.
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Critical care services and 2009 H1N1 influenza in Australia and

New Zealand. N Engl J Med. 2009;361(20):1925–34.

10. Jamieson DJ, et al. H1N1 2009 influenza virus infection during

pregnancy in the USA. Lancet. 2009;374(9688):451–8.

11. Madhi SA, et al. Influenza vaccination of pregnant women and

protection of their infants. N Engl J Med. 2014;371(10):918–31.

12. Louie JK, et al. Severe 2009 H1N1 influenza in pregnant and

postpartum women in California. N Engl J Med.

2010;362(1):27–35.

Immunization During Pregnancy 321

http://www.who.int/mediacentre/factsheets/fs333/en/
http://www.who.int/mediacentre/factsheets/fs333/en/


13. Van Kerkhove MD, et al. Risk factors for severe outcomes

following 2009 influenza A (H1N1) infection: a global pooled

analysis. PLoS Med. 2011;8(7):e1001053.

14. Mosby LG, Rasmussen SA, Jamieson DJ. 2009 pandemic

influenza A (H1N1) in pregnancy: a systematic review of the

literature. Am J Obstet Gynecol. 2011;205(1):10–8.

15. Ogbuanu IU, et al. Maternal, fetal, and neonatal outcomes

associated with measles during pregnancy: Namibia,

2009–2010. Clin Infect Dis. 2014;58(8):1086–92.

16. Collins S, et al. Risk of invasive Haemophilus influenzae

infection during pregnancy and association with adverse fetal

outcomes. JAMA. 2014;311(11):1125–32.

17. Michaelsson J, et al. Regulation of T cell responses in the

developing human fetus. J Immunol. 2006;176(10):5741–8.

18. Mendez-Figueroa H, Raker C, Anderson BL. Neonatal charac-

teristics and outcomes of pregnancies complicated by influenza

infection during the 2009 pandemic. Am J Obstet Gynecol.

2011;204(6 Suppl 1):S58–63.

19. Doyle TJ, Goodin K, Hamilton JJ. Maternal and neonatal out-

comes among pregnant women with 2009 pandemic influenza

A(H1N1) illness in Florida, 2009–2010: a population-based

cohort study. PLoS One. 2013;8(10):e79040.

20. Pierce M, et al. Perinatal outcomes after maternal 2009/H1N1

infection: national cohort study. BMJ. 2011;342:d3214.

21. Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive

immunity comes of age. Nat Rev Immunol. 2004;4(7):553–64.

22. Levy O. Innate immunity of the newborn: basic mechanisms and

clinical correlates. Nat Rev Immunol. 2007;7(5):379–90.

23. Zhou H, et al. Hospitalizations associated with influenza and

respiratory syncytial virus in the United States, 1993–2008. Clin

Infect Dis. 2012;54(10):1427–36.

24. EUVAC.NET. Pertussis Surveillence report 2003–2007. http://

ecdc.europa.eu/en/publications/Publications/pertussis_report_

2003_2007_euvacnet.pdf. Accessed 11 April 2017.

25. Centers for Disease Control and Prevention. Notes from the

field: Pertussis—California, January–June 2010. MMWR Morb

Mortal Wkly Rep. 2010;59(26):817.

26. McIntyre P,WoodN. Pertussis in early infancy: disease burden and

preventive strategies. Curr Opin Infect Dis. 2009;22(3):215–23.

27. Gabutti G, Rota MC. Pertussis: a review of disease epidemiol-

ogy worldwide and in Italy. Int J Environ Res Public Health.

2012;9(12):4626–38.

28. Vitek CR, et al. Increase in deaths from pertussis among young

infants in the United States in the 1990s. Pediatr Infect Dis J.

2003;22(7):628–34.

29. Pillsbury A, Quinn HE, McIntyre PB. Australian vaccine pre-

ventable disease epidemiological review series: pertussis,

2006–2012. Commun Dis Intell Q Rep. 2014;38(3):E179–94.

30. Blencowe H, et al. Tetanus toxoid immunization to reduce

mortality from neonatal tetanus. Int J Epidemiol. 2010;39(Suppl

1):i102–9.

31. Roper MH, Vandelaer JH, Gasse FL. Maternal and neonatal

tetanus. Lancet. 2007;370(9603):1947–59.

