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The COVID-19 pandemic has demonstrated the urgent need to develop vaccine strategies optimized for pregnant people and their newborns, as both populations are at risk of developing severe disease. Although not included in COVID-19 vaccine development trials, pregnant people have had access to these vaccines since their initial release in the US and abroad. The rapid development and distribution of novel COVID-19 vaccines to people at risk, including those who are pregnant and lactating, presents an unprecedented opportunity to further our understanding of vaccine-induced immunity in these populations. In this review, we aim to summarize the literature to date on COVID-19 vaccination in pregnancy and lactation and highlight opportunities for investigation that may inform future maternal vaccine development and implementation strategies.
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Introduction

Vaccination against infectious pathogens is one of the most impactful public health interventions, reducing global morbidity and mortality related to infection (Woodworth et al., 2020; CDC, a, 2021). In the US alone, nearly 99,000 pregnant people have been infected with COVID-19, resulting in 109 maternal deaths to date (CDC, a, 2021). The COVID-19 pandemic has demonstrated the urgent need to develop vaccine strategies optimized for pregnant people and their newborns, as both populations are at risk of developing severe disease (Woodworth et al., 2020; Zambrano et al., 2020).

To date, two COVID-19 mRNA vaccines – BNT162b2 (Pfizer/BioNTech) and mRNA-1273 (Moderna) – and one monovalent Ad26-vector vaccine (Janssen/Johnson & Johnson) have been granted Emergency Use Authorization (EUA) by the FDA for administration to prevent COVID-19 in the US. Although not included in COVID-19 vaccine development trials, pregnant people have had access to these vaccines since their initial release in the US, and more recent data supporting the safety of COVID-19 vaccines in pregnancy (Shimabukuro et al., 2021) have led to broadening support for vaccinating pregnant and lactating individuals (ACOG, 2021 Immunization, Infectious Disease and Public Health Preparedness ExpertWorking Group; CDC, b, 2021). With increasing numbers of pregnant people receiving the vaccine during all trimesters of pregnancy and during lactation, several key questions have arisen, including: what is the safety profile of mRNA vaccines in pregnancy and lactation? Which vaccines induce the most robust maternal immune response? Does the efficiency of transplacental and breastmilk antibody transfer differ by timing of administration or vaccine platform? What factors govern efficiency of placental and breastmilk transfer? Does the transfer of humoral immunity from mother to baby confer long-lasting protection?

The COVID-19 pandemic and the rapid development of novel vaccines to combat it present an unprecedented opportunity to decode the rules of vaccine-induced immunity in pregnant and lactating individuals. In this review, we aim to review the literature to date on COVID-19 vaccination in pregnancy and lactation and highlight opportunities for future investigation. Figure 1 illustrates the key findings presented in this review as well as gaps in understanding. Knowledge gained through investigation of COVID-19 vaccines in pregnant and lactating people has the potential to lead to a deeper understanding of vaccine-induced immunity in pregnant individuals and their newborns, and to inform future vaccine development and implementation strategies.




Figure 1 | Summary of immune protection from COVID-19 vaccines in pregnancy and lactation. (A) Although excluded from initial vaccine trials, pregnant and lactating individuals have been eligible to receive Pfizer/BioNTech and Moderna mRNA vaccines and the Janssen/Johnson&Johnson Ad26-vector vaccine. Safety and reactogenicity profiles are similar to non-pregnant, non-lactating individuals. Immunization with the two-dose protocol for mRNA vaccines results in comparable IgG, IgA and IgM titers in fully-vaccinated pregnant and lactating individuals compared to non-pregnant controls. The longevity of immunity derived during pregnancy and the ability to confer protection against variants has not been directly studied in these populations. (B) COVID-19 vaccines generate anti-Spike antibodies in pregnant and lactating individuals with similar immunogenicity compared with non-pregnant controls. Vaccine-induced anti-Spike antibodies demonstrate neutralizing capacity, antibody-dependent neutrophil phagocytosis (ADNP), antibody-dependent cellular phagocytosis (ADCP), and antibody-dependent complement deposition (ADCD), and NK cell activation. Spike-specific CD4+ and CD8+ T-cell activity is similar to that observed in non-pregnant individuals. Anti-Spike IgG and IgA with binding, neutralizing and functional activity are also detectable in breastmilk. Whether breastmilk contains vaccine-induced cellular or other protective immune factors is not yet known. No vaccine mRNA has been detected in breastmilk immediately following vaccination. (C) Neutralizing anti-Spike IgG is transplacentally transferred from mother to fetus. Vaccine timing and maternal antibody titers impact cord titers. IgG, IgM and IgA are transferred through breastmilk. Neither the amount of maternally-derived antibodies required to confer neonatal protection from COVID-19 infection, nor the duration of this protection, is known. Created with BioRender.com. ADNP, antibody-dependent neutrophil phagocytosis; ADCP, antibody-dependent cellular phagocytosis; ADCD, antibody-dependent complement deposition.





Safety of COVID-19 Vaccines in Reproduction

Because pregnant and lactating people were not included in initial vaccine trials, data on the vaccine safety and efficacy in these populations has been limited (Bianchi et al., 2021), and guidance from public health officials has been vague and at times conflicting (Adhikari and Spong, 2021). Available data on vaccine safety in pregnancy from Development and Reproductive Toxicity (DART) studies were overall reassuring, although limited in scope. A report submitted to the European Medicines Agency demonstrated that female rats injected with 4 human doses of Pfizer/BioNTech vaccine before and during gestation had no vaccine-related effects on female fertility, pregnancy or embryo-fetal or postnatal development (Pfizer/BioNTech, 2020). Similarly, a DART study of Moderna’s vaccine reviewed by the FDA found no adverse effects on reproduction or development when administered to rats at human doses (ModernaTX, Inc, 2020), and the FDA-reviewed Janssen COVID-19 vaccine DART study found no adverse effect on fertility, embryo-fetal, or postnatal development when twice the human dose was injected in female rabbits 7 days before mating and at gestational days 6 and 20 (early and late gestation) [U.S. Food and Drug Administration (FDA), 2021].

Experience from other vaccines utilizing the mRNA and adenovirus-vector platforms has provided some reassurance that neither technology carries specific reproductive safety concerns. Although pregnant people were excluded from Phase 1 trials of mRNA vaccine platforms against other pathogens such as influenza, Zika HIV and rabies viruses (Alberer et al., 2017; Feldman et al., 2019; Maruggi et al., 2019), animal studies of the mRNA vaccine against Zika virus demonstrated that vaccination of non-pregnant mice prior to gestation protected against transplacental transmission without any vaccine-associated reproductive safety events (Richner et al., 2017). In an analysis of 1,522 pregnancy cases from ongoing Ad26-vectored vaccine trials for Ebola vaccine, in which pregnant people are eligible to receive the vaccine, no pregnancy-related safety concerns were identified (JANSSEN BIOTECH, INC, 2021).

