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Abstract

:

Prenatal maternal immunization is an effective tool to protect mothers and infants from poor health outcomes due to infectious diseases. We provide an overview of the rationale for the use of prenatal vaccines, discuss the immunologic environment of the maternal–fetal interface including the impact of maternal vaccines prenatally and subsequently on the infant’s immune response, and review vaccines currently recommended in pregnancy and landscape for the future of maternal vaccination. This review aims to provide an understanding of the recent history and progress made in the field and highlight the importance of continued research and development into new vaccines for pregnant populations.
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1. Background and Rationale


Globally, childhood mortality disproportionally occurs in the perinatal period, with over 15% of all neonatal deaths due to an infectious etiology [1]. Maternal infections are a driver of preterm birth, which also contributes to neonatal mortality [2]. During the critical period before infants have initiated their primary immunization series, maternal vaccination serves as a safe and effective tool to reduce perinatal morbidity and mortality from infectious diseases, including tetanus, pertussis, influenza, COVID-19 caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and respiratory syncytial virus (RSV) [3,4]. Maternal immunization has demonstrated substantial impact in preventing a range of early neonatal and childhood infections. Implementation of antenatal tetanus vaccination programs decreased global neonatal tetanus mortality by 92% [5], prenatal influenza immunization reduced infant respiratory illness by 50% in Bangladesh [6], and antenatal pertussis immunization protected 91% of infants <3 months of age during an outbreak in England [7]. Maternal COVID-19 vaccination protects infants less than 6 months of age from hospitalization for COVID-19 with a vaccine effectiveness of 52% for hospitalization and 70% for intensive care unit admission [8]. Recently, maternal bivalent RSV prefusion F protein-based (RSVpreF) vaccination (Pfizer, Abrysvo) was found to be 82% efficacious protecting against severe RSV infection in infants less than 3 months of age in clinical trials [9]. (Table 1) Further, maternal vaccination also has the potential to combat pregnancy complications, as influenza in pregnancy is associated with pregnancy loss and low birthweight [10], and COVID-19 disease in pregnancy can lead to stillbirth and preterm birth [11].



The field of maternal immunization has advanced considerably, and today, while each country has specific guidance for immunization recommendations in pregnancy and global coverage in pregnancy varies, the World Health Organization (WHO) recommends that pregnant women (We use the term ‘women’ throughout this review, which may include cis-gender females, transgender males, and non-binary individuals) and their newborns are protected from birth-associated tetanus, consideration for a pertussis-containing vaccine in pregnancy is given in countries with high infant morbidity or mortality from pertussis, seasonal influenza vaccine should be prioritized for pregnant women, and COVID-19 vaccination should be administered in pregnancy when the benefits outweigh the potential risks [51]. The United States (US) Advisory Committee on Immunization Practices (ACIP) recommends tetanus, pertussis, influenza, COVID-19, and RSV vaccines during pregnancy [52]. (Table 2) The history of maternal vaccination began in the 19th century with reports demonstrating protection against smallpox in pregnant women who had received smallpox vaccination prior to pregnancy compared to those who had not received vaccination [53]. Subsequent research in the 20th century focused on transplacental antibody transfer. Infants of women who had received smallpox vaccine in pregnancy were found to be refractory to subsequent immunization with the live attenuated smallpox vaccine strain after birth. Additionally, transplacental transfer of tetanus and diphtheria toxoid antibodies was demonstrated [53]. An inactivated influenza vaccine was licensed for the general population in the United States in 1945 [54] but was not recommended in pregnancy until 1960 (A paucity of active research on maternal immunization carried out during this time was due to product safety concerns in pregnancy, particularly after the experience with thalidomide in the 1960s, which was found to be associated with severe limb and other deformities in infants born to women who took this unlicensed medication to treat hyperemesis gravidarum) [13,55]. In 1974, the World Health Organization’s (WHO) Expanded Program on Immunization (EPI) made elimination of neonatal tetanus through maternal vaccination initiatives a priority [56]. This was further reinforced in 1999 by the World Health Assembly as the Maternal and Neonatal Tetanus Elimination (MNTE) initiative [5]. Following only modest impact from efforts to protect infants from pertussis through ‘cocooning’, or from the vaccination of adults and adolescents who have close contact with infants [57], pertussis vaccination in every pregnancy was recommended in the United States in 2012 [58].



Pregnant and lactating women have historically been excluded from vaccine clinical trials, which has limited evaluation of vaccine safety and effectiveness data in pregnant populations to post-licensure studies using both passive and active surveillance methods (e.g., the Vaccine Adverse Event Reporting System (VAERS), Vaccine Safety Datalink (VSD), V-safe, COVID-19 Vaccine Pregnancy Registry, US Flu Vaccine Effectiveness (VE) Network, Investigating Respiratory Viruses in the Acutely Ill Network, National Vaccine Surveillance Network (NVSN), and the VISION VE Network) [63,64,65,66]. The recognition early in the COVID-19 pandemic response that pregnancy was a high-risk condition led to an important historical precedent of including vaccination of pregnant women in phase 3 clinical trials (albeit post-initial emergency use authorization [67]). In addition, pregnant women were included early in vaccine rollout and, ultimately, in post-licensure surveillance studies [68,69]. This has paved the way for further research on immunizations targeting key pathogens for pregnant and neonatal populations. In 2023, a vaccine to protect infants from RSV was licensed and recommended for use in pregnant persons [50,70].



In this review, we discuss the maternal–fetal interface and its important immunologic properties in ensuring adaptation to the semi-allogenic fetus, sustaining fetal immune development, and maintaining defense against various infections, along with vaccines currently recommended for use during pregnancy and a new maternal vaccination for Group B Streptococcus (GBS) under development.




2. The Maternal–Fetal Interface and Fetal Immune Responsiveness


Alterations in the maternal immune system during pregnancy leave pregnant individuals at increased risk for infections. There is a complex interplay between changing levels of estrogen and progesterone during pregnancy, which are associated with a shift from Th1 to Th2 immune responses [71,72], while other components of the maternal immune system, such as phagocytic activity, alpha-defensin expression, and numbers of neutrophils, monocytes, and dendritic cells, are maintained or increased in pregnancy [73]. The immune alterations in pregnancy lead to increased susceptibility to such infectious diseases as influenza, listeriosis, toxoplasmosis, tuberculosis, human immunodeficiency virus (HIV), and malaria, among others [73]. The maternal–fetal interface is immunologically complex, including the maternal decidua and fetal villous chorion, which ensures immune tolerance towards the semi-allogenic fetus while providing immune defense against infection [74]. The placenta acts to restrict vertical transmission of pathogens during pregnancy through both structural and immune barriers; however, certain pathogens, such as those that cause congenital infections (‘TORCH’ or Toxoplasma gondii, rubella virus, cytomegalovirus (CMV), herpes simplex virus, and other viruses) have developed mechanisms for placental defense evasion [75].



The fetal immune system transitions from a state of immune tolerance in utero to a state of protective immunity that is needed at the time of birth [76]. T cells preferentially differentiate into regulatory T (Treg) cells during fetal growth, which are important for suppression of both the expansion and activation of effector T cells necessary for in utero survival of the semi-allogeneic fetus [76,77]. While the fetal immune system was historically deemed ‘immature’, with a bias towards a Th2 immune response [78] important for protecting the fetus from potentially harmful Th1-mediated inflammation, it has more recently been shown that T cells capable of a Th1 response are present in the fetus [79,80]. This fetal Th1 response may play an important role in protecting the fetus against in utero maternal infection with pathogens such as CMV and malaria, among others [81,82]. In late gestation and after birth, Treg cells are downregulated, which is thought to be important for the development of neonatal immunity against infectious pathogens [77,83].




3. Influence of Antenatal Maternal Vaccination on Infant Immunity


Maternal vaccination elicits production of antigen-specific maternal antibodies, which are transferred across the placenta to the fetus and reduce the risk of disease and associated complications during infancy [84]. Maternal antibody transplacental transfer occurs via transcytosis mediated by the neonatal Fc receptor expressed on the surface of syncytio-trophoblasts, with IgG as the predominant isotype transferred [85]. Passive immunization through maternal antibody transfer provides the infant with a varied repertoire [86] of antigen-specific antibodies in the critical period following birth, with a half-life extending from 28 to 35 days [87]. Many factors impact the concentration of maternal antibodies transferred to the infant, including both antibody-specific factors, such as antibody isotype, subclass, and glycosylation profile, as well as the infant’s gestational age, birth weight, and the presence of maternal comorbidities [88].



Maternal vaccine-induced antibodies have been shown to interfere with subsequent antibody response in the infant to childhood immunizations, likely by inhibiting cross-linking of the B cell receptor and Fc receptor by vaccine antigen and maternal antibody, thereby inhibiting B cell proliferation and antibody production [89]. This ‘blunting effect’ on immunogenicity in infants following vaccination has been demonstrated for both maternal vaccine-targeted (pertussis [90,91] and diphtheria) and non-targeted (pneumococcus [92] and polio [93]) pathogens [94]. Acellular pertussis vaccine has demonstrated greater attenuation of infant immunogenicity as compared to receipt of whole-cell pertussis vaccine owing to greater induction of maternal antibodies by the former [95]. While a blunting effect was noted after two doses of pneumococcal vaccine among infants born to mothers who had received tetanus toxoid, reduced diphtheria toxoid, acellular pertussis (Tdap) vaccination during pregnancy, maternal Tdap vaccination had a minimal impact on overall pneumococcal sero-protection rates after infant primary and booster vaccination [92]. While lower infant antibody titers were observed following early infant measles vaccination in the presence of maternal measles antibodies, antibody titers more similar to those of infants who did not have maternally-acquired measles antibodies were achieved following revaccination [96,97]. Nonetheless, no clinically significant effects of maternal antibody interference on humoral and cellular immune responses to childhood immunizations have been shown to date [98,99].



Another area of study related to infant immune responses that remains an open question in some instances is the impact of co-administration of vaccines during pregnancy on maternal vaccine effectiveness. In a recent trial in non-pregnant women evaluating the safety and immunogenicity of co-administered Tdap and RSV vaccines, non-inferiority criteria for pertussis immune responses were not met [100]. Further research will be needed to elucidate if co-administration of antenatal Tdap and RSV might have any impact on young infants’ susceptibility to acquiring clinical pertussis infection.



Protective effects of maternal vaccination beyond antigen-specific passive humoral immunity have been demonstrated. Influenza vaccination during pregnancy has been shown to decrease all-cause lower respiratory tract infections during the first 3 months of an infant’s life, suggesting non-targeted protection against secondary bacterial infections to which influenza infection itself may predispose [101]. Similarly, maternal influenza vaccination given in combination with infant pneumococcal vaccination may also confer greater protection for acute respiratory infections compared to infant pneumococcal vaccination alone [102,103]. Non-specific decreases in infectious risk have also been shown in regard to maternal pre-pregnancy Bacille Calmette-Guérin (BCG) vaccination; in studies of infants who themselves received BCG vaccination, fewer hospitalizations for infections and lower mortality were noted in the setting of maternal BCG priming [104,105,106]. Additionally, and seemingly inconsistent with the impact of circulating maternal antibodies on the antibody levels achieved through early vaccination discussed above, a lower mortality rate was found in children living in low-income settings who received early measles vaccination in the presence of circulating maternal measles antibody compared to children vaccinated without pre-existing maternal measles antibody, even when controlling for potential factors such as birth weight, weight-for-age z-score, and breastfeeding, among others [107]. While the underlying biological mechanisms remain elusive, it is speculated that maternal measles antibodies may enhance cellular immune responses through increased presentation of antigen-maternal antibody complexes [107]. A study evaluating non-specific effects of routine childhood vaccination on infectious disease hospitalization in children 16–24 months of age found a decreased risk of non-targeted infectious disease hospitalization if the child had last received a live vaccine compared to an inactivated vaccine only [108]. In addition to antibodies, maternal cells are transferred to the fetus during pregnancy and have an impact on the developing fetal immune system [109]. For example, maternal micro-chimerism, the bidirectional transfer of genetically distinct cells between the mother and fetus, was associated with an improved infant polyfunctional CD4 response to BCG vaccination in South African infants [110]. Maternal vaccine antigens have been shown to prime the infant’s B and T cell immune responses [84,111,112].



Vaccines administered during pregnancy and postpartum also provide passive antibody transfer to the infant’s respiratory and gastrointestinal mucosa via breast milk, with IgA predominating over IgG and IgM [113]. Vaccine-specific antibodies are endocytosed into the mammary gland epithelial cells with subsequent secretion in colostrum and breast milk [114]. While mechanistic effects of breast milk antibodies on infant mucosal immunity are unclear, enhanced breast milk humoral immunity after maternal intramuscular influenza vaccination has been associated with lower rates of infant respiratory illness with fever [115]. The route of maternal immunization may also be important in shaping breast milk immunity, as maternal immunization with live attenuated influenza vaccination enhanced innate immune cellular responses in breast milk in addition to eliciting antigen-specific antibodies induced by parenteral vaccination [116].




