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Abstract

Mechanisms of fetal immune system development in utero remain incompletely elucidated.
Protective immunity, the arm of reproductive immunology concerned with the progressive
education of the fetal immune system as pregnancy advances, allows for programming of the
immune system and immune maturation /n utero and provides a responsive system to respond

to rapid microbial and other antigenic exposure ex utero. Challenges in studying fetal tissues,
immune system development, and the contributions of various endogenous and exogenous factors
to this process are difficult to study as a progressive sampling of fetal biological samples is
impractical during pregnancy, and animal models are limited. This review provides a summary

of mechanisms of protective immunity and how it has been shaped, from transplacental transfer
of immunoglobulins, cytokines, metabolites, as well as antigenic microchimeric cells to perhaps
more controversial notions of materno-fetal transfer of bacteria that subsequently organize into
microbiomes within the fetal tissues. This review will also provide a quick overview of future
direction in the area of research on fetal immune system development and discusses methods to
visualize fetal immune populations and determine fetal immune functions, as well as a quick look
into appropriate models for studying fetal immunity.
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Several maternal-derived factors, such as soluble mediators, microchimeric cells, and extracellular
vesicles may cross transplacentally to help train fetal immunity. The establishment of fetal
microbiomes from maternal commensal bacteria is also a proposed mechanism of fetal immune
education.
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1. The ex-utero immunity requirement for neonates

In general, naive immunity function is broadly relegated to two categories — tolerogenic
immunity and protective immunity. In the first few weeks of conception, implantation, and
early growth, the fetus needs to be accepted into the maternal niche as an isolated system
that is permissively allowed by the maternal immune system. This type of immunity, called
tolerogenic immunity, refers to the accommodation of the maternal tissue towards the semi-
allogeneic fetal tissues to broach the maternal environment to establish vascular networks
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supporting fetal growth (Jargensen et al., 2019). This allows for the establishment and
achievement of a successful pregnancy, as it produces an immune-privileged environment
where the fetus can grow.

However, the mere presence of a tolerogenic environment does not guarantee entirely the
survival of the fetus once it is out of the sterile womb. As the fetus exits during labor, its
immune system must be able to respond to a massive load of possible antigenic stimuli that
it would encounter, starting from the vaginal canal up to the external environment. Various
exposures result in rapid colonization by microbes in the newborn baby (Dominguez-Bello
et al., 2010). Therefore, there is a need for a working preemptive immune response that
would be beneficial upon exposure to a magnitude of environmental antigens once it is

out of the protective feto-maternal environment post-partum. This type of immunity, called
protective immunity, refers to the gradual priming of the fetal immune system for adaptive
memory development /n utero (Rackaityte and Halkias, 2020).

There are certain key tissues and organ systems in which protective immunity is highly
necessary. For instance, the respiratory tracts and the alveolar linings would necessitate
protection from tissue-resident immune cells as the neonate breathes and swallows the

air from the environment. The gastrointestinal tracts also need robust responses toward
breastmilk-associated microbes and native antigens. In this light, infiltrating fetal monocytes
in the respiratory tracts are stimulated to differentiate into alveolar macrophages, while
conventional dendritic cells and Tregs mediate phagocytic abilities and Th2-skewed
responses (Torow et al., 2017). In the gastrointestinal lining soluble immunoglobulin A
(IgA), either endogenously from commensal bacteria or exogenously from the breastmilk is
necessary for protection against enteric pathogens (Harris et al., 2006; Kramer and Cebra,
1995; Langel et al., 2020). Additionally, environmental allergens produce a Th2-skewed
response, but the distinctions between the Th1/Th2 dichotomy are blurred and are suggested
to be stimulus-dependent instead (Apostol et al., 2022; Prescott et al., 1998; Semmes et al.,
2021).