Despite the exclusion of pregnant and lactating people from COVID-19 vaccine trials, the American College of Obstetricians and Gynecologists as well as the Society for Maternal-Fetal Medicine have consistently voiced that the COVID-19 vaccine should be available to pregnant and lactating individuals, and both professional societies as well as the CDC now recommend vaccination in these populations (ACOG, 2021Immunization, Infectious Disease and Public Health Preparedness Expert Working Group; CDC, b, 2021). Inclusion of pregnant and lactating individuals choosing to receive the COVID-19 vaccine in observational studies and vaccine safety monitoring programs has been essential to generating additional safety data in these populations. A study of 84 pregnant, 31 lactating, and 16 non-pregnant women receiving either the Pfizer/BioNTech or Moderna vaccine also demonstrated no major adverse events and similar reactogenicity profiles between groups (Gray et al., 2021). In a study of 84 breastfeeding people who were vaccinated with the Pfizer/BioNTech vaccine in Israel, no mother or infant experienced any serious adverse event during the study period (Perl et al., 2021), and a recent study of 7 lactating individuals who received either the Pfizer/BioNTech or Moderna vaccine did not detect any vaccine-associated mRNA in breastmilk collected between 4 and 48 hours after vaccination (Golan et al., 2021).

Citing as rationale the fact that mRNA vaccines induce an immune response through toll-like receptor 3 (TLR3) activation, and TLR3 activation has been linked to adverse placentally-mediated pregnancy outcomes in rodent models such as decidual arteriopathy, growth restriction, preterm delivery, and fetal loss (Zhang et al., 2007; Koga et al., 2009; Thaxton et al., 2013; Pardi et al., 2018; Baines et al., 2020), another study of 84 pregnant people receiving the COVID-19 mRNA vaccines in pregnancy examined the placenta for lesions detectable on H&E histopathology (Shanes et al., 2021). These investigators found no increased incidence of decidual arteriopathy, fetal vascular malperfusion, low-grade chronic villitis, or chronic histiocytic intervillositis in the 84 people receiving COVID-19 vaccines in pregnancy compared with 116 unvaccinated pregnant individuals in the control group. No studies have yet examined the placental immune response to COVID-19 vaccines at a molecular and cellular level, and such studies would be able to detect subtler impacts of the COVID-19 vaccines on placental inflammation and function.

The CDC V-safe COVID-19 Pregnancy Registry team has recently published preliminary findings on the safety of mRNA COVID-19 vaccines in pregnant persons (Shimabukuro et al., 2021). A total of 35,691 pregnant individuals were identified from the “v-safe after vaccination health checker” surveillance system, the v-safe pregnancy registry, and the Vaccine Adverse Event Reporting System (VAERS). Of the 827 completed pregnancies, the incidences of adverse pregnancy and neonatal outcomes including pregnancy loss (13.9%), preterm birth (9.4%), and small for gestational age (3.2%) approximates pre-pandemic rates, and no obvious safety signals among pregnant individuals were identified (Shimabukuro et al., 2021). Official guidance from the CDC states that because no safety concerns were identified for pregnant people who were vaccinated or for their babies, pregnant people can receive the COVID-19 vaccine, and that approval from a care provider is not required (CDC, c, 2021). Due to reports of rare cases of blood clots with thrombocytopenia occurring in women younger than 50 years old receiving the J&J vaccine, the CDC does state that pregnant people should be aware of these risks, and of the availability of other vaccines for which this risk has not been observed (CDC, c, 2021).

Long term vaccine safety data in pregnant people and their offspring are understandably lacking at this time, yet critically needed for counseling regarding not only the safety of the COVID-19 vaccines specifically but for mRNA vaccine platforms in general, as public perception regarding the safety of vaccines given in pregnancy hinges on providing high-quality information on neonatal and childhood outcomes, including birth defects and childhood developmental disorders. Given the longer time horizon necessary to collect these data, they are unlikely to inform current vaccine practice, but do have the opportunity to impact future mRNA and adenovirus-vector vaccine development efforts and public health campaigns.



Immunogenicity and Implications of Host-Virus Interactions in Pregnancy

Pregnancy involves complex immunological changes, including modulation of the immune system to tolerate the fetal semi-allograft (Jennewein et al., 2017; Than et al., 2019). Along with physiological and hormonal changes, these immunological adaptations contribute to the observed increased vulnerability of pregnant people to complications from viral respiratory infections, including H1N1 influenza and SARS-CoV-2 (Raj et al., 2014; Alberca et al., 2020). Evidence suggests that vaccine-induced immune responses may also differ in pregnancy (Saeed et al., 2020), with some studies demonstrating a less robust increase in post-vaccine titers in pregnant compared to non-pregnant women in response to H1N1 influenza and Tdap vaccines (Fortner et al., 2018; Schlaudecker et al., 2018).

Both COVID-19 mRNA vaccines (Pfizer/BioNTech, Moderna) and the Ad26-vector vaccine (Janssen) are highly immunogenic in non-pregnant populations (Walsh et al., 2020; Chu et al., 2021; Stephenson et al., 2021), generating robust post-vaccination anti-SARS-CoV-2-specific antibody titers in most study participants (Walsh et al., 2020). Emerging data suggest that pregnant people mount a serological response to COVID-19 mRNA vaccines that is comparable to reproductive aged, non-pregnant controls (Beharier et al., 2021; Collier et al., 2021; Gray et al., 2021; Prabhu et al., 2021). In a cohort of 84 pregnant, 31 lactating, and 16 non-pregnant reproductive-aged women, mRNA vaccine-induced titers of SARS-CoV-2 Spike and receptor-binding domain (RBD) IgG, IgA and IgM were equivalent between all groups (Gray et al., 2021). Vaccine-induced antibody titers did not differ by trimester of vaccination, and the second vaccine dose, i.e. “boost” dose, increased SARS-CoV-2 specific IgG in maternal blood and breastmilk. A systems serology analysis of the humoral immune response in the same participants demonstrated delayed kinetics of FcR-binding and antibody effector functions in both pregnant and lactating people compared to non-pregnant women, highlighting the importance of strict adherence to the prime/boost schedule to achieve full immunity in this vulnerable population (Atyeo et al., 2021a). Both studies also suggested differences in the humoral immune response to the Pfizer/BioNTech versus Moderna vaccine, including a more robust IgA immune response and higher antibody titers and functions induced by the Moderna compared to the Pfizer/BioNTech vaccine (Atyeo et al., 2021a; Gray et al., 2021). Whether there are clinical implications of these subtle differences between the Moderna and Pfizer/BioNTech vaccine is unclear, but the robust humoral immune response to both COVID-19 mRNA vaccines suggests both are likely to be highly efficacious in pregnancy. In another cohort of 122 pregnant people who had received at least one dose of mRNA vaccine prior to delivery, all participants demonstrated evidence of SARS-CoV-2-specific IgG antibody response by 4 weeks after first vaccine dose (Prabhu et al., 2021). Taken together, these data suggest that pregnant and lactating people can mount a serological response to the vaccine comparable to non-pregnant counterparts, with a similar IgG response to the vaccine boost as in non-pregnant controls.

