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Abstract

All mammalian offspring, regardless of their developmental stage at 
birth, must survive the fetal-to-postnatal transition from intrauterine 
dependence on the mother to postnatal independence. A major 
challenge in this context is the allocation of limited energy resources 
between tissue development and growth, energy-intensive responses 
to infection and the establishment of host–microbial homeostasis. 
For a long time, it was thought that early-life immunity was immature 
and dysfunctional. It is only recently that we have begun to understand, 
at a mechanistic level, how perinatal immunity is tailored to mediate the 
transition to postnatal life. This adaptation requires a high degree of 
temporal plasticity, which integrates the developmental trajectories  
of immune cells, changes in barrier permeability, effects of the 
microbiota, the waning contribution of maternal immunity and 
effects of early-life antigen exposure. This Review analyses the existing 
evidence for perinatal immune plasticity and its underlying mechanisms  
and consequences, with a particular focus on myeloid cells and barrier 
immunity. It synthesizes models as to how this immune plasticity may 
be induced, maintained and therapeutically modulated, even beyond 
infancy, while highlighting interspecies differences and commonalities, 
as well as current research needs.
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implications for lifelong immunity, including information on species 
discrepancies where available.

Heterogeneity of immune cell development
Immune cell development is initiated early during embryogenesis, 
involving a defined pattern of ontogenetically distinct progenitors 
that are generated from a sequence of tightly controlled haematopoi-
etic waves during prenatal development. At birth, cues related to the 
birth process itself and the novel internal and external environments 
induce haematopoietic progenitors from different sources to form 
heterogenous immune cell populations with different functions and 
turnover rates in structurally and functionally defined tissue niches. 
The controlled patterning of the developing haematopoietic system 
prepares the organism for the environmental changes that occur at 
birth, and the subsequent adaptation to extrauterine life. This pat-
terning is best understood in mice, although there is some evidence 
from limited human data of a shared perinatal developmental trajec-
tory. Using examples from the mouse myeloid system, we highlight 
how this ontogenetic heterogeneity emerges, which factors drive the 
migration of myeloid progenitors into their host tissues during devel-
opment and how the cells become imprinted once they have entered 
their tissue niche.

Evidence from human newborns
The precise characterization of developmental immune system trajec-
tories in newborn children is hampered by substantial interindividual 
variability related to characteristics of the birth transition, such as exact 
pregnancy duration, preexisting maternal immunity, day and time of 
delivery, birth mode and labour duration, which influence environmen-
tal exposures and composition of the early microbiota8. Moreover, the 
volume and quality of blood samples from human newborns have ham-
pered analytical precision in immunophenotyping. However, recent 
assay miniaturization has enabled more robust analyses, revealing that 
the human neonatal immune system develops — despite considerable 
variability overall — along a shared trajectory that is determined largely 
by postnatal age, and not, for example, by biological sex or by season of 
birth. Notable commonalities across infants according to postconcep-
tional age are the frequencies of circulating neutrophils and T cells, and 
activation patterns of complement, interferon (IFN) and interleukin-10  
(IL-10) pathways9. Other immune features that are unique to neonates 
relate to enhanced oxidative phosphorylation in monocytes and 
changes in the complement cascade10,11. The longitudinal dynamics 
of immune cell activation during the perinatal developmental period 
are illustrated by the observation that leukocytes from cord blood differ 
from those in early-life peripheral blood9. The functional implication 
of changes in neutrophil and lymphocyte counts during the perinatal 
period is indicated by the association of low neutrophil-to-lymphocyte 
ratios at birth with an increased risk for later sepsis12.

Layered ontogeny in mice
In mice, primitive haematopoietic progenitors originate from the 
extra-embryonic yolk sac at E7.5 and supply the embryo with tran-
sient populations of erythrocytes and primitive macrophages13 (Fig. 2). 
Shortly thereafter, the yolk sac switches to transient definitive haema-
topoiesis and produces erythromyeloid progenitors (EMPs)14, which 
are a major source of fetal immune cells, including erythrocytes, mac-
rophages, granulocytes, monocytes, mast cells, megakaryocytes and 
γδ T cells15–18. In parallel, haematopoietic stem cells (HSCs) emerge 
from haemogenic endothelium in the aorta–gonad–mesonephros 

Introduction
Over the course of evolution, mammalian species have developed vary-
ing gestation periods, ranging from less than 2 weeks in opossum spe-
cies to almost 2 years in elephants1. This variation is linked to differences 
in body size, litter size and rearing conditions. However, all mammalian 
offspring, regardless of the gestation period or developmental stage of 
the newborn, have to manage the transition from intrauterine develop-
ment, involving complete dependence on maternal physiology, to the 
neonatal phase, which remains intertwined with maternal immunity 
and physiology, and eventually to full independence.

We understand the perinatal period during which these transitions 
occur as a dedicated time window in species with different gestational 
length and developmental stage at birth. Whereas rodents, such as 
mice, are comparatively immature at birth, other species such as pigs 
and humans are more mature at birth2. For the purpose of this Review, 
we focus on immune phenomena occurring from embryonic day (E)16.5 
in mice and gestational week (GW)24 in humans, when organogenesis is 
largely completed, to the weaning period (postnatal day (P)21 in mice, 
and 6 months after birth in humans).

During this period, the perinatal immune system must enable 
protection against invading pathogens, while allowing for microbial 
colonization, as well as tissue growth and diversification. The success-
ful management of these transitions is closely linked to the ability to 
allocate limited energy resources between thermogenesis, immunity 
and organ growth, including the development of complex anatomical 
microstructures3. This is particularly evident at barrier tissues, which 
are central to the exchange of nutrients and oxygen and to temperature 
regulation, but also need to rapidly establish protective measures 
against invading pathogens and environmental threats4–6.

Thus, the perinatal immune system must co-evolve with the fetus 
as it transitions to independent neonatal life. Perinatal immunity 
has long been regarded as immature, gradually maturing during 
postnatal development. However, a unidirectional developmental 
process starting at birth fails to account for the immune regulation 
that is needed to balance development, tolerance induction and 
immune defence. Instead, we describe how immune plasticity in 
early life is generated by a multi-faceted interplay of tissue-intrinsic 
and tissue-extrinsic events. We define perinatal immune plasticity as 
the process by which immune cells are dynamically remodelled and 
fine-tuned by developmental and environmental cues to closely fit 
their tissue niche3,7. This process supports dedicated organ develop-
ment and infection resistance. As discussed here, immune cell plas-
ticity is formed by the interplay between various regulatory layers, 
including immune cell ontogeny, the co-development of anatomical 
tissue niches and tissue-niche factors, changes in barrier permeabil-
ity, exposure to environmental factors such as the microbiota and its 
metabolites, gradually decreasing roles for maternal factors, including 
maternal cells, antibodies, microbiota, cytokines and metabolites, and 
imprinting by immune challenges and early-life exposure to pathogens. 
This interplay is further layered by clinical interventions at birth and 
early-life vaccinations or medications, which can have prolonged or 
even lifelong effects on the microbiota and immune system (Fig. 1 
and Box 1).

Of note, although there are plentiful mechanistic data related 
to success or failure of the perinatal transition in mice, human data 
are often lacking. Corresponding concepts in humans are thus often 
speculative and based on circumstantial evidence. Accordingly, this 
Review explores recent advances and limitations in our understand-
ing of the mechanisms driving perinatal immune plasticity and its 
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region19,20, and potentially other sites such as the placenta and umbilical 
cord, with subsequent colonization of the fetal liver21. The transition 
from EMP-derived blood cells towards HSC-derived blood cells begins 
at around E14.5 and is largely completed by the time of birth in mice17. 
Perinatally, HSCs move from the fetal liver to the opening bone cavity, 
establishing the bone marrow as the unique postnatal site for HSCs and 
the lifelong source for haematopoietic cells22.

Fetal-derived immune cells persist in mouse postnatal tissues, 
including most tissue-resident macrophages, B1a cells and γδ T cells23,24. 
Other cells such as innate lymphocytes, B1b cells and resident memory 
T cells originate from HSC-derived fetal progenitors and seed tissues 
and lymphoid organs prenatally25,26. Both prenatal and postnatal HSCs 
generate conventional αβ T cells, which migrate from the fetal liver and 
bone marrow to the thymus for selection and maturation27. Similarly, 
B cells develop in the fetal liver and bone marrow. In mice, most prena-
tally derived B cells and T cells have a regulatory, innate-like phenotype, 
whereas postnatal lymphopoiesis supports the generation of bona fide 
effector lymphocytes. These lymphocytes of distinct origins mix in a 
coordinated manner across perinatal tissues27–29, equipping the neo-
nate with a unique lymphocyte landscape that enables tissue growth 

and differentiation in parallel with immune tolerance to commensals 
and tissue immunity against pathogens. The perinatal tissue patterns 
of lymphocytes depend on tissue-intrinsic cues, as well as perinatal 
environmental factors, such as breastfeeding, mode of birth and the 
microbiota.

