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THE IMMUNE SYSTEM’S 
FIRST STEPS 

I
n the early 1950s, Peter Medwar and 

colleagues showed that transplant tol-

erance could be induced in adult mice 

by inoculating them in utero with cells 

from a donor strain. This elegant experi-

ment revealed that the immune system 

in early life is functionally distinct and 

responsive to programming that persists 

into adulthood. Nearly 70 years later, the 

complexity and developmental trajectory of 

the fetal–neonatal immune system are much 

better understood. We have also begun to ap-

preciate that the immune system in early life 

does not develop in isolation but is instead 

strongly infl uenced by maternal cells, com-

mensal microbes, and pathogens. 

This special issue surveys recent advances 

in the fi eld of early life immunology. Review 

articles highlight distinctive features of hu-

man fetal immune system development elu-

cidated by unbiased multi-omics analysis, 

the impact of commensal metabolites and 

xenobiotics on immunity before and after

birth, how maternal and fetal immune com-

ponents work together to combat viral in-

fections during pregnancy (and what hap-

pens when these mechanisms fail), and the 

potential of vaccination approaches to boost 

fetal–maternal immunity and protect neo-

nates against the pathogens that most 

frequently cause them harm. 

These discoveries should inform future 

public health initiatives and draw renewed 

attention to the vulnerability of children 

in early life, laying the groundwork for vac-

cination strategies to target pathogens 

that cause congenital and neonatal infec-

tions as well as therapies to treat disor-

ders such as stillbirth and prematurity. Evi-

dence is also mounting that immune system 

programming that starts in early life may in-

fl uence the risk of developing conditions such 

as allergic, autoimmune, reproductive, and 

neuropsychiatric disorders in later life, fur-

ther underscoring the translational implica-

tions of this kind of research.

By Seth Thomas Scanlon
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REVIEW

Prenatal development of human immunity
Jong-Eun Park1*, Laura Jardine2*, Berthold Gottgens3,4, Sarah A. Teichmann1,5†, Muzlifah Haniffa1,2,6†

The blood and immune systems develop in parallel during early prenatal life. Waves of hematopoiesis
separated in anatomical space and time give rise to circulating and tissue-resident immune cells.
Previous observations have relied on animal models, which differ from humans in both their
developmental timeline and exposure to microorganisms. Decoding the composition of the human
immune system is now tractable using single-cell multi-omics approaches. Large-scale single-cell
genomics, imaging technologies, and the Human Cell Atlas initiative have together enabled a systems-
level mapping of the developing human immune system and its emergent properties. Although the
precise roles of specific immune cells during development require further investigation, the system
as a whole displays malleable and responsive properties according to developmental need and
environmental challenge.

A
nimal model systems have provided
fundamental evidence that shapes our
understanding of developmental hema-
topoiesis. Studies performed in mouse,
zebrafish, and chicken have established

that blood and immune system development
occur across distinct anatomical sites (Fig. 1).
The first blood cells are extraembryonic, de-
veloping in close association with endothelial
cells of the yolk sac (1). Embryonic hemato-
poietic stem cells (HSCs), capable of repopu-
lating an adult host in transplant assays,
originate from the aorta gonad mesonephros
(AGM) region (2). The fetal liver and bone
marrow (BM) are subsequently seeded by both
yolk sac–derived progenitors and AGM-derived
HSCs (3). However, developmental timelines
are not chronologically identical between
species. For example, mouse fetal thymus is
notably immature compared with human thy-
mus, which supports complete naïve T cell
differentiation in utero (4). Furthermore, some
population-defining markers are poorly con-
served, making it difficult to directly apply
findings from animal studies to humans.
Increasingly, the influence of maternofetal
microbial exposure on the fetal immune de-
velopment is recognized, and both commensal
and pathogenic microbial repertoire differs
among species (see accompanying reviews).
Studies directed at human immune devel-
opment have been hampered by tissue access
and experimental limitations, but single-cell

multi-omics technologies have expedited new
findings. In this review, we discuss how these
technologies have provided an unprecedented
view of early life immunity. We describe key
insights into how immune development is
layered across time and space and explain
how immune cells both prepare the fetus for
antigen challenge and adopt noncanonical
roles in development.

From single cells to system-level development

The challenge of unraveling blood and immune
system development in the prenatal human
requires a high-performance tool kit. Single-
cell RNA sequencing (scRNA-seq) has emerged
as a powerful tool for the systematic under-
standing of the immune system, permitting
an unbiased identification of cell state and
the resolution of complex mixtures of cells
(5). Droplet-based scRNA-seq methods, such
as 10X, are now scalable to the extent that
whole organs can be adequately sampled. For
example, our group has profiled single cells
from yolk sac and liver to reconstruct early
hematopoiesis, from thymus to capture T cell
development, and from skin and kidney to
elucidate the seeding of peripheral organs
(4, 6). Computational techniques have permitted
comparison of cell states across tissues and pre-
diction of critical receptor ligand interactions
that shape immune cell fate in specific tissues
(7). Correlation with imaging techniques—for
example, in situ transcriptomics—has allowed
comprehensive characterization of tissuemicro-
environments (4, 7–9). Developmental trajecto-
ries have been inferred within single tissues, as
cells are captured at varying stages of differen-
tiation and by integrating samples from a range
of gestational ages. This tool kit is beginning
to provide a comprehensive overview of early
immune development.Meanwhile, considerable
challenges remain in tracing the origin of spe-
cific immune cells to distinct waves of hemato-
poiesis. Advances in single-cell DNA sequencing
combined with analytical techniques to track
distinct clones may bring us closer to this goal.

The developing immune system in
space and time
In this section, we follow human immune
system development across space and time.
We begin by discussing cell types as they first
emerge in the yolk sac or fetal liver, before
considering the thymus as a key site of T cell
development. This cannot be an exhaustive
description of immune composition because
about 40 immune cell states have been iden-
tified in these tissues to date. Instead, we focus
on how single-cell multi-omics approaches have
advanced our understanding of the human
fetal immune system (Fig. 2).

Yolk sac and AGM

An analysis of the human embryonic yolk sac
demonstrates the presence of HSC-like pro-
genitors, macrophages, mast cells (MCs), natu-
ral killer (NK) cell progenitors, and innate
lymphoid cell (ILC) progenitors alongside
megakaryocytes and erythroid cells from
four postconception weeks (PCW) (6).
Macrophage origin has been intensively

studied because tissue macrophages arise
independently from HSCs and self-renew
under homeostatic conditions inmousemodels
(10). Tissue-resident macrophages in the liver,
lung, brain, and epidermis were shown by fate
mapping to arise from yolk sac hematopoiesis
through the erythromyeloid progenitor (11, 12).
Although the yolk sac contribution is retained
in some tissues (e.g., the liver, brain, and epider-
mis), macrophages are gradually replaced by
HSC-derived monocytes at other sites (e.g., the
gut, lung, and heart). This process depends in
part on how “open” the niche remains to cir-
culating cells (10). In the mouse, the precise
contributions of the first versus second waves
of yolk sac hematopoiesis and whether the
macrophages arise from amonocyte interme-
diate remain unresolved (10). In human fetal
development, tissue-specific macrophages are
observed from the earliest time points sam-
pled (6, 13, 14). Single-cell dissection of human
AGM revealed a distinct hemogenic endothe-
lial population that gives rise to macrophages
(13). By 6 PCW, the embryonic pancreas is
laden with macrophages, microglia accompany
the developing brain, and Hofbauer cells line
the placenta (7, 14, 15). Identification of these
cells in appreciable numbers before the onset of
fetal liver hematopoiesis at 6 to 9 PCW lends
support to yolk sac or AGM-derived macro-
phages seeding peripheral tissues. Attempts
to use transcriptional similarity between yolk
sac macrophages and fetal liver macrophages
to parse tissue macrophage ontogeny are not
sufficiently reliable owing to environmentally
related gene expression after tissue residency.
However, these profiles have allowed charac-
terization of macrophage diversity essential for
development, for example, erythroid islandmac-
rophages providing support for erythropoiesis
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and Kupffer cells with prominent scavenging
function in the fetal liver (6).
In parallel to macrophages, fate-mapping

studies have demonstrated that tissue MCs
arise from both yolk sac and HSC-derived
precursors inmouse and that patterns of yolk
sacMC retention are tissue specific (16, 17). In
human development, a clear MC signature is
present in both the yolk sac and fetal liver (6).
Connective tissue MCs in fetal skin and kid-
ney are closely related to fetal liver MCs by
single-cell gene expression profile (6). This
early dedication by the embryo to MC pro-
duction is puzzling. The best-characterized
function of MCs is their participation in al-
lergic responses on immunoglobulin E (IgE)
binding via the high-affinity IgE receptor (18).
Liver and yolk sac MCs appear ill prepared for
this task, because neither expresses the IgE
receptor alpha subunit gene (FCER1A) (6).
Early MC production may occur to equip de-
veloping mucosal sites and connective tissues
with resident immune cells or to provide a
pool of pathogen-associatedmolecular pattern–
responsive innate effectors. However, addi-
tional functions in supporting angiogenesis
are predicted. In mice, embryonic skin MCs
express genes involved in vascular and neural
patterning (6, 16). In adult mammals, MCs

support both physiological and inflamma-
tory angiogenesis (18). The role of MCs in
prenatal vascular development warrants fur-
ther investigation.
NK cells, ILC progenitors, and their com-

mon lymphoid progenitors can be identified
from yolk sac and fetal liver single-cell tran-
scriptome (6, 19). In later stages, they are
found asmore diverse and differentiated cells
in multiple fetal organs (9, 20). In contrast to
the maternal decidual NK cells whose role
during pregnancy has been well character-
ized (7, 21), our understanding of fetal NK cell
function to date is limited. Although fetal NK
cells are considered to be immature and hy-
poreactive compared with adult NK cells, they
already possess killer activity (22, 23). More-
over, fetal or infant NK cells resemble their
adult counterparts at several levels, suggesting
that they are poised to respond when the right
stimuli, such as viral infections, are present
(23). Concordantly, NK cells are abundant in
infant intestines, are equipped with cytolytic
granules, and display superior degranulation
activity compared with adult intestinal NK
cells (20). In addition to NK cells, other ILCs
have been shown to be enriched in the fetus
compared with infants (24). Among them, in-
nate lymphoid tissue inducer (LTi) cells play

a critical role in the formation of secondary
lymphoid organs (25, 26). By interacting with
stromal cells, LTi cells induce positive feedback
to recruit additional LTi cells as well as other
immune cells, generating a lymphoid environ-
ment (27). Thus, innate lymphocytes develop
very early in the human embryo and are involved
in both tissue protection and remodeling.
This earliest wave of hematopoiesis in the

yolk sac displays dedication to immune cells
with structural and physiological roles along-
side equipping the embryo with a basic reper-
toire of innate immune effectors. The precise
roles of these cells in tissue development and
the checkpoints that prevent damaging immune
responses in utero require further investigation.