4. Vaccines Recommended during Pregnancy in the United States


Recommended vaccines in pregnancy in the United States are detailed below and summarized in Table 1 and Table 2.



4.1. Influenza


Influenza infection in pregnancy is associated with an increased risk for hospitalization, severe illness, and poor pregnancy outcomes, and this has been shown for both pandemic H1N1 influenza [117,118] and annual seasonal influenza [119]. Neuzil et al. reported an estimated attributable risk (AR) of 1.91 (95% confidence interval (CI), 1.51–2.31) per 10,000 women-months for influenza-related cardiopulmonary hospitalizations among pregnant compared to non-pregnant women [12]. Influenza in pregnancy is also associated with late pregnancy loss (adjusted hazard ratio (aHR) 10.7, 95% CI, 4.3–27.0) and a reduction in mean birthweight (−55.3 g, 95% CI, −109.3–−1.4 g) [10]. Infants have among the highest rates of both influenza infection and influenza-associated hospitalization [13,14], and children under 6 months of age, for whom there is no currently recommended influenza vaccination, are at the highest risk for influenza-associated pediatric deaths [14,15]. Influenza vaccination is recommended during every pregnancy in the United States to protect pregnant women and to provide passive immunization to their infants during the first months of life [52], and the WHO Strategic Advisory Group of Experts notes that pregnant individuals should be prioritized for vaccination [120]. However, many countries still do not have recommendations for influenza vaccination in pregnancy [3]. Even in countries with influenza vaccine recommendations in pregnancy, much room for improvement in uptake remains. A recent survey in the United States found that 47.2% of women reported influenza vaccination prior to or during their pregnancy in the 2022–2023 influenza season [121].



In a series of four randomized controlled trials conducted in Bangladesh [18], Nepal [16], South Africa [19], and Mali [17], vaccine efficacy for maternal influenza immunization in mothers ranged from 31% to 70% and in their infants from 30% to 63% for influenza-like illness or laboratory confirmed influenza. Subsequent pooled analysis of the three randomized controlled trials conducted in Nepal, Mali, and South Africa revealed a pooled efficacy of maternal influenza vaccination in preventing polymerase chain reaction-confirmed influenza in infants up to 6 months of age at 35% (95% CI, 19–47%) [20]. This efficacy was highest within the first two months of life, at 56% (95% CI, 28–73%) [20]. Furthermore, comparable efficacy of influenza vaccination in pregnancy for infants less than 6 months of age was observed in high-resource settings, with a rate of 56.8% (95% CI, 25.0–75.1%) [122]. More recent data demonstrated vaccine effectiveness of 34% (95% CI, 12–50%) against influenza-related hospitalization and emergency department visits in infants less than 6 months of age and 53% (95% CI, 30–68%) in infant less than 3 months of age in a prospective, test-negative case control study from NVSN [123]. Studies have consistently shown that maternal influenza vaccination is safe for the mother and not associated with any increased risk of pregnancy or neonatal adverse outcomes; these include conditions such as chorioamnionitis, preeclampsia, eclampsia, birth defects, preterm birth, and low birthweight [20,21,22,23,24]. An early study in the VSD found no association between spontaneous abortion and influenza vaccination [28]. A subsequent VSD study following the H1N1 pandemic found an association between spontaneous abortion and influenza vaccination in the preceding 28 days with effect modification among women who had received pH1N1-containing influenza vaccine in the prior season [26]. However, this association was not replicated in a larger VSD study, including women vaccinated in a preceding influenza season, further supporting the safety of maternal influenza vaccination [27]. There has been no observed association between maternal influenza vaccination and adverse health outcomes in early childhood, including immune-related (e.g., asthma, infections) and non-immune-related health outcomes (e.g., neoplasms) [25].




4.2. Tetanus, Diphtheria and Pertussis


Universal maternal tetanus toxoid vaccination is recommended for all pregnant women to prevent neonatal mortality from tetanus [124]. Prior to routine maternal immunization, tetanus worldwide was reported to cause 15,000–30,000 maternal deaths per year and account for approximately 5% of all maternal mortality [29]. Neonatal tetanus contributed significantly to neonatal mortality with an 80–100% case-fatality rate in low-resource settings [124]. The World Health Assembly recommended elimination of neonatal tetanus in 1989, which was reinforced in 1999 as the MNTE initiative; as a result, all but 12 countries have implemented MNTE leading to an 88% reduction in neonatal tetanus cases and a 92% reduction in mortality due to neonatal tetanus worldwide [5]. Widespread use of tetanus toxoid vaccines in pregnant women has not led to any safety concerns, including no evidence for increased risk of pregnancy complications, local or systemic side effects and no safety concerns for the infant, including no evidence for congenital anomalies [30,31]. Additionally, no safety concerns were demonstrated following Tdap administration in pregnant women who had prior receipt of tetanus-containing vaccines [31]. Few studies have examined the effect of Tdap vaccination during pregnancy for neonatal protection against diphtheria. One study found protection against diphtheria, defined as anti-diphtheria IgG ≥ 0.1 IU/mL, in 100% of infants born to women who received Tdap vaccination during pregnancy compared to 62.5% of infants whose mothers had received Tdap prior to pregnancy, providing further support for Tdap vaccination in pregnancy [125].



Tdap vaccination of pregnant women is indicated to prevent pertussis in young infants and has been recommended since 2012 in the United States for use in every pregnancy [58]. Tdap vaccination is recommended in pregnancy in several high-income countries, but recommendations in many low-and middle-income countries are lacking; further, many countries that do recommend Tdap vaccination in pregnancy do not consistently have high vaccination coverage [126]. A survey among women in the United States who had a recent live birth found 55.4% reported Tdap vaccination coverage during pregnancy [121]. Recommendations for Tdap vaccination in pregnancy have arisen in response to large pertussis outbreaks; as such, most of the safety and effectiveness data come from associated observational studies. During a pertussis outbreak in England, prenatal maternal Tdap immunization was associated with vaccine effectiveness of 93% (95% CI, 81–97%) and 91% (95% CI, 84–95%) [7] in reduction of laboratory-confirmed cases of pertussis in infants <2 months of age and <3 months of age, respectively [127]. In the United States, prenatal maternal Tdap vaccination was associated with 91% (95% CI, 20–99%) vaccine effectiveness during the first 2 months of an infant’s life and 69% (95% CI, 44–83%) vaccine effectiveness during the entire first year of an infant’s life [34]. A systematic review confirmed these estimates of high effectiveness, ranging from 69–93% among infants aged less than 3 months following second or third trimester maternal vaccination across the included observational studies [128].



While one study from two VSD sites suggested a slight increase in chorioamnionitis among Tdap-vaccinated pregnant women [129], this finding was not corroborated in a subsequent VSD study involving over 100,000 pregnancies across eight VSD sites [35]. The latter study employed more rigorous statistical analyses to address specifically the immortal time bias that was not considered in the prior study [35,129]. Furthermore, the study demonstrated low positive predictive value in the 10th revision of the International Statistical Classification of Disease (ICD-10) coding used for the diagnosis of chorioamnionitis (48% for clinical and 59% for histologic chorioamnionitis), underscoring the importance of conducting chart reviews to avoid outcome misclassification [35]. The absence of an association between receipt of the Tdap vaccine during pregnancy and chorioamnionitis is also consistent with the findings of other studies [36,37]. Data on the safety of maternal Tdap vaccination have otherwise been reassuring, with no identified risk for severe maternal adverse events or adverse pregnancy and neonatal outcomes reported [38,39]. The safety of repeat Tdap vaccination was studied in the VSD in non-pregnant female and male participants and no increased risk of adverse medical outcomes, including seizure, cranial nerve disorders, limb swelling, pain in limb, cellulitis, paralytic syndromes and encephalopathy, encephalitis, or meningitis with repeat Tdap vaccination, was found [130].




4.3. COVID-19


Pregnant women are at increased risk for severe illness due to COVID-19 compared to non-pregnant women, including the need for intensive care (odds ratio (OR) 2.61, 95% CI, 1.84–3.71), the requirement for mechanical ventilation (OR 2.41, 95% CI, 2.13–2.71) and risk of maternal death (OR 6.09, 95% CI, 1.82–20.38) [11]. They are also more susceptible to adverse pregnancy and neonatal outcomes compared to pregnant women without COVID-19 such as stillbirth (OR 1.81, 95% CI, 1.38–2.37), preterm birth (OR 1.57, 95% CI, 1.36–1.81), and their infant’s needing admission to neonatal intensive care (OR 2.18, 95% CI, 1.46–3.26) [11]. These adverse outcomes were further exemplified during the Delta period with an increase in stillbirths (0.7% versus 0.4%, adjusted prevalence ratio (aPR) 1.55, 95% CI 1.14–2.09) and preterm births (12.8% versus 11.9%, aPR 1.14, 95% CI 1.07–1.20) compared to the pre-Delta period [131]. While pregnant women were excluded from pre-licensure vaccine clinical trials, they were offered the opportunity to receive the vaccine during the initial rollout of COVID-19 vaccination in December 2020 [69]. This decision was based on the premise that the potential benefits of vaccination outweighed the risks. Data from early after COVID-19 vaccination rollout from a study in Israel showed the estimated vaccine effectiveness of two doses of Pfizer–BioNTech’s BNT162b2 vaccine for laboratory-confirmed SARS-CoV-2 infection in pregnant women to be 78% (95% CI, 57–89%) [40]. Similarly, a study from Qatar showed that vaccine effectiveness for two doses of either available mRNA vaccine (Pfizer–BioNTech’s BNT162b2 and Moderna’s mRNA-1273) from 30 December 2020 to 30 May 2021 was 88% (95% CI, 44–97%) using a cohort analysis [41]. Maternal receipt of the two dose-series of COVID-19 mRNA vaccines during pregnancy has also been shown to protect infants six months of age and younger from hospitalization for COVID-19, with a vaccine effectiveness of 52% (95% CI, 33–65%) for hospitalization overall, 80% (95% CI, 60–90%) during the Delta period and 38% (95% CI, 8–58%) during the Omicron period [8]. Many studies have evaluated the safety of COVID-19 vaccination during pregnancy since the vaccine rollout and have not found any risk for adverse events, including local or systemic maternal effects, and pregnancy and neonatal conditions, including spontaneous abortion, stillbirth, preterm birth, small for gestational age and infant hospitalization [4,42,43,44,45,46]. A decreased risk of stillbirth in those who received COVID-19 vaccination (primarily, but not limited to, mRNA COVID-19 vaccination across studies) during pregnancy has been shown in multiple studies [132,133].



Despite the established efficacy and safety of COVID-19 vaccines, vaccine coverage among pregnant women remains suboptimal, with a recent survey of pregnant US women reporting that 64.9% received ≥1 COVID-19 vaccine dose, 58.7% completed the primary COVID-19 vaccination series, and 27.3% received a bivalent COVID-19 booster dose [121,134,135]. An increasing trend in COVID-19 vaccine hesitancy has been observed among pregnant women [136]. COVID-19 vaccine hesitancy during pregnancy in the United States has been found to be associated with race, ethnicity and socio-economic status, with lower uptake among Hispanic and non-Hispanic Black women [135] and in those living in areas with higher social vulnerability [137]. Given this vaccine hesitancy, especially among populations who may be at higher risk for adverse outcomes due to COVID-19, the US Centers for Disease Control and Prevention (CDC) and professional medical organizations have reinforced the importance of COVID-19 vaccination in pregnancy and the need to leverage efforts to increase equitable vaccine uptake [138]. Furthermore, with the demonstrated waning of COVID-19 vaccine effectiveness [139] and the development of new COVID-19 variants [140], it is increasingly important to ensure pregnant women are up-to-date with COVID-19 vaccination.




4.4. Respiratory Syncytial Virus


Respiratory Syncytial Virus (RSV) is a leading cause of lower respiratory tract infection (LRTI) in infants with an estimated 68% of infants infected during the first year of life and nearly all infants (97%) infected by two years of age [47]. It is estimated that 2–3% of all infants are hospitalized for RSV infection [48]. While premature infants have a higher risk of hospitalization, 79% of children under the age of two years hospitalized for RSV have no underlying medical condition [49]. In the 1960s, a formalin-inactivated, alum-precipitated, whole-virus RSV vaccine administered to infants was found to cause potentially life-threatening vaccine-associated enhanced respiratory disease, a phenomenon attributed to the production of non-neutralizing antibodies and a Th2-biased immune response [141,142,143]. This vaccine safety concern significantly hindered subsequent RSV vaccine development. However, innovative strategies have since been devised to circumvent or minimize this potential adverse reaction. Two vaccine candidates from Pfizer (Abrysvo) and GSK (Arexvy) were pursued, which utilize an RSV F protein stabilized in the prefusion conformation and which were shown to generate durable neutralizing antibody and cell-mediated immune responses [144,145]. These RSV vaccines were shown to protect against RSV-associated acute respiratory illness in adults ≥60 years of age in phase 3 clinical trials [146,147]. In May 2023, the US Food and Drug Administration (FDA) approved and, in June 2023, ACIP recommended that persons aged ≥60 years could receive these vaccines, using shared clinical decision-making, to prevent symptomatic RSV-associated lower respiratory tract disease [148].