Similarly, the tissue-specific ontogeny of resident macrophages, 
which is established around birth in mice, is an important component of 
immune cell plasticity in perinatal organs (Fig. 2). Prenatally, all organs 
are colonized by EMP-derived macrophage progenitors in specific time 
windows30, giving rise to, for example, microglia in the central nervous 
system (CNS) parenchyma or Kupffer cells in the liver31–33. EMPs colonize 
the fetal liver via the establishing blood circulation between E8.5 and 
E10.534, where they can give rise to further macrophage progenitors, 
as well as circulating blood cells such as monocytes and granulocytes17 
(Supplementary Box 1). It was previously suggested that EMP-derived 
fetal monocytes give rise to several tissue-resident macrophage popu-
lations, such as alveolar macrophages in the lung and Langerhans cells 
in the epidermis35 (Fig. 2). However, recent advances in cell tracing 
technologies suggest that the contribution of fetal monocytes as direct 
progenitors to fetal tissue-resident macrophages is probably minor36. 
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Fig. 1 | Transitioning from programmed immune development to steered 
immune plasticity. Immunity in the perinatal period is characterized by the 
transition from programmed immune development towards its overlay with 
immune imprinting and steering by exogenous factors. Before birth, the fetal 
immune system is considered as being mainly programmed by defined genetic 
networks, such as the generation of distinct myeloid subsets of granulocytes 
and monocytes from haematopoietic stem cells. In the perinatal period, this 
genetic programming of immune lineages is gradually replaced by the steered 
diversification of immune cells by exogenous factors. These can include maternal 
factors and the extrauterine environment. Maternal factors include the maternal 
microbiota transferred during vaginal birth and through breastfeeding; 
maternal antibody transfer through the placenta and in breast milk; maternal 

microchimerism in the infant established by placental transfer of maternal 
cells or through the ‘leaky’ gastrointestinal barrier around birth; and immune 
factors such as cytokines and metabolites that are induced by prenatal maternal 
immune activation by infection, injury or stress. Extrauterine challenges for 
the developing immune system include invasive infections in early life but also 
environmental factors such as antigens, toxins and allergens. Finally, medical 
interventions around the time of birth, such as caesarian section, antibiotic 
treatment of the infant and/or mother, and vaccinations, add another layer of 
complexity to the adaptations and adjustments of the immune system that occur 
in the perinatal period, with potentially lifelong consequences. This ultimately 
results in a plastic adaptation of cellular subsets towards these different factors 
and can induce functional heterogeneity within immune cells.
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Furthermore, lineage tracing experiments by cell barcoding suggest 
that macrophage populations, including Kupffer cells and alveolar 
macrophages, develop from a partially shared macrophage progenitor, 
for example originating from fetal liver EMPs36.

In conventional laboratory mice raised under specific pathogen- 
free conditions, most tissue-resident macrophages are maintained 
by endogenous proliferation and self-renewal throughout life37. 
However, some tissue-resident macrophage populations undergo 
marked changes around the time of birth. This is particularly evident 
in the replacement of fetal-derived macrophages by HSC-derived 
progenitors in defined anatomical niches in the first few weeks of 
life. For example, in the gut, lamina propria macrophages are largely 
replaced by circulating monocytes, whereas muscularis macrophages 
remain of fetal origin38,39 (Fig. 2). However, this replacement is not 
complete, as exemplified by a recent publication showing the exist-
ence of long-lived tissue-resident macrophages in the lamina propria 

that are of fetal origin and are not replaced by monocytes40. Similarly, 
dermal interstitial macrophages are replaced by circulating progeni-
tors, whereas sensory nerve-associated macrophages in the dermis 
are not41,42. Epidermal Langerhans cells originate from EMP-derived 
fetal macrophage progenitors, whereas Langerhans cells in the oral 
mucosa are postnatally replaced by HSC-derived myeloid progeni-
tors, generating site-specific diversity of Langerhans cells43. In the 
postnatal CNS, microglia and perivascular, leptomeningeal and intra-
ventricular macrophages remain of fetal origin, whereas stromal 
choroid plexus macrophages and subsets of dura macrophages are 
replaced by circulating monocytes44–46. Consequently, macrophages 
at similar anatomical sites can differ markedly in their ontogeny  
in mice.

In many cases, monocyte-derived macrophages are short-lived and 
are continuously replaced throughout the lifespan, while fetal-derived 
macrophages decline in number and become a minority population 
within these tissues. However, macrophage exchange rates differ mark-
edly at the subset level. As an example, in the mouse dermis, the half-life 
of macrophages can range from 2 weeks to more than 56 weeks, and 
around 40% of macrophages seem not to be replaced at all47. In some 
tissues, including serous cavities and the heart, fetal-derived mac-
rophages are gradually replaced by HSC-derived progeny after birth, 
and these HSC-derived macrophages can maintain their population by 
endogenous self-renewal without continuous replenishment from the 
bone marrow48,49 (Fig. 2).

The perinatal remodelling of macrophage ontogeny is an impor-
tant adaptation to extrauterine life in mice, ensuring the replacement 
of exhausted fetal-derived subsets and the specification of progenitors 
to highly dynamic anatomical niches (Fig. 2). The disappearance of 
fetal-derived macrophages in some tissues could also be connected 
to the emergence of the commensal microbiota and its metabolites, 
together with the necessity for immune tolerance. Even macrophages 
in organs without direct contact with the commensal microbiota, such 
as microglia of the CNS parenchyma, respond to microbial metabolites 
during perinatal development50, although they do so without substan-
tial perinatal replacement by monocytic progenitors51,52. Similarly, 
epidermal Langerhans cells are in close contact with commensal bac-
teria on the skin and are key drivers of tolerance induction53,54, but they 
remain fetal-derived without major input from circulating progenitors 
under physiological conditions35,55.

The situation is even less clear in humans. For example, the 
degree of donor-derived Langerhans cell chimerism is generally below 
10% on day 28 after sex-mismatched stem cell transplantation with 
non-ablative conditioning, suggesting that the Langerhans cell popula-
tion in humans is maintained largely through self-replication56. Further-
more, heavy-carbon birth dating of human microglia has shown that 
they proliferate and turn over without a major contribution of periph-
eral monocytes57,58. One potential explanation for the persistence of 
fetal-derived macrophages in specific tissues, such as CNS parenchyma 
and skin epidermis, could be the limited accessibility of these tissue 
niches to circulating progenitors. As prominent examples, the brain 
and the epidermis are partially ‘sealed’ from the bloodstream, by the 
blood–brain barrier along the CNS meninges and vasculature and by the 
basement membrane separating epidermis and dermis59,60. However, 
this explanation would not account for Kupffer cells in the liver, which 
nevertheless remain largely fetal-derived throughout life. Kupffer cells 
are unique with respect to their location within the liver sinusoids and 
their transcriptional programme. It is conceivable that fetal-derived 
Kupffer cells prevent bone marrow-derived cells from invading the 

Box 1 | Effects of birth interventions on 
perinatal immunity
 

Advances in medical care for mothers and their unborn and 
newborn children have three major aims: (1) to reduce the risk for 
mother and child during labour by medically indicated caesarian 
section; (2) to reduce the risk for severe peri- and postnatal 
infections by antibiotic treatment; and (3) to avoid exposure to 
maternal contaminated breast milk or malnutrition by formula 
feeding. These interventions have improved the overall safety of 
mother and child during the birth period, but may interfere with the 
dynamic adaptation of the child’s immune system.

In most European countries and in the USA and Canada, 25–50% 
of children are delivered by caesarian section252,253. Several studies 
have reported an association between caesarian sections and the 
development of allergies and higher risk for autoimmune disease 
in the offspring, mostly through effects on mucosal immunity. 
Caesarian section was shown to induce short-term changes in 
immune cell numbers across myeloid and lymphoid lineages and in 
cytokine responses254, which may impair the induction of immune 
tolerance in the perinatal period and therefore increase the risk of 
developing an allergy or autoimmune disease. Vaginal birth is the 
ultimate priming event to prepare and activate the immune system 
for extrauterine life, associated with transfer of the maternal vaginal 
microbiota to the newborn as the first perinatal microbiota255,256. 
Non-vaginal delivery can result in gut dysbiosis and has been linked 
with the onset of food allergies and altered postnatal adaptation of 
mucosal immunity254,256.