Liver and BM

Definitive HSCs can generate the full com-
plement of erythroid,megakaryocyte,myeloid,
and lymphoid cell lineages in fetal liver, but
neutrophils remain absent until BM hemato-
poiesis is established (28).
In contrast to macrophages, monocytes

and dendritic cells (DCs) are considered
HSC-dependent populations. In the mouse,
both are traceable to a clonogenic precursor
in BM named the macrophage-DC progenitor
(29). In human development, the first signs of
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Fig. 1. Temporal and spatial development of the human immune system.
The development of blood and immune systems during early human life occurs
over several anatomical sites. The major site of hematopoiesis changes from the
extraembryonic yolk sac to the intraembryonic AGM, liver, and BM. T cell
differentiation and maturation are confined to the thymus. Immune cells seed
other lymphoid or peripheral organs—including lymph nodes, skin, intestine,

kidney, and lung—and adapt to the respective organ environment. Diverse
immune cell types develop and mature at different gestational stages, which is
necessary to establish tolerance and functional response based on developmental
needs. This prepares the developing embryo and fetus for antigen exposure
during pregnancy and after birth. ILCP, ILC precursor; CDR3, complementary-
determining region 3; TdT, terminal deoxynucleotidyl transferase.

on M
ay 7, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


DC production are seen in the fetal liver from
around 6 PCW (6). Conventional DC1, DC2, and
plasmacytoid DCs are found in fetal tissues—
including the lung, spleen, skin, and thymus—
from 12 PCW and are relatively abundant
compared with adult tissue DCs (30). Fetal DCs,
like their adult counterparts, are capable of mi-
grating, responding to Toll-like receptor ligation,
and stimulating T cell proliferation and activation
(30). Fetal DCs have the particular capacity to
induce regulatory T cell differentiation, promote
T cell interleukin-4 production, and inhibit T cell
tumor necrosis factor–a (TNFa) production via
arginase 2 (30). Thus, DCs play an important
role in maintaining tolerance during fetal life.
The B cell lineage is first observed in the

fetal liver from 7 PCW in the form of B cell
precursors; mature B cells are present only
after 9 PCW (6). This has been attributed partly
to the change inHSC-intrinsic potential to gen-
erate B cells and the liver microenvironment
support for B cell differentiation (6). At mid-
gestation, the BM becomes the major source
of B cells, and mature B cells are abundantly
enriched in spleen (31). Although fetal B cells
achieve diverse repertoire from early stages
(24, 32), the formation of germinal centers is
attenuated until antigen exposure after birth,
which is accompanied by active somatic hy-
permutation (33). Comparing intestinal B cells
from second-trimester fetuses to infants with
single-cell mass cytometry combined with
B cell receptor repertoire analysis nicely dem-
onstrated that fetal intestinal B cells are pri-
marily follicular and transitional B cells,whereas
plasma B cells are enriched in infants (24).

Another interesting aspect of B cell devel-
opment that has been intensively studied in
the mouse model is the tiered development of
innate-like B-1 cells, which predominate in
early gestation and are followed by conven-
tional B-2 cells (34). However, the precise
identity of human B-1–like cells has not yet
been resolved (35). Future studies to gener-
ate a single-cell atlas of human fetal BM and
spleen will provide a better view on human
B cell ontology, highlighting organ-specific
differences in the niche factors that support
B cell differentiation.

Thymus and peripheral organs

The thymus provides an environment essential
for T cell development. Early lymphoid progen-
itors originating from the fetal liver migrate
into the thymus at 8 PCW, where they develop
into naïve T cells (36).
Development andmaturation of the thymus

are mediated by an interplay between thymic
stromal cells and immune compartments,which
has been largely studied in mouse models.
Comprehensive single-cell transcriptome profil-
ing of cellular constituents of developing hu-

man thymus showed extensive communication
between thymic epithelial cells, mesenchymal
cells, early thymic progenitors, developing and
mature T cells, and other immune cells (4, 19).
Theproportionof each cell populationalso shows
coordinated change across development, further
proving the importance of harmony between
multiple cell types for organ maturation (4).
Single-cell studies on fetal liver and thymus

revealed detailed molecular signatures account-
ing for the transition from early thymic pro-
genitors into naïve T cells (4, 6, 19). Hu and
colleagues focused on themolecular profile of
thymus-seeding progenitors (19). Our group ex-
tended this analysis toward later stages in devel-
opment (4). Together, these findings revealed a
continuous trajectory from early thymic progen-
itorsdeveloping intomultiplematureT cell types.
Naïve T cells egress from the thymus and

migrate into other tissues. Circulating T cells
are observed at 10 to 11 PCW after functional
thymic development (37). The absence or pres-
ence of microorganisms in the fetal environment
remains a matter of debate (see accompany-
ing reviews). Although a healthy pregnancy
is most likely sterile, noninheritedmaternal
alloantigens and microbial by-products may
potentially activate the fetal immune system.
To avoid damaging alloreactivity, the fetus
needs to maintain tolerogenic immunity. Con-
sequently, naïve T cells generated from the
fetus are more likely to acquire a regulatory
T cell fate compared with adult naïve T cells
(38). Fetal regulatory T cells suppress the pro-
liferation and cytokine secretion of other fetal
T cells that are potentially self-reactive (39).
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Memory T cells have been identified in the
fetal intestine, highlighting the potential of
fetal T cells to respond to foreign antigens
(9, 24, 40, 41). Studies on intestinal CD4+ T cells
by single-cell techniques combined with reper-
toire sequencing identified the existence of
memory T cell populations and regulatory
T cells with the signature of clonal expansion,
highlighting the balance between activation
and suppression of adaptive immune response
in the fetus (24, 42). Intestinal CD4+ T cells can
also play a role in promoting development, as
shown for the case of moderate TNFa expres-
sion (41). Thus, fetal adaptive immunity is
substantially more mature than previously
expected. Active areas of future research on the
fetal immune system include the antigenic cues
underlying fetal T cell activation and the roles
they play in fetal development and protection.
Through this snapshot of fetal immune

development across time and space, we note
the emergence of both innate and adaptive
immune cells with distinctive properties com-
pared with their adult counterparts. Among
the components missing from this overview
are neutrophils. Current evidence suggests that
around one-third of fetal BM cells are neutro-
phils or their precursors at 10 to 13 PCW,
increasing to two-thirds at 21 PCW (43). Infants
born prematurely or small for gestational age
have lower circulating neutrophil counts, lower
neutrophil reserve, and higher mortality from
sepsis (44). Understanding how the fetal neu-
trophil compartment operates will provide in-
sights into how early-life immune defense can
be supported.

Conclusion
Multi-omics suspension and spatial-based tech-
nologies have provided ideal platforms to
dissect and reconstruct the developing immune
system (4, 6, 9, 13, 19, 24, 41, 42). Many areas of
uncertainty remain to be unraveled (Fig. 3).
How do hematopoietic progenitors change
throughout development? How do different
tissue niches such as yolk sac, liver, BM, thy-
mus, and spleen affect the progenitor pop-
ulations and developing immune cells? How
do immune cells migrate to and adapt in pe-
ripheral nonlymphoid tissues? How does the
immune system communicate, learn, and form
memory for future encounters?
Completion of the developing immune atlas

by focusing on the organs and time points that
are currently missing, extending the analyses
for comparison with the adult immune cells,
and system and cross-species comparisonswill
provide further knowledge about how the hu-
man immune systemevolved and is established
and sustained. The clinical implications of fetal
immune development and function reach far
beyond life in utero. Fetal-specific hemato-
poietic progenitor cells are now recognized as
likely cells of origin for blood cancers, includ-
ing Down syndrome–associated acute mega-
karyoblastic leukemia, juvenile myelomonocytic
leukemia, and infant acute lymphoblastic leuke-
mia. Early-onset primary immunodeficiencies
with impaired response to pathogen challenge
and/or autoimmunity may also be influenced
by developmental cues and changes. In these
settings, aberrant hematopoiesis also results
in abnormal immune function. The biological

insights from in-depth understanding of the
developing immune system promise to revo-
lutionize stem cell transplantation and tissue
engineering for immunotherapy and regener-
ative medicine in the near future.

REFERENCES AND NOTES

1. W. His, Lecithoblast und angioblast der wirbelthiere.
Histogenetische studien (BG Teubner, 1900), vol. 26.

2. E. Dzierzak, A. Medvinsky, Development 135, 2343–2346
(2008).

3. P. G. Holt, C. A. Jones, Allergy 55, 688–697 (2000).
4. J.-E. Park et al., Science 367, eaay3224 (2020).
5. M. Efremova, R. Vento-Tormo, J.-E. Park, S. A. Teichmann,

K. R. James, Annu. Rev. Immunol. 38, annurev-immunol-
090419-020340 (2020).

6. D.-M. Popescu et al., Nature 574, 365–371 (2019).
7. R. Vento-Tormo et al., Nature 563, 347–353 (2018).
8. M. Asp et al., Cell 179, 1647–1660.e19 (2019).
9. N. Li et al., Front. Immunol. 10, 1932 (2019).
10. F. Ginhoux, M. Guilliams, Immunity 44, 439–449 (2016).
11. E. Gomez Perdiguero et al., Nature 518, 547–551 (2015).
12. G. Hoeffel et al., Immunity 42, 665–678 (2015).
13. Y. Zeng et al., Cell Res. 29, 881–894 (2019).
14. L. Banaei-Bouchareb, M. Peuchmaur, P. Czernichow, M. Polak,

J. Endocrinol. 188, 467–480 (2006).
15. D. A. Menassa, D. Gomez-Nicola, Front. Immunol. 9, 1014

(2018).
16. R. Gentek et al., Immunity 48, 1160–1171.e5 (2018).
17. Z. Li et al., Immunity 49, 640–653.e5 (2018).
18. M. Krystel-Whittemore, K. N. Dileepan, J. G. Wood,

Front. Immunol. 6, 620 (2016).
19. Y. Zeng et al., Immunity 51, 930–948.e6 (2019).
20. A. F. Sagebiel et al., Nat. Commun. 10, 975 (2019).
21. B. Fu et al., Immunity 47, 1100–1113.e6 (2017).
22. M. A. Ivarsson et al., J. Clin. Invest. 123, 3889–3901 (2013).
23. L. S. Angelo, L. H. Bimler, R. Nikzad, K. Aviles-Padilla, S. Paust,

Front. Immunol. 10, 469 (2019).
24. S. F. Stras et al., Dev. Cell 51, 357–373.e5 (2019).
25. K. Hoorweg et al., J. Immunol. 195, 4257–4263 (2015).
26. T. Cupedo et al., Nat. Immunol. 10, 66–74 (2009).
27. S. A. van de Pavert, R. E. Mebius, Nat. Rev. Immunol. 10,

664–674 (2010).
28. W. B. Slayton et al., Early Hum. Dev. 53, 129–144 (1998).
29. D. K. Fogg et al., Science 311, 83–87 (2006).
30. N. McGovern et al., Nature 546, 662–666 (2017).
31. C. Nuñez et al., J. Immunol. 156, 866–872 (1996).
32. E. Rechavi et al., Sci. Transl. Med. 7, 276ra25 (2015).
33. S. Weller et al., J. Exp. Med. 205, 1331–1342 (2008).
34. E. Montecino-Rodriguez, K. Dorshkind, Immunity 36, 13–21

(2012).
35. I. Sanz et al., Front. Immunol. 10, 2458 (2019).
36. B. F. Haynes, C. S. Heinly, J. Exp. Med. 181, 1445–1458 (1995).
37. B. F. Haynes, M. E. Martin, H. H. Kay, J. Kurtzberg, J. Exp. Med.