32. Halasa NB, et al. Safety and immunogenicity of trivalent inac-

tivated influenza vaccine in infants. J Infect Dis.

2008;197(10):1448–54.

33. Halasa NB, et al. Poor immune responses to a birth dose of

diphtheria, tetanus, and acellular pertussis vaccine. J Pediatr.

2008;153(3):327–32.

34. Walter EB, et al. Trivalent inactivated influenza virus vaccine

given to two-month-old children: an off-season pilot study.

Pediatr Infect Dis J. 2009;28(12):1099–104.

35. Sako W, Treuting WL, Witt DB, et al. Early immunization

against pertussis with alum precipitated vaccine. JAMA.

1945;127(7):379–84.

36. Hulka JF. Effectiveness of polyvalent influenza vaccine in

pregnancy. Report of a controlled study during an outbreak of

Asian influenza. Obstet Gynecol. 1964;23:830–7.

37. Englund JA, et al. Maternal immunization with influenza or

tetanus toxoid vaccine for passive antibody protection in young

infants. J Infect Dis. 1993;168(3):647–56.

38. Englund JA, et al. Transplacental antibody transfer following

maternal immunization with polysaccharide and conjugate

Haemophilus influenzae type b vaccines. J Infect Dis.

1995;171(1):99–105.

39. Panda B, Stiller R, Panda A. Influenza vaccination during

pregnancy and factors for lacking compliance with current CDC

guidelines. J Matern Fetal Neonatal Med. 2011;24(3):402–6.

40. Wilson E, et al. Varicella vaccine exposure during pregnancy:

data from 10 years of the pregnancy registry. J Infect Dis.

2008;197(Suppl 2):S178–84.

41. Bar-Oz B, et al. Pregnancy outcome following rubella vacci-

nation: a prospective controlled study. Am J Med Genet A.

2004;130A(1):52–4.

42. Centers for Disease Control and Prevention. ACIP: guidelines

for vaccinating pregnant women. 2013. https://www.cdc.gov/

vaccines/acip/committee/guidance/rec-vac-preg.html. Accessed

21 Jan 2016.

43. Swamy GK, Heine RP. Vaccinations for pregnant women.

Obstet Gynecol. 2015;125(1):212–26.

44. Australian Government Department of Health. Immunise Aus-

tralia program. Australian immunisation handbook. 2016.

Table 3.3.1: recommendations for vaccination in pregnancy.

http://www.immunise.health.gov.au/internet/immunise/publishing.

nsf/Content/Handbook10-home*handbook10part3*handbook10-

3-3#table-3-3-1. Accessed 26 Jan 2017.

45. Centers for Disease Control and Prevention. Adult conditions

immunization schedule by medical and other indications. 2017.

https://www.cdc.gov/vaccines/schedules/hcp/imz/adult-conditions.

html. Accessed 26 Jan 2017.

46. World Health Organization. Maternal and neonatal tetanus

elimination (MNTE). 2016. http://cdrwww.who.int/

immunization/diseases/MNTE_initiative/en/. Accessed 18 Jan

2017.

47. No authors listed. Tetanus vaccines: WHO position paper

February 2017. Wkly Epidemiol Rec. 2017;92(6):53–76.

48. Rahman M, et al. Use of tetanus toxoid for the prevention of

neonatal tetanus. 1. Reduction of neonatal mortality by immu-

nization of non-pregnant and pregnant women in rural Bangla-

desh. Bull World Health Organ. 1982;60(2):261–7.

49. Czeizel AE, Rockenbauer M. Tetanus toxoid and congenital

abnormalities. Int J Gynaecol Obstet. 1999;64(3):253–8.

50. Silveira CM, et al. Safety of tetanus toxoid in pregnant women:

a hospital-based case–control study of congenital anomalies.

Bull World Health Organ. 1995;73(5):605–8.

51. Burney LE. Influenza immunization: statement. Public Health

Rep. 1960;75(10):944.

52. Zaman K, et al. Effectiveness of maternal influenza immuniza-

tion in mothers and infants. [Erratum appears in N Engl J Med.

2009 Feb 5;360(6):648. Note: Breiman, Robert E (corrected to

Breiman, Robert F)]. N Engl J Med. 2008;359(15):1555–64.