Similarly, antibiotic treatment in the perinatal period, which is an 
essential intervention for example to avoid neonatal infection with 
group B streptococcus, might disrupt proper establishment of the 
neonatal microbiota. This has consequences for tolerance induction 
and perinatal immune cell plasticity, including the exchange and 
turnover of immune cells in tissues, for example in the gut39. Finally, 
formula feeding alters commensal colonization and deprives the 
newborn of essential immunoprotective components delivered 
via breast milk, including maternal antibodies and immune cells. 
Hence, the effects of medical interventions around birth on immune  
cell adaptation in this crucial time period should be further 
explored, as well as the long-term consequences thereof.
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specific tissue niche. Notably, a small portion of Kupffer cells originate 
from definitive haematopoiesis in the first postnatal week in mice, when 
the liver increases substantially in size61. This could confer perinatal 
plasticity on the liver’s immune system. Thus, alternative mechanisms 
seem to influence macrophage renewal in specific organs, including 
the presence or absence of tissue-resident progenitor pools62,63, or 
the metabolic capacity of fetal-derived macrophages in combination 

with, for example, higher levels of tissue niche factors that could allow 
fetal-derived macrophages to persist.

Similarly to macrophages, dendritic cells (DCs) and, in particu-
lar, conventional DCs (cDCs) develop from different progenitor 
waves. In mice and humans, adult cDCs originate from HSC-derived 
monocyte–DC progenitors in the bone marrow before they develop 
via the common DC progenitor to pre-cDCs and diverge into the two 
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Fig. 2 | Stratified ontogeny of tissue-resident macrophages during early life. 
After birth, tissue-resident macrophages show an ontogenetic diversification 
within different tissue niches, whereby macrophages from different ontogenies 
occupy distinct anatomical niches or can be mixed within them. During 
prenatal development in the mouse, the first source of blood cells is primitive 
haematopoiesis in the yolk sac, starting at embryonic day (E)7.5, which produces 
primitive erythrocytes and primitive macrophages. This is followed by the 
initiation of transient definitive haematopoiesis in the yolk sac, generating 
erythromyeloid progenitors (EMPs) at E8.25, which develop into macrophage 
progenitors (E9.5–E10.5) and colonize the fetal liver via the establishing blood 
circulation (E8.5–E10.5). EMP-derived macrophage progenitors initially colonize 
various tissue niches in the developing embryo. Later, fetal liver EMPs give rise 
to fetal monocytes and probably EMP-derived fetal macrophage progenitors, 
which develop into different tissue macrophage populations. Shortly after 
(E10.5–E12.5), the first definitive haematopoietic stem cells (HSCs) originate 
in the aorta–gonad–mesonephros (AGM) region and colonize the fetal liver 

in parallel with EMPs. Shortly before birth, HSCs begin to transition from the 
fetal liver to the opening bone marrow cavity. Some tissue niches maintain 
macrophage populations derived from fetal haematopoietic sources after birth, 
such as microglia in the central nervous system (CNS) parenchyma that originate 
from EMP-derived macrophage progenitors of the yolk sac. In the lung alveoli, 
alveolar macrophages develop from EMP-derived macrophage progenitors of 
the fetal liver. By contrast, in other tissue niches that are originally colonized 
prenatally by progenitors from yolk sac and fetal liver, these are subsequently 
replaced by circulating HSC-derived monocytic progenitors after birth, such  
as the macrophages of the lamina propria in the gut or certain macrophages  
in the peritoneal cavity. HSC-derived lamina propria macrophages are short-
lived and continuously replaced by HSC-derived monocytes. Macrophages 
orginating from the yolk sac EMP lineage are shown in blue, macrophagess from 
the fetal liver EMP-derived lineage are shown in purple and macrophages from 
HSC-derived monocytes are shown in red.
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described subsets of cDC1 and cDC264. These subsets are characterized 
by unique surface markers and different tissue distribution patterns, 
and have a bias towards initiating either a T helper 1 (TH1) cell response 
(cDC1s) or a TH2 cell response (cDC2s) in adults. Early studies in mice 
suggested that fetal-derived cDCs are functionally polarized towards 
inducing TH2 cell responses until weaning65, whereas the main cDC 
subset in adult mouse tissues is cDC1s66. By contrast, blood mononu-
clear cell cultures from human neonates suggest that they have a more 
balanced ratio of cDC1s to cDC2s67. In mice, perinatal cDC2s originate 
from fetal-derived common lymphoid progenitors, whereas adult 
cDC2s originate from monocyte–DC progenitors68. The functional 
consequences of these different ontogenetic origins of DCs might be 
nuanced and depend on location. For example, there is evidence that 
fetal-derived cDC2s have a strong regulatory bias on T cell induction69, 
although other studies suggest that perinatal tissue niche imprinting 
rather than ontogeny may account for these differences, as ontoge-
netically distinct cDC2s in early life had similar transcriptional pro-
grammes and functions to adult cDC2s ex vivo68. Subsequent work has 
suggested a tissue-specific ontogenetic layering of cDC2s in barrier 
tissues, where large numbers of these cells remain of lymphoid origin 
even until adulthood70,71. How this integrates into a larger picture of 
neonatal DC function and how it could be harnessed for interventional 
strategies remain topics of interest and require further study, particu-
larly in humans, where the range of DC functions is still incompletely 
understood.

Work over the past few years has also demonstrated a layered 
ontogeny of mast cells in mice. It was originally assumed that mast cells 
originate exclusively from HSCs and are continuously renewed by 
circulating progenitors. The picture in mice is now understood to 
be more complex in that mast cells originate from EMPs and remain 
of EMP origin in connective tissues, whereas mucosal mast cells are 
replaced by HSC-derived cells after birth15,72. By contrast, there is no 
direct evidence of a layered ontogeny for human mast cells. However, 
studies of bone marrow transplantation have shown that the recipient’s 
mast cells are gradually replaced by cells from donor bone marrow73, 
and high-throughput transcriptomic profiling of fetal immune cells 
has revealed that the first mast cells appear already during fetal 
development74.

In summary, the layered ontogeny of immune cells during the 
perinatal period is an essential component of immune plasticity across 
species22. Further studies are needed to explore the heterogeneity of 
immune cell ontogeny between tissues and the importance of this 
layered ontogeny for the establishment of tissue immunity and overall 
tissue function after birth.

Migration and homing to tissue niches
During development, immune cell trafficking is initiated at the onset of 
embryonic blood circulation34,75 and is associated with distinct routes 
as defined by the circulating progenitor phenotype, the local tissue 
environment, endothelial cell properties and locally expressed che-
moattractants. This creates unique opportunities for immune cell 
progenitors to colonize distinct niches in the fetal liver, bone marrow 
and peripheral organs. Moreover, perinatal features such as circulating 
myeloid cell numbers and expression of specific integrins are likely to 
instruct immune plasticity and the development of tissue residency of 
immune cells around the time of birth.

Immune cell trafficking involves the dynamic and functionally 
integrated expression of several families of adhesion molecules pre-
natally and postnatally, including selectins, integrins, chemokine 

receptors and their respective ligands76–78. Whereas immune cell traf-
ficking is quite well understood in adults, its mechanisms are largely 
unknown in the fetal and early postnatal period. In this context, human 
inborn errors of immunity such as leukocyte adhesion deficiencies 
(LADs) offer opportunities to decode the spatiotemporal control of 
immune cell trafficking and its implications for perinatal immune cell 
plasticity. LAD-I, which is caused by loss-of-function mutations in the 
β2 integrin subunit (encoded by ITGB2), highlights the role of adhesion 
molecules in guiding immune cells in steady state and during infection 
in the perinatal period. Integrins are heterodimeric receptors consist-
ing of an α subunit and a β subunit, whereby one β subunit can combine 
with different α subunits and vice versa, generating a large number of 
integrins with different ligand affinities76. LAD-I manifests in the perina-
tal period during the first six months of life with omphalitis (infection 
of the umbilical cord stump) and delayed umbilical cord separation, 
skin ulcers, gingivitis and a high mortality rate. Infants with LAD-I also 
cannot form pus owing to impaired extravasation of granulocytes79. 
Similarly, patients with LAD-III caused by loss-of-function mutations in 
the integrin adaptor kindlin-3 (encoded by FERMT3), which affects inte-
grin function in the haematopoietic system including platelets, have 
recurrent infections and defective wound healing as well as bleeding 
tendency already in early life80,81.

In addition to β2 integrins, very late antigen-4 (VLA4; also known 
as α4β1 integrin or CD49d–CD29) and its ligand vascular cell adhesion 
molecule 1 (VCAM1) have been implicated in the trafficking of myeloid 
progenitors82. This is of relevance during the perinatal period, when 
α4 integrin, which forms heterodimers with both β1 and β7 integrins, is 
essential for the seeding and maintenance of myeloid progenitors in 
fetal liver, spleen and bone marrow83. Loss of β1 integrins (ITGB1) on fetal 
haematopoietic stem and progenitor cells (HSPCs) from the para-aortic 
splanchnopleura (including the aorta–gonad–mesonephros region) 
impairs definitive haematopoiesis in mice, as Itgb1-deficient HSPCs 
cannot traffic between haematopoietic organs in the fetal stage, result-
ing in reduced immune cell differentiation84. These findings indicate 
that α4 and β1 integrins are crucial for the trafficking of some but not all 
subsets of myeloid progenitors, suggesting some form of redundancy. 
This is supported by recent studies using mice deficient for the integrin 
adaptor talin 1 (Tln1) in macrophage progenitors, which describe a 
crucial role for integrins in the colonization of the embryonic CNS with 
microglia progenitors and the postnatal colonization of the opening 
space along CNS arteries by perivascular macrophages85,86. By contrast, 
microglia distribution in the CNS was not affected by the prenatal loss 
of Tln1, indicating that microglia distribution in fetal mice is largely 
integrin independent, except in defined conditions such as embryonic 
cortical colonization86,87. It is not yet clear whether integrins and their 
adaptor proteins have similar functions in tissue-resident macrophages 
during human development, and respective data from patients with 
LAD-I or LAD-III have not been reported.