168, 1061–1080 (1988).
38. J. E. Mold et al., Science 330, 1695–1699 (2010).
39. J. Michaëlsson, J. E. Mold, J. M. McCune, D. F. Nixon,

J. Immunol. 176, 5741–5748 (2006).
40. X. Zhang et al., Sci. Transl. Med. 6, 238ra72 (2014).
41. R. R. C. E. Schreurs et al., Immunity 50, 462–476.e8 (2019).
42. N. Li et al., Nat. Immunol. 20, 301–312 (2019).
43. E. Kelemen, W. Calvo, T. M. Fliedner, Atlas of Human

Hemopoietic Development (Springer, 2013).
44. A. Olin et al., Cell 174, 1277–1292.e14 (2018).

ACKNOWLEDGMENTS

We thank J. Eliasova for graphical images. Funding:We acknowledge
funding from the Wellcome Human Cell Atlas Strategic Science
Support (WT211276/Z/18/Z). M.H. is funded by Wellcome
(WT107931/Z/15/Z), the Lister Institute for Preventive Medicine, and
the NIHR Newcastle Biomedical Research Centre. S.A.T. is funded
by Wellcome (WT206194), ERC Consolidator and EU MRG-GRammar
awards, and the Chan Zuckerberg Initiative (CZF2019-002445).
B.G. is a Wellcome Investigator (206328/Z/17/Z) and is also
supported by core funding fromWellcome and MRC to the Cambridge
Stem Cell Institute. L.J. is funded by an NIHR Academic Clinical
Lectureship. J.-E.P. is supported by an EMBO Advanced Fellowship
(ALTF 623-2019).Competing interests: In the past 3 years, S.A.T. has
consulted for Biogen, GenenTech, and Roche and is a member of the
ForeSite Labs Scientific Advisory Board.

10.1126/science.aaz9330

Park et al., Science 368, 600–603 (2020) 8 May 2020 4 of 4

Development
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Key questions relating to immune system development

Fig. 3. Key questions to be addressed in future studies of immune system development. The diagram
depicts pertinent questions relating to the developing immune system. How do the HSCs change in their
potential throughout development? How do diverse hematopoietic niches differ from each other? What
determines the migration of immune cells to the target organs, and how do they adapt to a new tissue
environment? Single-cell profiling and spatial profiling techniques are now providing answers to these
questions by assessing the immune system as a whole and identifying emergent properties of the collective.
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REVIEW

Microbial–host molecular exchange and its functional
consequences in early mammalian life
Stephanie C. Ganal-Vonarburg1, Mathias W. Hornef2, Andrew J. Macpherson1*

Molecules from symbiotic microorganisms pervasively infiltrate almost every organ system of a mammalian
host, marking the initiation of microbial–host mutualism in utero, long before the newborn acquires its
own microbiota. Starting from in utero development, when maternal microbial molecules can penetrate the
placental barrier, we follow the different phases of adaptation through the life events of birth, lactation, and
weaning, as the young mammal adapts to the microbes that colonize its body surfaces. The vulnerability of
early-life mammals is mitigated by maternal detoxification and excretion mechanisms, the protective effects of
maternal milk, and modulation of neonatal receptor systems. Host adaptations to microbial exposure during
specific developmental windows are critical to ensure organ function for development, growth, and immunity.

L
iving organisms are constrained by the
thermodynamic boundaries of obtaining
and using sufficient energy within the
available environment to construct their
cellular and noncellular biomass during

mammalian fetal and neonatal development.
The consumption of plant, animal, and other
xenobiotic material that is partly metabolized
by microorganisms in the maternal and neo-
natal gastrointestinal tract improves energy
harvesting for growth but exposes the devel-
oping mammal to a wide range of chemicals.
Although it is possible for mammals to live in
the absence of a microbiota, analytic techniques
using isotopically labeled intestinal bacteria
have revealed that normally even systemic
organ systems and potentially the fetus are
promiscuously bathed by molecules synthe-
sized either by microbes on mucous mem-
branes, or by dietary intake, but which cannot
be generated by host metabolism itself (1, 2).
Here, we examine the potential impact of ex-
posure to microbial constituents and other
xenobiotics in early life, from fetal develop-
ment to the early postnatal period.

Maternal exposure to microbial metabolites
and xenobiotics

Mice may be bred in aseptic “germ-free” con-
ditions in isolators with normal fecundity, de-
velopment, and life span provided that their
food is fortified with micronutrients. Vitamin
K, for example, is usually produced by bacteria
and must be given as a dietary supplement to
germ-free mice for normal blood clotting (3).
The microbiota triggers extensive adaptations
in every organ system (3), either through sen-
sing of the live microbes at body surfaces or
through signaling from microbial metabolites

that reach host tissues. Colonized animals
are less susceptible to opportunistic infections
through the competitive protective effect of
the microbiota. Maturation that drives the
adaptive and innate immune systems allows
scalable responses to later pathogen challenges
(4). In addition to the functional adaptations
that occur in mucous membranes exposed to
themicrobial biomass, there are also extensive
long-range effects on the neural, cardiovascu-
lar, hepatic, endocrine, adipose, and skeletal
systems.
Although many of these pervasive adap-

tations can be recovered by colonizing an adult
germ-free animal, there are also precise
developmental time windows that require mi-
crobial colonization for normal immune de-
velopment and the assembly of a healthy
microbiota (5). The question is whether such
windows are exclusively postnatal, as the young
mammal acquires its ownmicrobiota, orwheth-
er the molecular diaspora from the mother’s
microbiota is also important for antenatal
development.
Maternal nutrition is clearly an important

factor for development in early life. The en-
ergy requirements of the fetus and neonate
benefit from the mother’s microbiota, which
optimizes her overall nutritional state by pro-
viding vitamins and essential amino acids,

detoxifying xenobiotics, and breaking down
otherwise indigestible foods (6). Bacterial fo-
late positively influences embryonic and fetal
development, and short-chain fatty acid mi-
crobial metabolites are important to sustain
maternal intestinal barrier integrity (6).
Effects of the microbiota are mainly studied

by comparing germ-free and colonized mice.
To understand the specific effects of a mater-
nal microbiota alone, transitory colonization
systems have been used, so the mother is only
colonized for a short time in pregnancy but
delivers germ-free pups (Fig. 1). This approach
has been combined with nonradioactive iso-
tope labeling of the transitory bacteria to trace
the penetration of microbial molecules into
themother andher offspring. Themodel shows
that maternal microbial metabolites drive the
development of her pups’ innate immune sys-
tem and maturation of the intestinal epithe-
lium (7). One of the receptors for the chemical
signals involved is the aryl hydrocarbon re-
ceptor (AhR), which is essential for normal
immune function (8).
There are poorly understood differences in

how different microbes metabolize dietary
xenobiotics, drugs, or environmental contam-
inants (9), because microbial genes are mainly
annotated by inference from sequence homol-
ogies, or their function is unknown. There are
also fundamental differences between how
eukaryotes and prokaryotes handle xenobio-
tic (bio)chemicals. The mammalian host gen-
erally detoxifies xenobiotic metabolites through
the addition of polar functional groups (-OH,
epoxide, -SH, or -NH2), followed by the addi-
tion of additional polar head groups (glucur-
onyl, acetyl, methyl, and sulfonyl), which make
the resultant polar molecule susceptible to
renal elimination. By contrast, microbial me-
tabolism has evolved to break molecules for
carbon sources and/or dispose of reducing
equivalents using hydrolases, lyases, reduc-
tases, group transfer, or radical chemistry
(9, 10). An important unmet need is to under-
stand how far exposure to natural xenobio-
tics, whether sourced directly from the diet
or taken in artificially high amounts as food
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Box 1. Is the developing fetus sterile?

The healthy fetus is enclosed in utero by the amniotic membrane and receives blood from the placenta. It
has long been thought to be completely sterile, but this notion has been challenged by recent studies that
reported a very small microbial biomass in placental tissue, cord blood, or meconium. However, method-
ological challenges, contradictory results, and our current immunological understanding cast doubts on the
interpretation of these findings (18). The detection of very small amounts of bacterial DNAmay be confounded
by laboratory or reagent contaminants. Furthermore, viable bacteria are transiently found in the bloodstream
of healthy neonates following minor trauma common during birth. Additionally, bacterial profiles described
vary substantially, with taxa from the oral or the skin microbiota that are potential contaminants. Because
placental tissue has no lumen, colonizing bacteria would be subject to immune elimination. Finally,
cesarean section and sterile fostering of fully colonized experimental animals generate germ-free
neonates. Pathogenic bacteria that successfully resist antimicrobial destruction are expected to
provoke an inflammatory reaction predisposing to premature birth.
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supplements, may show idiosyncratic effects
on the fetus or neonate after metabolism by
the mother’s intestinal microbes. This is ethi-
cally difficult, as animal models do not pre-
cisely mirror human development mechanisms
or the human microbiota composition.

The maternal–fetal interface
Placentation and antenatal hematopoiesis

The basis for antenatal exposure of the devel-
oping fetus to circulating microbial metabo-
lites and xenobiotics is the placental interface
between the maternal and fetal bloodstream
(6). Mice and humans have a hemochorial pla-
centa, in which the fetal trophoblast invades
the uterine tissue and the endothelium of the
maternal blood vessels. A vascular labyrinth
starts to form as the fetal umbilical arteries
invade the maternal decidua on embryonic
day 12.5 (E12.5) in mice (within the first tri-
mester in humans), progressing to an efficient
interface between the maternal and fetal vas-
cular systems for respiratory gas exchange,
nutrient transfer, excretion, and some detox-
ification. This provides only a limited barrier
to molecular transfer, and non-ionized mole-
cules of relative molecular mass Mr < 500
reach the fetal circulation by passive diffu-
sion. Fetal organ systems and immunity are
developing in parallel. In mice, primitive he-
matopoiesis begins in the yolk sac at E7, and
hematopoietic stem cells are found in the fetal
liver and thymus starting from E10.5 (6).

Placental and maternal handling of xenobiotics

The potential risks of the limited placental
barrier became apparent through the thalido-
mide disaster, when a synthesized xenobiotic
taken in early pregnancy caused nonheredi-
tary phocomelia (grossly underdeveloped or
missing limbs) in babies (6). To regulate key
compound classes, the placenta has a series
of transport proteins, which help to coordinate
maternofetal nutrient, excretory, and xeno-
biotic exchange (11). Multidrug resistance
protein 1 (MDR1, P-glycoprotein, ABCB1) is an
adenosine 5′-triphosphate (ATP)–dependent
transporter of xenobiotics present on tropho-
blast cells, hepatocytes, intestinal epithelial
cells, and renal tubular cells. Overall, this trans-
porter helps to protect the fetus from xeno-
biotics as shown by the occurrence of cleft
palate deformities in globally MDR1-deficient
mouse fetuses where the dam was adminis-
tered a polycyclic antihelminth analog (12).
Two additional transporters (ABCG5 and
ABCG8) expressed in the placenta, liver, and
intestine are known to limit the uptake of
plant-derived sterols, which are themselves
subject tomicrobiotametabolism. Femalemice
that are globally Abcg5 deficient exhibit car-
diomyopathy, thrombocytopenia, and inferti-
lity (13). How far selective placental expression
of any of these transporters contributes to

regulating fetal exposure to maternal micro-
bial metabolites remains unclear.
Environmental toxins, such as dioxins and

dioxin-like compounds, aremetabolized through
the cytochrome P450 superfamily of enzymes,
such as Cyp1a1, which are induced through the
AhR. High AhR expression is found in the
placenta, the liver, and inmucousmembranes.
Although small amounts of AhR ligands de-
rived from food and the microbiota are bene-
ficial to fetal development and postnatal
immune function, toxic amounts are restricted
through overall AhR-dependent activation
of Cyp1a1 in intestinal, hepatic, and placen-

tal tissues (14). Limiting fetal xenobiotic ex-
posure is therefore generally a function of a
triple layer consisting of maternal intestine,
liver, and placenta. Failure to protect the fetus
or neonate from exposure to maternal micro-
bial metabolites, as well as other ingested
chemicals, may have lasting developmental
consequences and predispose these children
to metabolic and immunological diseases.