53. Thompson MG, et al. Effectiveness of seasonal trivalent influ-

enza vaccine for preventing influenza virus illness among

pregnant women: a population-based case–control study during

the 2010–2011 and 2011–2012 influenza seasons. Clin Infect

Dis. 2014;58(4):449–57.

54. Tapia MD, et al. Maternal immunisation with trivalent inacti-

vated influenza vaccine for prevention of influenza in infants in

Mali: a prospective, active-controlled, observer-blind, ran-

domised phase 4 trial. Lancet Infect Dis. 2016;16(9):1026–35.

322 K. P. Perrett, T. M. Nolan

http://ecdc.europa.eu/en/publications/Publications/pertussis_report_2003_2007_euvacnet.pdf
http://ecdc.europa.eu/en/publications/Publications/pertussis_report_2003_2007_euvacnet.pdf
http://ecdc.europa.eu/en/publications/Publications/pertussis_report_2003_2007_euvacnet.pdf
https://www.cdc.gov/vaccines/acip/committee/guidance/rec-vac-preg.html
https://www.cdc.gov/vaccines/acip/committee/guidance/rec-vac-preg.html
http://www.immunise.health.gov.au/internet/immunise/publishing.nsf/Content/Handbook10-home~handbook10part3~handbook10-3-3#table-3-3-1
http://www.immunise.health.gov.au/internet/immunise/publishing.nsf/Content/Handbook10-home~handbook10part3~handbook10-3-3#table-3-3-1
http://www.immunise.health.gov.au/internet/immunise/publishing.nsf/Content/Handbook10-home~handbook10part3~handbook10-3-3#table-3-3-1
https://www.cdc.gov/vaccines/schedules/hcp/imz/adult-conditions.html
https://www.cdc.gov/vaccines/schedules/hcp/imz/adult-conditions.html
http://cdrwww.who.int/immunization/diseases/MNTE_initiative/en/
http://cdrwww.who.int/immunization/diseases/MNTE_initiative/en/


55. McMillan M, et al. Influenza vaccination during pregnancy: a

systematic review of fetal death, spontaneous abortion, and

congenital malformation safety outcomes. Vaccine.

2015;33(18):2108–17.

56. Phadke VK, Omer SB. Maternal vaccination for the prevention

of influenza: current status and hopes for the future. Expert Rev

Vaccines. 2016;15(10):1255–80.

57. Fell DB, et al. Fetal death and preterm birth associated with

maternal influenza vaccination: systematic review. BJOG.

2015;122(1):17–26.

58. Bratton KN, et al. Maternal influenza immunization and birth

outcomes of stillbirth and spontaneous abortion: a systematic

review and meta-analysis. Clin Infect Dis. 2015;60(5):e11–9.

59. Fell DB, et al. H1N1 influenza vaccination during pregnancy

and fetal and neonatal outcomes. Am J Public Health.

2012;102(6):e33–40.

60. Richards JL, et al. Neonatal outcomes after antenatal influenza

immunization during the 2009 H1N1 influenza pandemic:

impact on preterm birth, birth weight, and small for gestational

age birth. Clin Infect Dis. 2013;56(9):1216–22.

61. Omer SB, et al. Maternal influenza immunization and reduced

likelihood of prematurity and small for gestational age births: a

retrospective cohort study. PLoS Med. 2011;8(5):e1000441.

62. Legge A, et al. Rates and determinants of seasonal influenza

vaccination in pregnancy and association with neonatal out-

comes. CMAJ. 2014;186(4):E157–64.

63. Nunes MC, et al. The effects of influenza vaccination during

pregnancy on birth outcomes: a systematic review and meta-

analysis. Am J Perinatol. 2016;33(11):1104–14.

64. Steinhoff MC, et al. Neonatal outcomes after influenza immu-

nization during pregnancy: a randomized controlled trial.

CMAJ. 2012;184(6):645–53.

65. Black SB, et al. Effectiveness of influenza vaccine during

pregnancy in preventing hospitalizations and outpatient visits for

respiratory illness in pregnant women and their infants. Am J

Perinatol. 2004;21(6):333–9.