A phase 3 clinical trial of Pfizer’s bivalent RSVpreF protein-based vaccine (Abrysvo) administered to pregnant women at 24 to 36 weeks gestation showed vaccine efficacy for medically-attended severe RSV-associated LRTI within 90 days after birth at 81.8% (99.5% CI, 40.6–96.3%) and for medically attended RSV-associated LRTI within 90 days of birth at 57.1% (99.5% CI, 14.7–79.8%) [9]. No statistically significant safety signals were detected in maternal participants or in infants and toddlers up to 24 months of age. However, a non-statistically significant numerical imbalance in preterm delivery was observed: 5.7% (95% CI, 4.9–6.5%) in the vaccine group compared to 4.7% (95% CI, 4.1–5.5%) in the placebo group [9,149]. Limiting the dosing interval, ACIP judged the benefit of maternal RSVpreF vaccination at 32 to 36 weeks in preventing RSV-associated LRTI in infants to outweigh the risks, including the potential risks for preterm birth and hypertensive disorders of pregnancy [50]. Of note, GSK halted its phase 3 clinical trials for a similar maternal RSV vaccine product (Arexvy) due to an increase in preterm delivery and consequent neonatal death in the vaccinated group [150,151]. Neuroinflammatory conditions were reported as an adverse safety outcome in Pfizer’s bivalent RSV vaccine (Abrysvo) phase 3 trial in older adults [146]. While this safety outcome was not found in pregnant persons administered RSVpreF, it will be important for ongoing safety monitoring to evaluate for any adverse neuroinflammatory conditions after RSV vaccination in pregnancy.



In May 2023, the US FDA Vaccines and Related Biological Products Advisory Committee voted in support of Pfizer’s RSVpreF vaccine candidate (Abrysvo) for use in pregnant persons to combat RSV in infants [152], and FDA licensed its use in August 2023 [70]. ACIP and CDC subsequently made recommendations for the use of RSVpreF for pregnant persons at 32–36 weeks’ gestation as a seasonal vaccination for protection against RSV-associated LRTI in infants under 6 months of age [50]. FDA and ACIP limited the dosing interval to 32–36 weeks’ gestation to avoid potential risk for preterm birth at <32 weeks’ gestation [50,70]. In contrast, the GSK vaccine (Arexvy) is not approved nor recommended for use in pregnant persons. Nirsevimab, a long-acting monoclonal antibody, was also licensed and recommended for use in infants in their first RSV season to prevent RSV-associated LRTI (certain high-risk infants are also recommended to receive nirsevimab in their second RSV season). All infants are recommended to be protected against RSV through either maternal vaccination or nirsevimab administration, but most infants do not need protection from both products [50]. Ongoing post-licensure monitoring will evaluate vaccine safety in real-world applications.





5. Landscape for the Future of Maternal Immunizations


New maternal vaccines are currently in various stages of research and development, aiming to target diseases that pose significant risks to pregnant women and their infants.



5.1. Group B Streptococcus


GBS maternal infection is associated with adverse birth outcomes, including preterm birth and stillbirth [153], as well as early and late-onset disease in infants manifesting as sepsis, pneumonia, or meningitis [154]. Universal maternal screening for GBS and intrapartum antibiotic prophylaxis are recommended for prevention of GBS disease; however, these recommendations have only resulted in a reduction in early-onset GBS disease and have not been effective in preventing late-onset disease or birth outcomes [153]. In addition, implementing such interventions may not be feasible in resource-limited countries or settings while a significant worldwide burden from GBS disease remains [155]. To prevent GBS disease in infants, efforts to develop a vaccine targeting GBS during pregnancy initially utilized a monovalent vaccine approach [156]. Due to the lack of cross protection against other serotypes, subsequent attempts have used a trivalent conjugate vaccine targeting capsular serotypes Ia, Ib, and III, which were found to be safe and immunogenic in early clinical trials [157,158,159]. However, worldwide serotype distribution also includes serotypes II, IV and V, all together (Ia, Ib, and II through V) accounting for 98% of identified colonizing GBS isolates [160]. Recently, a hexavalent glycoconjugate vaccine has been developed, and vaccination in pregnant women has demonstrated the production of antibodies that were transferred to infants at protective levels against invasive GBS disease [161]. Such sero-epidemiologic studies aiming to establish sero-correlates of protection are of paramount importance, especially since conducting phase 3 trials might not be feasible due to the relatively low incidence of GBS disease [162]. Moreover, a novel approach for developing a vaccine candidate to target the GBS alpha-like surface protein is currently in development [163]. A recent study estimated that worldwide GBS maternal vaccination could prevent 127,000 infant and maternal GBS cases, 23,000 stillbirths, and 37,000 infant deaths, given a vaccine efficacy of 80% and 50% coverage [164].




5.2. Future Research Directions


While hexavalent glycoconjugate GBS vaccine is potentially the leading candidate in development for use in pregnancy, several other pathogens are also being targeted for future maternal immunization, including zika virus, CMV, HIV, malaria, and extra-intestinal Escherichia coli, among others. Congenital CMV remains a significant contributor to neonatal morbidity, particularly due to sensorineural hearing loss. The incomplete understanding of the immune correlates of protection for the fetus has limited progress in the development of a maternal vaccine, indicating a clear need for further research [165]. Despite these challenges, significant and continuous efforts have been dedicated to the development of a CMV vaccine, exploring various vaccine platforms, including attenuated vaccines, vectored vaccines, and both DNA and mRNA vaccines [166]. Malaria infection in pregnancy, especially when primigravid, can lead to significant morphological and immunological changes in the placenta and severe outcomes for the mother and infant, making development of a vaccine for malaria a high priority [167]. Vaccines targeting the protein expressed by malaria-infected erythrocytes which interacts with placental receptors are under development [167].



As the landscape of maternal immunization expands, it is essential for physicians, public health professionals, and academicians to collaborate on research and development. Areas for future research include studies to gain a deeper understanding of the maternal–fetal interface and its role in shaping infant immunity, which can help guide the development of more effective vaccination strategies. Investigating novel delivery methods and immunization schedules for administration of maternal vaccines in a variety of settings can contribute to enhancing their safety and efficacy. This may lead to better protection for both the mother and infant, ultimately resulting in improved maternal and neonatal health outcomes. It is critical now to strengthen the platform for delivering maternal immunizations globally, especially in low- and middle- income countries, given the impact these pathogens have on childhood mortality in such settings [1]. Further, many of these countries have not yet implemented routine Tdap and influenza vaccination in pregnancy and may not be well positioned to integrate additional novel maternal vaccinations when they are available. Finally, increased public awareness and education on the importance of maternal vaccination can encourage more widespread adoption of these life-saving interventions to maximize maternal immunization for infant protection on a global scale, especially considering the recent increase in vaccine hesitancy, which threatens to hamper progress in the field.





6. Conclusions


Maternal vaccination plays a crucial role in safeguarding the health of pregnant individuals and their infants, through the unique physiology of the maternal–fetal interface and its immunologic properties benefitting the developing fetus. The currently recommended maternal vaccines, including influenza, Tdap, and COVID-19 vaccines, have significantly reduced the incidence of disease and associated complications in these vulnerable populations. Further research is needed to understand the impact of maternal RSV vaccination in the setting of its recent licensure and recommendation for use in pregnancy. As the field continues to evolve, new maternal vaccines should be pursued to target other infectious diseases which contribute to global morbidity and mortality in pregnant women and their infants.







Author Contributions


E.M.Q. and S.K. conceptualized the review and drafted an initial outline. E.M.Q. wrote the first draft of the manuscript. E.M.Q., L.M.C. and S.K. reviewed, edited, and approved the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Institute of Allergy and Infectious Diseases (NIAID) Vaccinology Training Program Grant (T32AI074492 to EMQ), NIAID Career Development Award (K23AI143479 to LMC), Program for Retaining, Supporting, and EleVating Early-career Researchers at Emory (PeRSEVERE) from the Emory School of Medicine, a gift from the Doris Duke Charitable Foundation and through the Georgia Clinical and Translational Science Award (UL1-TR002378) (to LMC). SK reports research support to his institution from Pfizer, Emergent BioSolutions, Meissa, Centers for Disease Control and Prevention, and National Institutes of Health. The funders had no role in the design, data collection, decision to publish, or preparation of the manuscript. The other authors have no financial conflicts of interest. The findings and conclusions in this report are those of the authors and do not necessarily represent the official position of the Centers for Disease Control and Prevention, the National Institutes of Health or the National Institute of Allergy and Infectious Diseases.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Perin, J.; Mulick, A.; Yeung, D.; Villavicencio, F.; Lopez, G.; Strong, K.L.; Prieto-Merino, D.; Cousens, S.; Black, R.E.; Liu, L. Global, regional, and national causes of under-5 mortality in 2000–19: An updated systematic analysis with implications for the Sustainable Development Goals. Lancet Child Amp. Adolesc. Health 2022, 6, 106–115. [Google Scholar] [CrossRef] [PubMed]

	



Goldenberg, R.L.; Hauth, J.C.; Andrews, W.W. Intrauterine infection and preterm delivery. N. Engl. J. Med. 2000, 342, 1500–1507. [Google Scholar] [CrossRef] [PubMed]

	



Omer, S.B. Maternal Immunization. N. Engl. J. Med. 2017, 376, 1256–1267. [Google Scholar] [CrossRef] [PubMed]

	



Fleming-Dutra, K.E.; Zauche, L.H.; Roper, L.E.; Ellington, S.R.; Olson, C.K.; Sharma, A.J.; Woodworth, K.R.; Tepper, N.; Havers, F.; Oliver, S.E.; et al. Safety and Effectiveness of Maternal COVID-19 Vaccines Among Pregnant People and Infants. Obs. Gynecol. Clin. North Am. 2023, 50, 279–297. [Google Scholar] [CrossRef] [PubMed]

	



Kanu, F.A.; Yusuf, N.; Kassogue, M.; Ahmed, B.; Tohme, R.A. Progress Toward Achieving and Sustaining Maternal and Neonatal Tetanus Elimination—Worldwide, 2000–2020. MMWR Morb. Mortal. Wkly. Rep. 2022, 71, 406–411. [Google Scholar] [CrossRef] [PubMed]

	



Steinhoff, M.C.; Omer, S.B.; Roy, E.; El Arifeen, S.; Raqib, R.; Dodd, C.; Breiman, R.F.; Zaman, K. Neonatal outcomes after influenza immunization during pregnancy: A randomized controlled trial. Cmaj 2012, 184, 645–653. [Google Scholar] [CrossRef]

	



Amirthalingam, G.; Andrews, N.; Campbell, H.; Ribeiro, S.; Kara, E.; Donegan, K.; Fry, N.K.; Miller, E.; Ramsay, M. Effectiveness of maternal pertussis vaccination in England: An observational study. Lancet 2014, 384, 1521–1528. [Google Scholar] [CrossRef]

	



Halasa, N.B.; Olson, S.M.; Staat, M.A.; Newhams, M.M.; Price, A.M.; Pannaraj, P.S.; Boom, J.A.; Sahni, L.C.; Chiotos, K.; Cameron, M.A.; et al. Maternal Vaccination and Risk of Hospitalization for COVID-19 among Infants. N. Engl. J. Med. 2022, 387, 109–119. [Google Scholar] [CrossRef]

	



Kampmann, B.; Madhi, S.A.; Munjal, I.; Simões, E.A.F.; Pahud, B.A.; Llapur, C.; Baker, J.; Pérez Marc, G.; Radley, D.; Shittu, E.; et al. Bivalent Prefusion F Vaccine in Pregnancy to Prevent RSV Illness in Infants. N. Engl. J. Med. 2023, 388, 1451–1464. [Google Scholar] [CrossRef]

	



Dawood, F.S.; Kittikraisak, W.; Patel, A.; Rentz Hunt, D.; Suntarattiwong, P.; Wesley, M.G.; Thompson, M.G.; Soto, G.; Mundhada, S.; Arriola, C.S.; et al. Incidence of influenza during pregnancy and association with pregnancy and perinatal outcomes in three middle-income countries: A multisite prospective longitudinal cohort study. Lancet Infect. Dis. 2021, 21, 97–106. [Google Scholar] [CrossRef]