The microbiota potentially affects the
biochemical environment of the fetus and
neonate in a variety of ways

Effects of microbiota metabolites can be cat-
egorized according to whether the chemicals
are synthesized endogenously by the micro-
biota or whether they are secondary metab-
olites of compounds that are taken as food,

pharmaceuticals, or as environmental contami-
nants. Each of these categories can alter the
composition and biomass of the microbiota, as
well as generate different portfolios of xeno-
biotic chemical exposures according to the
metabolic capacity of various taxa present
[reviewed in (15)]. The general effects of dysbio-
sis on adult (maternal) intestinal, metabolic,
and immune functions have been considered
in numerous reviews.

Endogenous microbial compounds

Many endogenous microbial compounds are
recognized by innate pattern recognition re-

ceptors. Comparisons of adult germ-free and
colonized mice indicate steady-state penetra-
tion of host tissues by Toll-like receptor (TLR)
ligands [e.g., lipopolysaccharide (LPS) or fla-
gellin] and NOD ligands, which have been
linked to important maturation processes in
the host immune system (16, 17). Although we
believe that the developing fetus and the pla-
centa are sterile (18) (box 1), stable isotope–
labeling studies show that there is rather
promiscuous penetration of most classes of
endogenous microbial compounds into the
adult host, especially from bacteria in the
lower small intestine (2), and these are likely
to reach the placenta.
Central nervous system alterations resulting

from antenatal LPS exposure have long-term
behavioral consequences in rodent models.
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Fig. 1. Experimental model of reversible gestational colonization. The auxotrophic Escherichia coli HA107 strain,
which is deficient in the synthesis of two bacterial-specific amino acids, meso-diaminopimelic acid and D-alanine, can
be used to study the effect of the maternal microbiota on offspring development in the absence of an endogenous
microbiota in the offspring. This strain is unable to replicate within the murine germ-free intestine where meso-
diaminopimelic acid and D-alanine are absent. If germ-free pregnant dams are treated with HA107, they are
transiently colonized but return to germ-free status before giving birth and will thus deliver germ-free pups. This
experimental setup has been used to study the effect of maternal microbiota only during pregnancy on developmental
processes in the offspring (7). i.g., intragastric; c.f.u., colony-forming units; PBS, phosphate-buffered saline.
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However, doses have been used that simulate
intrauterine infections, leavingopen thequestion
ofwhether there are also effects from the steady-
state penetration of LPS in the healthy preg-
nant female. Microglia are extensively branched
with longer dendrites in adult germ-free mice,
whereasmicroglial immune activation is greater
in colonized animals and those treatedwith LPS
during postnatal compared to fetal life (19).
Therefore, the barriers of the intestine and the
placenta coupledwith early-life insensitivity to
LPS signaling presumably provide protection
against steady-state antenatal exposure. Dam-
age to the intestinal barrier (through alcohol
intake or parasitic infection) can increase
LPS exposure at the maternal–fetal inter-
face (20). LPS and glutamyl-diaminopimelic
acid (binding TLR4 and NOD1, respectively)
induce inflammation at the maternal–fetal
interface and can be a risk factor for preterm
birth (21).

Diet-derived xenobiotics that are metabolized by
commensal microbiota

Extensive literature is available on various
dietary components and how these can po-
tentially be metabolized by the maternal mi-
crobiota possibly with effects on early-life
development (table S1). These compounds are
mainly plant-synthesized polycyclics (including
flavones, isoflavones, and anthraquinones), ter-
penes, and polyols. Although there is little or
no direct epidemiologic evidence either for or
against relevant effects on a human fetus, some
compounds are consumed in high amounts—
for example, with the intention of influencing
the gender of human babies.
In other cases, there is clearer evidence for

clinically important effects. Retinoids in the
maternal diet, whose availability in the intes-
tine is directly regulated by microbial taxa,
such as Clostridia (22), can affect the number
of lymphoid tissue inducer cells in the fetus
and thus development of secondary lymph-
oid organs in the offspring (23), as well as the
induction of oral tolerance in models of
allergy (24).
Microbes found in the large intestine, such

as Bacteroides species, ferment dietary fibers
to short-chain fatty acids (SCFAs). These con-
tribute to host immune maturation, either by
activating G protein–coupled receptors (GPCRs)
on the surface of immune cells, or through in-
hibition of lysine deacetylases. In a murine
model of asthma, feeding female pregnant
mice a fiber-rich diet limited inflammatory
airway responses and the development of
asthma in their offspring through the produc-
tion of SCFAs (25). Similarly, maternal dietary
fiber fermentation during pregnancy and lac-
tation can induce the differentiation of regu-
latory T cells in the offspring (26).
Bile acids have a distinctive position in the

portfolio of maternal microbial metabolites

that affect the fetus. Bile acid pools are gen-
erally increased throughmaternal hepatic syn-
thesis in late pregnancy, and secondary bile
acids are formed by microbial metabolism in
the maternal gastrointestinal tract. In addi-
tion to lipid solubilization in the postnatal
intestine, bile acids are known to exert meta-
bolic and growth effects through the GPCR
TGR5 and the farnesyl X nuclear receptor
(FXR). The fetus is exposed to bile acids both
from its own synthesis and from maternal
transfer, although renal excretion depends on
the mother. Solute transport proteins of the
SLC21, SCL22, andABCG2 classes are expressed
in the placenta and may regulate fetal expo-
sure to bile acid metabolites (27).

Nuclear receptors, including the AhR, FXR,
pregnane X receptor, constitutive androstane
receptor, and vitaminD receptor, can bind diet-
derived ligands and are likely to detect differ-
ent maternal microbial compound classes (28).
They can direct transcriptional activity through
epigenetic mechanisms (histone modifications
or DNAmethylation) and may be of special im-
portance during in utero development, which
constitutes the most active period for epige-
netic DNA imprinting in a mammal’s lifetime.

Birth and postnatal effects
Postnatal colonization with microbes and lactation

The neonate’s body surfaces are colonized at
birth, exposing the offspring to microbes and
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Fig. 2. Host barriers for exposure of the developing fetus and neonate to microbiota-derived metabolites.
(A) Schematic view of the extent of exposure of the developing fetus or offspring to metabolites originating from or
metabolized by the maternal microbiota in comparison to the biomass of microbes colonizing the offspring itself after
birth. (B) A triple barrier consisting of the intestinal epithelial lining, the detoxifying liver, and the placental barrier partially
protects the developing fetus from exposure to maternal bacterial and dietary metabolites. After birth, exposure to those
metabolites continues through breast-feeding, further shaping the offspring’s endogenous microbiota and immunity.
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their molecular diaspora without maternal in-
testinal or placental barriers. Maternal micro-
bial molecules still reach the neonate through
breast milk, although direct microbial expo-
sure now becomes far more important.
Breast milk shapes the unstable early-life

intestinal microbiota through secretory anti-
bodies (29), milk oligosaccharides (30), ormilk
proteins, including lactalbumin and lacto-
ferrin. Because the antibody repertoire of
maternal milk is shaped by the mother’s own
microbiota and her previous exposure to path-
ogens, breast-feeding is an efficient way to
transfer mucosal and systemic immune mem-
ory from mother to offspring. Once the off-
spring starts to consume solid food, these
protective effects of milk disappear, leaving
endogenous microbes to stimulate a “weaning
reaction” in a critical developmental window
in the young mammal (31).

Postnatal colonization and the innate
immune system

As in adults, stromal and immune cells of the
fetus and neonate express a series of innate
immune receptors and antimicrobial effector
molecules, allowing them to mount potent and
protective immune responses upon infection.
However, neonates are also susceptible to in-
appropriate inflammation upon encounter of
microbial stimuli from commensal bacteria, as
in the pathogenesis of necrotizing enteroco-
litis (NEC), a devastating immune-mediated
disease in preterm neonates (32).
Different mechanisms modulate the innate

immune system to control the fetal–postnatal
transition. Most of these perinatal changes
appear to be developmentally regulated and
largely independent of the microbiota, prob-
ably reflecting the unreliable presence of
microbial stimuli early after birth (33). Age-
dependent differences exist for the expression
of individual receptors and the anatomical
distribution of antimicrobial peptides in mice
and humans, but mechanistic insight into the
functional role of the changes remains limited
(34, 35). For example, decreased prenatal ex-
pression of TLR4 by the human intestinal
epithelium or repressed TLR4 signal trans-
duction in neonatal murine epithelium may
help to prevent inflammation upon early post-
natal colonization (36–38). By contrast, en-
hanced expression of the flagellin receptor
TLR5 by the murine neonatal epithelium con-
tributes to the selection of a beneficial gut
microbiota (34). Similarly, human blood mo-
nocytes undergo postnatal reprogramming
through stimulation with the endogenous
TLR4 ligands S100A8 and S100A9 to avoid
hyperinflammation and promote immune ho-
meostasis (39). Finally, maternally derived fac-
tors in amniotic fluid and breastmilkmodulate
innate immune recognition andmucosal trans-
location of microbial stimuli to restrict their

proinflammatory activity during the immedi-
ate postnatal period (31, 40). For example,
breast milk–derived secretory immunoglobu-
lin A with affinity to enteric bacteria increases
bacterial diversity and protects against the de-
velopment of NEC in preterm neonates (41).
Thus, neonatal innate immunity is not sim-

ply less developed or immature. Rather, it is
highly adapted and finely tuned to facilitate
the fetal–postnatal transition of rapidly in-
creasing microbial biomass and the develop-
ment of long-term host microbial mutualism.

Postnatal colonization and adaptive immunity

The full maturation of the adaptive immune
system occurs predominantly at weaning, when
the young host is exposed to new antigens
through higher intestinal microbial and food
antigen loads. The intestinal mucosa acquires
antigen-experienced T cells and activated plas-
ma cells in a microbiota-dependent process
(3). Antenatal B and T cell development in the
fetal liver shifts to the bone marrow and thy-
mus, respectively, and naïve B and T cells mi-
grate into the secondary lymphoid tissues.
The extent to which the preweaning micro-

biota contributes to the trajectory of B and
T cell repertoire development between early
life and adulthood is not yet fully understood,
although premature diversification appears to
be a disadvantage for later immune responses
that depend on natural antibodies and can
potentially bias the adult B cell repertoire (42).
Maternal milk immunoglobulins, themselves
shaped by the composition of the maternal
microbiota as well as neonatal T regulatory
cells, delay the onset of secretory antibody
production (43) andmucosal T helper cell ma-
turation (44, 45) in the offspring.
The process of development of some lym-

phocytes requires the presence of microbiota
during a critical time window prior to wean-
ing. Mice that are germ free until weaning
have increased serum IgE concentrations and
excessive intestinal mucosal natural killer T
cells (5). Mucosal associated innate T (MAIT)
cells, absent in germ-free mice, only efficiently
seed tissues in response to microbiota-derived
riboflavins in the first few weeks of life (46).
Mucosal regulatory T cells require microbiota
before weaning, limiting later susceptibility to
colitis or allergic airway inflammation (5, 47).