Overall, environmental exposure and bacterial colonization result in an apparent
inflammatory response post-delivery. Interestingly, the neonatal immune system is also
trained to quench any excessive inflammation via a host of immunosuppressive and
immunoregulatory responses (Elahi et al., 2013; Gibbons et al., 2014). This comprehensive
lack of an overwhelming and disadvantageous fetal immune response connotes the presence
of a trained immunity sufficient to allow tolerance to these immunogenic inputs (Apostol
etal., 2022; Semmes et al., 2021). These mechanisms remain incompletely elucidated,

but years of study have provided us with some hypotheses as to how protective immunity
is generated. In this review, we will briefly discuss established mechanisms of immune
ontology, gloss over methods utilized to visualize development, and enumerate several
biological models employed in these studies.

1.1. Maternal-fetal transfer of immunoglobulins: a central player in fetal immunity
development

For years, the most-studied model of the influence of the maternal immune system on
fetal and neonatal immunity is the transfer of maternally derived immunoglobulin G
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(1gG) to the offspring, or passive immunity (den Braber et al., 2012). This model was
discussed more than half a century ago when IgG fragments were observed to traverse the
maternal circulation and partially end up in the fetal circulation (Brambell et al., 1960).
Eventually, it was found that circulating 1gG is taken up via endocytosis in areas of contact
with syncytiotrophoblasts. It subsequently binds to the neonatal receptor for the fragment
crystallizable (Fc) region of IgG (FcRn) in endosomes and is transported to the basolateral
side (Kristoffersen, 1996; Ober et al., 2004; Roopenian and Akilesh, 2007). Total maternal
IgG concentrations have been shown to affect the fetal concentration of IgG (Palmeira et
al., 2012. However, higher concentrations of 1gG in maternal circulation would not normally
translate to higher transplacental transfer of the immunoglobulin; the limitation lies in the
saturability of the FcRn receptor (Kim et al., 2007). Any unbound IgG is lysosomally
degraded, which limits cord sera IgG concentrations when maternal 1gG reaches around 15
g/L (Michaux et al., 1966; Wilcox et al., 2017). Nonetheless, much of fetal immunity is
postulated to occur via this method, as seen in maternal vaccinations against several viral
(Albrecht et al., 2022) and bacterial pathogens (Altman et al., 2017; Mawa et al., 2017; Post
et al., 2019; Voer et al., 2009).

Duration of pregnancy also impacts the transplacental transfer of 1gG. In preterm newborns,
1gG class 1 and class 3 were both demonstrated to be lower than term newborns (Costa-
Carvalho et al., 1996). It was observed that extremely preterm children have comparable 1gG
as term children, but there are lower absolute concentrations and shorter half-lives (Pou et
al., 2019). This phenomenon occurs across various exposures, including certain bacterial-
and viral-specific 1gG (Berg et al., 2014, 2010; Lessa et al., 2011). It is hypothesized that the
cytotrophoblast layer, which does not express FCRn and may prevent IgG translocation, is
gradually reduced in thickness as gestation proceeds, allowing the eventual active transport
of 1gG (Lozano et al., 2018). Although work remains to be done regarding mechanisms

that lead to these differences, it has been suggested that a decrease in FCRn expression in
preterm placentas may contribute to the decreased fetal concentration of 1gG in such patients
(Lozano et al., 2018).

More recently, it has been described that maternal immunoglobulin E (IgE) is transferred
transplacentally secondary to IgE-1gG complex-mediated transcytosis. The immunoglobulin
can prime fetal mast cells to allow the detection of allergens postnatally (Keith and
Kabashima, 2021; Msallam et al., 2020). The maternal transfer of complexed IgE is
hypothesized to occur via FcRn interaction similar to 1gG, challenging decades-long notions
that only the latter can be transferred to the fetus (Bundhoo et al., 2015). However, it appears
that mast cell sensitization from IgE is not completed prenatally in normal conditions

due to its relative immaturity in the skin within the first few days of birth (Honda et al.,
2019), suggesting that this immaturity may be advantageous instead in preventing massive
IgE-induced degranulation that may harm the neonate (Honda et al., 2019).