	



Allotey, J.; Stallings, E.; Bonet, M.; Yap, M.; Chatterjee, S.; Kew, T.; Debenham, L.; Llavall, A.C.; Dixit, A.; Zhou, D.; et al. Clinical manifestations, risk factors, and maternal and perinatal outcomes of coronavirus disease 2019 in pregnancy: Living systematic review and meta-analysis. BMJ 2020, 370, m3320. [Google Scholar] [CrossRef]

	



Neuzil, K.M.; Reed, G.W.; Mitchel, E.F.; Simonsen, L.; Griffin, M.R. Impact of influenza on acute cardiopulmonary hospitalizations in pregnant women. Am. J. Epidemiol. 1998, 148, 1094–1102. [Google Scholar] [CrossRef] [PubMed]

	



Munoz, F.M. Influenza virus infection in infancy and early childhood. Paediatr. Respir. Rev. 2003, 4, 99–104. [Google Scholar] [CrossRef] [PubMed]

	



Kamidani, S.; Garg, S.; Rolfes, M.A.; Campbell, A.P.; Cummings, C.N.; Haston, J.C.; Openo, K.P.; Fawcett, E.; Chai, S.J.; Herlihy, R.; et al. Epidemiology, Clinical Characteristics, and Outcomes of Influenza-Associated Hospitalizations in US Children Over 9 Seasons Following the 2009 H1N1 Pandemic. Clin. Infect. Dis. 2022, 75, 1930–1939. [Google Scholar] [CrossRef] [PubMed]

	



Shang, M.; Blanton, L.; Brammer, L.; Olsen, S.J.; Fry, A.M. Influenza-Associated Pediatric Deaths in the United States, 2010-2016. Pediatrics 2018, 141. [Google Scholar] [CrossRef] [PubMed]

	



Steinhoff, M.C.; Katz, J.; Englund, J.A.; Khatry, S.K.; Shrestha, L.; Kuypers, J.; Stewart, L.; Mullany, L.C.; Chu, H.Y.; LeClerq, S.C.; et al. Year-round influenza immunisation during pregnancy in Nepal: A phase 4, randomised, placebo-controlled trial. Lancet Infect. Dis. 2017, 17, 981–989. [Google Scholar] [CrossRef] [PubMed]

	



Tapia, M.D.; Sow, S.O.; Tamboura, B.; Tégueté, I.; Pasetti, M.F.; Kodio, M.; Onwuchekwa, U.; Tennant, S.M.; Blackwelder, W.C.; Coulibaly, F.; et al. Maternal immunisation with trivalent inactivated influenza vaccine for prevention of influenza in infants in Mali: A prospective, active-controlled, observer-blind, randomised phase 4 trial. Lancet Infect. Dis. 2016, 16, 1026–1035. [Google Scholar] [CrossRef] [PubMed]

	



Zaman, K.; Roy, E.; Arifeen, S.E.; Rahman, M.; Raqib, R.; Wilson, E.; Omer, S.B.; Shahid, N.S.; Breiman, R.F.; Steinhoff, M.C. Effectiveness of maternal influenza immunization in mothers and infants. N. Engl. J. Med. 2008, 359, 1555–1564. [Google Scholar] [CrossRef]

	



Madhi, S.A.; Cutland, C.L.; Kuwanda, L.; Weinberg, A.; Hugo, A.; Jones, S.; Adrian, P.V.; van Niekerk, N.; Treurnicht, F.; Ortiz, J.R.; et al. Influenza vaccination of pregnant women and protection of their infants. N. Engl. J. Med. 2014, 371, 918–931. [Google Scholar] [CrossRef]

	



Omer, S.B.; Clark, D.R.; Madhi, S.A.; Tapia, M.D.; Nunes, M.C.; Cutland, C.L.; Simões, E.A.F.; Aqil, A.R.; Katz, J.; Tielsch, J.M.; et al. Efficacy, duration of protection, birth outcomes, and infant growth associated with influenza vaccination in pregnancy: A pooled analysis of three randomised controlled trials. Lancet Respir. Med. 2020, 8, 597–608. [Google Scholar] [CrossRef]

	



Keller-Stanislawski, B.; Englund, J.A.; Kang, G.; Mangtani, P.; Neuzil, K.; Nohynek, H.; Pless, R.; Lambach, P.; Zuber, P. Safety of immunization during pregnancy: A review of the evidence of selected inactivated and live attenuated vaccines. Vaccine 2014, 32, 7057–7064. [Google Scholar] [CrossRef] [PubMed]

	



Kharbanda, E.O.; Vazquez-Benitez, G.; Romitti, P.A.; Naleway, A.L.; Cheetham, T.C.; Lipkind, H.S.; Klein, N.P.; Lee, G.; Jackson, M.L.; Hambidge, S.J.; et al. First Trimester Influenza Vaccination and Risks for Major Structural Birth Defects in Offspring. J. Pediatr 2017, 187, 234–239.e234. [Google Scholar] [CrossRef] [PubMed]

	



Naleway, A.L.; Irving, S.A.; Henninger, M.L.; Li, D.K.; Shifflett, P.; Ball, S.; Williams, J.L.; Cragan, J.; Gee, J.; Thompson, M.G. Safety of influenza vaccination during pregnancy: A review of subsequent maternal obstetric events and findings from two recent cohort studies. Vaccine 2014, 32, 3122–3127. [Google Scholar] [CrossRef] [PubMed]

	



Nordin, J.D.; Kharbanda, E.O.; Vazquez Benitez, G.; Lipkind, H.; Vellozzi, C.; Destefano, F. Maternal influenza vaccine and risks for preterm or small for gestational age birth. J. Pediatr. 2014, 164, 1051–1057.e1052. [Google Scholar] [CrossRef] [PubMed]

	



Mehrabadi, A.; Dodds, L.; MacDonald, N.E.; Top, K.A.; Benchimol, E.I.; Kwong, J.C.; Ortiz, J.R.; Sprague, A.E.; Walsh, L.K.; Wilson, K.; et al. Association of Maternal Influenza Vaccination During Pregnancy with Early Childhood Health Outcomes. Jama 2021, 325, 2285–2293. [Google Scholar] [CrossRef] [PubMed]

	



Donahue, J.G.; Kieke, B.A.; King, J.P.; DeStefano, F.; Mascola, M.A.; Irving, S.A.; Cheetham, T.C.; Glanz, J.M.; Jackson, L.A.; Klein, N.P.; et al. Association of spontaneous abortion with receipt of inactivated influenza vaccine containing H1N1pdm09 in 2010-11 and 2011-12. Vaccine 2017, 35, 5314–5322. [Google Scholar] [CrossRef]

	



Donahue, J.G.; Kieke, B.A.; King, J.P.; Mascola, M.A.; Shimabukuro, T.T.; DeStefano, F.; Hanson, K.E.; McClure, D.L.; Olaiya, O.; Glanz, J.M.; et al. Inactivated influenza vaccine and spontaneous abortion in the Vaccine Safety Datalink in 2012-13, 2013-14, and 2014-15. Vaccine 2019, 37, 6673–6681. [Google Scholar] [CrossRef] [PubMed]

	



Irving, S.A.; Kieke, B.A.; Donahue, J.G.; Mascola, M.A.; Baggs, J.; DeStefano, F.; Cheetham, T.C.; Jackson, L.A.; Naleway, A.L.; Glanz, J.M.; et al. Trivalent inactivated influenza vaccine and spontaneous abortion. Obs. Gynecol. 2013, 121, 159–165. [Google Scholar] [CrossRef]

	



Khan, R.; Vandelaer, J.; Yakubu, A.; Raza, A.A.; Zulu, F. Maternal and neonatal tetanus elimination: From protecting women and newborns to protecting all. Int. J. Womens Health 2015, 7, 171–180. [Google Scholar] [CrossRef]

	



Silveira, C.M.; Cáceres, V.M.; Dutra, M.G.; Lopes-Camelo, J.; Castilla, E.E. Safety of tetanus toxoid in pregnant women: A hospital-based case-control study of congenital anomalies. Bull. World Health Organ. 1995, 73, 605–608. [Google Scholar]

	



Sukumaran, L.; McCarthy, N.L.; Kharbanda, E.O.; McNeil, M.M.; Naleway, A.L.; Klein, N.P.; Jackson, M.L.; Hambidge, S.J.; Lugg, M.M.; Li, R.; et al. Association of Tdap Vaccination with Acute Events and Adverse Birth Outcomes Among Pregnant Women with Prior Tetanus-Containing Immunizations. JAMA 2015, 314, 1581–1587. [Google Scholar] [CrossRef] [PubMed]

	



Haberling, D.L.; Holman, R.C.; Paddock, C.D.; Murphy, T.V. Infant and maternal risk factors for pertussis-related infant mortality in the United States, 1999 to 2004. Pediatr. Infect. Dis. J. 2009, 28, 194–198. [Google Scholar] [CrossRef] [PubMed]

	



Skoff, T.H.; Deng, L.; Bozio, C.H.; Hariri, S. US Infant Pertussis Incidence Trends Before and After Implementation of the Maternal Tetanus, Diphtheria, and Pertussis Vaccine. JAMA Pediatr. 2023, 177, 395–400. [Google Scholar] [CrossRef]

	



Baxter, R.; Bartlett, J.; Fireman, B.; Lewis, E.; Klein, N.P. Effectiveness of Vaccination During Pregnancy to Prevent Infant Pertussis. Pediatrics 2017, 139. [Google Scholar] [CrossRef] [PubMed]

	



Greenberg, V.; Vazquez-Benitez, G.; Kharbanda, E.O.; Daley, M.F.; Fu Tseng, H.; Klein, N.P.; Naleway, A.L.; Williams, J.T.B.; Donahue, J.; Jackson, L.; et al. Tdap vaccination during pregnancy and risk of chorioamnionitis and related infant outcomes. Vaccine 2023, 41, 3429–3435. [Google Scholar] [CrossRef] [PubMed]

	



DeSilva, M.; Vazquez-Benitez, G.; Nordin, J.D.; Lipkind, H.S.; Klein, N.P.; Cheetham, T.C.; Naleway, A.L.; Hambidge, S.J.; Lee, G.M.; Jackson, M.L.; et al. Maternal Tdap vaccination and risk of infant morbidity. Vaccine 2017, 35, 3655–3660. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, H.; Roberts, C.T.; Grzeskowiak, L.E.; Giles, L.C.; Verburg, P.E.; Dekker, G.; Marshall, H.S. Safety of maternal pertussis vaccination on pregnancy and birth outcomes: A prospective cohort study. Vaccine 2021, 39, 324–331. [Google Scholar] [CrossRef] [PubMed]

	



Munoz, F.M.; Bond, N.H.; Maccato, M.; Pinell, P.; Hammill, H.A.; Swamy, G.K.; Walter, E.B.; Jackson, L.A.; Englund, J.A.; Edwards, M.S.; et al. Safety and immunogenicity of tetanus diphtheria and acellular pertussis (Tdap) immunization during pregnancy in mothers and infants: A randomized clinical trial. Jama 2014, 311, 1760–1769. [Google Scholar] [CrossRef]

	



Donegan, K.; King, B.; Bryan, P. Safety of pertussis vaccination in pregnant women in UK: Observational study. BMJ 2014, 349, g4219. [Google Scholar] [CrossRef]

	



Goldshtein, I.; Nevo, D.; Steinberg, D.M.; Rotem, R.S.; Gorfine, M.; Chodick, G.; Segal, Y. Association between BNT162b2 Vaccination and Incidence of SARS-CoV-2 Infection in Pregnant Women. JAMA 2021, 326, 728–735. [Google Scholar] [CrossRef]

	



Butt, A.A.; Chemaitelly, H.; Al Khal, A.; Coyle, P.V.; Saleh, H.; Kaleeckal, A.H.; Latif, A.N.; Bertollini, R.; Abou-Samra, A.B.; Abu-Raddad, L.J. SARS-CoV-2 vaccine effectiveness in preventing confirmed infection in pregnant women. J. Clin. Investig. 2021, 131. [Google Scholar] [CrossRef] [PubMed]

	



Kharbanda, E.O.; Haapala, J.; DeSilva, M.; Vazquez-Benitez, G.; Vesco, K.K.; Naleway, A.L.; Lipkind, H.S. Spontaneous Abortion Following COVID-19 Vaccination During Pregnancy. JAMA 2021, 326, 1629–1631. [Google Scholar] [CrossRef]

	



Lipkind, H.S.; Vazquez-Benitez, G.; DeSilva, M.; Vesco, K.K.; Ackerman-Banks, C.; Zhu, J.; Boyce, T.G.; Daley, M.F.; Fuller, C.C.; Getahun, D.; et al. Receipt of COVID-19 Vaccine During Pregnancy and Preterm or Small-for-Gestational-Age at Birth—Eight Integrated Health Care Organizations, United States, December 15, 2020–July 22, 2021. MMWR Morb. Mortal. Wkly. Rep. 2022, 71, 26–30. [Google Scholar] [CrossRef] [PubMed]