Whether COVID-19 vaccines generate an equivalent or greater anti-SARS-CoV-2 antibody response against the SARS-CoV-2 virus compared to those antibodies generated by natural SARS-CoV-2 infection in pregnancy warrants additional investigation. In a study of 84 pregnant and 31 lactating participants, vaccine-induced anti-SARS-CoV-2-specific antibody titers were significantly higher in all participants than those induced by natural SARS-CoV-2 infection during pregnancy. In this cohort, participants with natural infection were symptomatic and known to be infected 4 to 12 weeks prior to titer quantification, so that timing of antibody quantification was comparable for the pregnant vaccinees and naturally-infected pregnant people (Gray et al., 2021). This significant increase in antibody response after COVID vaccination compared to natural infection in pregnancy was also observed in a prospective cohort of 103 women, which included 30 pregnant participants who received either mRNA vaccine during pregnancy and 28 participants infected with SARS-CoV-2 in pregnancy (Collier et al., 2021).

Not only antibody titer, but antibody function is a key consideration in evaluating vaccine-induced antibody protection for both mother and newborn. Two studies have evaluated antibody function in pregnant and lactating compared to non-pregnant women receiving the COVID-19 mRNA vaccines (Atyeo et al., 2021a; Collier et al., 2021). Both have demonstrated similar spike-specific antibody-dependent neutrophil phagocytosis (ADNP), antibody-dependent complement deposition (ADCD), and antibody-dependent cellular phagocytosis (ADCP) in fully vaccinated pregnant and lactating compared to non-pregnant individuals. In comparing spike-specific antibody functional profiles after the “prime” and “boost” doses in pregnant people to lactating/non-pregnant controls, Atyeo and colleagues identified initial differences in assay responses suggestive of impaired antibody functionality following the “prime” dose in pregnant individuals, which improved following the “boost” dose (Atyeo et al., 2021a). In their observational study including 30 pregnant, 16 lactating, and 57 non-pregnant individuals, Collier and colleagues also assessed cellular immune responses to the mRNA COVID-19 vaccines, quantifying the percent of spike-specific IFN-γ production by CD4 T cells, CD4 central memory T cells, CD8 T cells, and CD8 central memory T cells. This study reported comparable cellular immune responses to the COVID-19 vaccines in pregnant, lactating, and non-pregnant women, and demonstrated that the mRNA vaccines generated humoral and cellular responses against SARS-CoV-2 variants of concern B.1.1.7 and B.1.351. Taken together, these data support robust humoral and cellular immune response to COVID-19 mRNA vaccines in individuals vaccinated during pregnancy, although given the delayed antibody kinetics observed in pregnant compared to non-pregnant individuals, adherence to recommended prime/boost mRNA vaccine schedules may be especially critical in pregnancy to achieve immunity comparable to that in non-pregnant populations (Atyeo et al., 2021a). To date, no group has yet reported on the antibody response to the Janssen vaccine specifically in pregnant and lactating individuals.

Recent data investigating the vaccine-induced cellular and serological immune response in individuals previously infected with SARS-CoV-2 points to a robust response to the first vaccine dose in both circulating antibodies and antigen-specific memory B cells (Goel et al., 2021; Krammer et al., 2021). A study of previously SARS-CoV-2-infected versus uninfected vaccinated healthcare workers found evidence that after the administration of a single dose of vaccine, the humoral response in individuals with a history of SARS-CoV-2 infection is greater than the response in previously uninfected participants who have received a second dose (Anichini et al., 2021). Given the relatively weak serological response to natural infection in pregnant people (Edlow et al., 2020; Gray et al., 2021), investigating both the serological and cellular response to COVID-19 vaccines in people previously infected with SARS-CoV-2 during pregnancy will be critical to development of additional recommendations regarding vaccine dosing in individuals who were infected during pregnancy.



Protection at Birth: Maternal-Fetal Transplacental Antibody Transfer Following Vaccination

Compared to pediatric and adult populations, vaccine administration in newborns has been less effective at reducing infection-related deaths (Amenyogbe et al., 2015; Kollmann et al., 2017). Compromised vaccine-induced immunity in infants has been attributed to the potentially tolerogenic nature of the neonatal immune system (Yu et al., 2018), the less functional nature of newborn immune cells (Lee and Lin, 2013; Yu et al., 2018), and dampened immunity due to the presence of pre-existing maternal antibodies (Feunou et al., 2016; Saso and Kampmann, 2017). Maternal immunization – a public health strategy aimed at boosting maternal-to-fetal transfer of protective antibodies – has demonstrated significant potential in providing protective immunity for the newborn prior to the infant’s ability to generate a robust immune response to vaccination. Pathogens targeted by maternal immunization strategies include respiratory pathogens that can be life-threatening to newborns, such as pertussis, and common pathogens harmful to both pregnant people and newborns, such as influenza virus (Dabrera et al., 2015; Forsyth et al., 2015; Maertens et al., 2016).

Efficacious maternal vaccines provoke a significant antigen-specific immune response in the mother that is efficiently transferred to the fetus or newborn, either transplacentally or through breast milk. Various factors can impact the success of maternal immunization strategies. Epidemiologic studies focusing on matched mother:fetus dyads have found that the extent of immunity transferred varies significantly by antigen (Palmeira et al., 2012; Fu et al., 2016), and recent data point to unique placental sieving mechanisms that populate the infant with the most functional protective antibodies in the first days of life (Jennewein et al., 2017; Jennewein et al., 2019; Atyeo et al., 2021b). Emerging data demonstrate the presence of anti-SARS-CoV-2 IgG in umbilical cord blood following maternal vaccination with mRNA vaccines, with antibody transfer ratios (i.e. ratio of maternal antibody to cord blood antibody) showing a strong correlation with both maternal antibody levels, time elapsed since vaccination, and whether one or both doses had been received (Gray et al., 2021; Mithal et al., 2021; Prabhu et al., 2021; Rottenstreich et al., 2021). In an analysis of neutralizing antibody (NAb) titers in 10 maternal:cord dyads, NAb were detectable in 8 of 10 neonates; of those newborns with undetectable NAb, one mother had not yet received the second vaccine dose, and one mother was only 7 days from the second dose at delivery (Gray et al., 2021).