Selectins are adhesion receptors that bind to glycosylated ligands 
expressed on leukocytes, which enables the capture and rolling of 
these cells along the luminal surface of blood vessel endothelium 
required for transmigration. Selectins are crucial for the homing 
of haematopoietic progenitors to the adult bone marrow, which is 
partly mediated by the constitutive expression of E-selectin on the 
bone marrow sinusoidal endothelium88,89. However, selectins seem 
to be less important for the trafficking of fetal macrophage progeni-
tors in mice. This may be owing, in part, to insufficient posttransla-
tional glycosylation of selectin ligands on cells during fetal and early 
postnatal development88. Notably, in patients with LAD-II, who have 
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loss-of-function mutations in the intracellular fucose transporter 
SLC35C1, birth is associated with a complete loss of leukocyte roll-
ing. Thus, impaired posttranslational fucosylation of selectin ligands 
results in severe immunodeficiency starting early in life90–92.

Taken together, these studies show that the trafficking of 
immune cells and their precursors to local tissue niches during fetal 
development requires precise temporal and spatial regulation. 
Although the mechanisms that control these processes have not yet 
been fully elucidated, effective immune cell trafficking likely depends 
on considerable plasticity in the expression of adhesion-related mol-
ecules by immune cells, their precursors and local endothelial and 
stromal cells.

Imprinting in developing tissue niches
The differentiation and tissue residency of immune cells in the peri-
natal period are guided by complex networks of lineage-determining 
transcription factors. The stochastic expression of these factors in 
immune cell progenitors is an essential early step in their organ colo-
nization and probably the initiation of tissue-specific niches93–95. In 
mice, the specification of macrophages is then further guided by tissue 
niche-induced transcription factors in unique organ environments, 
including in the liver sinusoids (inhibitor of DNA binding 3 (ID3) expres-
sion in Kupffer cells)30, the epidermis (ID2 in Langerhans cells)96, the 
alveolar space (peroxisome proliferator-activated receptor-γ (PPARγ) 
in alveolar macrophages)97, the CNS parenchyma (Spalt-like transcrip-
tion factor 1 (SALL1) in microglia)98 or the peritoneal cavity (GATA6 in 
large peritoneal macrophages)99. The prenatal and perinatal modula-
tion of macrophages by tissue-specific factors acting synergistically 
with cell-autonomous programmes constitutes a highly complex relay 
providing plasticity, gating tissue residency and ensuring microana-
tomical adaptation to developing niches94, as highlighted by the 
following examples (Fig. 3).

The regulatory networks that tailor tissue niches are relatively 
well understood for the alveolar space, where — in mice — alveolar 
macrophages develop as progeny of EMP-derived fetal macrophage 
progenitors100 (Fig. 2). Granulocyte–macrophage colony-stimulating 
factor (GM-CSF; also known as CSF2), produced by alveolar epithe-
lial cells type II, and transforming growth factor-β (TGFβ) synergize 
to control expression of the transcription factor PPARγ and thus drive 
alveolar macrophage identity97 (Fig. 3a). Importantly, GM-CSF con-
centrations in amniotic fluid increase during pregnancy until birth, 
and labour further increases GM-CSF levels101. Although TGFβ is pro-
duced by adult alveolar macrophages in an autocrine manner to ensure 
self-maintenance, the sources of TGFβ during lung development are less 
clear and can change in a dynamic manner102 (Fig. 3a). Similarly, other 
cues, including metabolites, cytokines and growth factors, derived 
from the stromal and immune cells of the tissue niche might be involved 
in the specification of alveolar macrophages. It is tempting to speculate 
that there is a dynamic switch in identity-forming signals in the lung 
alveoli at birth, when the lung transitions from being liquid-filled to 
air-filled103. However, tissue niche cues are not only stromal in nature but 
also can be derived from adjacent immune cell subsets. For example, 
12-hydroxyeicosatetraenoic acid derived from neonatal neutrophils is 
required for the self-renewal and maintenance of alveolar macrophages 
during lung development and thus for perinatal resistance against 
influenza A virus and SARS-CoV-2 infection104.

In the mouse dermis, TGFβ steers the global development of 
macrophages in early life, whereas later in life it predominantly reg-
ulates macrophage adaptation to sensory nerves in this tissue42,105 

(Fig. 3b). The early postnatal sources of TGFβ are not clear. By con-
trast, in later life, the sources of TGFβ are better defined, including 
sensory neuron-derived TGFβ, which is activated by integrin αvβ5 on 
macrophages. The role of TGFβ in imprinting mouse macrophages that 
reside close to neurons is supported by similar results in the intestinal 
muscularis externa, where neuron-associated macrophages induced 
by neuronal TGFβ refine the perinatal enteric nervous system106, and 
by the TGFβ-dependent imprinting of embryonic microglia and acti-
vation of the tissue niche-specific transcription factor SALL1 upon 
colonizing the CNS107 (Fig. 3c). However, keratinocyte-derived TGFβ 
also drives Langerhans cell differentiation in the epidermis by inducing 
ID2 expression96,108.

All macrophage populations, with the possible exception of post-
natal alveolar macrophages and adenophages of the salivary gland109, 
rely on colony-stimulating factor 1 (CSF1) receptor (CSF1R) signalling 
for their development, differentiation and maintenance7,110. CSF1R has 
two ligands, CSF1 and IL-34, which are expressed by stromal cells111,112. 
Macrophage populations are usually dependent on CSF1 during prena-
tal and postnatal development. By contrast, grey matter microglia and 
Langerhans cells switch postnatally from requiring CSF1 to IL-34, which 
is produced shortly after birth by neurons in grey matter regions of the 
brain and by keratinocytes in the epidermis111,112 (Fig. 3c). Although IL-34 
and CSF1 share the same receptor, they induce different gene expres-
sion programmes. For example, IL-34-specific imprinting in postnatal 
grey matter microglia is distinct from that of CSF1-exposed white mat-
ter regions such as the cerebellum113. Accordingly, specific temporal 
expression patterns of tissue factors, such as GM-CSF, TGFβ, CSF1 and 
IL-34, by stromal, and possibly immune, niche cells guide the induc-
tion of tissue niche-specific transcription factors and the adaptation 
of macrophages to tissue niches in early life. The spatial and temporal 
patterns of these factors thus constitute an important framework for 
perinatal plasticity and termination thereof.

Changes in barrier permeability
In mammals, the entry of external material into the body is restricted 
to defined anatomical locations and pathways, such as gas exchange 
in the lung or nutrient exchange across the intestinal barrier. By con-
trast, it is suggested that at birth, and more so at preterm birth, the 
gastrointestinal barrier of humans and many other mammalian species 
is less tight for the transfer of macromolecules than in adult life and 
that ‘gut closure’ occurs postnatally. The delayed perinatal gut closure 
until after birth potentially has beneficial roles for the newborn and the 
plasticity of developing immune cells. Conversely, in adults, a ‘leaky 
gut’ is associated with disease114–116.