1.2. Other mechanisms of fetal immune development in the perinatal period

Transplacental transfer of immunoglobulins is well described in the literature, but evidence
of other mechanisms of fetal immunity training have been also been proposed over the
previous years. Classical exposure to maternal antigens may also be contributory to the
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education of the fetal immune system. For instance, maternal allergens have been observed
to cross the placenta in an ex vivo perfusion model with some allergens necessitating the
co-presence of 1g to allow transfer (Szépfalusi et al., 2000). Other antigenic mediators, such
as short-chain fatty acids, acetate, and other metabolites can also influence the regulation of
lymphocyte development (Hu et al., 2018; Thorburn et al., 2015).

Maternal inflammation has also been thought to contribute to fetal immune ontogeny
(Apostol et al., 2022; Espin-Palazon et al., 2017; Lim et al., 2020; Mariani et al., 2019).

In several animal models of bacterial and viral infections during pregnancy, there is

an observable increase in fetal inflammatory cytokines such as interferon-gamma, tumor
necrosis factor (TNF)-alpha, and other interleukins that parallels maternal response even

in the absence of pathogenic DNA within the fetal compartment (Cardenas et al., 2010;
Waldorf et al., 2011). Transplacental transfer of maternal cytokines across the human
placenta may be contributory, although it has been demonstrated that only interleukin (IL)-6
has been shown to be bidirectionally transported across the feto-maternal compartments
(Aaltonen et al., 2005; Zaretsky et al., 2004). In this context, the fetal inflammatory response
secondary to maternal inflammation becomes a more important contributor to immune
development. The fetal inflammatory response is a double-edged sword, since excessive
fetal inflammation compounded with decreased antiinflammatory IL-10 in the placental
trophoblast cells (Mor, 2022) and in fetal membrane cells (Noda-Nicolau et al., 2016) may
induce adverse pregnancy outcomes. However, there is evidence that fetal inflammation
may also be beneficial for immune priming. Strong neonatal inflammatory responses

have been demonstrated in mice models of antenatal exposures to various inflammatory
stimuli (Gleditsch et al., 2014; Mukherjee et al., 2012). /n utero, gene expression profiles
relating to activation of innate immunity and T cell function may also occur upon maternal
inflammation (Weitkamp et al., 2016).

Extracellular vesicles (EVs) coming from various maternal tissues and cells may propagate
these maternal inflammatory signals to the fetal compartments. In response to triggers such
as oxidative stress and active inflammation, exosomes from decidual and myometrial cells
have been demonstrated to induce the production of pro-inflammatory mediators from the
amniochorion (Shepherd et al., 2021). Maternal macrophages are also able to induce the
production of placental pro-inflammatory cytokines (Holder et al., 2016). Therefore, even
without any transplacental passage of maternal antigens or cytokines, inflammatory signals
coming from nearby tissues secondary to adverse stimuli may be indirectly transmitted to
the fetus via these nanoparticles.

As EVs have been demonstrated to transport various cellular products, it is also possible

that these EVs can potentially induce immunoregulation via anti-inflammatory effects. In
early pregnancy, EVs have been shown to be able to carry FasL and TRAIL2, which are
constitutive proteins expressed by the placenta that can induce pro-apoptosis in T cells and
peripheral blood mononuclear cells (Stenqgvist et al., 2013). Aside from performing allogenic
protection from activated maternal immune cells, it is possible that these exosomes can also
cross the placenta, interact with immune cells, and induce apoptosis to provide negative
selection in amenable naive cells. Alternatively, since any excessive inflammation may be
detrimental to the fetus, these exosomes can also possibly dampen inflammation to a level
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permissible for immune development /n utero, as demonstrated by Treg differentiation and
M2 polarization upon exposure to placental exosomes (Bai et al., 2022; DEGENNE et al.,
1986; Holder et al., 2016; Pallinger et al., 2018; Thibault et al., 1991).