Whether maternal vaccination can be tuned to shape the quantity and quality of antibodies delivered to the infant remains incompletely understood. Timing of vaccine administration during pregnancy appears to impact antibody transfer from mother to umbilical cord for vaccines routinely recommended in pregnancy, such as Tdap and the seasonal influenza hemagglutinin (HA) vaccines (Eberhardt et al., 2016; Cuningham et al., 2019). While influenza vaccine administration is timed to optimize maternal immunity relative to flu season rather than to optimize neonatal immunity via placental transfer, it has been noted that administration of flu vaccine in the third trimester results in greater neonatal titers than administration in the second or first trimester (Schlaudecker et al., 2018; Cuningham et al., 2019). In contrast, Tdap vaccine is recommended for administration in each pregnancy solely to optimize protection of the neonate against pertussis (ACOG, 2018). Similar to findings observed for the influenza vaccine, optimal transfer of anti-pertussis antibodies was noted with vaccination in the late second and early third trimester (Eberhardt et al., 2016; Healy et al., 2018). Importantly, vaccine-generated responses to pertussis protein and HA may differ from responses to the COVID-19 vaccines in pregnancy, as HA and pertussis protein are typically recall antigens, i.e. the host has some immunological memory due to either prior vaccination efforts or exposure, while COVID-19 vaccination in pregnancy may be eliciting a de novo immune response to a pathogen never before seen by the body.

Although limited by small numbers and to pregnant people primarily vaccinated in the third trimester, recent studies have demonstrated that timing of vaccination does appear to play a role in the transplacental antibody transfer of anti-SARS-CoV-2 antibody in pregnant individuals not previously infected with SARS-CoV-2 (Gray et al., 2021; Mithal et al., 2021; Rottenstreich et al., 2021). In a study of 27 vaccinated pregnant people, an average anti-SARS-CoV-2-specific antibody transfer ratio of 1.0 was identified, with a positive association identified between transfer ratio and latency from vaccination to delivery (mean latency of 6 weeks in the cohort) (Mithal et al., 2021). In a study of 20 pregnant people who received the BNT162b2 mRNA vaccine in Israel, anti-S- and anti-RBD cord blood titers directly correlated with increasing time since first mRNA vaccine dose, yet placental transfer ratios were overall low (0.3 to 0.4 for anti-RBD and anti-S-specific antibodies, respectively), likely due to shorter vaccine to delivery latency of approximately four weeks (Rottenstreich et al., 2021). In a study comparing cord:maternal transfer ratios of vaccine-elicited vs infection-elicited antibodies, transplacental transfer was comparable between individuals infected with SARS-CoV-2 earlier in pregnancy (15-30 weeks) and those vaccinated with the BNT162b2 mRNA vaccine in the third trimester (Beharier et al., 2021), leading the investigators to posit that anti-SARS-CoV-2 antibodies generated by natural infection may require an increased time interval to transit to cord blood compared to those generated by third trimester vaccination.

Emerging data point to the importance of the Fc-receptor (FcR) binding domain in recruiting the innate immune response in COVID-19 (Schäfer et al., 2021), as well as in selective transplacental antibody transfer of highly functional antibodies (Wilcox et al., 2017; Jennewein et al., 2019; Clements et al., 2020; Atyeo et al., 2021a). Similar to observations in pregnant people infected with SARS-CoV-2 (Atyeo et al., 2021b), in their study of pregnant/lactating individuals receiving either mRNA vaccine during pregnancy and lactation, Atyeo et al. identified that vaccination during pregnancy resulted in enrichment of highly functional RBD-specific FcGR3a binding antibodies in cord blood, despite overall lower cord anti-SARS-CoV-2-specific titers compared to maternal titers (Atyeo et al., 2021a). More comprehensive analyses of factors affecting the neutralizing capability and functionality of vaccine-induced, transplacentally-transferred antibodies (e.g. analysis beyond antibody titers alone) are warranted, to fully understand how maternal vaccination to SARS-CoV-2 might protect the newborn.



Protection After Birth: Maternal-Infant Transfer of Vaccine-Induced Immunity in Breastmilk

It is well known that breastmilk contains protective maternal immunoglobulins that contribute to the development of the infant’s immune system (Atyeo and Alter, 2021; Rio-Aige et al., 2021). Although lactating people were excluded from vaccine trials, many received the vaccine during its initial release to the public, and were included in observational studies. In a study of 84 lactating people who received the two-dose Pfizer/BioNTech vaccine, 61.8% of individuals’ breastmilk samples tested positive for anti-SARS-CoV-2 specific IgA at 2 weeks after the prime, and 86.1% 4 weeks after the prime (1 week after the boost) (Perl et al., 2021). Levels of anti-SARS-CoV-2-specific IgG remained low for the first 3 weeks but increased at week 4, and by weeks 5 and 6, 97% of breastmilk samples tested positive (Perl et al., 2021). While this study did not assess neutralization activity per se, previous reports have demonstrated that anti-SARS-CoV-2 breastmilk antibodies from natural infection do have neutralizing capacity, which correlates strongly with anti-RBD IgA titers (Pace et al., 2021). Similar findings were reported in the assessment of breastmilk obtained from 31 lactating participants receiving either the Pfizer/BioNTech or Moderna mRNA vaccines, in which robust induction of anti-SARS-CoV-2-specific IgG, IgA and IgM was identified in breastmilk following the prime, with an increase in breastmilk IgG, but not IgA or IgM, following the boost (Gray et al., 2021). The duration of antibody-mediated protection provided by breastmilk-derived antibodies in newborns and infants is not expected to last much beyond the time of breastfeeding, as the mucosally-delivered IgA antibodies lack the durability of IgG antibodies in the blood (Atyeo and Alter, 2021). These data are particularly relevant in designing strategies to assist in the protection of vulnerable newborns, such as infants born preterm or those who are otherwise immunocompromised, in communities with high SARS-CoV-2 prevalence, or in households in which the ability to isolate from infected family members may be compromised.