There are notable differences in the permeability of the intestinal 
epithelium between newborns and adults, although functional studies 
have so far been carried out mostly in mice117. The barrier of the adult 
intestinal epithelium is formed by non-permeable tight junctions 
between epithelial cells and a restriction of endosomal processes to the 
basolateral epithelial plasma membrane. Exceptions are microfold (M) 
cells overlaying Peyer’s patches, which take up particular antigens from 
the intestinal lumen and pass them to underlying DCs to promote adap-
tive immune responses118–120. Similarly, goblet cells can translocate mac-
romolecules from the lumen and hand them over to DCs in the lamina 
propria that subsequently migrate to mesenteric lymph nodes, where 
they induce microbiota-specific T cells121,122. In mice, both pathways 
have been described to be absent during the early postnatal period. 
M cells only emerge at weaning in response to secretion of receptor 
activator of nuclear factor-κB (RANK) ligand by subepithelial stromal 
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Fig. 3 | Perinatal adaptation of tissue-resident macrophages to their tissue 
niche. The adaptation of tissue-resident macrophages during the perinatal 
period is determined by intrinsic genetic programmes regulated by lineage-
determining transcription factors (LDTFs), such as PU.1, C-MYB or ZEB2, and 
by tissue niche-specific transcription factors, which define organ inhabitance, 
such as peroxisome proliferator-activated receptor-γ (PPARγ) in alveolar 
macrophages or Spalt-like transcription factor 1 (SALL1) in microglia of the 
central nervous system (CNS) parenchyma. a–c, Macrophage progenitors start 
expressing LDTFs early on during development. Spatiotemporally dynamic 
combinations of tissue niche factors and transcription factors form a regulatory 
network that guides the perinatal specification of tissue-resident macrophages 
across different tissue niches, as exemplified here for lung alveoli (a), sensory 
neurons in the dermis (b) and CNS parenchyma (c). a, Alveolar macrophages 
are specified during perinatal development by the induction of PPARγ and the 
combinatory tissue niche signals of colony-stimulating factor-1 (CSF1, also 
known as M-CSF), transforming growth factor-β (TGFβ) and colony-stimulating 
factor-2 (CSF2, also known as GM-CSF), probably originating from alveolar 
epithelial cells. Furthermore, neutrophil-derived 12-hydroxyeicosatetraenoic 
acid (12-HETE) has been described to support the maturation of alveolar 

macrophages. b, For sensory nerve-associated macrophages (sNAMs) in 
the dermis, CSF1 and TGFβ have been described as tissue niche-imprinting 
factors. The transcription factors driving the specification of sNAMs are not 
yet known. c, Microglia in the CNS parenchyma are imprinted by CSF1 and TGFβ 
during prenatal development and acquire a CNS-specific signature, including 
expression of the transcription factor SALL1. However, later in development 
(after birth), in mice, microglia become either CSF1 or IL-34 dependent in a brain 
region-specific manner, whereby microglia in grey matter regions rely on IL-34 
produced by neurons whereas microglia in white matter regions mostly rely on 
CSF1 mostly produced by astrocytes. The tissue specification of macrophages 
is a layered event, whereby an intrinsic ontogeny-related gene network that is 
maintained throughout adaptation is slowly overlayed by tissue imprinting, 
resulting in highly adapted tissue-specific macrophage populations. The 
intrinsic gene networks in developing macrophages are shown by the colour of 
the nucleus; purple for fetal liver erythromyeloid progenitor (FL-EMP)-derived 
ontogeny and blue for yolk sac erythromyeloid progenitor (YS-EMP)-derived 
ontogeny. Tissue imprinting of macrophages is shown by the colour of the 
cytoplasm: green for lung alveoli, yellow for sensory nerves and red/orange 
for the CNS.
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M cell inducer cells66,123. Similarly, goblet cell-associated antigen pas-
sages (GAPs) in the mouse small intestine open at day 10 after birth, 
when levels of breast milk-derived epidermal growth factor decrease, 
but close again at day 20 after birth mediated by myeloid differentiation 
primary response 88 (MYD88)-dependent innate immune signals from 
the establishing microbiota124. GAPs in the colon open only from day 17 
after birth and allow live bacteria to translocate to mesenteric lymph 
nodes and spleen to ‘train’ the immune system125. Of note, premature 
opening of colonic GAPs increases the risk of late onset sepsis in a 
neonatal mouse model126. The desynchronized opening of GAPs is also 
associated with long-term effects on tolerance to dietary antigens124.

Despite the absence of macromolecule translocation by M cells 
and GAPs during the early postnatal period, increased translocation 
of macromolecules was observed perinatally in various healthy mam-
malian species, including mice and rabbits, as well as preterm and term 
human infants118,127–131. The human neonatal intestine has increased 
permeability for large molecules, including immunoglobins, which 
decreases within the first week of life, an effect that is promoted by 
breastfeeding118. Animal studies and limited human observations fur-
ther suggest that, in addition to macromolecules, maternal cells in 
breast milk may traffic from the mother to infant mucosal tissues 
across the permeable neonatal intestine and contribute to mater-
nal microchimerism, although this topic remains controversial29,119 
(Supplementary Box 2).

Several mechanisms have been proposed for the increased trans-
location of macromolecules across the gut barrier during the perinatal 
period, including insufficient expression of tight junction proteins 
leading to paracellular leakage127,130,132,133, and active endocytosis and 
transcellular transport by specialized neonatal enterocytes132–138. Fur-
thermore, the functional relevance of increased barrier permeability 
after birth is incompletely understood. Potentially, neonatal transfer 
of maternal antibodies in breast milk across the gut barrier mediated 
by the neonatal Fc receptor (FcRn) may compensate for insufficient 
transplacental immunoglobulin transport in some species135,136,139. 
Alternatively, epithelial uptake of gut luminal material may help to 
absorb nutrients to compensate for the insufficient exocrine func-
tion of the pancreas at this early stage137,140,141. The temporary increase 
in intestinal permeability during the perinatal period, which allows 
immune cells to come into contact with potential allergens and micro-
bial antigens, might explain why exposure to microbial constituents 
in small children, for example by growing up in a farm environment, 
lowers the risk of allergic disease in later life by promoting immune 
tolerance to endotoxins and allergens, thereby avoiding overactivity 
of the immune system142–144. However, increased gut epithelial barrier 
permeability has also been causally linked to necrotizing enterocol-
itis, a catastrophic disease of preterm human neonates145. However, 
the pathogenesis of necrotizing enterocolitis is complex and results 
from synergistic dysfunctions in, for example, perfusion and immune 
homeostasis146.

It is therefore proposed that the transiently increased permeability 
of barrier tissues during the early postnatal period could provide an 
essential boost for immune cell maturation, tolerance induction and 
the transfer of nutrients and maternal factors to the newborn. This 
phenomenon has only been shown directly for the gut but other inner 
and outer surfaces of the body may be affected as well, such as lung 
and skin respectively. For example, there is a marked reduction in the 
volume of extracellular water after birth via the skin (and potentially 
lung), with a weight loss of up to 15% of body weight by the end of the 
first week, which is even more pronounced in premature infants147,148.

Modulation by the microbiota
Environmental factors, such as microbial metabolites, markedly influ-
ence global and cell type-specific immune status during the perinatal 
period. Accordingly, perinatal exposure to antibiotics in humans or 
colonization of mice with a maturation-restricted microbiota (which 
does not mature into an adult-like microbiota) both have marked effects 
on immune system development149,150. Hence, the microbiota is thought 
to be a crucial factor in modulating immune cell composition and plas-
ticity in the perinatal period. In mice, important mechanistic insights 
into the co-development of the microbiota and the perinatal immune 
system have been gained by manipulating the early-life microbiota. 
In humans, however, these processes are less well understood. Here, 
we discuss the role of maternal, breast milk-derived and postnatally 
acquired microbiota in modulating perinatal immune cell plasticity.

Maternal microbial factors influencing the fetus
The available evidence suggests that the healthy mammalian fetus 
develops in the absence of direct contact with viable microorgan-
isms, although the ‘sterile womb’ paradigm has repeatedly been 
challenged151. Nevertheless, the mammalian fetus is still exposed to 
bacterial metabolites and constituents from the maternal microbiota 
through the placenta152,153. In mice, transient mono-colonization of 
the dam during pregnancy with an auxotrophic Escherichia coli strain 
markedly increased the number of group 3 innate lymphoid cells 
(ILC3s) and F4/80+CD11c+ mononuclear cells in the intestines of off-
spring, which was mediated by bacterial metabolites in the form of 
aryl hydrocarbon receptor (AhR) ligands154,155 (Fig. 4a). The diet of 
pregnant mice also dynamically modulates the development of fetal 
lymphoid tissue inducer cells, a subset of ILC3s, through the uptake of 
maternal diet-derived vitamin A (retinol)156. Furthermore, release of 
the short-chain fatty acid (SCFA) acetate by the maternal microbiota 
promotes fetal thymic output of CD4+ T cells and the development of 
forkhead box P3 (FOXP3)+ regulatory T (Treg) cells157 (Fig. 4a). Consist-
ently, acetate in the maternal diet reduces the risk of asthma in the 
offspring158. It seems that recognition of bacterial N-formylmethionine-
leucyl-phenylalanine by the receptors FPR1 and FPR2 on enteric neurons 
and glia during gestation increases enteric nervous system density and 
gut motility in the offspring159 (Fig. 4a). Together, these studies show 
the role of the maternal microbiota and its metabolites in imprinting 
immune cell plasticity already before birth.