Non-classical antigens may also provide stimuli for immune development. Although limited
in number, maternal alloantigenic cells - microchimeric cells - are transported across the
placenta into the fetal circulation. These cells were first observed in cord blood, either

in the mononuclear fraction or the lymphocyte fraction upon enrichment. They have been
initially proposed to be contaminants during the processing of the sample (Hall et al.,
1995). However, it has been demonstrated that these microchimeric cells can engraft
themselves within fetal tissues, typically starting in the second trimester (49) and that

these alloreactive cells are immunologically competent (Frascoli et al., 2017). Lymph nodes
are one of the targets of microchimeric cells, wherein they induce the development of

Tregs that contribute to antimaternal immunity (Mold et al., 2008). More recently, vertical
transmission of microchimeric cells has been shown to promote monocyte differentiation,
possibly mediated via epigenetic changes in the hematopoietic stem cell genome, and reduce
the severity and incidence of viral infections in a mouse model (Stelzer et al., 2021).

These microchimeric cells may serve as cellular messengers of immune priming, carrying
cytokines and growth factors that may boost immune development (Stelzer et al., 2021).
Since persistence of microchimeric cells has been demonstrated, and lower infections are
linked to higher numbers of these cells, it can be surmised that a priori, microchimeric cells
may also regulate immune memory development.

1.3. In utero bacterial presence and potential contributions to immunity development

One of the more controversial notions is the presence of bacteria within the supposedly
sterile feto-maternal compartment. The identification of a low biomass microbiome from
fetal gestational tissues brings about the hypothesis of early colonization in utero (Senn et
al., 2020). It was initially observed that when pregnant mice were orally inoculated with
labeled £. fecium, DNA is readily detectable in the amniotic fluid (Jiménez et al., 2005)

and meconium (Jiménez et al., 2008) upon abdominal delivery of pups. It is hypothesized
that bacteria can colonize the amniotic fluid, and the ingestion of this fluid facilitates the
entry of microbes into the fetal lungs, gut, and, eventually, the meconium (Alam et al., 2020;
Ardissone et al., 2014; Collado et al., 2016; Lal et al., 2016; Mshvildadze et al., 2010)

In line with this hypothesis, a human fetal lung microbiome has been proposed recently
that is temporally dynamic with pregnancy progression (Alam et al., 2020; Lal et al., 2016).
Additionally, a viable fetal gut microbiome has also been described recently, which is
strictly limited to the intestinal environment (Collado et al., 2016; Rackaityte et al., 2020).
The presence of such culturable bacteria allows for in utero priming (Mishra et al., 2021).
The latter is crucial because it was demonstrated that isolated fetal dendritic cells from the
gut could initiate fetal memory T cell expansion post-exposure to fetally isolated bacteria
(Mishra et al., 2021).

It is imaginable that the primary path as to which these bacteria enter the fetal compartment
is via the placental labyrinths, wherein the maternal blood that admixes with the fetal villi
possibly brings with it a host of maternally derived bacteria. Interestingly, the placenta
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has been reported to harbor its microbiome, with its purported origins coming from a
possible oral source (Aagaard et al., 2014; Zakis et al., 2021). It has been demonstrated
that tagged bacteria from the oral environment can cross transplacentally, albeit by using

a sheep model only (Yu et al., 2021). However, this placental microbiome theory has

been controversial since (1) the presence of a live culturable microbiome in the placenta

is yet to be established unequivocally, and (2) the demonstration of actual transplacental
transport of live bacteria in a human placenta has not been yet observed, and (3) the
sterility of the methods as to how the placenta has been processed for sequencing is not
entirely invulnerable to environmental contamination. Indeed, the latter hypothesis has been
demonstrated by multiple other researchers, who purport that the bacterial DNA signals
from the supposed “microbiomes” are more likely environmental contaminants, except in
cases of active feto-maternal infection such as chorioamnionitis (Doyle et al., 2017; Goffau
etal., 2019, 2018; Leon et al., 2018).