Future Directions

Infection with SARS-CoV-2 has the ability to generate long-lasting immunological memory in non-pregnant populations (Dan et al., 2021; Sette and Crotty, 2021), and emerging data from mRNA COVID-19 vaccines point to similar long-lasting serological protection, with demonstrable binding and neutralizing antibodies up to 8 months post-vaccination (Doria-Rose et al., 2021). Whether vaccines can generate the same long-lasting functional immunity in individuals when administered during pregnancy or lactation is not yet known, however preliminary findings described in this review suggest that pregnant and lactating individuals mount a comparably robust initial serological response to that observed in non-pregnant reproductive-age women. Continued longitudinal assessment of vaccine-induced titers in cohorts of people vaccinated during pregnancy and lactation are critical to answering these questions. Data on the safety, reactogenicity, and immunogenicity of the Janssen/Johnson & Johnson Ad26-vector vaccine in pregnant people are lacking and will be important to collect given recent concerns regarding the rare risk of cerebral venous sinus thrombosis in women less than 50. Similarly, if the NVX-CoV2373 protein-adjuvanted COVID-19 vaccine (Novavax’s Covovax) (Heath et al., 2021) is granted EUA, responses to this vaccine in pregnant and lactating individuals will be important to study. As is true in non-pregnant populations, vaccine-induced immunological protection against emerging variants, including the Delta variant, will be important to assess in individuals who received their initial vaccination series during pregnancy. Whether a “booster” dose has utility in the pregnant population, or in individuals who were vaccinated during pregnancy, will also be important to assess.

Complete pregnancy outcomes data from people vaccinated in the first and early second trimesters are not yet available as most of these pregnancies are ongoing. Durability of IgG in the blood of neonates born to vaccinated mothers has not yet been defined, nor has whether the anti-SARS-CoV-2 IgG generated influences the response to other childhood vaccines. Information on postnatal outcomes and offspring development will require long term follow-up of children born to individuals who received the vaccine during pregnancy. Challenges in vaccine uptake in pregnant people persist despite evidence of benefit and lack of evidence of harm and strong recommendations from the medical and public health communities (Mercede Sebghati, 2021), and these challenges may be even greater in minority communities and low- and middle-income countries (Kochhar et al., 2019; Webb Hooper et al., 2021). It is therefore critically important to continue to rigorously collect and responsibly report these data to provide evidence-based guidance for pregnant and lactating individuals.



Author Contributions

LS and AE conceived of the topic of this review and drafted the manuscript. JS and PF contributed to drafting the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Eunice Kennedy Shriver National Institute of Child Health and Human Development: 3R01HD100022-02S2 to AE and K12HD103096-01 to LS. AE is also supported by the Claflin Award from Massachusetts General Hospital Executive Committee on Research.



References

 Adhikari, E. H., and Spong, C. Y. (2021). COVID-19 Vaccination in Pregnant and Lactating Women. JAMA 325 (11), 1039–1040. doi: 10.1001/jama.2021.1658

 Alberca, R. W., Pereira, N. Z., Oliveira, L. M. D. S., Gozzi-Silva, S. C., and Sato, M. N. (2020). Pregnancy, Viral Infection, and COVID-19. Front. Immunol. 11, 1672. doi: 10.3389/fimmu.2020.01672

 Alberer, M., Gnad-Vogt, U., Hong, H. S., Mehr, K., Backert, L., Finak, G., et al. (2017). Safety and Immunogenicity of a mRNA Rabies Vaccine in Healthy Adults: An Open-Label, Non-Randomised, Prospective, First-in-Human Phase 1 Clinical Trial. Lancet 390 (10101), 1511–1520. doi: 10.1016/S0140-6736(17)31665-3

 Amenyogbe, N., Levy, O., and Kollmann, T. R. (2015). Systems Vaccinology: A Promise for the Young and the Poor. Philos. Trans. R Soc. Lond B Biol. Sci. 370, 1–5. doi: 10.1098/rstb.2014.0340

 Anichini, G., Terrosi, C., Gandolfo, C., Gori, S. G., Fabrizi, S., Miceli, G. B., et al. (2021). SARS-CoV-2 Antibody Response in Persons With Past Natural Infection. N. Engl. J. Med 385, 90–92. doi: 10.1056/NEJMc2103825

 Atyeo, C., and Alter, G. (2021). The Multifaceted Roles of Breast Milk Antibodies. Cell 184 (6), 1486–1499. doi: 10.1016/j.cell.2021.02.031

 Atyeo, C., DeRiso, E. A., Davis, C., Bordt, E. A., DeGuzman, R. M., Shook, L. L., et al. (2021a). COVID-19 mRNA Vaccines Drive Differential Fc-Functional Profiles in Pregnant, Lactating, and non-Pregnant Women. bioRxiv doi: 10.1101/2021.04.04.438404

 Atyeo, C., Pullen, K. M., Bordt, E. A., Fischinger, S., Burke, J., Michell, A., et al. (2021b). Compromised SARS-CoV-2-Specific Placental Antibody Transfer. Cell 184 (3), 628–642.e10. doi: 10.1016/j.cell.2020.12.027

 Baines, K. J., Rampersaud, A. M., Hillier, D. M., Jeyarajah, M. J., Grafham, G. K., Eastabrook, G., et al. (2020). Antiviral Inflammation During Early Pregnancy Reduces Placental and Fetal Growth Trajectories. J. Immunol. 204 (3), 694–706. doi: 10.4049/jimmunol.1900888

 Beharier, O., Plitman Mayo, R., Raz, T., Sacks, K. N., Schreiber, L., Suissa-Cohen, Y., et al. (2021). Efficient Maternal to Neonatal Transfer of Antibodies Against SARS-CoV-2 and BNT162b2 mRNA COVID-19 Vaccine. J. Clin. Invest. 131 (13), e150319. doi: 10.1172/JCI150319

 Bianchi, D. W., Kaeser, L., and Cernich, A. N. (2021). Involving Pregnant Individuals in Clinical Research on COVID-19 Vaccines. JAMA 325 (11), 1041–1042. doi: 10.1001/jama.2021.1865

 CDC. (2021). COVID-19 Cases, Deaths, and Trends in the US. Published March 28, 2020. Available at: https://covid.cdc.gov/covid-data-tracker/?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fcoronavirus%2F2019-ncov%2Fcases-updates%2Fcases-in-us.html#pregnant-population (Accessed June 17, 2021).

 CDC. (2021). Available at: https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/pregnant-people.html (Accessed August 13, 2021).

 CDC. (2021). Information About COVID-19 Vaccines for People Who Are Pregnant or Breastfeeding. Available at: https://www.cdc.gov/coronavirus/2019-ncov/vaccines/recommendations/pregnancy.html (Accessed April 28, 2021).