Microbial colonization during birth
Bacterial colonization of the neonate starts with rupture of the fetal 
membranes at birth. The initial microbiota is of low complexity, with 
the birth mode being a major influencing factor160,161 (Box 1). Whereas 
vaginal delivery leads to the transmission of maternal faecal, vaginal, 
oral and skin bacteria to the newborn, neonates delivered by caesar-
ean section are initially colonized by skin and environmental taxa of 
non-maternal sources162. During the first days after birth, facultative 
anaerobic bacteria of the family Enterobacteriaceae, such as E. coli, 
bloom across species160,163 (Fig. 4b). In mice, the release of lipopoly-
saccharide by these Gram-negative bacteria dampens the epithelial 
immune response, stimulates the adaptive immune system and pro-
tects from asthma through induction of A20, a negative regulator of 
NF-κB142,164,165. Conversely, suppression of Enterobacteriaceae in the 
infant microbiota by high abundance of Bacteroides spp. that pro-
duce Toll-like receptor 4 (TLR4)-antagonistic penta-acylated lipopol-
ysaccharide increases the risk of asthma in humans144. Members of 
the Enterobacteriaceae also synthesize the vitamin B2 intermediate 

http://www.nature.com/nri


Nature Reviews Immunology

Review article

riboflavin, which stimulates semi-invariant αβ T cell receptors on 
mucosal-associated invariant T cells and increases their frequency166 
(Fig. 4b). Also, Bacteroides spp. are vertically transmitted during birth 
and are early colonizers of the infant intestine in humans163. In mice, 
B. fragilis was shown to produce the sphingolipid α-galactosylceramide 
in the neonatal intestine, which facilitates growth of this obligate 
anaerobic bacterium under the aerobic conditions of the postnatal gut 
and increases the number of natural killer T (NKT) cells in the colonic 
mucosa167 (Fig. 4b). Thus, although the perinatal microbiome has low 
complexity, its taxa have essential functions in remodelling immune cell 
populations, especially in barrier tissues. They are likely to imprint 
unique, time-restricted programmes in structural and immune cells 
of the intestine (in line with local perinatal plasticity).

Breastfeeding-promoted microbiota
Bacteria in breast milk comprise species of Staphylococcus, Streptococ-
cus, Acinetobacter and Enterobacter, which are primarily derived from 

maternal areolar skin and infant oral sites in human breastfeeding 
pairs168. Breastfeeding functions like a postnatal extension of the pla-
centa, transferring maternal cells and molecules to the infant. Peyer’s 
patches in the intestines of both mother and infant are central to this 
process. Indeed, the mother’s Peyer’s patches and certain resident 
microorganisms, such as Bacteroides acidifaciens, are indispensa-
ble for the generation of plasma cells that provide maternal IgA to 
be secreted into the breast milk, thus communicating information 
about the maternal microbiome to the next generation, as shown  
in mice169.

The initiation of enteric feeding at birth, as opposed to transfer of 
nutrients via the placenta, has marked effects on microbiota compo-
sition and, in turn, the perinatal immune system. Human breast milk 
contains high concentrations of a large number of human milk oligosac-
charides (HMOs), complex carbohydrates that are non-digestible for 
the host and an almost exclusive energy source for Bifidobacteria170,171. 
The HMO-mediated ‘bifidogenic’ effect causes a marked reduction of 
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Fig. 4 | Perinatal immune modulation by diet-derived microbial metabolites 
and constituents. a, Before birth, the fetus is exposed to bioactive metabolites 
produced by the maternal microbiota and from the mother’s diet, reaching 
the fetus via the placenta and umbilical cord. b, After birth, the infants’ own 
microbiota is established and matures with time, with major compositional 
changes in the microbiota being induced, for example, by enteral feeding with 
breast milk and after weaning onto solid food. The changes in diet and microbiota 

composition expose the neonate and infant to various microbial metabolites that 
have been shown to modulate the number and function of specific stromal and 
immune cell types. 3-ILA, 3-indolelactic acid; AhR, aryl hydrocarbon receptor; 
ENS, enteric nervous system; fMLP, N-formyl-methionyl-leucyl-phenylalanin; 
ILC3, innate lymphoid cell group 3; LPS, lipopolysaccharide; MAIT cell, mucosal-
associated invariant T cell; NKT cell, natural killer T cell; SFB, segmented 
filamentous bacteria; TH cell, T helper cell; Treg cell, regulatory T cell.
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microbiota diversity in breast milk-fed human babies, with a few strains 
of highly abundant Bifidobacteria and low numbers of Clostridiales 
and Bacteroidetes remaining161. Bifidobacteria metabolize HMOs to 
produce SCFAs, of which acetate is the main SCFA produced during 
exclusive breastfeeding and has potent effects on the host’s immune 
system161. For example, acetate induces early B cell activation and IgA 
production through GPR43-induced conversion of vitamin A to retinoic 
acid in DCs172 (Fig. 4b). Acetate also reinforces the epithelial barrier to 
reduce toxin translocation in neonatal mice173.

In addition, during early lactation, breast milk contains high con-
centrations of amino acids and proteins. Tryptophan, an aromatic 
amino acid, is converted by Bifidobacterium longum, B. breve and 
B. bifidum into 3-indolelactic acid (3-ILA) in the gut of infant humans 
and mice174. 3-ILA activates AhR and the hydroxycarboxylic acid recep-
tor 3 (HCA3)174, exerting anti-inflammatory effects in the neonatal CNS 
and the intestinal epithelium175–178 (Fig. 4b). In the mouse intestine, AhR 
ligands drive the development of cryptopatches and isolated lymphoid 
follicles and promote ILC3s and their secretion of IL-22, which sup-
port epithelial barrier integrity and regeneration179,180. Furthermore, 
3-ILA induces expression of the immunomodulatory molecule galec-
tin-1 in CD4+ T cells, which reduces secretion of TH17 cell and TH2 cell 
cytokines that can trigger gut inflammation during the perinatal period 
in humans181 (Fig. 4b). Antibiotic-associated alterations of the micro-
biota impair influenza-specific CD8+ T cell-mediated immunity in infant 
mice and humans through alterations in nuclear factor interleukin 3 
(NFIL3)-induced T cell programming and reduced circulating levels 
of inosine, which could be reverted by Bifidobacteria colonization or 
inosine supplementation182. Notably, early cessation of breastfeeding in 
humans was associated with the acquisition of new bacterial taxa such 
as Ruminococcus gnavus, tryptophan synthesis, immune modulation 
and an increased risk of asthma183.

Breast milk also contains high concentrations of lipids, including 
free fatty acids. The fatty acid linoleic acid was recently shown to be 
converted to 12,13-dihydroxy-9Z-octadecenoic acid (12,13-DiHOME) 
by B. bifidum and Enterococcus faecalis184. 12,13-DiHOME reduced the 
number of Treg cells in the lung tissue of mice and was associated with 
an increased risk for atopy and asthma in children184. Formula milk sup-
plemented with the HMOs 2-fucosyllactose and lacto-N-neotetraose 
reduced the faecal concentration of 12,13-DiHOME in human infants, 
which is consistent with the allergy-preventive effect of breastfeeding 
compared with formula feeding185. Lipid absorption from breast milk 
is supported by bile acids released into the gut lumen. In addition to 
their digestive function, bile acids stimulate specific bile acid receptors, 
such as the farnesoid-X-receptor or the G protein-coupled bile acid 
receptor 1 (GPBAR1), on macrophages, DCs and NKT cells promoting 
an immunomodulatory, tolerogenic phenotype186. Importantly, some 
bacteria, such as Bifidobacteria, express soluble enzymes that decon-
jugate bile acids and thereby alter their receptor affinity in breastfed 
human infants187,188.

All of these studies point to an essential role for breast-milk-
promoted Bifidobacteria and their metabolites in mediating effects 
on immune cells during the perinatal period that contribute to physi-
ological human development. Overall, the imprinting of perinatal 
immune cells by Bifidobacteria can be tolerance-inducing and immu-
nosuppressive, but also can guide the adaptation of immune cells to the 
unique features of the perinatal period, as exemplified by reinforcing 
TH1 cell-driven immune responses, as well as the maturation of second-
ary lymphoid structures along the perinatal gut. Consequently, the 
time-dependent and spatial orchestration of the intestinal microbiota 

in young infants is an important modulator of the immune system and 
its perinatal plasticity.

Microbial adaptation during weaning
The composition of the enteric microbiota changes again with the 
gradual uptake of solid food and the cessation of breastfeeding. In 
mice, the weaning period is associated with a transient bloom of seg-
mented filamentous bacteria in the terminal ileum that induce IL-17- 
and IL-22-producing CD4+ T cells, thereby promoting antimicrobial 
defences189, but also stimulate the formation of lymphoid structures 
and the production of IgA190 (Fig. 4b). Segmented filamentous bacteria 
have not yet been identified in humans. However, recent results sug-
gest that Candida albicans may have a similar TH17 cell-stimulating 
role in humans191. Also in humans, cessation of breastfeeding lowers 
the abundance of Bifidobacteria and induces a bloom of Clostridium 
and Bacteroides species, with a stepwise increase in microbial diver-
sity and maturation192. Both Clostridium and Bacteroides species have 
long been noted to promote immune homeostasis. For example, mem-
bers of Clostridium clusters IV and XIVa induce TGFβ production in 
the colonic mucosa, which promotes protective Treg cells193 (Fig. 4b). 
Likewise, the capsule carbohydrate of Bacteroides fragilis promotes a 
balanced differentiation of effector CD4+ T cell subsets194. A subgroup 
of antigen-presenting cells that express integrin αvβ8 and retinoic 
acid receptor-related orphan receptor γt (RORγt+), known as type IV 
thetis cells, was found to be enriched in the intestinal mesenteric lymph 
nodes of mice during early life and to promote tolerance to microbial but 
also dietary antigens through peripherally induced FOXP3+ Treg cells195,196.