Indeed, it would be unimaginable to think that a viable bacterial community is being
harbored inside a supposedly sterile environment. The mechanisms of bacteria breaching

the tight placental barrier in the absence of clinical infection remain a mystery. As an
alternative, shuttling of bacteria via dendritic cell absorption may also occur but is less
feasible (Funkhouser and Bordenstein, 2013; Rescigno et al., 2001). The ascending infection
model is also a possible means of bacterial transport, originating from the cervicovaginal
compartments and passing through the amniochorion barrier (Kim et al., 2009); however, the
active immune system within the cervix and amniochorion themselves make this a highly
improbable event. Besides, such an ascent of microbes contributing to the fetal immune
response is reported only during infection-associated preterm birth when the cervical and
membrane barrier functions are compromised. Nonetheless, proving the presence of these
microbiomes /in utero still is challenging since there is a heavy burden to prove that low
signals from these bacterial communities are stringently and consistently above background
noise (Goffau et al., 2018; Jervis-Bardy et al., 2015; Salter et al., 2014).

Nonetheless, it remains to be seen whether the studies challenging the “sterile womb”
paradigm and the theory of the existence of a living microbiome in utero are replicable.
Unless more robust evidence is available, the notion of an active fetal microbiome is still
debatable.

2. Visualizing immune development

Flow cytometry is primarily used for the differential identification of immune cells. In
one classic example, fetal antigen-presenting cells (APCs) have been profiled using a
combination of flow cytometry and gene array analysis. With knowledge of the original
organs from where the immune cells have been isolated, localization, migration, and
targeting are feasible (McGovern et al., 2017). Fetal immune cells from the gut have

also been isolated via conventional methods. These cells have been profiled similarly, and
flow sorting of specific subpopulations of interest is also possible for close interrogation
for correlation with exposure to certain bacterial populations (Rackaityte et al., 2020).
Functional markers of immune cell function, such as cytokines and other protein products
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important for immune system actions, can also be visualized via flow cytometry (Rackaityte
etal., 2020).

Insights toward immune cell-specific function can also be visualized via transcriptomics.
For instance, McGovern et al. performed microarray and CyTOF analyses in multiple
immune cell subpopulations and showed that despite comparable levels of gene expression
of lineage-specific transcription factors between fetal and adult circulating dendritic cells,
there remains a differential regulation of immune training pathways between fetal and adult
antigen-presenting cells depending on the location of the dendritic cells (McGovern et al.,
2017). Interestingly, by looking at the expression of various antibodies in specific dendritic
cell subsets across different tissues and trimesters, tracking temporal development of these
cells may be possible (McGovern et al., 2017).

Human fetal liver hematopoiesis, as well as immune cell development in the yolk sac,

fetal skin, and fetal kidney, has also been mapped in terms of heterogeneity and dynamic
temporality using single-cell RNA sequencing (ScCRNA-seq) (Popescu et al., 2019). In

their analysis, they utilized pseudotime analysis, partition-based graph abstraction (PAGA),
and diffusion maps in order to determine dynamically changing genes across lymphoid,
erythroid, mast cell, and megakaryocyte lineages. The combination of these bioinformatic
tools take sScCRNA-seq data to allow categorization of differentially expressed genes into
context-specific time periods, e.g., ,.early™, ,mid“, and ,late™ categories. Overall trajectory
analyses reveals a hematopoietic stem cell/multipotent progenitor that differentiates into
pre-/pro-B cells, neutrophil-myeloid progenitors, and megakaryocyte-erythroid-mast cell
progenitors; it was demonstrated that there is an apparent shift from erythroid lineages to
myeloid lineages in the liver going into the second trimester.