66. France EK, et al. Impact of maternal influenza vaccination

during pregnancy on the incidence of acute respiratory illness

visits among infants. Arch Pediatr Adolesc Med.

2006;160(12):1277–83.

67. Steinhoff M, Tielsch J, Katz J, et al. Evaluation of year-round

maternal influenza immunization in tropical SE Asia: a placebo-

controlled randomized trial. San Diego: ID Week 2015; 2016.

68. Nunes MC, et al. Kinetics of hemagglutination-inhibiting anti-

bodies following maternal influenza vaccination among mothers

with and those without HIV infection and their infants. J Infect

Dis. 2015;212(12):1976–87.

69. Benowitz I, et al. Influenza vaccine given to pregnant women

reduces hospitalization due to influenza in their infants. Clin

Infect Dis. 2010;51(12):1355–61.

70. Poehling KA, et al. Impact of maternal immunization on influ-

enza hospitalizations in infants. Am J Obstet Gynecol.

2011;204(6 Suppl 1):S141–8.

71. Dabrera G, et al. Effectiveness of seasonal influenza vaccination

during pregnancy in preventing influenza infection in infants,

England, 2013/14. Euro Surveill. 2014;19(45):20959.

72. Eick AA, et al. Maternal influenza vaccination and effect on

influenza virus infection in young infants. Arch Pediatr Adolesc

Med. 2011;165(2):104–11.

73. Shakib JH, et al. Influenza in infants born to women vaccinated

during pregnancy. Pediatrics. 2016;137(6):e20152360. doi:10.

1542/peds.2015-2360.

74. Omer SB, et al. Three randomized trials of maternal influenza

immunization in Mali, Nepal, and South Africa: methods and

expectations. Vaccine. 2015;33(32):3801–12.

75. Healy CM, Rench MA, Baker CJ. Implementation of cocooning

against pertussis in a high-risk population. Clin Infect Dis.

2011;52(2):157–62.

76. de Greeff SC, et al. Estimation of household transmission rates

of pertussis and the effect of cocooning vaccination strategies on

infant pertussis. Epidemiology. 2012;23(6):852–60.

77. Hayles EH, et al. Pertussis vaccination coverage among Aus-

tralian women prior to childbirth in the cocooning era: a two-

hospital, cross-sectional survey, 2010 to 2013. Aust NZ J Obstet

Gynaecol. 2016;56(2):185–91.

78. Quinn HE, et al. Parental Tdap boosters and infant pertussis: a

case–control study. Pediatrics. 2014;134(4):713–20.

79. Fernandez-Cano MI, Armadans Gil L, Campins Marti M. Cost-

benefit of the introduction of new strategies for vaccination

against pertussis in Spain: cocooning and pregnant vaccination

strategies. Vaccine. 2015;33(19):2213–20.

80. Belloni C, et al. Immunogenicity of a three-component acellular

pertussis vaccine administered at birth. Pediatrics. 2003;111(5 Pt

1):1042–5.

81. Wood N, et al. Acellular pertussis vaccine at birth and one

month induces antibody responses by two months of age. Pediatr

Infect Dis J. 2010;29(3):209–15.

82. Knuf M, et al. Neonatal vaccination with an acellular pertussis

vaccine accelerates the acquisition of pertussis antibodies in

infants. J Pediatr. 2008;152(5):655–60, 660 e1.

83. Wood N, Siegrist CA. Neonatal immunization: where do we

stand? Curr Opin Infect Dis. 2011;24(3):190–5.

84. Department of Health and Human Services Centers for Disease

Control and Prevention. Advisory Committee on Immunization

Practices (ACIP). Summary report. June 22–23, 2011. Atlanta,

Georgia. https://www.cdc.gov/vaccines/acip/meetings/

downloads/min-archive/min-jun11.pdf. Accessed 27 Jan 2017.

85. Healy CM, et al. Prevalence of pertussis antibodies in maternal

delivery, cord, and infant serum. J Infect Dis.

2004;190(2):335–40.

86. Gonik B, et al. Seroprevalence of Bordetella pertussis antibodies

in mothers and their newborn infants. Infect Dis Obstet Gynecol.

2005;13(2):59–61.