Conclusions

In this Review, we have considered the impact
of the microbiota on the early-life mammal. In
fetal life, this comes mainly from penetration
of molecules synthesized by maternal intesti-
nal microbes or microbial metabolism of food
substances (Fig. 2). Our knowledge of these
effects at physiological levels of metabolite
penetration remains very limited, and the epi-
genetic and signaling mechanisms involved
have primarily been studied thus far in the

context of toxicology. After birth, adaptations
occur mainly to contain the impact of the ra-
pidly increasing endogenous neonatal micro-
bial biomass and its molecular diaspora. It is
clear that there are age-dependent modula-
tions of signaling to innate receptor ligands
and that maternal antibodies can shield the
neonatal immune system from premature re-
pertoire diversification and shape the compo-
sition of the early-life microbiota.
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REVIEW

Contributions of maternal and fetal antiviral
immunity in congenital disease
Laura J. Yockey1,2*, Carolina Lucas1*, Akiko Iwasaki1,3,4†

Viral infections during pregnancy can have devastating consequences on pregnancy outcomes, fetal
development, and maternal health. In this review, we examine fetal and maternal immune defense
mechanisms that mediate resistance against viral infections and discuss the range of syndromes that
ensue when such mechanisms fail, from fetal developmental defects to establishment of chronic
infection. Further, we highlight the role of maternal immune activation, or uncontrolled inflammation
triggered by viral infections during pregnancy, and its potential downstream pathological effects,
including tissue damage and fetal demise. Insights into the respective contributions of direct
viral toxicity versus fetal and maternal immune responses that underlie the pathogenesis of congenital
disease will guide future treatment strategies.

A
ntiviral immune responses must be
carefully balanced to maximize elim-
ination of the pathogen and minimize
damage to the host. Infections during
pregnancy pose a distinct threat to both

the mother and fetus, as the need to defend
against the pathogensmay conflict withmech-
anisms thatmaintain tolerance to the developing
allogeneic fetus or disrupt normal develop-
mental programs. Consequently, multiple de-
fense pathways in the mother and fetus have
evolved to protect against these threats. Despite
these pathways, an expanding collection of
“TORCH” pathogens (Box 1) are able to over-
come these barriers and cause congenital
infections. Common disease manifestations
associated with classic TORCH syndrome in-
clude microcephaly, hearing loss, ocular ab-
normalities, hepatosplenomegaly, placental
insufficiency, and fetal loss (1). The burden
of congenital infection remains high: Cyto-
megalovirus (CMV), for example, infects up

to 1 to 5% of infants worldwide and is the
leading cause of long-term pediatric disabil-
ities (2, 3). In addition, maternal viral infec-
tion, even in the absence of transmission, can
result in long-term consequences for the new-
born, including abnormal neuropsychiatric
development in the case of influenza and ab-
normal immune system development in the
case of HIV-1 (4, 5). Infection during preg-
nancy can also lead to more severe disease or
prolonged infection for the mother (6).
In this review, we cover resistance mecha-

nisms used by the fetus and maternal–fetal
interface that prevent viral infections. We also
examine how, when these mechanisms fail,
viral infection and antiviral responses can lead
to disruption of placental and fetal develop-
ment and consequent congenital diseases. Fi-
nally, we highlight some gaps in the field
toward the development of effective prevention
and therapeutics for congenital infections.

Routes and timing of viral infection
during pregnancy
In this section, we briefly discuss some of the
consequences of viral infection during preg-
nancy and some of the changes that occur
during pregnancy that may dictate suscepti-
bility to infection. The timing of viral infection
during pregnancy influences disease outcome
in the fetus, potentially because of viral tro-
pism, fetal developmental stages, and dynamic
immune changes during pregnancy (Fig. 1).
There are several routes through which

viruses may reach the fetus (7, 8). A virus
may reach fetal blood vessels in the villous
tree from maternal blood to floating villi or
from the maternal decidua basalis to anchor-
ing villi. Virusesmay also reach the fetus through
the amniotic sac from the parietal decidua or the
cervix (Fig. 1A, arrows). Maternal blood does not
interface with the chorionic villi until the be-
ginning of the second trimester, so the virus
likely reaches the fetus from the anchoring
villi or parietal decidua before then (8).

Early pregnancy
During the first trimester (0 to 13 weeks), pla-
cental development and organogenesis occur,
making the fetus particularly susceptible to
severe disease. Among viral infections during
early pregnancy associated with severe out-
comes, HSV, HPV, and CMV may affect pla-
cental development, leading to spontaneous
pregnancy loss or preterm birth (9–11) (Fig. 1).
Pregnancy is accompanied by dynamic

changes in the immune cell composition and
cytokine expression at the maternal–fetal in-
terface. During the first trimester, implantation
and placenta development is accompanied by
increased inflammatory cytokine expression
and accumulation of immune cells at the
decidua (6). In the second trimester (14 to
26 weeks), the maternal–fetal interface is
dominated by a more “anti-inflammatory”
phenotype. This includes a shift toward M2-
like macrophages, decidual natural killer (NK)
cells, and regulatory T cells that may be im-
portant for maintaining tolerance and normal
fetal growth (6). Given these tightly regulated
immune changes that occur during pregnancy,
dysregulation of these responses in the setting
of an antiviral immune response may affect
normal placental and fetal development.
In addition to affecting the placenta and

maternal–fetal interface, several viruses are
capable of crossing the placental barrier and
reaching the fetus; the most common include
VZV, rubella, CMV,HSV, and ZIKV (Fig. 1). Fetal
growth restriction, which can be mediated by
both placental and fetal factors, is another com-
mon outcome and is associated with parvovirus
B19, CMV, HBV, VZV, ZIKV, and HIV-1 (1). Some
viruses, such as VZV and rubella, affect many
different organ systems. However, themost com-
mon systems affected during early pregnancy
infections are the central nervous and hemato-
logic systems, which continue to develop through
the second trimester (Fig. 1) (1).

Late pregnancy and peripartum infection

Infections by certain viruses during the third
trimester (weeks 27 to 40) and peripartum
period can lead to high rates of neonatal
mortality or lifelong infections (Fig. 1). Pri-
mary maternal infections with HSV or CMV
are correlated with a high risk of vertical
transmission, particularly during late preg-
nancy or perinatal periods, when infection
may occur through ingestion or aspiration
of cervicovaginal secretions during delivery
or breastfeeding (9–11). Infections with VZV,
Ebola, Lassa, and HEV increasematernal and
fetal mortality during late pregnancy; VZV
andHEV infections are linked to ~30% infant
mortality, with maternal mortality reaching
20% in HEV infections (3, 12). Vertical infec-
tion with CHIKV occurs at delivery in about
half of pregnancies with viremia, resulting in
newborn encephalitis in 50% of cases (13)
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Box 1. TORCH pathogens comprise Toxoplasma
gondii, “other,” rubella virus, CMV, and herpes
simplex virus (HSV) (7).

The “other” category includes syphilis, parvovirus
B19, Coxsackievirus, varicella zoster virus (VZV),
HIV, Zika virus (ZIKV), hepatitis B virus (HBV), and
hepatitis E virus (HEV). Other pathogens with
the potential to cause pregnancy complications
and perinatal infection include chikungunya
virus (CHIKV), human papillomavirus (HPV),
Ebola virus, gonorrhea, chlamydia, and group B
streptococcus.
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(Fig. 1). Additionally, transmission of HBV
and HCV, which can occur during all three
trimesters, can lead to chronic infection of
the infant (1). The vertical transmission rates
of HIV-1, which typically occurs in the intra-
partum and postpartum period, often also
result in chronic infection, although anti-
retroviral therapy has substantially reduced
transmission rates (14). Nevertheless, even
uninfected HIV-exposed infants can suffer
delayed growth, increased susceptibility to
infections, and increased mortality (4). This
heightened susceptibility to infection is ac-
companied by altered immune profiles of
the infant, including decreased T cell counts,
increases in activated T cells, and decreased
neutrophil numbers. Themechanisms underly-
ing these altered newborn immune responses
are not well understood but may be caused by
increased maternal inflammation or increased
risk of maternal infection (4). Thus, chronic
maternal viral infections can affect the fetus
even in the absence of infection.
As new viruses emerge, determining their

effects on pregnancy and the best manage-
ment for pregnant patients is an important
concern. A recent example is coronavirus dis-
ease 2019 (COVID-19), caused by severe acute
respiratory syndrome–coronavirus 2 (SARS-
CoV-2). Members of the coronavirus family,
including the SARS-CoV and the Middle East
respiratory syndrome (MERS-CoV) coronavi-
ruses, are associated with severe pneumonia
and can pose serious health risks to pregnant
women and cause neonatal complications (15).
There are limited data about clinical compli-
cations and vertical transmission of pregnant
woman with COVID-19, althoughmajor symp-
toms overlap with those observed in non-
pregnant individuals; these include fever,
cough, lymphopenia, coagulopathy, and pul-
monary infiltrate. Available studies mostly
include women who developed COVID-19 in
late pregnancy and thus viral RNA could
not be detected in the neonatal throat swabs
or breast milk (16). In addition, the coagulop-
athy seen during SARS-CoV2 infection may
contribute to hypertensive complications in-
cluding preeclampsia in pregnant patients with
COVID-19. Given the limited availability of studies
from earlier pregnancy stages and the small
sample size of available studies, further analyses
are urgently needed for a better understanding
of maternal–fetal transmission of SARS-CoV-2
and its role in pregnancy complications.

Antiviral resistance mechanisms
during pregnancy

The placenta andmaternal–fetal interfaces are
equippedwith specializedmechanisms to protect
the fetus from infection. The observation that
most viral infections of the mother are not
transmitted to the fetus supports their ef-
fectiveness in most cases (7). The innate and
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Fig. 1. Overview of congenital viral infections by routes and timing of infection. (A and B) Early
pregnancy. (C) Late pregnancy. Arrows indicate potential routes of viral infection. (D) Table showing the
routes and timing of infection and congenital disease by different viruses. The most common timing of
infection is highlighted in blue.C

R
E
D
IT
:
K
E
LL

IE
H
O
LO

S
K
I/
S
C
IE
N
C
E

on M
ay 9, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


adaptive immune responses at the maternal–
fetal interface and within the fetus need to
limit infection without interfering with fetal
development (Fig. 2). Thus, they provide some
examples of specific antiviral mechanisms.
At the interface between thematernal blood

and fetal blood of the chorionic villi, the syn-
cytiotrophoblasts form a formidable barrier to
infection (Fig. 3). These cells create a physical
barrier through cell–cell fusion and consti-
tutive expression of type III interferons (IFNs),
exosomes, and antimicrobial peptides, which
confer antiviral resistance in a paracrine man-
ner (8, 17). In the chorionic villi, fetal macro-
phages or Hofbauer cells undergo robust
proliferation during viral infection and other
nonviral villitis. Many viruses, including CMV,
ZIKV, HSV, and Coxsackie virus, have been
detected within Hofbauer cells (18). It is not
clear whether Hofbauer cells limit viral spread
or primarily serve as a site for viral replication.
Maternal immunoglobulin G (IgG) also accu-
mulates in the villous core, providing another
potential barrier to infection (19). At the in-
terface of the uterus and placenta, the decidua
or maternal-derived lining of the uterus, is
composed of 40% immune cells, including NK
cells, macrophages, and T cells (20). Although
these decidual immune cells generally have a
less inflammatory phenotype than their coun-
terparts in the blood, there is evidence for
antiviral activity of decidual NK cells (dNKs)
and CD8 T cells against HIV-1 (21) and CMV
(22, 23). For example, ex vivo experiments have
shown that dNKs produce IFN-g to limit HIV
replication in decidualmacrophages, and dNKs
can produce perforin and induce cytotoxicity
in human CMV (HCMV)–infected fibroblasts
(21, 23). These viral infections also alter the
cytokine profiles of dNK cells, potentially af-

fecting their baseline functions in mediating
normal placental development.
If a virus surpasses the defenses of the

decidua and placenta to reach the fetus, the
fetus has the potential to develop innate and
adaptive antiviral responses. Potential antiviral
effector cells develop early during pregnancy
(see accompanying reviews in this issue). For
example, fetal NK cells are found in the liver as
early as 6weeks of gestation and showevidence
of cytotoxicity as early as 9 weeks (24). CMV-
specific T cells and IgM responses are present
in CMV-infected fetal blood, indicating the
ability to develop an antigen-specific response
(24). CMV-specific CD8+ T cells from infected
newborns and fetuses can induce perforin-
dependent lysis of infected cells, and they also
produce granzyme and antiviral cytokines in-
cluding IFN-g and tumor necrosis factor-alpha
(TNF-a) (25). Further functional evidence is
needed to better understand the effectiveness
of fetal immune responses in controlling viral
replication or contributing to congenital disease
in vivo. Variable fetal immune responses could
be one reasonwhy only a certain percentage of
infected fetuses develop symptoms (7). Further,
protection from intrauterine infection would
help to explain why these immune responses
develop so early in fetal development.