	



DeSilva, M.; Haapala, J.; Vazquez-Benitez, G.; Vesco, K.K.; Daley, M.F.; Getahun, D.; Zerbo, O.; Naleway, A.; Nelson, J.C.; Williams, J.T.B.; et al. Evaluation of Acute Adverse Events after COVID-19 Vaccination during Pregnancy. N. Engl. J. Med. 2022, 387, 187–189. [Google Scholar] [CrossRef] [PubMed]

	



DeSilva, M.B.; Haapala, J.; Vazquez-Benitez, G.; Boyce, T.G.; Fuller, C.C.; Daley, M.F.; Getahun, D.; Hambidge, S.J.; Lipkind, H.S.; Naleway, A.L.; et al. Medically Attended Acute Adverse Events in Pregnant People After Coronavirus Disease 2019 (COVID-19) Booster Vaccination. Obs. Gynecol. 2023, 142, 125–129. [Google Scholar] [CrossRef] [PubMed]

	



Kharbanda, E.O.; Haapala, J.; Lipkind, H.S.; DeSilva, M.B.; Zhu, J.; Vesco, K.K.; Daley, M.F.; Donahue, J.G.; Getahun, D.; Hambidge, S.J.; et al. COVID-19 Booster Vaccination in Early Pregnancy and Surveillance for Spontaneous Abortion. JAMA Netw Open 2023, 6, e2314350. [Google Scholar] [CrossRef] [PubMed]

	



Glezen, W.P.; Taber, L.H.; Frank, A.L.; Kasel, J.A. Risk of primary infection and reinfection with respiratory syncytial virus. Am. J. Dis. Child. 1986, 140, 543–546. [Google Scholar] [CrossRef] [PubMed]

	



Langley, G.F.; Anderson, L.J. Epidemiology and prevention of respiratory syncytial virus infections among infants and young children. Pediatr. Infect. Dis. J. 2011, 30, 510–517. [Google Scholar] [CrossRef]

	



Hall, C.B.; Weinberg, G.A.; Blumkin, A.K.; Edwards, K.M.; Staat, M.A.; Schultz, A.F.; Poehling, K.A.; Szilagyi, P.G.; Griffin, M.R.; Williams, J.V.; et al. Respiratory syncytial virus-associated hospitalizations among children less than 24 months of age. Pediatrics 2013, 132, e341–e348. [Google Scholar] [CrossRef]

	



Fleming-Dutra, K.E.; Jones, J.M.; Roper, L.E.; Prill, M.M.; Ortega-Sanchez, I.R.; Moulia, D.L.; Wallace, M.; Godfrey, M.; Broder, K.R.; Tepper, N.K.; et al. Use of the Pfizer Respiratory Syncytial Virus Vaccine During Pregnancy for the Prevention of Respiratory Syncytial Virus–Associated Lower Respiratory Tract Disease in Infants: Recommendations of the Advisory Committee on Immunization Practices — United States, 2023. MMWR Morb. Mortal. Wkly. Rep. 2023. [Google Scholar] [CrossRef]

	



Etti, M.; Calvert, A.; Galiza, E.; Lim, S.; Khalil, A.; Le Doare, K.; Heath, P.T. Maternal vaccination: A review of current evidence and recommendations. Am. J. Obs. Gynecol. 2022, 226, 459–474. [Google Scholar] [CrossRef] [PubMed]

	



Guidelines for Vaccinating Pregnant Women; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2022. Available online: https://www.cdc.gov/vaccines/pregnancy/hcp-toolkit/guidelines.html (accessed on 23 April 2023).

	



Kachikis, A.; Eckert, L.O.; Englund, J.A. Chapter 1—The history of maternal immunization. In Maternal Immunization; Leuridan, E.E., Nunes, M., Jones, C.E., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 3–24. [Google Scholar]

	



Weir, J.P.; Gruber, M.F. An overview of the regulation of influenza vaccines in the United States. Influenza Other Respir. Viruses 2016, 10, 354–360. [Google Scholar] [CrossRef] [PubMed]

	



Burney, L.E. Influenza immunization: Statement. Public Health Rep. 1960, 75, 944. [Google Scholar] [CrossRef] [PubMed]

	



World Health Assembly. The Expanded Programme on Immunization: The 1974 Resolution by the World Health Assembly. Assign. Child 1985, 69–72, 87–88. [Google Scholar]

	



Updated recommendations for use of tetanus toxoid, reduced diphtheria toxoid and acellular pertussis vaccine (Tdap) in pregnant women and persons who have or anticipate having close contact with an infant aged <12 months—Advisory Committee on Immunization Practices (ACIP), 2011. MMWR Morb. Mortal Wkly. Rep. 2011, 60, 1424–1426.

	



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, 131–135.

	



Adult Immunization Schedule by Medical Condition and Other Indication. 2023. Available online: https://www.cdc.gov/vaccines/schedules/hcp/imz/adult-conditions.html#table-conditions (accessed on 5 January 2024).

	



Black, C.L.; Kriss, J.L.; Razzaghi, H.; Patel, S.A.; Santibanez, T.A.; Meghani, M.; Tippins, A.; Stokley, S.; Chatham-Stephens, K.; Dowling, N.F.; et al. Influenza, Updated COVID-19, and Respiratory Syncytial Virus Vaccination Coverage Among Adults—United States, Fall 2023. MMWR Morb. Mortal. Wkly. Rep. 2023, 72, 1377–1382. [Google Scholar] [CrossRef]

	



Havers, F.P.; Moro, P.L.; Hunter, P.; Hariri, S.; Bernstein, H. Use of Tetanus Toxoid, Reduced Diphtheria Toxoid, and Acellular Pertussis Vaccines: Updated Recommendations of the Advisory Committee on Immunization Practices—United States, 2019. MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 77–83. [Google Scholar] [CrossRef]

	



Regan, J.J.; Moulia, D.L.; Link-Gelles, R.; Godfrey, M.; Mak, J.; Najdowski, M.; Rosenblum, H.G.; Shah, M.M.; Twentyman, E.; Meyer, S.; et al. Use of Updated COVID-19 Vaccines 2023–2024 Formula for Persons Aged ≥6 Months: Recommendations of the Advisory Committee on Immunization Practices—United States, September 2023. MMWR Morb. Mortal. Wkly. Rep. 2023, 72, 1140–1146. [Google Scholar] [CrossRef]

	



Roberts, J.N.; Gruber, M.F. Regulatory considerations in the clinical development of vaccines indicated for use during pregnancy. Vaccine 2015, 33, 966–972. [Google Scholar] [CrossRef]

	



Madni, S.A.; Sharma, A.J.; Zauche, L.H.; Waters, A.V.; Nahabedian, J.F., 3rd; Johnson, T.; Olson, C.K. CDC COVID-19 Vaccine Pregnancy Registry: Design, data collection, response rates, and cohort description. Vaccine, 2023; in press. [Google Scholar] [CrossRef] [PubMed]

	



CDC’s Influenza Vaccine Effectiveness Networks. 2022. Available online: https://www.cdc.gov/flu/vaccines-work/vaccine-effectiveness-networks.htm (accessed on 27 December 2023).

	



Vaccine Effectiveness Studies. 2023. Available online: https://www.cdc.gov/coronavirus/2019-ncov/vaccines/effectiveness/how-they-work.html (accessed on 27 December 2023).

	



To Evaluate the Safety, Tolerability, and Immunogenicity of BNT162b2 Against COVID-19 in Healthy Pregnant Women 18 Years of Age and Older. U.S. National Library of Medicine. Available online: https://clinicaltrials.gov/study/NCT04754594 (accessed on 27 December 2023).

	



Riley, L.E. mRNA COVID-19 Vaccines in Pregnant Women. N. Engl. J. Med. 2021, 384, 2342–2343. [Google Scholar] [CrossRef] [PubMed]

	



Dooling, K.; Marin, M.; Wallace, M.; McClung, N.; Chamberland, M.; Lee, G.M.; Talbot, H.K.; Romero, J.R.; Bell, B.P.; Oliver, S.E. The Advisory Committee on Immunization Practices’ Updated Interim Recommendation for Allocation of COVID-19 Vaccine—United States, December 2020. MMWR Morb. Mortal. Wkly. Rep. 2021, 69, 1657–1660. [Google Scholar] [CrossRef] [PubMed]

	



ABRYSVO. Available online: https://www.fda.gov/vaccines-blood-biologics/abrysvo (accessed on 6 September 2023).

	



Straub, R.H. The complex role of estrogens in inflammation. Endocr. Rev. 2007, 28, 521–574. [Google Scholar] [CrossRef] [PubMed]

	



Szekeres-Bartho, J.; Wegmann, T.G. A progesterone-dependent immunomodulatory protein alters the Th1/Th2 balance. J. Reprod. Immunol. 1996, 31, 81–95. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, D.P.; Klein, S.L. Pregnancy and pregnancy-associated hormones alter immune responses and disease pathogenesis. Horm. Behav. 2012, 62, 263–271. [Google Scholar] [CrossRef] [PubMed]

	



Semmes, E.C.; Coyne, C.B. Innate immune defenses at the maternal-fetal interface. Curr. Opin. Immunol. 2022, 74, 60–67. [Google Scholar] [CrossRef]

	



Megli, C.J.; Coyne, C.B. Infections at the maternal–fetal interface: An overview of pathogenesis and defence. Nat. Rev. Microbiol. 2022, 20, 67–82. [Google Scholar] [CrossRef]

	



Rackaityte, E.; Halkias, J. Mechanisms of Fetal T Cell Tolerance and Immune Regulation. Front Immunol. 2020, 11, 588. [Google Scholar] [CrossRef]

	



Huang, N.; Chi, H.; Qiao, J. Role of Regulatory T Cells in Regulating Fetal-Maternal Immune Tolerance in Healthy Pregnancies and Reproductive Diseases. Front Immunol. 2020, 11, 1023. [Google Scholar] [CrossRef]

	



Barrios, C.; Brawand, P.; Berney, M.; Brandt, C.; Lambert, P.H.; Siegrist, C.A. Neonatal and early life immune responses to various forms of vaccine antigens qualitatively differ from adult responses: Predominance of a Th2-biased pattern which persists after adult boosting. Eur. J. Immunol. 1996, 26, 1489–1496. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; van Unen, V.; Abdelaal, T.; Guo, N.; Kasatskaya, S.A.; Ladell, K.; McLaren, J.E.; Egorov, E.S.; Izraelson, M.; Chuva de Sousa Lopes, S.M.; et al. Memory CD4(+) T cells are generated in the human fetal intestine. Nat. Immunol. 2019, 20, 301–312. [Google Scholar] [CrossRef] [PubMed]

	



Vermijlen, D.; Brouwer, M.; Donner, C.; Liesnard, C.; Tackoen, M.; Van Rysselberge, M.; Twité, N.; Goldman, M.; Marchant, A.; Willems, F. Human cytomegalovirus elicits fetal gammadelta T cell responses in utero. J. Exp. Med. 2010, 207, 807–821. [Google Scholar] [CrossRef] [PubMed]

	



Malhotra, I.; Ouma, J.; Wamachi, A.; Kioko, J.; Mungai, P.; Omollo, A.; Elson, L.; Koech, D.; Kazura, J.W.; King, C.L. In utero exposure to helminth and mycobacterial antigens generates cytokine responses similar to that observed in adults. J. Clin. Investig. 1997, 99, 1759–1766. [Google Scholar] [CrossRef] [PubMed]

	



Odorizzi, P.M.; Jagannathan, P.; McIntyre, T.I.; Budker, R.; Prahl, M.; Auma, A.; Burt, T.D.; Nankya, F.; Nalubega, M.; Sikyomu, E.; et al. In utero priming of highly functional effector T cell responses to human malaria. Sci. Transl. Med. 2018, 10, eaat6176. [Google Scholar] [CrossRef] [PubMed]

	



Mold, J.E.; Michaëlsson, J.; Burt, T.D.; Muench, M.O.; Beckerman, K.P.; Busch, M.P.; Lee, T.H.; Nixon, D.F.; McCune, J.M. Maternal alloantigens promote the development of tolerogenic fetal regulatory T cells in utero. Science 2008, 322, 1562–1565. [Google Scholar] [CrossRef] [PubMed]

	



Jennewein, M.F.; Abu-Raya, B.; Jiang, Y.; Alter, G.; Marchant, A. Transfer of maternal immunity and programming of the newborn immune system. Semin. Immunopathol. 2017, 39, 605–613. [Google Scholar] [CrossRef]

	



Simister, N.E. Placental transport of immunoglobulin G. Vaccine 2003, 21, 3365–3369. [Google Scholar] [CrossRef]