87. Centers for Disease Control and Prevention (CDC). Updated

recommendations for use of tetanus toxoid, reduced diphtheria

toxoid, and acellular pertussis vaccine (Tdap) in pregnant

women–Advisory Committee on Immunization Practices

(ACIP), 2012. MMWR Morb Mortal Wkly Rep.

2013;62(7):131–5.

88. Department of Health. Newborns to be protected against

whooping cough. 2012. https://www.gov.uk/government/news/

newborns-to-be-protected-against-whooping-cough. Accessed

27 Jan 2017.

89. Vizzotti C, et al. Maternal immunization in Argentina: a story-

line from the prospective of a middle income country. Vaccine.

2015;33(47):6413–9.

90. Maertens K, et al. Pertussis vaccination during pregnancy in

Belgium: results of a prospective controlled cohort study. Vac-

cine. 2016;34(1):142–50.

91. Amirthalingam G, et al. Effectiveness of maternal pertussis

vaccination in England: an observational study. Lancet.

2014;384(9953):1521–8.

92. Dabrera G, et al. A case–control study to estimate the effec-

tiveness of maternal pertussis vaccination in protecting newborn

infants in England and Wales, 2012–2013. Clin Infect Dis.

2015;60(3):333–7.

93. Kharbanda EO, et al. Evaluation of the association of maternal

pertussis vaccination with obstetric events and birth outcomes.

JAMA. 2014;312(18):1897–904.

Immunization During Pregnancy 323

http://dx.doi.org/10.1542/peds.2015-2360
http://dx.doi.org/10.1542/peds.2015-2360
https://www.cdc.gov/vaccines/acip/meetings/downloads/min-archive/min-jun11.pdf
https://www.cdc.gov/vaccines/acip/meetings/downloads/min-archive/min-jun11.pdf
https://www.gov.uk/government/news/newborns-to-be-protected-against-whooping-cough
https://www.gov.uk/government/news/newborns-to-be-protected-against-whooping-cough


94. Donegan K, King B, Bryan P. Safety of pertussis vaccination in

pregnant women in UK: observational study. BMJ.

2014;349:g4219.

95. Munoz FM, et al. Safety and immunogenicity of tetanus diph-

theria and acellular pertussis (Tdap) immunization during

pregnancy in mothers and infants: a randomized clinical trial.

JAMA. 2014;311(17):1760–9.

96. Amirthalingam G, et al. Sustained effectiveness of the maternal

pertussis immunization program in England 3 years following

introduction. Clin Infect Dis. 2016;63(Suppl 4):S236–43.

97. Ladhani SN, et al. Antibody responses after primary immu-

nization in infants born to women receiving a pertussis-con-

taining vaccine during pregnancy: single arm observational

study with a historical comparator. Clin Infect Dis.

2015;61(11):1637–44.

98. Hoang HTT, et al. Pertussis vaccination during pregnancy in

Vietnam: results of a randomized controlled trial pertussis

vaccination during pregnancy. Vaccine. 2016;34(1):151–9.

99. Kharbanda EO, et al. Maternal Tdap vaccination: coverage and

acute safety outcomes in the vaccine safety datalink,

2007–2013. Vaccine. 2016;34(7):968–73.

100. Walls T, et al. Infant outcomes after exposure to Tdap vaccine in

pregnancy: an observational study. BMJ Open.

2016;6(1):e009536.

101. Eberhardt CS, et al. Maternal immunization earlier in pregnancy

maximizes antibody transfer and expected infant seropositivity

against pertussis. Clin Infect Dis. 2016;62(7):829–36.

102. Sukumaran L, et al. Safety of tetanus toxoid, reduced diphtheria

toxoid, and acellular pertussis and influenza vaccinations in

pregnancy. Obstet Gynecol. 2015;126(5):1069–74.

103. Schrag SJ, et al. Group B streptococcal disease in the era of

intrapartum antibiotic prophylaxis. N Engl J Med.

2000;342(1):15–20.

104. Baker CJ, et al. Maternal antibody at delivery protects neonates

from early onset group B streptococcal disease. J Infect Dis.

2014;209(5):781–8.

105. Heath PT. Status of vaccine research and development of vac-

cines for GBS. Vaccine. 2016;34(26):2876–9.