Mechanisms of virus- versus immune-mediated
fetal damage

Even in the absence of transplacental trans-
mission, viral infections can affect fetal devel-
opment because of inflammatory responses
in the placenta or infection-induced systemic
changes in the pregnant mother, including
metabolic alterations. In this section, we will
focus on some of the molecular mechanisms
by which viruses and immune responses to

viruses affect placental and fetal development
(Fig. 2).

Direct virus infection and damage

Direct virus damage, induced by killing or
altered function of the infected cell by the
virus, leads to severe complications during
pregnancy. Infection of trophoblast cells by
HSV or CMV can result in apoptosis and re-
duced cell invasion (9–11). HPV can also infect
the extravillous trophoblast, causing abnormal
placental pathology, spontaneous pregnancy
loss, or preterm birth (26). Zika NS1 alters the
surface glycosaminoglycans of placental en-
dothelial cells, leading to increased vascular
permeability and potential placental dysfunc-
tion (27). Such direct viral toxicity could con-
tribute to placental abnormalities, as well as
preterm birth, intrauterine growth restriction,
and spontaneous miscarriage.
VZV, rubella, CMV, HSV, and ZIKV are all

capable of infecting fetal neurons and neuro-
nal precursors. In newborns, neuronal HSV
infection results in apoptosis and neurologic
damage (28). CMV-infected fetal brains pres-
ent with white matter abnormalities, brain
local necrosis, and hemorrhage. Neurolog-
ical damage includes brain calcifications,
microcephaly, and occipital horn anomalies
(2). ZIKV can directly infect cortical neuron
progenitors, as well as mature neurons and
glial cells, resulting in cell death, neuro-
inflammation, and cortical thinning in postnatal
brains (29, 30). In newborn mouse models,
CHIKV encephalopathy was associated with
brain swelling and with the presence of virus
in the cerebrospinal fluid, although it remains
undetermined whether this was direct virus
toxicity or inflammation-induced damage
(31, 32).

Maternal and fetal innate immune activation

Epidemiological studies have linked viral in-
fection during pregnancy to an increased risk
of psychiatric disorders in the adult offspring,
including schizophrenia and autism spectrum
disorders (ASDs), as well as neurological symp-
toms such as cerebral palsy (5, 33). Infection-
induced inflammation per se can cause
disorders in the newborn, including ASD. The
current widely used maternal immune acti-
vation (MIA) murine model is based on ad-
ministration of a double-stranded RNA viral
mimic, polyinosinic:polycytidylic acid (poly I:
C), around midgestation in mice, which leads
to behavioral symptoms resembling schizo-
phrenia, depression, and ASD (34, 35). One
of the mechanisms of MIA-induced brain
damage is a direct action of interleukin-17
(IL-17) from maternal T helper 17 (TH17) cells
on developing fetal cortical neurons (36). IL-17
receptor alpha signaling in a population of
developing neurons of the somatosensory
cortex (S1DZ neurons) results in increased
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limiting viral replication. Specific examples are shown.
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neuronal activity and altered behavior (37).
In addition to IL-17, mouse models of herpes-
virus infection (MHV-68) showed that even
in the absence of direct fetal infection, fetal
inflammatory cytokines including IL-1b, IFN-g,
and TNF-a are elevated (38). Increased expres-
sion of proinflammatory cytokines are also
observed in the human placenta after infec-
tion with CMV and other viral infections (39).
The exact role of these cytokines in fetal brain
development remains unknown.
Mouse models of ZIKV infection provide an

excellent example of a host antiviral response
inducing the termination of pregnancy. Type I
IFN receptor signaling in the fetus, but not the
mother, interferes with placental development,
resulting in decreased fetal weight and fetal

resorption that are independent of viral burden
(40). The cellular mechanism by which the
type I IFN response affects placental devel-
opment has recently been elucidated. IFN-
stimulated IFN-induced transmembrane (IFITM)
molecules, which normally interfere with the
viral fusion process, block fusion of cytotro-
phoblast to form multinucleated syncytiotro-
phoblasts, the cells of the placenta that interface
with maternal blood (41, 42). This cell fusion
process is mediated by coopted retroviral en-
velope proteins called syncytins, which are nec-
essary for placentation. This IFN-mediated
disruption of pregnancy may be an evolution-
arily adaptive “quality control” mechanism to
minimize maternal investment early in a po-
tentially unsuccessful pregnancy. However,

it could also be an incidental consequence
of antiviral responses interfering with the
dependence on viral proteins for placentation.
The toxic impacts of type I IFNs in the de-

veloping fetus have been previously implicated
in Aicardi–Goutières (AGS) syndrome, a genetic
disease that leads to type I IFN overexpression
caused by impaired nucleic acid metabolism
(43). AGS patients suffer clinical symptoms
very similar to congenital infections, which is
known as pseudo-TORCH syndrome. Thus,
AGS serves as a proof of principle for the
toxic effects of dysregulated fetal immune
responses on human development.

Current therapies and future directions

For women who have been exposed to a viral
infection during pregnancy, current therapies
focus on limiting viral replication. For exam-
ple, hyperimmunoglobulin is recommended
after exposure to VZV (3), and antiretroviral
therapy is effective at preventing HIV trans-
mission from mother to fetus (1). For many
other viruses, this strategy is limited by the
general lack of effective antiviral therapies.
A better mechanistic understanding of how
viral infection disrupts fetal development will
be crucial to designing future therapies that
limit congenital diseases. In cases where im-
mune responsesmediate damage to the fetus,
insights into molecular pathways that lead to
viral control versus pathology will guidemore
targeted therapies against the latter. Some
ongoing questions include: (i) During mater-
nal infection with TORCH pathogens, what
factors (maternal, fetal, and viral) determine
whether a fetus will be infected and develop
long-term sequelae? (ii) What role do the im-
mune cells at the maternal–fetal interface, in-
cluding Hofbauer cells and decidual immune
cells, play in limiting viral spread, propagating
viral infection (in the mother and fetus), and
exacerbating disease? How do viral infections
affect the normal developmental functions of
these immune cells? (iii) Do fetal immune re-
sponses effectively control viral replication?
Evolutionarily, how have in utero viral infec-
tions shaped fetal immune development both
to limit immunopathology and control infec-
tion? (iv) Beyond IFNs, how do fetal antiviral
immune responses mediate some of the dis-
eases associatedwith congenital viral infection?
(v) In addition to antibodies (see accompany-
ing reviews in this issue), how do maternal
immune responses reach and influence fetal
development and viral control? (vi) How will
emerging viral infections affect the short- and
long-term health of both mother and fetus?
Given the distinct cell types at the maternal–

fetal interface and the dynamic nature of fetal
development, exploring viral–maternal–fetal tri-
partite interactions has the potential to reveal
unexpected insights into developmental biol-
ogy, immunology, and virology. In particular,
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viral infections could be a functional probe
with which to better understand immuno-
logical changes during pregnancy and fetal
development. Principles learned while study-
ing viral infections during pregnancy, such as
the impacts on placental development and
brain development, could then be applied to
gaining a better understanding of the patho-
genesis of other common nonviral pregnancy
complications and congenital diseases.

REFERENCES AND NOTES

1. N. Neu, J. Duchon, P. Zachariah, Clin. Perinatol. 42, 77–103 (2015).
2. S. Manicklal, V. C. Emery, T. Lazzarotto, S. B. Boppana,

R. K. Gupta, Clin. Microbiol. Rev. 26, 86–102 (2013).
3. K. M. Bialas, G. K. Swamy, S. R. Permar, Clin. Perinatol. 42,

61–75 (2015).
4. B. Abu-Raya, T. R. Kollmann, A. Marchant, D. M. MacGillivray,

Front. Immunol. 7, 383 (2016).
5. B. J. S. al-Haddad et al., Am. J. Obstet. Gynecol. 221, 549–562 (2019).
6. G. Mor, P. Aldo, A. B. Alvero, Nat. Rev. Immunol. 17, 469–482 (2017).
7. L. Pereira, Annu. Rev. Virol. 5, 273–299 (2018).
8. N. Arora, Y. Sadovsky, T. S. Dermody, C. B. Coyne, Cell Host

Microbe 21, 561–567 (2017).
9. T. Liu et al., Int. J. Clin. Exp. Med. 8, 17248–17260 (2015).

10. D. J. Schust, A. B. Hill, H. L. Ploegh, J. Immunol. 157,
3375–3380 (1996).

11. N. Nørskov-Lauritsen et al., J. Med. Virol. 36, 162–166 (1992).
12. M. T. Pérez-Gracia, B. Suay-García, M. L. Mateos-Lindemann,

Rev. Med. Virol. 27, e1929 (2017).
13. P. Gérardin et al., PLOS Negl. Trop. Dis. 8, e2996 (2014).
14. H. B. Bernstein, A. D. Wegman, Clin. Obstet. Gynecol. 61,

122–136 (2018).
15. D. Di Mascio et al., Am. J. Obstet. Gynecol. MFM 10.1016/

j.ajogmf.2020.100107 (2020).
16. L. Chen et al., N. Engl. J. Med. 10.1056/NEJMoa2002032

(2020).
17. A. Bayer et al., Cell Host Microbe 19, 705–712 (2016).
18. L. Reyes, T. G. Golos, Front. Immunol. 9, 2628 (2018).
19. T. Takizawa, C. L. Anderson, J. M. Robinson, J. Immunol. 175,

2331–2339 (2005).
20. N. Jabrane-Ferrat, Front. Immunol. 10, 1397 (2019).
21. H. Quillay et al., Retrovirology 13, 39 (2016).
22. A. van der Zwan et al., Proc. Natl. Acad. Sci. U.S.A. 115,

385–390 (2018).
23. J. Siewiera et al., PLOS Pathog. 9, e1003257 (2013).
24. E. Rechavi, R. Somech, Best Pract. Res. Clin. Obstet. Gynaecol.