	



Pou, C.; Nkulikiyimfura, D.; Henckel, E.; Olin, A.; Lakshmikanth, T.; Mikes, J.; Wang, J.; Chen, Y.; Bernhardsson, A.K.; Gustafsson, A.; et al. The repertoire of maternal anti-viral antibodies in human newborns. Nat. Med. 2019, 25, 591–596. [Google Scholar] [CrossRef]

	



Oguti, B.; Ali, A.; Andrews, N.; Barug, D.; Anh Dang, D.; Halperin, S.A.; Thu Hoang, H.T.; Holder, B.; Kampmann, B.; Kazi, A.M.; et al. The half-life of maternal transplacental antibodies against diphtheria, tetanus, and pertussis in infants: An individual participant data meta-analysis. Vaccine 2022, 40, 450–458. [Google Scholar] [CrossRef]

	



Saso, A.; Kampmann, B. Maternal Immunization: Nature Meets Nurture. Front. Microbiol. 2020, 11, 1499. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, K.M. Maternal antibodies and infant immune responses to vaccines. Vaccine 2015, 33, 6469–6472. [Google Scholar] [CrossRef] [PubMed]

	



Vaz-de-Lima, L.R.A.; Sato, A.P.S.; Pawloski, L.C.; Fernandes, E.G.; Rajam, G.; Sato, H.K.; Patel, D.; Li, H.; de Castilho, E.A.; Tondella, M.L.; et al. Effect of maternal Tdap on infant antibody response to a primary vaccination series with whole cell pertussis vaccine in São Paulo, Brazil. Vaccine X 2021, 7, 100087. [Google Scholar] [CrossRef] [PubMed]

	



Wanlapakorn, N.; Maertens, K.; Vongpunsawad, S.; Puenpa, J.; Tran, T.M.P.; Hens, N.; Van Damme, P.; Thiriard, A.; Raze, D.; Locht, C.; et al. Quantity and Quality of Antibodies after Acellular Versus Whole-Cell Pertussis Vaccines in Infants Born to Mothers Who Received Tetanus, Diphtheria, and Acellular Pertussis Vaccine during Pregnancy: A Randomized Trial. Clin. Infect. Dis. 2020, 71, 72–80. [Google Scholar] [CrossRef] [PubMed]

	



Maertens, K.; Burbidge, P.; Van Damme, P.; Goldblatt, D.; Leuridan, E. Pneumococcal Immune Response in Infants Whose Mothers Received Tetanus, Diphtheria and Acellular Pertussis Vaccination During Pregnancy. Pediatr. Infect. Dis. J. 2017, 36, 1186–1192. [Google Scholar] [CrossRef] [PubMed]

	



Voysey, M.; Kelly, D.F.; Fanshawe, T.R.; Sadarangani, M.; O’Brien, K.L.; Perera, R.; Pollard, A.J. The Influence of Maternally Derived Antibody and Infant Age at Vaccination on Infant Vaccine Responses: An Individual Participant Meta-analysis. JAMA Pediatr. 2017, 171, 637–646. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, P.; Perrett, K.P.; Messina, N.L.; Donath, S.; Ritz, N.; van der Klis, F.R.M.; Curtis, N. The Effect of Maternal Immunisation During Pregnancy on Infant Vaccine Responses. EClin. Med. 2019, 13, 21–30. [Google Scholar] [CrossRef]

	



Englund, J.A.; Anderson, E.L.; Reed, G.F.; Decker, M.D.; Edwards, K.M.; Pichichero, M.E.; Steinhoff, M.C.; Rennels, M.B.; Deforest, A.; Meade, B.D. The effect of maternal antibody on the serologic response and the incidence of adverse reactions after primary immunization with acellular and whole-cell pertussis vaccines combined with diphtheria and tetanus toxoids. Pediatrics 1995, 96, 580–584. [Google Scholar]

	



Gans, H.A.; Yasukawa, L.L.; Sung, P.; Sullivan, B.; DeHovitz, R.; Audet, S.; Beeler, J.; Arvin, A.M. Measles humoral and cell-mediated immunity in children aged 5-10 years after primary measles immunization administered at 6 or 9 months of age. J. Infect. Dis. 2013, 207, 574–582. [Google Scholar] [CrossRef]

	



Bertley, F.M.; Ibrahim, S.A.; Libman, M.; Ward, B.J. Measles vaccination in the presence of maternal antibodies primes for a balanced humoral and cellular response to revaccination. Vaccine 2004, 23, 444–449. [Google Scholar] [CrossRef]

	



Orije, M.R.P.; Maertens, K.; Corbière, V.; Wanlapakorn, N.; Van Damme, P.; Leuridan, E.; Mascart, F. The effect of maternal antibodies on the cellular immune response after infant vaccination: A review. Vaccine 2020, 38, 20–28. [Google Scholar] [CrossRef]

	



Sukumaran, L.; McCarthy, N.L.; Kharbanda, E.O.; Vazquez-Benitez, G.; Lipkind, H.S.; Jackson, L.; Klein, N.P.; Naleway, A.L.; McClure, D.L.; Hechter, R.C.; et al. Infant Hospitalizations and Mortality After Maternal Vaccination. Pediatrics 2018, 141. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, J.T.; Zareba, A.M.; Fitz-Patrick, D.; Essink, B.J.; Scott, D.A.; Swanson, K.A.; Chelani, D.; Radley, D.; Cooper, D.; Jansen, K.U.; et al. Safety and Immunogenicity of a Respiratory Syncytial Virus Prefusion F Vaccine When Coadministered with a Tetanus, Diphtheria, and Acellular Pertussis Vaccine. J. Infect. Dis. 2022, 225, 2077–2086. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, M.C.; Cutland, C.L.; Jones, S.; Downs, S.; Weinberg, A.; Ortiz, J.R.; Neuzil, K.M.; Simões, E.A.F.; Klugman, K.P.; Madhi, S.A. Efficacy of Maternal Influenza Vaccination Against All-Cause Lower Respiratory Tract Infection Hospitalizations in Young Infants: Results from a Randomized Controlled Trial. Clin. Infect. Dis. 2017, 65, 1066–1071. [Google Scholar] [CrossRef] [PubMed]

	



Van Santen, K.L.; Bednarczyk, R.A.; Adjaye-Gbewonyo, D.; Orenstein, W.A.; Davis, R.; Omer, S.B. Effectiveness of pneumococcal conjugate vaccine in infants by maternal influenza vaccination status. Pediatr. Infect. Dis. J. 2013, 32, 1180–1184. [Google Scholar] [CrossRef]

	



Omer, S.B.; Zaman, K.; Roy, E.; Arifeen, S.E.; Raqib, R.; Noory, L.; Seib, K.; Breiman, R.F.; Steinhoff, M.C. Combined effects of antenatal receipt of influenza vaccine by mothers and pneumococcal conjugate vaccine receipt by infants: Results from a randomized, blinded, controlled trial. J. Infect. Dis. 2013, 207, 1144–1147. [Google Scholar] [CrossRef] [PubMed]

	



Schaltz-Buchholzer, F.; Bjerregård Øland, C.; Berendsen, M.; Bjerregaard-Andersen, M.; Stjernholm, E.B.; Golding, C.N.; Monteiro, I.; Aaby, P.; Benn, C.S. Maternal BCG primes for enhanced health benefits in the newborn. J. Infect. 2022, 84, 321–328. [Google Scholar] [CrossRef]

	



Berendsen, M.L.T.; Øland, C.B.; Bles, P.; Jensen, A.K.G.; Kofoed, P.E.; Whittle, H.; de Bree, L.C.J.; Netea, M.G.; Martins, C.; Benn, C.S.; et al. Maternal Priming: Bacillus Calmette-Guérin (BCG) Vaccine Scarring in Mothers Enhances the Survival of Their Child with a BCG Vaccine Scar. J. Pediatr. Infect. Dis. Soc. 2020, 9, 166–172. [Google Scholar] [CrossRef]

	



Stensballe, L.G.; Ravn, H.; Birk, N.M.; Kjærgaard, J.; Nissen, T.N.; Pihl, G.T.; Thøstesen, L.M.; Greisen, G.; Jeppesen, D.L.; Kofoed, P.E.; et al. BCG Vaccination at Birth and Rate of Hospitalization for Infection Until 15 Months of Age in Danish Children: A Randomized Clinical Multicenter Trial. J. Pediatr. Infect Dis. Soc. 2019, 8, 213–220. [Google Scholar] [CrossRef]

	



Aaby, P.; Martins, C.L.; Garly, M.L.; Andersen, A.; Fisker, A.B.; Claesson, M.H.; Ravn, H.; Rodrigues, A.; Whittle, H.C.; Benn, C.S. Measles vaccination in the presence or absence of maternal measles antibody: Impact on child survival. Clin. Infect. Dis. 2014, 59, 484–492. [Google Scholar] [CrossRef]

	



Bardenheier, B.H.; McNeil, M.M.; Wodi, A.P.; McNicholl, J.M.; DeStefano, F. Risk of Nontargeted Infectious Disease Hospitalizations among US Children Following Inactivated and Live Vaccines, 2005–2014. Clin. Infect. Dis. 2017, 65, 729–737. [Google Scholar] [CrossRef] [PubMed]

	



Kinder, J.M.; Stelzer, I.A.; Arck, P.C.; Way, S.S. Immunological implications of pregnancy-induced microchimerism. Nat. Rev. Immunol. 2017, 17, 483–494. [Google Scholar] [CrossRef] [PubMed]

	



Balle, C.; Armistead, B.; Kiravu, A.; Song, X.; Happel, A.U.; Hoffmann, A.A.; Kanaan, S.B.; Nelson, J.L.; Gray, C.M.; Jaspan, H.B.; et al. Factors influencing maternal microchimerism throughout infancy and its impact on infant T cell immunity. J. Clin. Investig. 2022, 132, e148826. [Google Scholar] [CrossRef] [PubMed]

	



Rastogi, D.; Wang, C.; Mao, X.; Lendor, C.; Rothman, P.B.; Miller, R.L. Antigen-specific immune responses to influenza vaccine in utero. J. Clin. Investig. 2007, 117, 1637–1646. [Google Scholar] [CrossRef] [PubMed]

	



Vanderbeeken, Y.; Sarfati, M.; Bose, R.; Delespesse, G. In utero immunization of the fetus to tetanus by maternal vaccination during pregnancy. Am. J. Reprod. Immunol. Microbiol. 1985, 8, 39–42. [Google Scholar] [CrossRef] [PubMed]

	



Akhter, H.; Aziz, F.; Ullah, F.R.; Ahsan, M.; Islam, S.N. Immunoglobulins content in colostrum, transitional and mature milk of Bangladeshi mothers: Influence of parity and sociodemographic characteristics. J. Mother Child 2020, 24, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Johansen, F.E.; Kaetzel, C.S. Regulation of the polymeric immunoglobulin receptor and IgA transport: New advances in environmental factors that stimulate pIgR expression and its role in mucosal immunity. Mucosal Immunol. 2011, 4, 598–602. [Google Scholar] [CrossRef] [PubMed]

	



Schlaudecker, E.P.; Steinhoff, M.C.; Omer, S.B.; McNeal, M.M.; Roy, E.; Arifeen, S.E.; Dodd, C.N.; Raqib, R.; Breiman, R.F.; Zaman, K. IgA and neutralizing antibodies to influenza a virus in human milk: A randomized trial of antenatal influenza immunization. PLoS ONE 2013, 8, e70867. [Google Scholar] [CrossRef]

	



Pannaraj, P.S.; da Costa-Martins, A.G.; Cerini, C.; Li, F.; Wong, S.S.; Singh, Y.; Urbanski, A.H.; Gonzalez-Dias, P.; Yang, J.; Webby, R.J.; et al. Molecular alterations in human milk in simulated maternal nasal mucosal infection with live attenuated influenza vaccination. Mucosal Immunol. 2022, 15, 1040–1047. [Google Scholar] [CrossRef]

	



Jamieson, D.J.; Honein, M.A.; Rasmussen, S.A.; Williams, J.L.; Swerdlow, D.L.; Biggerstaff, M.S.; Lindstrom, S.; Louie, J.K.; Christ, C.M.; Bohm, S.R.; et al. H1N1 2009 influenza virus infection during pregnancy in the USA. Lancet 2009, 374, 451–458. [Google Scholar] [CrossRef]

	



Webb, S.A.; Pettilä, V.; Seppelt, I.; Bellomo, R.; Bailey, M.; Cooper, D.J.; Cretikos, M.; Davies, A.R.; Finfer, S.; Harrigan, P.W.; et al. Critical care services and 2009 H1N1 influenza in Australia and New Zealand. N. Engl. J. Med. 2009, 361, 1925–1934. [Google Scholar] [CrossRef] [PubMed]