106. Leroux-Roels G, et al. A randomized, observer-blind Phase Ib

study to identify formulations and vaccine schedules of a

trivalent Group B streptococcus vaccine for use in non-pregnant

and pregnant women. Vaccine. 2016;34(15):1786–91.

107. Madhi SA, et al. Safety and immunogenicity of an investiga-

tional maternal trivalent group B streptococcus vaccine in

healthy women and their infants: a randomised phase 1b/2 trial.

Lancet Infect Dis. 2016;16(8):923–34.

108. Donders GG, et al. Maternal immunization with an investiga-

tional trivalent Group B streptococcal vaccine: a randomized

controlled Trial. Obstet Gynecol. 2016;127(2):213–21.

109. Glezen WP, et al. Risk of respiratory syncytial virus infection

for infants from low-income families in relationship to age, sex,

ethnic group, and maternal antibody level. J Pediatr.

1981;98(5):708–15.

110. Kim HW, et al. Respiratory syncytial virus disease in infants

despite prior administration of antigenic inactivated vaccine.

Am J Epidemiol. 1969;89(4):422–34.

111. Higgins D, Trujillo C, Keech C. Advances in RSV vaccine

research and development—a global agenda. Vaccine.

2016;34(26):2870–5.

112. Wheeler SM, et al. Maternal effects of respiratory syncytial

virus infection during pregnancy. Emerg Infect Dis.

2015;21(11):1951–5.

113. Harriman K, Winter K. Pertussis vaccine uptake during preg-

nancy: we need to do better in the US. Prev Med.

2014;67:320–1.

114. Chamberlain AT, et al. Factors associated with intention to

receive influenza and tetanus, diphtheria, and acellular pertussis

(Tdap) vaccines during pregnancy: a focus on vaccine hesitancy

and perceptions of disease severity and vaccine safety. PLoS

Curr. 2015;7. doi:10.1371/currents.outbreaks.

d37b61bceebae5a7a06d40a301cfa819.

115. Chamberlain AT, et al. Impact of a multi-component antenatal

vaccine promotion package on improving knowledge, attitudes

and beliefs about influenza and Tdap vaccination during preg-

nancy. Human Vaccin Immunother. 2016;12(8):2017–24.

116. Chamberlain AT, et al. Improving influenza and Tdap vacci-

nation during pregnancy: a cluster-randomized trial of a multi-

component antenatal vaccine promotion package in late influ-

enza season. Vaccine. 2015;33(30):3571–9.

117. Abramson JS, Mason E. Strengthening maternal immunisation

to improve the health of mothers and infants. Lancet.

2016;388(10059):2562–4.

118. Beigi RH, et al. Maternal immunization: opportunities for sci-

entific advancement. Clin Infect Dis. 2014;59(Suppl

7):S408–14.

119. Munoz FM, et al. Key terms for the assessment of the safety of

vaccines in pregnancy: results of a global consultative process to

initiate harmonization of adverse event definitions. Vaccine.

2015;33(47):6441–52.

120. Jones CE, et al. Guidance for the collection of case report form

variables to assess safety in clinical trials of vaccines in preg-

nancy. Vaccine. 2016;34(49):6007–14.

121. Jones CE, et al. Guideline for collection, analysis and presen-

tation of safety data in clinical trials of vaccines in pregnant

women. Vaccine. 2016;34(49):5998–6006.

122. Chen RT, et al. Obstetrical and neonatal case definitions for

immunization safety data. Vaccine. 2016;34(49):5991–2.

324 K. P. Perrett, T. M. Nolan

http://dx.doi.org/10.1371/currents.outbreaks.d37b61bceebae5a7a06d40a301cfa819
http://dx.doi.org/10.1371/currents.outbreaks.d37b61bceebae5a7a06d40a301cfa819

	Immunization During Pregnancy: Impact on the Infant
	Abstract
	Introduction
	Effects of Vaccine-Preventable Disease (VPD) During Pregnancy
	Effects of VPD on the Fetus and Infant

	The Maternal Immunization Strategy
	Current Recommendations for Vaccination During Pregnancy
	Tetanus
	Influenza
	Pertussis


	Future Research Directions for Maternal Immunization
	Group B Streptococcus
	Respiratory Syncytial Virus
	Other Considerations for Optimizing Maternal Immunization

	Conclusion
	References