60, 35–41 (2019).
25. A. Marchant et al., J. Clin. Invest. 111, 1747–1755 (2003).
26. T. L. Slatter et al., Mod. Pathol. 28, 1369–1382 (2015).
27. H. Puerta-Guardo et al., J. Infect. Dis. 221, 313–324 (2020).
28. S. H. James, D. W. Kimberlin, Infect. Dis. Clin. North Am. 29,

391–400 (2015).

29. C. Li et al., Cell Stem Cell 19, 120–126 (2016).
30. H. Tang et al., Cell Stem Cell 18, 587–590 (2016).
31. T. Couderc et al., PLOS Pathog. 4, e29 (2008).
32. D. Ramful et al., Pediatr. Infect. Dis. J. 26, 811–815 (2007).
33. R. Vigneswaran, S. J. Aitchison, H. M. McDonald, T. Y. Khong,

J. E. Hiller, BMC Pregnancy Childbirth 4, 1 (2004).
34. S. E. Smith, J. Li, K. Garbett, K. Mirnics, P. H. Patterson,

J. Neurosci. 27, 10695–10702 (2007).
35. H. T. Ito, S. E. Smith, E. Hsiao, P. H. Patterson, Brain Behav.

Immun. 24, 930–941 (2010).
36. G. B. Choi et al., Science 351, 933–939 (2016).
37. Y. Shin Yim et al., Nature 549, 482–487 (2017).
38. I. Cardenas et al., J. Immunol. 185, 1248–1257 (2010).
39. G. M. Scott et al., J. Infect. Dis. 205, 1305–1310 (2012).
40. L. J. Yockey et al., Sci. Immunol. 3, eaao1680 (2018).
41. A. Zani et al., J. Biol. Chem. 294, 19844–19851 (2019).
42. J. Buchrieser et al., Science 365, 176–180 (2019).
43. Y. J. Crow, N. Manel, Nat. Rev. Immunol. 15, 429–440 (2015).

ACKNOWLEDGMENTS

Funding: This work was supported by the National Institutes of Health
(grants AI054359, R01EB000487, R01AI127429, and R21AI131284 to
A.I.). A.I. is an Investigator of the Howard Hughes Medical Institute.
C.L. is a Pew Latin American Fellow.Competing interests:The authors
declare no competing interests.

10.1126/science.aaz1960

Yockey et al., Science 368, 608–612 (2020) 8 May 2020 5 of 5

EARLY LIFE IMMUNOLOGY
on M

ay 9, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


Contributions of maternal and fetal antiviral immunity in congenital disease
Laura J. Yockey, Carolina Lucas and Akiko Iwasaki

DOI: 10.1126/science.aaz1960
 (6491), 608-612.368Science 

ARTICLE TOOLS http://science.sciencemag.org/content/368/6491/608

CONTENT
RELATED 

http://stm.sciencemag.org/content/scitransmed/10/426/eaao7090.full
http://stm.sciencemag.org/content/scitransmed/11/487/eaau6039.full
http://stm.sciencemag.org/content/scitransmed/11/523/eaay2736.full
http://stm.sciencemag.org/content/scitransmed/12/525/eaav5701.full
http://science.sciencemag.org/content/sci/368/6491/612.full
http://science.sciencemag.org/content/sci/368/6491/604.full
http://science.sciencemag.org/content/sci/368/6491/600.full
http://science.sciencemag.org/content/sci/368/6491/598.full

REFERENCES

http://science.sciencemag.org/content/368/6491/608#BIBL
This article cites 41 articles, 10 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.ScienceScience, 1200 New York Avenue NW, Washington, DC 20005. The title 
(print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement ofScience 

Science. No claim to original U.S. Government Works
Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

on M
ay 9, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/content/368/6491/608
http://science.sciencemag.org/content/sci/368/6491/598.full
http://science.sciencemag.org/content/sci/368/6491/600.full
http://science.sciencemag.org/content/sci/368/6491/604.full
http://science.sciencemag.org/content/sci/368/6491/612.full
http://stm.sciencemag.org/content/scitransmed/12/525/eaav5701.full
http://stm.sciencemag.org/content/scitransmed/11/523/eaay2736.full
http://stm.sciencemag.org/content/scitransmed/11/487/eaau6039.full
http://stm.sciencemag.org/content/scitransmed/10/426/eaao7090.full
http://science.sciencemag.org/content/368/6491/608#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/


REVIEW

Vaccination strategies to enhance immunity
in neonates
Tobias R. Kollmann1*†, Arnaud Marchant2*†, Sing Sing Way3†

Neonates are particularly susceptible to infection. This vulnerability occurs despite their responsiveness
to most vaccines. However, current vaccines do not target the pathogens responsible for most of the
severe neonatal infections, and the time it takes to induce protective pathogen-specific immunity after
vaccination limits protection in the first days to weeks of life. Alternative strategies include using
vaccines to broadly stimulate neonatal immunity in a pathogen-agnostic fashion or vaccinating women
during pregnancy to induce protective antibodies that are vertically transferred to offspring within
their window of vulnerability. Protection may be further improved by integrating these approaches,
namely vaccinating the neonate under the cover of vertically transferred maternal immunity. The
rationale for and knowledge gaps related to each of these alternatives are discussed.

I
nfectious morbidity and mortality are
highest in the first weeks after birth (1, 2).
This vulnerability is not unexpected, given
the predominantly naïve phenotype of
neonatal immune cells and distinctive

immunological challenges at birth, which re-
quire discrimination between not only innoc-
uous self-antigens and noninherited maternal
antigens but also thewide assortment of foreign
antigens associated with primary commensal
colonization (3, 4). Susceptibility to severe in-
fection likely reflects a combination of these
physiological constraints.
Vaccination remains one of the most cost-

effective ways of preventing infection. Vaccines
against poliomyelitis, hepatitis B, tuberculosis,
tetanus, pertussis, diphtheria, Haemophilus
influenzae type b (Hib), rotavirus, and mea-
sles are administered to millions of infants,
preventing an estimated 2.5 million deaths
each year (5). Although vaccination has clearly
benefited older infants and children, it has been
considerably less effective in the first month
of life (1, 2). The World Health Organization
recommends vaccination against tuberculosis,
hepatitis B, and polio as soon as possible after
birth (<24 hours) to accelerate priming of pro-
tective immune components. Likewise, mater-
nal vaccination protects against infection by
certain pathogens through vertically transferred
immunity (6). However, emerging evidence
shows that neonatal infections in lower- and
middle-income regions are caused by a diver-
sity of pathogens (Fig. 1). A recentmeta-analysis
identified Staphylococcus aureus, Klebsiella,
and Escherichia coli spp. as the dominant
causes of bacteremia and sepsis in neonates

(infants younger than 28 days) in sub-Saharan
Africa (7). Ureaplasma spp. and Group B
Streptococcus were most frequently identified
among cases of suspected early onset sepsis
(infants 3 days or younger) in South Africa (8),
whereas respiratory syncytial virus (RSV) and
Ureaplasma spp. were the most commonly
identified pathogens in cases of possible serious
bacterial infection in infants younger than60days
in Southeast Asia (9). Notably, none of these
pathogens are covered by vaccines currently in
clinical use (Fig. 1). Furthermore, the inciting
pathogen was not identified in >70% of cases
of clinically suspected infection, despite the use
of cutting-edge diagnostic approaches (8, 9).
Although some of these undiagnosed casesmay
not be bona fide infections, the proportion of
causative pathogens missed by vaccination is
still likely to be greater than currently appre-
ciated. Thus, alternative strategies to enhance
early life immunity against a wide variety of
pathogens are needed. We summarize the
principles underpinning vaccinationof neonates
and their mothers, including increasingly rec-
ognized pathogen-agnostic benefits, which
highlight the need to consider the mother–
newborn dyad as one immunological unit to
optimally enhance early life immunity.

Pathogen-specific immunity after
neonatal vaccination

The neonate is often inappropriately con-
sidered “immature” and therefore presumed
unable to respond to vaccination. Dampened
antibody responses to T cell–independent poly-
saccharide antigens of encapsulated bacterial
pathogens, including Hib and pneumococ-
cus, until 2 years of age correlate with reduced
marginal-zone B cells. Nonetheless, the conju-
gation to protein carriers activates T cells, result-
ing in robust protective antibody responses
even in neonates (10). Similarly, diphtheria–
tetanus–whole cell pertussis and some acellular
pertussis vaccine formulations have been de-
scribed to elicit reduced responses in neonates

compared with older infants (11). However,
monovalent acellular pertussis vaccines ad-
ministered to neonates induce strong primary
responses and do not induce tolerance to vac-
cine boosters (12). Comparedwith older infants,
neonates are just as, if not more, responsive to
vaccines currently included in neonatal immu-
nization programs, namely bacillus Calmette-
Guérin (BCG) vaccine, oral polio vaccine (OPV),
and hepatitis B vaccine (13, 14). The serological
response of the neonate is also robust in re-
sponse to other vaccines not currently licensed
for neonatal administration, for example, those
targeting rotavirus, diphtheria, and tetanus (10).
Even live vaccines have an outstanding

safety record in neonates. Disseminated BCG
infection is exceptionally rare (<1 per one mil-
lion vaccine recipients) and almost exclusively
occurs in infants with underlying immune
deficiency (15). Vaccine-associated polio pri-
marily occurs in underimmunized populations,
which facilitate person-to-person spread, per-
sistence, and eventual reversion into a more
virulent phenotype. Vaccine-associated polio is
expected to further decline with reformulation
of trivalent to bivalent OPV (16). Furthermore,
evidence of similar rates of infection by non–
vaccine-targeted pathogens in older children
regardless of prior cumulative vaccine expo-
sure argues against the misconception that
vaccines may overload and weaken the immune
system (17). Thus, neonates are exceedingly
capable of responding robustly and safely to
most vaccines.
Given that neonates are capable of robust

vaccine responses, why have current vaccina-
tion programs not lead tomortality reductions
in neonates that are comparable to those in
older infants and children? First, current vac-
cines administered to neonates do not specif-
ically target the pathogens that cause severe
infection in the first weeks of life (Fig. 1). Al-
though tuberculosis, hepatitis B, and polio can
be acquired within the first weeks after birth,
these infections clinically manifest mostly out-
side of the neonatal period. For pathogens that
do cause severe infection in the first weeks
afterbirth, suchasRSV,Ureaplasma, andseveral
other bacteria, vaccines are either unavailable or
have not yet been tested in neonates. Second,
priming a protective adaptive immune response
in predominantly naïve neonatal cells often
takes weeks (18), whereas infections can cause
morbidity and mortality within the first few
days after birth (1, 2) (Fig. 2A). This discor-
dance between when infections occur and the
time it takes to prime protective pathogen-
specific immunity makes strategies aimed at
inducing protective neonatal adaptive immune
components challenging. Tomore effectively
protect against infections manifesting in the
neonatal period, alternative strategies, such as
boosting resistance through non–pathogen-
specific (i.e., pathogen-agnostic) approaches
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and/or promoting transfer of pathogen-specific
maternal immunity, must be considered.