	



Martin, A.; Cox, S.; Jamieson, D.J.; Whiteman, M.K.; Kulkarni, A.; Tepper, N.K. Respiratory illness hospitalizations among pregnant women during influenza season, 1998–2008. Matern. Child Health J. 2013, 17, 1325–1331. [Google Scholar] [CrossRef]

	



WHO. Vaccines against influenza: WHO position paper—May 2022. Wkly. Epidemiol. Rec. 2022, 97, 185–208. [Google Scholar]

	



Razzaghi, H.; Kahn, K.E.; Calhoun, K.; Garacci, E.; Skoff, T.H.; Ellington, S.R.; Jatlaoui, T.C.; Black, C.L. Influenza, Tdap, and COVID-19 Vaccination Coverage and Hesitancy Among Pregnant Women—United States, April 2023. MMWR Morb. Mortal. Wkly. Rep. 2023, 72, 1065–1071. [Google Scholar] [CrossRef]

	



Mølgaard-Nielsen, D.; Fischer, T.K.; Krause, T.G.; Hviid, A. Effectiveness of maternal immunization with trivalent inactivated influenza vaccine in pregnant women and their infants. J. Intern. Med. 2019, 286, 469–480. [Google Scholar] [CrossRef] [PubMed]

	



Sahni, L.C.; Olson, S.M.; Halasa, N.B.; Stewart, L.S.; Michaels, M.G.; Williams, J.V.; Englund, J.A.; Klein, E.J.; Staat, M.A.; Schlaudecker, E.P.; et al. Maternal Vaccine Effectiveness Against Influenza-Associated Hospitalizations and Emergency Department Visits in Infants. JAMA Pediatr. 2024, 178, 176–184. [Google Scholar] [CrossRef]

	



WHO. Tetanus vaccines: WHO position paper—February 2017. Wkly. Epidemiol. Rec. 2017, 92, 53–76. [Google Scholar]

	



Post, A.L.; Li, S.H.; Berry, M.; Itell, H.; Martinez, D.R.; Xie, G.; Permar, S.R.; Swamy, G.K.; Fouda, G.G. Efficiency of placental transfer of vaccine-elicited antibodies relative to prenatal Tdap vaccination status. Vaccine 2020, 38, 4869–4876. [Google Scholar] [CrossRef]

	



Abu-Raya, B.; Maertens, K.; Edwards, K.M.; Omer, S.B.; Englund, J.A.; Flanagan, K.L.; Snape, M.D.; Amirthalingam, G.; Leuridan, E.; Damme, P.V.; et al. Global Perspectives on Immunization During Pregnancy and Priorities for Future Research and Development: An International Consensus Statement. Front Immunol. 2020, 11, 1282. [Google Scholar] [CrossRef]

	



Dabrera, G.; Amirthalingam, G.; Andrews, N.; Campbell, H.; Ribeiro, S.; Kara, E.; Fry, N.K.; Ramsay, M. A case-control study to estimate the effectiveness of maternal pertussis vaccination in protecting newborn infants in England and Wales, 2012–2013. Clin. Infect. Dis. 2015, 60, 333–337. [Google Scholar] [CrossRef]

	



Kandeil, W.; van den Ende, C.; Bunge, E.M.; Jenkins, V.A.; Ceregido, M.A.; Guignard, A. A systematic review of the burden of pertussis disease in infants and the effectiveness of maternal immunization against pertussis. Expert Rev. Vaccines 2020, 19, 621–638. [Google Scholar] [CrossRef] [PubMed]

	



Kharbanda, E.O.; Vazquez-Benitez, G.; Lipkind, H.S.; Klein, N.P.; Cheetham, T.C.; Naleway, A.; Omer, S.B.; Hambidge, S.J.; Lee, G.M.; Jackson, M.L.; et al. Evaluation of the association of maternal pertussis vaccination with obstetric events and birth outcomes. JAMA 2014, 312, 1897–1904. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, M.L.; Yu, O.; Nelson, J.C.; Nordin, J.D.; Tartof, S.Y.; Klein, N.P.; Donahue, J.G.; Irving, S.A.; Glanz, J.M.; McNeil, M.M.; et al. Safety of repeated doses of tetanus toxoid, reduced diphtheria toxoid, and acellular pertussis vaccine in adults and adolescents. Pharmacoepidemiol. Drug Saf. 2018, 27, 921–925. [Google Scholar] [CrossRef] [PubMed]

	



Reeves, E.L.; Neelam, V.; Carlson, J.M.; Olsen, E.O.; Fox, C.J.; Woodworth, K.R.; Nestoridi, E.; Mobley, E.; Castro, S.M.; Dzimira, P.; et al. Pregnancy and Infant Outcomes Following SARS-CoV-2 Infection in Pregnancy during Delta Variant Predominance—Surveillance for Emerging Threats to Pregnant People and Infants: Pregnancy and Infant Outcomes during SARS-CoV-2 Delta Variant Predominance. Am. J. Obs. Gynecol. MFM 2024, 6, 101265. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, S.; Kalafat, E.; Blakeway, H.; Townsend, R.; O’Brien, P.; Morris, E.; Draycott, T.; Thangaratinam, S.; Le Doare, K.; Ladhani, S.; et al. Systematic review and meta-analysis of the effectiveness and perinatal outcomes of COVID-19 vaccination in pregnancy. Nat. Commun. 2022, 13, 2414. [Google Scholar] [CrossRef] [PubMed]

	



Hui, L.; Marzan, M.B.; Rolnik, D.L.; Potenza, S.; Pritchard, N.; Said, J.M.; Palmer, K.R.; Whitehead, C.L.; Sheehan, P.M.; Ford, J.; et al. Reductions in stillbirths and preterm birth in COVID-19-vaccinated women: A multicenter cohort study of vaccination uptake and perinatal outcomes. Am. J. Obs. Gynecol. 2023, 228, e581–e585. [Google Scholar] [CrossRef] [PubMed]

	



Kahn, K.E.; Razzaghi, H.; Jatlaoui, T.C.; Skoff, T.H.; Ellington, S.R.; Black, C.L. Flu, Tdap, and COVID-19 Vaccination Coverage among Pregnant Women—United States, April 2022. 2023. Available online: https://www.cdc.gov/flu/fluvaxview/pregnant-women-apr2022.htm (accessed on 14 August 2023).

	



Razzaghi, H.; Meghani, M.; Pingali, C.; Crane, B.; Naleway, A.; Weintraub, E.; Kenigsberg, T.A.; Lamias, M.J.; Irving, S.A.; Kauffman, T.L.; et al. COVID-19 Vaccination Coverage among Pregnant Women During Pregnancy—Eight Integrated Health Care Organizations, United States, December 14, 2020–May 8, 2021. MMWR Morb Mortal Wkly Rep 2021, 70, 895–899. [Google Scholar] [CrossRef]

	



Simmons, L.A.; Whipps, M.D.M.; Phipps, J.E.; Satish, N.S.; Swamy, G.K. Understanding COVID-19 vaccine uptake during pregnancy: ‘Hesitance’, knowledge, and evidence-based decision-making. Vaccine 2022, 40, 2755–2760. [Google Scholar] [CrossRef]

	



Kiefer, M.K.; Mehl, R.; Rood, K.M.; Germann, K.; Mallampati, D.; Manuck, T.; Costantine, M.M.; Lynch, C.D.; Grobman, W.A.; Venkatesh, K.K. Association between social vulnerability and COVID-19 vaccination hesitancy and vaccination in pregnant and postpartum individuals. Vaccine 2022, 40, 6344–6351. [Google Scholar] [CrossRef]

	



COVID-19 Vaccination for Pregnant People to Prevent Serious Illness, Deaths, and Adverse Pregnancy Outcomes from COVID-19. 2021. Available online: https://stacks.cdc.gov/view/cdc/110167 (accessed on 18 August 2023).

	



Piechotta, V.; Harder, T. Waning of COVID-19 vaccine effectiveness: Individual and public health risk. Lancet 2022, 399, 887–889. [Google Scholar] [CrossRef]

	



SARS-CoV-2 Variant Classifications and Definitions. 2023. Available online: https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html (accessed on 9 June 2023).

	



Kim, H.W.; Canchola, J.G.; Brandt, C.D.; Pyles, G.; Chanock, R.M.; Jensen, K.; Parrott, R.H. Respiratory syncytial virus disease in infants despite prior administration of antigenic inactivated vaccine. Am. J. Epidemiol. 1969, 89, 422–434. [Google Scholar] [CrossRef] [PubMed]

	



Polack, F.P.; Teng, M.N.; Collins, P.L.; Prince, G.A.; Exner, M.; Regele, H.; Lirman, D.D.; Rabold, R.; Hoffman, S.J.; Karp, C.L.; et al. A role for immune complexes in enhanced respiratory syncytial virus disease. J. Exp. Med. 2002, 196, 859–865. [Google Scholar] [CrossRef] [PubMed]

	



Graham, B.S. Rapid COVID-19 vaccine development. Science 2020, 368, 945–946. [Google Scholar] [CrossRef] [PubMed]

	



Falsey, A.R.; Walsh, E.E.; Scott, D.A.; Gurtman, A.; Zareba, A.; Jansen, K.U.; Gruber, W.C.; Dormitzer, P.R.; Swanson, K.A.; Jiang, Q.; et al. Phase 1/2 Randomized Study of the Immunogenicity, Safety, and Tolerability of a Respiratory Syncytial Virus Prefusion F Vaccine in Adults with Concomitant Inactivated Influenza Vaccine. J. Infect. Dis. 2022, 225, 2056–2066. [Google Scholar] [CrossRef] [PubMed]

	



Leroux-Roels, I.; Davis, M.G.; Steenackers, K.; Essink, B.; Vandermeulen, C.; Fogarty, C.; Andrews, C.P.; Kerwin, E.; David, M.P.; Fissette, L.; et al. Safety and Immunogenicity of a Respiratory Syncytial Virus Prefusion F (RSVPreF3) Candidate Vaccine in Older Adults: Phase 1/2 Randomized Clinical Trial. J. Infect. Dis. 2023, 227, 761–772. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, E.E.; Pérez Marc, G.; Zareba, A.M.; Falsey, A.R.; Jiang, Q.; Patton, M.; Polack, F.P.; Llapur, C.; Doreski, P.A.; Ilangovan, K.; et al. Efficacy and Safety of a Bivalent RSV Prefusion F Vaccine in Older Adults. N. Engl. J. Med. 2023, 388, 1465–1477. [Google Scholar] [CrossRef] [PubMed]

	



Papi, A.; Ison, M.G.; Langley, J.M.; Lee, D.G.; Leroux-Roels, I.; Martinon-Torres, F.; Schwarz, T.F.; van Zyl-Smit, R.N.; Campora, L.; Dezutter, N.; et al. Respiratory Syncytial Virus Prefusion F Protein Vaccine in Older Adults. N. Engl. J. Med. 2023, 388, 595–608. [Google Scholar] [CrossRef] [PubMed]

	



Melgar, M.; Britton, A.; Roper, L.E.; Talbot, H.K.; Long, S.S.; Kotton, C.N.; Havers, F.P. Use of Respiratory Syncytial Virus Vaccines in Older Adults: Recommendations of the Advisory Committee on Immunization Practices—United States, 2023. MMWR Morb. Mortal. Wkly. Rep. 2023, 72, 793–801. [Google Scholar] [CrossRef]

	



Food and Drug Administration. Vaccines and Related Biological Products Advisory Committee Meeting. In VRBPAC Briefing Document; Food and Drug Administration: Silver Spring, MD, USA, 2023; p. 56. [Google Scholar]

	



Fleming-Dutra, K.E. Evidence to Recommendations Framework Updates: Pfizer Maternal RSVpreF Vaccine. December 2023. Available online: https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2023-09-22/06-Mat-Peds-Fleming-Dutra-508.pdf (accessed on 8 January 2024).

	



AREXVY (Respiratory Syncytial Virus Vaccine, Adjuvanted) Suspension for Intramuscular Injection. 2023. Available online: https://www.fda.gov/media/167805/download?attachment (accessed on 8 January 2024).

	



FDA Advisory Committee Votes in Support of Approval for Pfizer’s Vaccine Candidate to Help Prevent RSV in Infants through Maternal Immunization. 2023. Available online: https://www.pfizer.com/news/press-release/press-release-detail/fda-advisory-committee-votes-support-approval-pfizers (accessed on 22 May 2023).