 Chu, L., McPhee, R., Huang, W., Bennett, H., Pajon, R., Nestorova, B., et al. (2021). A Preliminary Report of a Randomized Controlled Phase 2 Trial of the Safety and Immunogenicity of mRNA-1273 SARS-CoV-2 Vaccine. Vaccine 39 (20), 2791–2799. doi: 10.1016/j.vaccine.2021.02.007

 Clements, T., Rice, T. F., Vamvakas, G., Barnett, S., Barnes, M., Donaldson, B., et al. (2020). Update on Transplacental Transfer of IgG Subclasses: Impact of Maternal and Fetal Factors. Front. Immunol. 11, 1920. doi: 10.3389/fimmu.2020.01920

 Collier, A.-R. Y., McMahan, K., Yu, J., Tostanoski, L. H., Aguayo, R., Ansel, J., et al. (2021). Immunogenicity of COVID-19 mRNA Vaccines in Pregnant and Lactating Women. JAMA 325 (23), 2370–2380. doi: 10.1001/jama.2021.7563

 Cuningham, W., Geard, N., Fielding, J. E., Braat, S., Madhi, S. A., Nunes, M. C., et al. (2019). Optimal Timing of Influenza Vaccine During Pregnancy: A Systematic Review and Meta-Analysis. Influenza Other Respi Viruses. 13 (5), 438–452. doi: 10.1111/irv.12649

 Dabrera, G., Amirthalingam, G., Andrews, N., Campbell, H., Ribeiro, S., Kara, E., et al. (2015). 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. 60 (3), 333–337. doi: 10.1093/cid/ciu821

 Dan, J. M., Mateus, J., Kato, Y., Hastie, K. M., Yu, E. D., Faliti, C. E., et al. (2021). Immunological Memory to SARS-CoV-2 Assessed for Up to 8 Months After Infection. Science 371 (6529), 1–13. doi: 10.1126/science.abf4063

 Doria-Rose, N., Suthar, M. S., Makowski, M., O’Connell, S., McDermott, A. B., Flach, B., et al. (2021). Antibody Persistence Through 6 Months After the Second Dose of mRNA-1273 Vaccine for Covid-19. N. Engl. J. Med 384, 2259–2261. doi: 10.1056/NEJMc2103916

 Eberhardt, C. S., Blanchard-Rohner, G., Lemaître, B., Boukrid, M., Combescure, C., Othenin-Girard, V., et al. (2016). Maternal Immunization Earlier in Pregnancy Maximizes Antibody Transfer and Expected Infant Seropositivity Against Pertussis. Clin. Infect. Dis. 62 (7), 829–836. doi: 10.1093/cid/ciw027

 Edlow, A. G., Li, J. Z., Collier, A.-R. Y., Atyeo, C., James, K. E., Boatin, A. A., et al. (2020). Assessment of Maternal and Neonatal SARS-CoV-2 Viral Load, Transplacental Antibody Transfer, and Placental Pathology in Pregnancies During the COVID-19 Pandemic. JAMA Netw. Open 3 (12), e2030455. doi: 10.1001/jamanetworkopen.2020.30455

 Feldman, R. A., Fuhr, R., Smolenov, I., Mick Ribeiro, A., Panther, L., Watson, M., et al. (2019). mRNA Vaccines Against H10N8 and H7N9 Influenza Viruses of Pandemic Potential Are Immunogenic and Well Tolerated in Healthy Adults in Phase 1 Randomized Clinical Trials. Vaccine 37 (25), 3326–3334. doi: 10.1016/j.vaccine.2019.04.074

 Feunou, P. F., Mielcarek, N., and Locht, C. (2016). Reciprocal Interference of Maternal and Infant Immunization in Protection Against Pertussis. Vaccine 34 (8), 1062–1069. doi: 10.1016/j.vaccine.2016.01.011

 Forsyth, K., Plotkin, S., Tan, T., and Wirsing von König, C. H. (2015). Strategies to Decrease Pertussis Transmission to Infants. Pediatrics 135 (6), e1475–e1482. doi: 10.1542/peds.2014-3925

 Fortner, K. B., Swamy, G. K., Broder, K. R., Jimenez-Truque, N., Zhu, Y., Moro, P. L., et al. (2018). Reactogenicity and Immunogenicity of Tetanus Toxoid, Reduced Diphtheria Toxoid, and Acellular Pertussis Vaccine (Tdap) in Pregnant and Nonpregnant Women. Vaccine 36 (42), 6354–6360. doi: 10.1016/j.vaccine.2018.07.012

 Fu, C., Lu, L., Wu, H., Shaman, J., Cao, Y., Fang, F., et al. (2016). Placental Antibody Transfer Efficiency and Maternal Levels: Specific for Measles, Coxsackievirus A16, Enterovirus 71, Poliomyelitis I-III and HIV-1 Antibodies. Sci. Rep. 6, 38874. doi: 10.1038/srep38874

 Goel, R. R., Apostolidis, S. A., Painter, M. M., Mathew, D., Pattekar, A., Kuthuru, O., et al. (2021). Distinct Antibody and Memory B Cell Responses in SARS-CoV-2 Naïve and Recovered Individuals Following mRNA Vaccination. Sci. Immunol. 6 (58), 1–19. doi: 10.1126/sciimmunol.abi6950

 Golan, Y., Prahl, M., Cassidy, A., Christine, Y., Ahituv, N., Flaherman, V. J., et al. (2021). Evaluation of Messenger RNA From COVID-19 BTN162b2 and mRNA-1273 Vaccines in Human Milk. JAMA Pediatr. doi: 10.1001/jamapediatrics.2021.1929

 Gray, K. J., Bordt, E. A., Atyeo, C., Deriso, E., Akinwunmi, B., Young, N., et al. (2021). COVID-19 Vaccine Response in Pregnant and Lactating Women: A Cohort Study. Am. J. Obstet. Gynecol. 225 (3), P303.E1–303.E17. doi: 10.1016/j.ajog.2021.03.023

 Healy, C. M., Rench, M. A., Swaim, L. S., Smith, E. O., Sangi-Haghpeykar, H., Mathis, M. H., et al. (2018). Association Between Third-Trimester Tdap Immunization and Neonatal Pertussis Antibody Concentration. JAMA 320 (14), 1464–1470. doi: 10.1001/jama.2018.14298

 Heath, P. T., Galiza, E. P., Baxter, D. N., Boffito, M., Browne, D., Burns, F., et al. (2021). Safety and Efficacy of NVX-CoV2373 Covid-19 Vaccine. N. Engl. J. Med. doi: 10.1056/NEJMoa2107659

 JANSSEN BIOTECH, INC. (2021). COVID-19 Vaccine Ad26.Cov2.S VAC31518 (JNJ-78436735) SPONSOR BRIEFING DOCUMENT. Published Online February 26, 2021. Available at: https://www.fda.gov/media/146219/download.