With the banking of datasets in the public database, secondary data analysis is also possible
via clustering analysis of published scRNA-seq data. For instance, an analysis of the
immune cell landscape in fetal skin by Xu et al. not only provided data for scRNA-seq from
their own fetal skin samples but also validated their dataset using the previously published
dataset on human fetal liver hematopoiesis (Popescu et al., 2019; Xu et al., 2021). In this
study, Xu et al. combined fetal skin sScRNA-seq dataset and analyzed skin immune cells that
are present in both studies. The eliminated cell types present in the earlier weeks of gestation
confirms the temporal difference in fetal skin immune populations. They also were able to
confirm that the remaining cell types were closely matched in the two studies, reinforcing
the finding that lymphoid precursors, mono-macrophages, and tissue-resident macrophages
dominate the fetal skin immune population at around second trimester.

In summary, the combination of flow cytometry, transcriptomics, and bioinformatics is
crucial to providing a scoping view of the phenotypes, functions, and even temporal
development of fetal immune cells. External validation of findings can also be done by
capitalizing on published scRNA-seq datasets and using these to confirm observations and
trends in the immune cell populations of interest.
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3. Elucidating fetal immune ontogeny using biological models

Regardless of all this evidence, much more work is needed to understand the in utero
training of fetal immune system. We are limited to animal models, especially mice, to
closely observe fetal immune changes that happen within the entire pregnancy due to
restrictions regarding the utilization of human fetal tissues from earlier stages of pregnancy.
Utilization of early trimester fetal tissues for experimental protocols can potentially answer
immune system development, the type of immune system, and its immunophenotype that
can substantially save fetal lives occurring due to immune intolerance associated with fetal
demises, fetal inflammatory response, and neonatal immune behavior based on fetal immune
priming and development of tolerance to several maternal antigenic exposures.

Mouse models rely highly on a lifelong thymic supply of naive T cells. Their T-cell
ontogeny development starts from skin-destined thymocytes that become peripherally
distributed and continue to be replaced until the first week of life (den Braber et al.,

2012; Friedberg and Weissman, 1974). This is quite different from human lymphocyte
development, in which lymphocytes exit earlier and remain in the fetal periphery in utero
longer than those in mice (den Braber et al., 2012). There is less reliance on thymic output
for later lymphopoiesis (Mancebo et al., 2008). Human fetal immune cells may be isolated
and primed as previously demonstrated (McGovern et al., 2017; Mishra et al., 2021) and
provide us with a more directed experimental approach to cell-specific responses; however,
in vitro conditions may limit and preclude us from considering the natural microenvironment
that these immune cells reside in during pregnancy. Immune chip models may provide the
symphony between in vitro and in vivo models; however, the relative transience of the
lifespan of primary immune cells and even of immortalized immune cells remains a huge
obstacle for microfluidic models (Morsink et al., 2020). Nonetheless, the active research
discourse in this field remains a steadfast mover in providing us a greater understanding of
fetal immunity priming and how it influences diseases related to pregnancy and early-life
development.

4. Conclusion

Although much work on perinatal reproductive immunology has focused on the tolerogenic
mechanisms that allow the maintenance of pregnancy, protective mechanisms such as early
training and education of the fetal immune system are still of interest and are areas of active
research. Animal models have been the standard for observing these mechanisms, but the
promise of /n vitro setups using isolated fetal immune cells and integrated organ-on-chip
microfluidic methods may provide more convenient and perhaps more powerful models

for manipulation and experimentation. There is a need to study the exact mechanisms

of conventional paradigms of fetal immune development; however, elucidating new and
alternative immune activation and priming hypotheses would give us a more robust view

of how fetal ontogeny is mediated. Hopefully, the following years will bring more answers
than questions for us, as knowledge from this research would allow the development of
new strategies in protecting neonates against deadly acute microbial infections, as well as
reducing the burden of the development of chronic inflammatory diseases.
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Highlights:

. Protective immunity — progressive in utero education of immunity— is
understudied.

. This is a short review of existing and emerging mechanisms in fetal immune
ontogeny.

. We briefly discuss methods to visualize fetal immune populations and
functions.

. We also provide a glance on available biological models for these studies.
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