The dynamic development of the neonatal microbiota starting at 
birth and continuing throughout infancy is a major factor in modulat-
ing the specialized functions of immune cells throughout the body 
(Box 2). Moreover, the developing immune system and aberrations 
thereof in turn shape the microbiota, which can potentially extend 
back to the mother (for example, through retrograde flow of breast milk 
from the infant’s mouth to milk ducts). We are only just beginning to 
understand the multiple influences of the microbiota on immune cell 
plasticity in the perinatal period197.

Modulation by maternal immune activation
During pregnancy, the placenta allows for oxygen and metabolite 
transfer while avoiding the spread of potentially harmful pathogens 
from mother to fetus198. However, immune reactions of the pregnant 
mother to infection, injury or environmental stress, known as maternal 
immune activation (MIA), can imprint fetal immune plasticity. MIA is 
associated with the release of pro-inflammatory cytokines, such as 
IL-6, IL-17 or type I IFNs, which are transmitted from the mother to the 
fetus through the placenta199–209. MIA-induced immune adaptation 
in the offspring may be a mechanism to promote a rapid response to 
and protection from potential incoming infection from the mother. 
This is supported by a study in newborn infants from mothers who 
were infected with SARS-CoV-2 during pregnancy; these neonates had 
increased numbers of NK cells, NKT cells, γδ T cells (Vδ2+) and CD161+ 
CD8+ T cells208, which might protect them from SARS-CoV-2209.

However, depending on its timing and severity, MIA has also been 
associated with the onset of neurodevelopmental disorders, as well 
as cardiovascular, metabolic, allergic and autoimmune diseases, in 
offspring205. In mice, long-term effects of MIA on adult microglia, as 
well as circulating immune cells and lamina propria macrophages, 
have been reported204,206. By contrast, it is less well understood how 
MIA impacts immune plasticity in the perinatal period. MIA-induced 
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imprinting of fetal microglia in mice resulted in their early perinatal 
maturation, and reduced proliferation and synaptic pruning activity 
during early life, which is probably associated with the development 
of autism-spectrum disorders, as well as an accelerated reaction of 
microglia towards a second stimulus, such as early-life infection201,205. 
For example, MIA-induced IL-17 production leads to reduced micro-
glial expression of GPR56 in fetal mice, with subsequent reduction of 
interneurons, which has been associated with autism-like behaviours206. 
Fetal haematopoiesis is also markedly affected by MIA, with altera-
tions to stem cell quiescence, expansion and differentiation in differ-
ent lineages. This most likely results from the imprinting of transient 
fetal HSPCs with an inflammatory signature and from the subsequent 
expansion of lymphoid-biased progenitor populations (multipotent 
progenitor 4 (MPP4) cells)207. The increased number of MPP4 cells 
persists postnatally, leading to hyperresponsiveness of fetal-derived 
innate-like lymphocytes and a hyperactivated B1 cell compartment207.

Taken together, these studies suggest dual effects of MIA on peri-
natal immune plasticity. On the one hand, MIA may be beneficial by 
imprinting and boosting the neonatal immune system against poten-
tially harmful infections. On the other hand, MIA impairs the essential 
functions of tissue-resident immune cells in guiding physiological 
organ development, with the brain being particularly sensitive to 
these effects.

Modulation by antigen exposure
Birth represents a turning point from intrauterine protection of the 
fetus to exposure of the neonate to antigens from the commensal 

microbiota and transiently present pathogens. In the following sec-
tions, we highlight the effects of early-life infection and vaccination 
on immune cell plasticity.

Perinatal and early-onset infections
Viral infections at the beginning of life pose a particular challenge to 
the perinatal immune system. Throughout human history, most infants 
have been infected with human cytomegalovirus (HCMV) in the first 
few months of life through direct contact with HCMV-containing bod-
ily fluids such as milk and saliva. Infections often go unnoticed and 
the virus remains in the body, usually in a latent state, for life. Thus, 
early postnatal infection with CMV across species is intertwined with 
and probably modulates normal immune system development, such 
as the development of alveolar macrophages in the postnatal mouse 
lung210–212. By contrast, intrauterine infection with CMV in humans, 
particularly during the first trimester, can lead to severe disease211,213. 
Notably, latently infected mothers reactivate HCMV locally214 and trans-
mit the virus to their children in more than 30% of cases215. Cytokines 
such as tumour necrosis factor, IFNγ and type I IFNs that are gener-
ated in response to HCMV infection help to contain viral spread216,217, 
whereas IL-10 production facilitates HCMV replication but prevents 
tissue damage (which is a disease tolerance mechanism). Relatively 
high levels of IL-10 in neonates, combined with their reduced ability 
to produce type I IFNs, may explain the increased and persistent viral 
load after HCMV infection in early life, with some degree of disease 
tolerance compared with later HCMV infection218,219.

In mice, murine cytomegalovirus (MCMV) induces a morpho-
logical, immunophenotypic and metabolic transformation process 
in macrophages that induces features of stemness, altered migration, 
enhanced invasiveness and upregulation of the cell cycle machinery 
for viral proliferation220. The reprograming of alveolar macrophages, 
which are the primary targets of MCMV in pulmonary infection, alters 
lung physiology and facilitates secondary bacterial infection by attenu-
ating the inflammatory response. The MCMV-induced perturbation of 
macrophage identity beyond established limits of plasticity enables 
viral spread and impairs innate immunity in lung tissue220. However, the 
lasting impact of these processes on neonatal immune development 
is unclear.

A prominent bacterial pathogen of the perinatal period is group B 
streptococcus (GBS), which is both a normal colonizer of the intestines 
in neonates (present in 20% of infants) and a primary cause of neonatal 
sepsis and meningitis (in less than 1% of GBS-colonized newborns)221. 
Neonatal colonization with GBS is a dynamic process shaped by interac-
tions between the microorganism and both hosts, the mother and the 
infant. Few neonates develop invasive GBS disease, which may be inter-
preted as a failure of the commensal colonization process. Many coun-
tries have reported reduced cases of early-onset sepsis (occurring in the 
first week of life) after introducing intrapartum intravenous antibiotics 
to women at risk of GBS transmission222, although the incidence of late 
neonatal sepsis has remained unaffected or even increased223–225. Our 
understanding of the transmission of GBS and risk factors for late sepsis 
is still incomplete. In healthy infants, mother-to-infant transmission 
of GBS can continue for weeks after delivery226. Thus, it is conceivable 
that early distortions of the host–commensal relationship, resulting 
for example from perinatal antibiotic exposure and an altered infant 
gut microbiota (Box 1), might facilitate late GBS sepsis221,227. Moreover, 
neonatal host factors, including mucosal and systemic immunity, are 
likely to influence colonization with GBS. Notably, GBS can cross the 
intestinal barrier through M cells in the epithelium overlaying Peyer’s 

Box 2 | Gut–brain axis in early life
 

Recent evidence in mice directly links the neonatal microbiota 
and thus the intestinal host–pathogen interface to neurological 
development. Effective maturation of microglia in the central 
nervous system (CNS) parenchyma and of other tissue-resident 
macrophage populations at the CNS interfaces has been linked to 
commensal-derived metabolites in mice257–259. Microbiota-derived 
short-chain fatty acids induce epigenetic changes in microglia, 
resulting in metabolic adaptation and functional changes (for 
example, increased phagocytic capacity) that are important 
for essential neurodevelopmental functions such as synaptic 
pruning or the engulfment of neurons. This imprinting of microglia 
was only seen after birth and not prenatally, and it occurred in 
a sex-specific manner50. It remains to be determined whether 
the commensal-derived short-chain fatty acids directly affect 
the maturation of resident immune cells in the CNS or whether 
these are secondary effects. The gut–brain axis in early life is 
also increasingly recognized as having a key role in immune 
plasticity in humans. Parallel profiling of the gut microbiota and of 
immunological and neurophysiological parameters in extremely 
premature infants showed that the suppression of electrocortical 
activity in infants with severe brain damage was associated 
with immunological alterations, such as increased γδ T cells 
and increased secretion of vascular endothelial growth factor 
by T cells, accompanied by overgrowth of Klebsiella spp. in the 
gut260. Similarly, in a large study of preterm children, features of 
encephalopathy of prematurity were correlated with alterations in 
the abundances of Escherichia coli and Klebsiella spp.261.
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patches, and M cell differentiation was shown to be supported by high 
levels of oestradiol and progesterone228. Yet, in healthy mice, M cells 
emerge only at weaning66. In addition, the antimicrobial competence 
of lamina propria macrophages (for example, their ability to produce 
oxygen radicals) and maternal factors (such as immunologically active 
components in breast milk) may affect the colonization of neonates 
by intestinal pathogens229,230. Thus, it is tempting to speculate that 
the time window of immune system plasticity during which GBS or 
other persistently colonizing pathogens can be safely integrated into 
the infant’s microbiome is very short. It may no longer be open when 
infants are exposed to GBS at a later timepoint, for example owing to 
initial suppression of maternal transfer by antibiotics. This concept is 
supported by the narrow time frame during which rare parallel cases 
of sepsis occur in multiple births231.