 Jennewein, M. F., Abu-Raya, B., Jiang, Y., Alter, G., and Marchant, A. (2017). Transfer of Maternal Immunity and Programming of the Newborn Immune System. Semin. Immunopathol. 39 (6), 605–613. doi: 10.1007/s00281-017-0653-x

 Jennewein, M. F., Goldfarb, I., Dolatshahi, S., Cosgrove, C., Noelette, F. J., Krykbaeva, M., et al. (2019). Fc Glycan-Mediated Regulation of Placental Antibody Transfer. Cell 178 (1), 202–215.e14. doi: 10.1016/j.cell.2019.05.044

 Kochhar, S., Edwards, K. M., Ropero Alvarez, A. M., Moro, P. L., and Ortiz, J. R. (2019). Introduction of New Vaccines for Immunization in Pregnancy - Programmatic, Regulatory, Safety and Ethical Considerations. Vaccine 37 (25), 3267–3277. doi: 10.1016/j.vaccine.2019.04.075

 Koga, K., Cardenas, I., Aldo, P., Abrahams, V. M., Peng, B., Fill, S., et al. (2009). Activation of TLR3 in the Trophoblast is Associated With Preterm Delivery. Am. J. Reprod. Immunol. 61 (3), 196–212. doi: 10.1111/j.1600-0897.2008.00682.x

 Kollmann, T. R., Kampmann, B., Mazmanian, S. K., Marchant, A., and Levy, O. (2017). Protecting the Newborn and Young Infant From Infectious Diseases: Lessons From Immune Ontogeny. Immunity 46 (3), 350–363. doi: 10.1016/j.immuni.2017.03.009

 Krammer, F., Srivastava, K., Alshammary, H., Amoako, A. A., Awawda, M. H., Beach, K. F., et al. (2021). Antibody Responses in Seropositive Persons After a Single Dose of SARS-CoV-2 mRNA Vaccine. N. Engl. J. Med. 384 (14), 1372–1374. doi: 10.1056/NEJMc2101667

 Lee, Y.-C., and Lin, S.-J. (2013). Neonatal Natural Killer Cell Function: Relevance to Antiviral Immune Defense. Clin. Dev. Immunol. 2013, 427696. doi: 10.1155/2013/427696

 Maertens, K., Hoang, T. T. H., Nguyen, T. D., Caboré, R. N., Duong, T. H., Huygen, K., et al. (2016). The Effect of Maternal Pertussis Immunization on Infant Vaccine Responses to a Booster Pertussis-Containing Vaccine in Vietnam. Clin. Infect. Dis. 63 (suppl 4), S197–S204. doi: 10.1093/cid/ciw551

 Maruggi, G., Zhang, C., Li, J., Ulmer, J. B., and Yu, D. (2019). mRNA as a Transformative Technology for Vaccine Development to Control Infectious Diseases. Mol. Ther. 27 (4), 757–772. doi: 10.1016/j.ymthe.2019.01.020

 Mercede Sebghati, A. K. (2021). Uptake of Vaccination in Pregnancy. Best Pract. Res. Clin. Obstet. Gynaecol. doi: 10.1016/j.bpobgyn.2021.03.007

 Mithal, L. B., Otero, S., Shanes, E. D., Goldstein, J. A., and Miller, E. S. (2021). Cord Blood Antibodies Following Maternal COVID-19 Vaccination During Pregnancy. Am. J. Obstet. Gynecol. 225 (2), 192–194. doi: 10.1016/j.ajog.2021.03.035

 ModernaTX, Inc. (2020). FDA Briefing Document: Moderna COVID-19 Vaccine. Available at: https://www.fda.gov/media/144434/download.

 Pace, R. M., Williams, J. E., Järvinen, K. M., Belfort, M. B., Pace, C. D. W., Lackey, K. A., et al. (2021). Characterization of SARS-CoV-2 RNA, Antibodies, and Neutralizing Capacity in Milk Produced by Women With COVID-19. MBio 12 (1), 1–11. doi: 10.1128/mBio.03192-20

 Palmeira, P., Quinello, C., Silveira-Lessa, A. L., Zago, C. A., and Carneiro-Sampaio, M. (2012). IgG Placental Transfer in Healthy and Pathological Pregnancies. Clin. Dev. Immunol. 2012, 985646. doi: 10.1155/2012/985646

 Pardi, N., Hogan, M. J., Porter, F. W., and Weissman, D. (2018). mRNA Vaccines - a New Era in Vaccinology. Nat. Rev. Drug Discov. 17 (4), 261–279. doi: 10.1038/nrd.2017.243

 Perl, S. H., Uzan-Yulzari, A., Klainer, H., Asiskovich, L., Youngster, M., Rinott, E., et al. (2021). SARS-CoV-2-Specific Antibodies in Breast Milk After COVID-19 Vaccination of Breastfeeding Women. JAMA 325 (19), 2013–2014. doi: 10.1001/jama.2021.5782

 Pfizer/BioNTech. (2021). Annex I: Summary of Product Characteristics. Available at: https://ec.europa.eu/health/documents/community-register/2020/20201221150522/anx_150522_en.pdf.

 Prabhu, M., Murphy, E. A., Sukhu, A. C., Yee, J., Singh, S., Eng, D., et al. (2021). Antibody Response to Coronavirus Disease 2019 (COVID-19) Messenger RNA Vaccination in Pregnant Women and Transplacental Passage Into Cord Blood. Obstet Gynecol. 138 (2), 278–280. doi: 10.1097/AOG.0000000000004438

 Raj, R. S., Bonney, E. A., and Phillippe, M. (2014). Influenza, Immune System, and Pregnancy. Reprod. Sci. 21 (12), 1434–1451. doi: 10.1177/1933719114537720

 Richner, J. M., Jagger, B. W., Shan, C., Fontes, C. R., Dowd, K. A., Cao, B., et al. (2017). Vaccine Mediated Protection Against Zika Virus-Induced Congenital Disease. Cell 170 (2), 273–283.e12. doi: 10.1016/j.cell.2017.06.040

 Rio-Aige, K., Azagra-Boronat, I., Castell, M., Selma-Royo, M., Collado, M. C., Rodríguez-Lagunas, M. J., et al. (2021). The Breast Milk Immunoglobulinome. Nutrients 13 (6), 1–28. doi: 10.3390/nu13061810

 Rottenstreich, A., Zarbiv, G., Oiknine-Djian, E., Zigron, R., Wolf, D. G., and Porat, S. (2021). Efficient Maternofetal Transplacental Transfer of Anti- SARS-CoV-2 Spike Antibodies After Antenatal SARS-CoV-2 BNT162b2 Messenger mRNA Vaccination. Clin. Infect. Dis. ciab266. doi: 10.1093/cid/ciab266

 Saeed, Z., Greer, O., and Shah, N. M. (2020). Is the Host Viral Response and the Immunogenicity of Vaccines Altered in Pregnancy? Antibodies (Basel) 9 (38), 1–17. doi: 10.3390/antib9030038

 Saso, A., and Kampmann, B. (2017). Vaccine Responses in Newborns. Semin. Immunopathol. 39 (6), 627–642. doi: 10.1007/s00281-017-0654-9