Pathogen-agnostic protection after
neonatal vaccination

Accumulating evidence shows that live vaccines
can broadly enhance host resilience against
infection beyond their specific pathogen target
(19, 20). A recent meta-analysis encompassing
>6000 low–birth weight neonates attributed
an additional 38% reduction in neonatal mor-
tality to BCG vaccine administered at birth,
beyond protection against tuberculosis (21). A
separate study including >7000neonates showed
a 40% reduction in mortality when OPV was
administered with BCG vaccine within the first
2 days of life (22). These pathogen-agnostic
protective effects appear to be fast-acting,
because substantial reduction in overall neo-
natal mortality can be identified within the
first 3 days after BCG vaccine administra-
tion (21), in contrast to the weeks required to
achieve pathogen-specific immunity. Enhanced
serological responsiveness to other vaccines in
neonates administered BCG vaccine at birth
further highlights the broad immunostimula-
tory effects of BCG vaccination (23).
Mechanisms by which live vaccines confer

pathogen-agnostic protective effects have not
been established, but they likely include cross-
reactive T cells (e.g., heterologous immunity) or
activation of innate immune components (e.g.,
trained immunity) (19, 20). Another unresolved
question is whether pathogen-agnostic protec-
tive effects primed by live vaccines are restricted
to the neonatal period. Analysis of >15,000

children in rural Guinea-Bissau showed that
mortality reductions associated with BCG vac-
cine scarring were limited to children vacci-
nated within the first 4 weeks of life, with the
most pronounced effect observed among those
vaccinated within the first week of life (24).
Although a distinctive window of opportunity
in the neonatal period could be inferred from
these data, this pathogen-agnostic protection
has also been shown for older infants adminis-
tered other live vaccines (25, 26). An expanded
window of plasticity for pathogen-agnostic im-
munity is supported by similar reductions in
childhood mortality associated with live at-
tenuatedmeasles vaccine administered after
4 months of age (27). Given that pathogen-
agnostic approaches have thepotential to confer
broad and fast protection to the neonate—
bypassing each of the drawbacks associated
with current pathogen-specific strategies for
neonatal immunization—establishing protec-
tive mechanisms is an important next step.

Pathogen-specific immunity after
vaccinating mothers

Multiple adaptations occur during pregnancy
to accommodate growth and avert rejection
of the semiallogeneic fetus. These tolerogenic
adaptations are likely anatomically confined
and/or restricted to cells with fetal specificity,
because the response to vaccines administered
during pregnancy is largely comparable to that
of nonpregnant women (28). Vertically trans-
ferred maternal antibodies protect offspring in
the early postnatal period (6). An important
distinction between vaccination of mothers

and neonatal immunization is the transient
nature of the protective benefits conferred by
non-self-renewing antibodies that functionally
persist in infants only for severalmonths, thereby
deferring infection until the consequences are
less severe (Fig. 2B).
Vaccination during pregnancy has already

been shown to be effective for several impor-
tantpathogens. For example, tetanus vaccination
of pregnant women reduces neonatal mortality
from tetanus by >90% (29). Protection of infants
against respiratory illness and confirmed influ-
enza infection ranges from 30 to 60% when
mothers are vaccinated during pregnancy (30).
Protective efficacy against pertussis in the first
2 to 3 months of life is ~90% after maternal
vaccination (31). In light of these considerable
benefits, developing vaccines for pregnant
women that target other neonatal pathogens
should be prioritized.
Maternal antibodies transferred across the

placenta are almost exclusively immunoglobulin
G (IgG), the levels of which exponentially in-
crease in fetal tissues during the final weeks of
gestation. Transfer is coordinated by binding to
Fc receptors expressed by trophoblasts, macro-
phages, and endothelial cells, with preferential
transfer of some isotypes (32). The accelerated
transfer of maternal antibodies in later gesta-
tion means that immunity primed by maternal
vaccination is drastically different for preterm
infants. IgG levels are also reduced among small-
for-gestational-age infants, as well as infants
born tomothers with chronic infections, such
as HIV or placental malaria (33). Maternal IgA
and IgG antibodies are also transferred through
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breastfeeding, and increased levels of both iso-
types can be detected in breastmilk after vaccina-
tionduringpregnancy (28).Optimal protectionof
neonates will require establishing the molecular
determinants of antibodies transferred through
breastmilk and whether they functionally com-
plement placentally transferred antibodies.
Although vaccinationduring pregnancy raises

concerns regarding safety, the vaccines currently
administered to pregnantwomenhave excellent
safety profiles. There is no evidence of increased
pregnancy complications with inactivated vac-
cines adjuvanted with alum or oil-based emul-
sions (34). Live attenuated vaccines, however,
are currently not recommended during preg-
nancy. Nonetheless, analysis after their inad-
vertent administration suggests that they are
safe. Rubella virus vaccine administration to
>3500 pregnant women with documented sero-
logical susceptibility did not cause congeni-
tal rubella syndrome, and only one case of
asymptomatic virus shedding was reported (35).
Administration of OPV or yellow fever vaccine
in outbreak settings did not cause increased
rates of growth retardation, congenital anoma-
lies, or pregnancy complications in women vac-
cinated during pregnancy (34). One potential
exception is smallpox vaccination; But even in
this case, the largest meta-analysis (including
>12,000 pregnant women) showed only mar-
ginally increased (relative risk: 1.3) incidence
of congenital defects, with a similar incidence
of other complications, including spontaneous
abortion, stillbirth, and pretermbirth (36). Thus,
most live vaccines appear to be safe during
pregnancy.

Linking the mother–newborn dyad

Chronic maternal infection with a variety of
pathogens can affect infant health independently
from pathogen transmission (37), along with
the tempo and quality of immune development

(38). HIV-exposed but uninfected infants have
reduced levels ofmaternal antibodies and show
increased susceptibility to severe infection by
unrelated pathogens compared with infants
not exposed to HIV (39). Cord blood cells from
neonates born tomotherswith chronic hepatitis
B virus infection produce increased antimicro-
bial cytokines after stimulationwith various bac-
terial pathogens (40). These phenotypic changes
in neonatal immune cells may reflect stimula-
tion by antigens transferred in utero, with
evidence of both activating and tolerogenic
impacts on fetal immune components (41, 42).
Maternal programming of neonatal immunity
also persists after birth byway of cells, cytokines,
and antibodies acquired through breastfeeding
(43) and by maternal cells that establish micro-
chimerism (44). Thus, immune fitness, defined as
resistance to severe infection, is dominantly in-
fluenced by maternal immunological experience.
Vertical transfer of maternal antibodies is

teleologically conserved, and enriched for
glycosylated antibodies that promote anti-
microbial activity in neonates (6, 32, 33, 45).
Vertically transferred immunity can also dom-
inantly influence the response of offspring to
vaccination. High-titer maternal antibodies
have often been associated with diminished
primary antibody response of infants to vac-
cines (46, 47). A classical study prompted by
increased symptomaticmeasles infectionamong
children immunized before their first birthday
showed a muted serological response in chil-
drenwith high-titer pre-vaccination antibodies
and increased responsiveness in children with
reduced pre-vaccine titers (48). Interference of
infant serological response is also observed for
other live and inactivated vaccines, although
the reductionmagnitude is variable between
studies and individual vaccines (33, 49, 50).
Interference by preexisting antibodies is not

specific to infants and instead likely reflects

control of excessive antibody production clas-
sically described in adults (51). Masking of im-
munodominant epitopes, regulation of B cell
activation and germinal centermaturation, and
B cell inhibition through FcgRIIB cross-linking
are potential mechanisms (52, 53). The priming
of memory B cells is much less sensitive to the
presence of high titers of preexisting antibodies,
because infant responses to vaccine boosters are
consistently preserved with primary vaccination
under the cover of high titers of maternal anti-
bodies (54–56). T cell priming also appears to be
intact, because the presence of antibodies affects
neither proliferation nor effector cytokine pro-
duction (57, 58). Thus, interference is generally
restricted to the primary serological response of
offspring to vaccination. However, the clinical
implications remain uncertain, becausememory
B and T cell responses primed by vaccination of
neonates under the cover of maternal immu-
nity remain intact.
Vaccination during early infancy under the

cover of maternal immunity may in fact prime
responses that are more protective, especially
considering the aforementioned pathogen-
agnostic protective benefits of live vaccines.
A 78% reduction in mortality was shown for
infants administered live attenuated measles
vaccine at 4.5 months of age in the presence of
maternal measles antibodies at the time of
vaccination (27). The reductionof infantmortality
associated with BCG vaccination in the neonatal
period is further enhanced among infants born
to mothers with prior BCG priming (59). A
more balanced response by vertically trans-
ferred innate and adaptive maternal factors
including antibodies, cytokines, cells, or metab-
olites likely explains these enhanced protective
benefits. Considering this potential to enhance
antimicrobial host defense, further narrowing
the window of neonatal susceptibility against
a wide range of pathogens will likely require
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Fig. 2. Tempo of immunity provided by vaccination at birth compared with
vaccination during pregnancy in relation to the neonatal window of
infection susceptibility. (A) Antibody levels primed by neonatal vaccination
increase with delayed tempo, which offers suboptimal protection during the early
life window of susceptibility. (B) Maternal immunization provides high levels of

pathogen-specific antibodies at birth and is an effective strategy for narrowing
the window of susceptibility to specific pathogens. (C) Combining maternal
vaccination with pathogen-agnostic and pathogen-specific benefits of neonatal
vaccination may contribute equally to optimal neonatal immune fitness and
efficiently close the early life window of susceptibility.
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stimulating pathogen-agnostic and pathogen-
specific immunity by neonatal immunization
under the cover of maternal immunity (Fig. 2C).

Outlook

Neonatal infection is a complex, multifaceted
problem with many critical dimensions yet
to be defined. The pathogens associated with
neonatal infections in low-to-middle income
areas have only recently been systemically
evaluated using modern diagnostic tools (8, 9)
(Fig. 1). The wide range of identified bacteria
and viruses with varying virulence, combined
with the large fraction of caseswhere a specific
pathogenwas not identified, suggests that com-
plex immunological perturbations in the neonatal
period drive clinical sepsis. Future diagnostic
and treatment strategieswill need to go beyond
current approaches, which are narrowly focused
on specific inciting pathogens. Likewise, design-
ing vaccines that target the mother–newborn
dyad implies knowledge of how mother and
child are immunologically linked. However,
current knowledge of how human pregnancy
is sustained remains rudimentary. The necessity
for specificmolecules and immune cell subsets
in maintaining maternal–fetal tolerance has
almost exclusively been established using pre-
clinical pregnancy models (rodents), which do
not recapitulate the more prolonged gestational
length and inutero accumulationof fetal adaptive
immune components observed in humans (60).
Despite our present ignorance, vaccines that

prime pathogen-specific immunity in the
maternal–fetal dyad clearlywork.We are on the
brink of eradicating poliomyelitis with vaccines
administered to neonates. Eliminating neonatal
tetanus is also within reach by way of maternal
vaccination.Boostedpathogen-agnostic immunity
primedby livevaccinesalso shows promise, with
nearly 40% reductions in overall infant mor-
tality (21, 22, 52). These successes clearly high-
light the protective potential of neonatal and

maternal immune components. Enhanced pro-
tectionwill likely require previously unexplored
strategies that combine vaccination of mothers
and their newborns to simultaneously stimu-
late pathogen-agnostic and pathogen-specific
immunity (Fig. 2C). Physicians are instructed
to first “do no harm.” This instills a reflexive
reluctance to deviate from the status quo.
Unfortunately, thecurrent statusquo is thatnearly
half of under-age-5 mortality occurs in neonates,
and a large fraction of these deaths are due to
infection. Perhaps actively excluding pregnant
mothers and newborns from vaccine research
is inadvertently causing evenmore harm. The
priority should be to protect these vulnerable
populations through research, not from it.
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