	



Phares, C.R.; Lynfield, R.; Farley, M.M.; Mohle-Boetani, J.; Harrison, L.H.; Petit, S.; Craig, A.S.; Schaffner, W.; Zansky, S.M.; Gershman, K.; et al. Epidemiology of invasive group B streptococcal disease in the United States, 1999–2005. JAMA 2008, 299, 2056–2065. [Google Scholar] [CrossRef]

	



Nanduri, S.A.; Petit, S.; Smelser, C.; Apostol, M.; Alden, N.B.; Harrison, L.H.; Lynfield, R.; Vagnone, P.S.; Burzlaff, K.; Spina, N.L.; et al. Epidemiology of Invasive Early-Onset and Late-Onset Group B Streptococcal Disease in the United States, 2006 to 2015: Multistate Laboratory and Population-Based Surveillance. JAMA Pediatr. 2019, 173, 224–233. [Google Scholar] [CrossRef]

	



Gonçalves, B.P.; Procter, S.R.; Paul, P.; Chandna, J.; Lewin, A.; Seedat, F.; Koukounari, A.; Dangor, Z.; Leahy, S.; Santhanam, S.; et al. Group B streptococcus infection during pregnancy and infancy: Estimates of regional and global burden. Lancet Glob. Health 2022, 10, e807–e819. [Google Scholar] [CrossRef] [PubMed]

	



Baker, C.J.; Rench, M.A.; McInnes, P. Immunization of pregnant women with group B streptococcal type III capsular polysaccharide-tetanus toxoid conjugate vaccine. Vaccine 2003, 21, 3468–3472. [Google Scholar] [CrossRef] [PubMed]

	



Madhi, S.A.; Cutland, C.L.; Jose, L.; Koen, A.; Govender, N.; Wittke, F.; Olugbosi, M.; Meulen, A.S.; Baker, S.; Dull, P.M.; et al. Safety and immunogenicity of an investigational maternal trivalent group B streptococcus vaccine in healthy women and their infants: A randomised phase 1b/2 trial. Lancet Infect. Dis. 2016, 16, 923–934. [Google Scholar] [CrossRef] [PubMed]

	



Donders, G.G.; Halperin, S.A.; Devlieger, R.; Baker, S.; Forte, P.; Wittke, F.; Slobod, K.S.; Dull, P.M. Maternal Immunization with an Investigational Trivalent Group B Streptococcal Vaccine: A Randomized Controlled Trial. Obs. Gynecol. 2016, 127, 213–221. [Google Scholar] [CrossRef] [PubMed]

	



Swamy, G.K.; Metz, T.D.; Edwards, K.M.; Soper, D.E.; Beigi, R.H.; Campbell, J.D.; Grassano, L.; Buffi, G.; Dreisbach, A.; Margarit, I.; et al. Safety and immunogenicity of an investigational maternal trivalent group B streptococcus vaccine in pregnant women and their infants: Results from a randomized placebo-controlled phase II trial. Vaccine 2020, 38, 6930–6940. [Google Scholar] [CrossRef] [PubMed]

	



Russell, N.J.; Seale, A.C.; O’Driscoll, M.; O’Sullivan, C.; Bianchi-Jassir, F.; Gonzalez-Guarin, J.; Lawn, J.E.; Baker, C.J.; Bartlett, L.; Cutland, C.; et al. Maternal Colonization with Group B Streptococcus and Serotype Distribution Worldwide: Systematic Review and Meta-analyses. Clin. Infect. Dis. 2017, 65, S100–s111. [Google Scholar] [CrossRef] [PubMed]

	



Madhi, S.A.; Anderson, A.S.; Absalon, J.; Radley, D.; Simon, R.; Jongihlati, B.; Strehlau, R.; van Niekerk, A.M.; Izu, A.; Naidoo, N.; et al. Potential for Maternally Administered Vaccine for Infant Group B Streptococcus. N. Engl. J. Med. 2023, 389, 215–227. [Google Scholar] [CrossRef]

	



Carreras-Abad, C.; Ramkhelawon, L.; Heath, P.T.; Le Doare, K. A Vaccine Against Group B Streptococcus: Recent Advances. Infect. Drug Resist. 2020, 13, 1263–1272. [Google Scholar] [CrossRef]

	



Banks, C.; Lindbom, B.J.; Kitson, G.; Darsley, M.; Fischer, P.B. Preclinical development of a novel Group B Streptococcus (GBS) vaccine candidate for maternal immunization based upon the alpha-like protein family of GBS surface proteins (Alp). Birth Defects Res. 2023, 115, 933–944. [Google Scholar] [CrossRef]

	



Seale, A.C.; Bianchi-Jassir, F.; Russell, N.J.; Kohli-Lynch, M.; Tann, C.J.; Hall, J.; Madrid, L.; Blencowe, H.; Cousens, S.; Baker, C.J.; et al. Estimates of the Burden of Group B Streptococcal Disease Worldwide for Pregnant Women, Stillbirths, and Children. Clin. Infect. Dis. 2017, 65, S200–s219. [Google Scholar] [CrossRef]

	



Schleiss, M.R.; Permar, S.R.; Plotkin, S.A. Progress toward Development of a Vaccine against Congenital Cytomegalovirus Infection. Clin. Vaccine Immunol. 2017, 24. [Google Scholar] [CrossRef]

	



Plotkin, S.A.; Boppana, S.B. Vaccination against the human cytomegalovirus. Vaccine 2019, 37, 7437–7442. [Google Scholar] [CrossRef]

	



Gamain, B.; Chêne, A.; Viebig, N.K.; Tuikue Ndam, N.; Nielsen, M.A. Progress and Insights Toward an Effective Placental Malaria Vaccine. Front Immunol. 2021, 12, 634508. [Google Scholar] [CrossRef]








 





Table 1. Summary of disease morbidity and mortality, vaccine efficacy or effectiveness, and safety of the currently recommended maternal vaccines in the United States.
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	Disease
	Morbidity and Mortality
	Vaccine Efficacy or Effectiveness
	Vaccine Safety





	Influenza
	
	
Maternal: increased risk of hospitalization, complications (AR 1.91, 95% CI, 1.51–2.31 per 10,000 women-months of influenza-related morbidity in pregnancy) [12] and poor birth outcomes from influenza in pregnancy including late pregnancy loss (aHR 10.7, 95% CI, 4.3–27.0) and reduction in mean birthweight (−55.3 g, 95% CI, −109.3–−1.4 g) [10].



	
Infant: high rates of influenza infection, hospitalization (125–375 per 100,000 persons) and mortality (0.73 per 100,000 persons) in infants < 6 months of age [13,14,15].





	
	
Maternal influenza vaccine efficacy against influenza-like illness or laboratory confirmed influenza: 31–70% for mothers and 30–63% for infants [16,17,18,19].



	
Pooled efficacy of maternal vaccination in preventing PCR-confirmed influenza in infants up to 6 months of age: 35% (95% CI, 19–47%) [20].





	
	
The body of evidence on the safety of maternal influenza vaccination does not suggest an increased risk for acute maternal, pregnancy, or neonatal adverse outcomes, and immune- and non-immune-related health outcomes and healthcare utilization in early childhood [20,21,22,23,24,25,26,27,28].








	Tetanus
	
	
Maternal: prior to routine immunization, maternal tetanus was reported to cause 15,000–30,000 maternal deaths per year globally.



	
Infant: neonatal tetanus can have a case fatality rate of 80–100% in resource-limited settings [29].





	
	
Impact of maternal tetanus vaccination on neonatal tetanus: 88% reduction in cases and 92% reduction in mortality worldwide [5].





	
	
No evidence for increased risk of pregnancy complications, local or systemic side effects, and no impact on birth or infant outcomes such as congenital anomalies including among women who received prior tetanus-containing vaccines [30,31].








	Pertussis
	
	
Infant: greatest pertussis disease burden among infants, who are also at risk of greater morbidity and mortality due to pertussis. Infants ≤ 2 months of age have higher mortality compared to other infants (RR 2.6, 95% CI, 1.5–4.5) [32].



	
Infant: prior to immunization, pertussis incidence was 165.3 per 100,000 infants younger than 2 months of age in the United States [33].





	
	
Tdap vaccine effectiveness in pregnancy against pertussis: 91% (95% CI, 20–99%) in newborns <8 weeks of age and 69% (95% CI, 44–83%) in infants < one year of age [34].





	
	
No evidence for increased risk of chorioamnionitis [35,36,37] or additional safety concerns including adverse maternal, pregnancy, or neonatal outcomes following Tdap in pregnancy [38,39].








	COVID-19
	
	
Maternal: increased COVID-19 severity of illness, with critical care admission (OR 2.61, 95% CI, 1.84–3.71) and respiratory support (OR 2.41, 95% CI, 2.13–2.71) in pregnant compared to non-pregnant women [11].



	
Maternal and Infant: maternal death (OR 6.09, 95% CI, 1.82–20.38), poor pregnancy outcomes including stillbirth (OR 1.81, 95% CI, 1.38–2.37), preterm birth (OR 1.57, 95% CI, 1.36–1.81) and neonatal intensive care unit admission (OR 2.18, 95% CI, 1.46–3.26) higher in pregnant women with versus without COVID-19 [11].





	
	
Vaccine effectiveness early in the COVID-19 pandemic: 78% (95% CI, 57–89%) [40] in Israel (Pfizer’s BNT162b2), 87.6% (95% CI, 44.1–97.2%) in Qatar (mRNA COVID-19 vaccine) for mothers [41].



	
52% (95% CI, 33–65%) vaccine effectiveness against hospitalization in infants <6 months of age [8].





	
	
No pregnancy-specific safety concerns identified, including no adverse maternal acute and systemic reactions, pregnancy and neonatal outcomes, including spontaneous abortion, stillbirth, preterm birth, small for gestational age, and infant hospitalization [4,42,43,44,45,46].








	RSV
	
	
Infant: 68% and 97% of infants estimated to be infected with RSV by one and two years of age, respectively [47].



	
Infant: hospitalization for RSV-associated LRTI occurs in 2–3% of all infants [48] with higher risk in premature infants, but 79% of those hospitalized have no underlying medical condition [49].





	
	
Pfizer’s bivalent RSVpreF vaccine (Abrysvo) administered at 24 to 36 weeks gestation showed 81.8% (99.5% CI, 40.6–96.3%) vaccine efficacy against severe RSV-associated LRTI in infants within 90 days of life [9].



	
Ongoing monitoring will inform vaccine effectiveness in real-world settings.





	
	
Numerical imbalance in preterm delivery was observed in Pfizer’s RSVpreF vaccine (Abrysvo) clinical trial with 5.7% (95% CI, 4.9–6.5%) in the vaccinated compared to 4.7% (95% CI, 4.1–5.5%) in the placebo group [9,50] *.



	
No additional safety concerns in maternal or infant participants were identified [9]. Ongoing safety surveillance is needed for continued monitoring of preterm birth and other priority safety outcomes.












AR = attributable risk; CI = confidence interval; aHR = adjusted hazard ratio; PCR = polymerase chain reaction; RR = risk ratio; Tdap = tetanus, diphtheria, acellular pertussis; COVID-19 = Coronavirus disease 2019; OR = odds ratio; RSV = respiratory syncytial virus; LRTI = lower respiratory tract infection; RSVpreF = RSV prefusion F protein; * These estimates are for the Pfizer RSVPreF vaccine (Abrysvo) clinical trial which used a dosing interval of 24–36 weeks [9]. Advisory Committee on Immunization Practices (ACIP) recommendations limited the dosing interval to 32–36 weeks’ gestation to avoid potential risk for preterm birth at <32 weeks’ gestation. ACIP judged the benefit of vaccination at 32–36 weeks’ gestation in preventing RSV-associated LRTI in infants outweighed the risks, including the potential for preterm birth [50].













 





Table 2. Summary of vaccine recommendations in pregnant and breastfeeding persons for infant protection from the Advisory Committee on Immunization Practices in the United States [52,59].
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	Advisory Committee on Immunization Practices Guidance





	Influenza [60]
	
	
All persons aged ≥6 months, including those who are pregnant or who might be pregnant during the influenza season, should receive influenza vaccine.



	
Any age appropriate IIV4 or RIV4 may be given in any trimester.



	
LAIV4 should not be used during pregnancy but can be used postpartum.








	Tetanus and Pertussis [61]
	
	
Pregnant persons who are not immunized or only partially immunized against tetanus should complete the primary series.



	
A dose of Tdap should be administered during each pregnancy, irrespective of the patient’s prior history of receiving Tdap.



	
Optimal timing for Tdap administration is between 27 and 36 weeks of gestation, although Tdap may be given at any time during pregnancy.








	COVID-19 [62]
	
	
COVID-19 vaccination is recommended for all persons aged ≥6 months, including those who are pregnant, might become pregnant, were recently pregnant or are breastfeeding.



	
The safety and effectiveness of COVID-19 vaccination indicates that the benefits of vaccination outweigh any potential risk of COVID-19 vaccination during pregnancy.








	RSV [50]
	
	
Maternal RSV vaccine is recommended for pregnant people 32 through 36 weeks gestation to prevent LRTI in infants.



	
Either maternal RSV vaccinati