 Schäfer, A., Muecksch, F., Lorenzi, J. C. C., Leist, S. R., Cipolla, M., Bournazos, S., et al. (2021). Antibody Potency, Effector Function, and Combinations in Protection and Therapy for SARS-CoV-2 Infection In Vivo. J. Exp. Med. 218 (3), 1–9. doi: 10.1084/jem.20201993

 Schlaudecker, E. P., Ambroggio, L., McNeal, M. M., Finkelman, F. D., and Way, S. S. (2018). Declining Responsiveness to Influenza Vaccination With Progression of Human Pregnancy. Vaccine 36 (31), 4734–4741. doi: 10.1016/j.vaccine.2018.05.117

 Sette, A., and Crotty, S. (2021). Adaptive Immunity to SARS-CoV-2 and COVID-19. Cell 184 (4), 861–880. doi: 10.1016/j.cell.2021.01.007

 Shanes, E. D., Otero, S., Mithal, L. B., Mupanomunda, C. A., Miller, E. S., and Goldstein, J. A. (2021). Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Vaccination in Pregnancy: Measures of Immunity and Placental Histopathology. Obstet Gynecol. 138 (2), 281–283. doi: 10.1097/AOG.0000000000004457

 Shimabukuro, T. T., Kim, S. Y., Myers, T. R., Moro, P. L., Oduyebo, T., Panagiotakopoulos, L., et al. (2021). Preliminary Findings of mRNA Covid-19 Vaccine Safety in Pregnant Persons. N. Engl. J. Med. 384, 2273–2282. doi: 10.1056/NEJMoa2104983

 Stephenson, K. E., Le Gars, M., Sadoff, J., de Groot, A. M., Heerwegh, D., Truyers, C., et al. (2021). Immunogenicity of the Ad26.COV2.S Vaccine for COVID-19. JAMA 325 (15), 1535–1544. doi: 10.1001/jama.2021.3645

 Than, N. G., Hahn, S., Rossi, S. W., and Szekeres-Bartho, J. (2019). Editorial: Fetal-Maternal Immune Interactions in Pregnancy. Front. Immunol. 10, 2729. doi: 10.3389/fimmu.2019.02729

 Thaxton, J. E., Nevers, T., Lippe, E. O., Blois, S. M., Saito, S., and Sharma, S. (2013). NKG2D Blockade Inhibits Poly(I:C)-Triggered Fetal Loss in Wild Type But Not in IL-10-/- Mice. J. Immunol. 190 (7), 3639–3647. doi: 10.4049/jimmunol.1203488

 The American College of Obstetricians and Gynecologists (ACOG). ACOG and SMFM Recommend COVID-19 Vaccination for Pregnant individuals. Published July 30, 2021. https://www.acog.org/news/news-releases/2021/07/acog-smfm-recommend-covid-19-vaccination-for-pregnant-individuals (Accessed August 13, 2021).

 The American College of Obstetricians and Gynecologists (ACOG). Maternal Immunization. ACOG Committee Opinion No. 741. Published June 18, 2018. Obstet Gynecol. (2018) 131(6):e214–e217. https://www.acog.org/clinical/clinical-guidance/committee-opinion/articles/2018/06/maternal-immunization (Accessed September 10, 2021).

 U.S. Food and Drug Administration (FDA). (2021). Emergency Use Authorization (EUA) of the Janssen COVID-19 Vaccine to Prevent Coronavirus Disease 2019 (COVID-19). Published Online April 23, 2021. Available at: https://www.fda.gov/media/146304/download.

 Walsh, E. E., Frenck, R. W. Jr, Falsey, A. R., Kitchin, N., Absalon, J., Gurtman, A., et al. (2020). Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N. Engl. J. Med. 383 (25), 2439–2450. doi: 10.1056/NEJMoa2027906

 Webb Hooper, M., Nápoles, A. M., and Pérez-Stable, E. J. (2021). No Populations Left Behind: Vaccine Hesitancy and Equitable Diffusion of Effective COVID-19 Vaccines. J. Gen. Intern. Med. 36, 2130–2133. doi: 10.1007/s11606-021-06698-5

 Wilcox, C. R., Holder, B., and Jones, C. E. (2017). Factors Affecting the FcRn-Mediated Transplacental Transfer of Antibodies and Implications for Vaccination in Pregnancy. Front. Immunol. 8, 1294. doi: 10.3389/fimmu.2017.01294

 Woodworth, K. R., Olsen, E. O., Neelam, V., Lewis, E. L., Galang, R. R., Oduyebo, T., et al. (2020). Birth and Infant Outcomes Following Laboratory-Confirmed SARS-CoV-2 Infection in Pregnancy — SET-NET, 16 Jurisdictions, March 29–October 14, 2020. MMWR Morb. Mortal. Wkly. Rep. 69 (44), 1635–1640. doi: 10.15585/mmwr.mm6944e2

 Yu, J. C., Khodadadi, H., Malik, A., Davidson, B., Salles, E., Bhatia, J., et al. (2018). Innate Immunity of Neonates and Infants. Front. Immunol. 9, 1759. doi: 10.3389/fimmu.2018.01759

 Zambrano, L. D., Ellington, S., Strid, P., Galang, R. R., Oduyebo, T., Tong, V. T., et al. (2020). Update: Characteristics of Symptomatic Women of Reproductive Age With Laboratory-Confirmed SARS-CoV-2 Infection by Pregnancy Status - United States, January 22-October 3, 2020. MMWR Morb. Mortal. Wkly. Rep. 69 (44), 1641–1647. doi: 10.15585/mmwr.mm6944e3

 Zhang, J., Wei, H., Wu, D., and Tian, Z. (2007). Toll-Like Receptor 3 Agonist Induces Impairment of Uterine Vascular Remodeling and Fetal Losses in CBA X DBA/2 Mice. J. Reprod. Immunol. 74 (1-2), 61–67. doi: 10.1016/j.jri.2006.10.005




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Shook, Fallah, Silberman and Edlow. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        COVID-19 Vaccination in Pregnancy and Lactation: Current Research and Gaps in Understanding

      

        		

          Introduction

        



        		

          Safety of COVID-19 Vaccines in Reproduction

        



        		

          Immunogenicity and Implications of Host-Virus Interactions in Pregnancy

        



        		

          Protection at Birth: Maternal-Fetal Transplacental Antibody Transfer Following Vaccination

        



        		

          Protection After Birth: Maternal-Infant Transfer of Vaccine-Induced Immunity in Breastmilk

        



        		

          Future Directions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-11-735394-g001.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2021.735394_cover.jpg
, frontiers

in Cellular and Infection Microbiology

COVID-19 Vaccination in Pregnancy
and Lactation: Current Research and
Gaps in Understanding