Early-life vaccination
Several vaccinations are given directly to infants until 3 months of age, 
and to pregnant mothers for protection against early-life infections 
(such as pertussis, respiratory syncytial virus and rotavirus vaccines) 
or to reduce the lifetime infection risk (for example, hepatitis B virus 
vaccine)232. These vaccinations may induce forms of immune cell plas-
ticity after birth that would not occur naturally. A widely studied exam-
ple of vaccination-induced neonatal immune plasticity relates to the 
live-attenuated Mycobacterium bovis Bacillus Calmette–Guérin (BCG) 
vaccine, which is administered, typically in the first days until 6 weeks 
of life, in many countries worldwide. BCG is exceptionally safe (in other-
wise healthy children) and is effective in mediating protection against 
disseminated Mycobacterium tuberculosis infection233. However, the 
efficacy of BCG vaccination decreases with age at time of vaccination 
such that children vaccinated after 5 years of age no longer benefit 
from this vaccine234. In addition, neonatal BCG vaccination has positive 
off-target effects in protecting against non-mycobacterial infections. 
This effect has been linked to the induction of ‘trained immunity’, which 
describes an altered long-term response of innate immune cells to 
subsequent immune stimuli and infection after a prior acute immune 
challenge. Trained immunity is mediated by epigenetic and metabolic 
rewiring of innate immune cells and seems to be associated not only 
with BCG, but also with other live-attenuated vaccines or microbial 
components such as β-glucan235 (Box 3).

Normally, protective responses to vaccination correlate with 
efficient TH1 cell responses. However, early-life vaccines must be 
highly adapted to the developing immune system. Perinatally, TH1 cell 
responses to vaccines are often limited, owing to the restricted capacity 
of DCs to produce TH1 cell-directing cytokines. Neonatal DCs potently 
produce IL-6 or IL-23, mostly driving TH17 cell differentiation and T 
follicular helper (TFH) cell development, whereas IL-12-producing DCs 
that drive TH1 cell differentiation are typically absent65. Furthermore, 
germinal centre responses and plasma cell formation in response to 
vaccines are limited in neonates236. Surprisingly, neonatal BCG vaccina-
tion induces a large TH1 cell response, in part by redirecting the cytokine 
response of infected cells237. This effect changes a few months after birth, 
probably owing to the rapidly changing perinatal DC compartment238,239. 
Importantly, the TH1 cell response after neonatal BCG vaccination has 
been directly linked to an improved TH1 cell response to other vaccines 
several months after birth240,241. This temporal tuning of T cell responses 
provides further evidence for the plasticity of the neonatal immune 
system, in terms of the ability to switch from TH2 cell-biased immunity 
towards a TH1 cell-driven immune response. In addition, the modulation 
of immune cell plasticity by the neonatal microbiota, especially the 

presence of Bifidobacteria, is essential for efficient vaccine responses242, 
as shown by the reduced efficiency of early-life vaccines, including BCG 
and pneumococcal and meningococcal conjugate vaccines, in mice with 
antibiotic-induced gut dysbiosis243.

Understanding the plasticity of early-life immunity is important 
for the design of immunomodulators and adjuvants for these vaccines. 
Commonly used adjuvants, such as alum, can overcome some of the 
limitations of early-life humoral immunity, which is characterized by 
reductions in antibody production, affinity maturation and germinal 
centre formation244. Alum is a strong inflammasome activator and is 
sufficient to induce memory B cell formation and affinity maturation 
in neonates. However, the germinal centre response and plasma cell 
production remain insufficient. Newer adjuvants of early-life vaccines 
include the development of TLR7 and TLR8 agonists, which potently 
induce B cell proliferation, antibody production and class switching. 
Furthermore, these agonists efficiently induce TH1 cell-biased immune 
responses and TFH cell formation upon vaccination245,246.

The plasticity of the perinatal immune system makes it difficult to 
design early-life vaccines that provide long-term protection. Several 
strategies have been developed to overcome the perinatal bias towards 
a tolerogenic immune environment, facilitating a long-lasting imprint 
on the perinatal immune system and thus the modulation of responses 
towards other vaccinations and infections. In this context, trained 
immunity induced by neonatal BCG vaccination has been discussed 
as an efficient way to ‘teach’ the perinatal immune system how to han-
dle harmful infections (Box 3). Despite these promising concepts, 

Box 3 | BCG vaccination: trained immunity 
or chronic infection?
 

Neonatal vaccination with Mycobacterium bovis Bacillus 
Calmette–Guérin (BCG) vaccine has been described to provide 
protection against other non-mycobacterial infections also, which 
is indicative of the induction of trained immunity. Owing to the 
preference of mycobacteria, such as Mycobacterium bovis BCG 
for macrophages as sites for long-term residency, they can cause 
chronic, sometimes lifelong, infections and can have long-term 
residency in almost any organ. Therefore, BCG vaccination can be 
considered an ideal model for studying the immune plasticity of 
newborns induced by a chronic, albeit low-virulence, pathogen. 
BCG vaccination induces a persistent transcriptional programme in 
haematopoietic stem and progenitor cells in the bone marrow that 
is associated with myeloid cell development and function, leading 
to increased numbers of granulocytes262. In humans, epigenetic 
changes in haematopoietic stem and progenitor cells were linked to 
an altered transcriptional programme in CD14+ monocytes 3 months 
after BCG vaccination263. Recently, it was shown that metabolic 
rewiring associated with trained immunity in human monocytes and 
macrophages is characterized by lactylation of histone H3 at lysine 
residue 18 (H3K18la), mainly at distal regulatory regions. Notably, it 
seems that mycobacteria manipulate immunity in a species-specific 
manner; for example, Mycobacterium tuberculosis — in contrast to 
Mycobacterium bovis BCG — suppresses myelopoiesis and impairs 
immune training via type I interferons264. Moreover, it remains 
unclear if the beneficial effects of BCG vaccination are solely owing 
to trained immunity, as BCG survives in the bone marrow after 
intravenous infection for more than 3 months263.
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vaccination in the neonatal period is challenging as it needs to induce 
vaccine-directed immunity but still allow for the induction of immune 
tolerance towards commensal microbiota and food antigens.

Conclusions and future perspectives
Perinatal immune plasticity in barrier tissues and beyond involves 
diverse yet partly complementary mechanisms, ranging from cell-
autonomous programmes in fetal immune cells to tissue- and con-
text-dependent variability of barrier permeability, modulation by the 
microbiota, effects of the maternal immune system and modulation by 
antigen exposure in the form of infection or vaccination in early life. 
The perinatal period can be seen as an opportunity to induce layered 
immune cell plasticity, which can be highly specific to individual tissue 
niches. This perinatal opportunity gradually disappears over time with 
the development of a diverse microbiota and adult tissue structures.

First therapeutic paradigms based on this model of perinatal 
immune plasticity have been developed. For example, a recent study 
showed that malnutrition of pregnant mice induces intestinal inflam-
mation in the offspring. This was reversed by administration of the 
alarmin S100A8/A9, which is usually present in high concentrations 
in breast milk247. Furthermore, specific immunometabolic therapeutic 
targets are emerging from first studies looking at the connections 
between metabolic and immune development in early life. However, 
studies focusing on metabolic rewiring of immune cells in the perinatal 
period are limited and further work is needed to identify suitable tar-
gets, as well as to consider the potential and risks of trained immunity 
at this life stage10,248. The design of synthetic microbial communities 
that exert specific functions may eventually be used to improve infant 
growth and introduce colonization resistance against pathogens in 
phases of instability of the microbiota249. For a better understanding 
of the latter, we need to study in more detail the effects on the infant 
microbiota of relatively common interventions that can occur before 
birth, such as the use of antibiotics and steroids by the mother250,251. 
Overall, to harness these mechanisms of plasticity for therapeutic 
remodelling of the perinatal immune system, they need to be studied 
especially in humans where mechanistic insights are still unclear. Iden-
tifying the underlying signalling machineries of immune plasticity in 
the perinatal period might further help with efforts to rewire, at least 
partially, any adverse immune fixation that might occur in organ stress 
and disease during adult life.
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