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Childhood vaccines have been the cornerstone tool of public health over the past century.
A major barrier to neonatal vaccination is the “immaturity” of the infant immune system
and the inefficiency of conventional vaccine approaches at inducing immunity at birth.
While much of the literature on fetal and neonatal immunity has focused on the early
life propensity toward immune tolerance, recent studies indicate that the fetus is more
immunologically capable than previously thought, and can, in some circumstances,
mount adaptive B and T cell responses to perinatal pathogens in utero. Although
significant hurdles remain before these findings can be translated into vaccines and
other protective strategies, they should lend optimism to the prospect that neonatal and
even fetal vaccination is achievable. Next steps toward this goal should include efforts
to define the conditions for optimal stimulation of infant immune responses, including
antigen timing, dose, and route of delivery, as well as antigen presentation pathways and
co-stimulatory requirements. A better understanding of these factors will enable optimal
deployment of vaccines against malaria and other pathogens to protect infants during
their period of greatest vulnerability.
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NEITHER MAN NOR MOUSE: IMMUNE COMPETENCE IN THE
INFANT

The human infant has long been considered immunologically immature, or deficient, when judged
against the yardstick of the adult immune system. Indeed, the fetus and newborn are vulnerable
to severe disease and high morbidity from numerous pathogens that cause only mild disease in
older hosts. It had previously been believed, based largely on extrapolation from mouse models
of immune development, that the tolerogenic intrauterine environment is incompatible with the
priming of fetal T cells or results in marked polarization of CD4 T cells toward a Th2 response
over a Th1 response. However, it is now appreciated that human fetal immune development differs
quite markedly from that of the mouse. Neonatal mice are profoundly immunodeficient—indeed,
migration of murine T cells from the thymus begins only after birth. In contrast, during human
gestation, T cells appear in the fetal liver at week 10 and T cell zones can be seen in the spleen during
week 18 (1). The recent development of single-cell analysis tools has led to a remarkable burst of
progress in the study of fetal and infant immune cell populations, and has revealed a surprising
degree of immune competence at, and even before, full-term gestation (2-5).

Placental malaria offers a valuable model to examine the response to pathogen-
derived antigens in utero, and findings from this model bear relevance to other
parasitic pathogens. Annually, more than 125 million pregnancies occur in areas where
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malaria is endemic (6), and 25% of pregnancies in sub-Saharan
Africa are complicated by malaria (7). While true congenital
infection with malaria parasites is rare, malaria antigens gain
access to the fetal circulation after crossing the placenta, and
studies of cord blood from malaria-exposed neonates have
demonstrated an impact on numerous immune cell populations
(2, 8, 9). Thus, understanding the immunological implications
of placental malaria exposure is of paramount importance to
public health.

LEARNING TO ADAPT: T AND B CELLS

Not surprisingly, most T and B cells in umbilical cord blood
are naive in phenotype, reflecting the relative lack of antigen
experience during intrauterine life. During early and mid-
gestation, human fetal T cells are inclined toward tolerance,
as has been reviewed elsewhere (10, 11). Upon encounter with
non-self-antigens, naive CD4 T cells in the mid-gestation fetus
preferentially differentiate into FoxP3+ regulatory T-cells that,
along with other regulatory populations, can actively suppress
T cell activation and cytokine production (12-14). However,
as the fetus approaches term, it must balance the demands of
maternal tolerance with the need to mount an effector T cell
response against potential pathogens encountered after birth.
It was recently shown that even in the absence of intrauterine
pathogen exposure, a sizeable subset of CD4 T cells in cord blood
exhibit effector-memory differentiation and can produce both
Th1 and Th2 cytokines (15). Indeed, TNFo and IFNYy production
by fetal T cells that are alloreactive to maternal antigens may
contribute to preterm labor (16). Whether fetal Thl responses
to pathogens such as malaria may contribute to preterm birth or
poor growth in utero has not been adequately investigated.

Until recently, relatively few studies have applied single-cell
analysis techniques to characterize the human T cell response to
pathogen-derived antigens encountered in utero. In aggregate,
these studies suggest that despite the numerous mechanisms
enforcing fetal and neonatal tolerance, the fetus is capable of
mounting robust T cell responses under particular conditions.
Congenital viral infections such as CMV result in expansion
and differentiation of virus-specific CD8T cells that produce
IENy, TNFa, and perform perforin-mediated cytolysis (17).
Recently, we showed that in the setting of placental malaria,
CD4 and CDS8T cells primed in utero demonstrate effector-
memory differentiation, inflammatory cytokine production, and
robust malaria antigen-specific T cell proliferation. These effector
populations were associated with protection from both P.
falciparum infection and symptomatic malaria during the first 2
years of life (2). The most profound effector T cell differentiation
was observed in infants born to mothers with active placental
malaria at the time of birth, possibly suggesting late gestation
exposure (2). However, T cell responses were not observed
in all exposed infants in this study, and other investigators
have observed that in utero P. falciparum exposure tolerized
fetal T cells in a subset of exposed infants (18). The timing,
duration, and quantity of malaria antigen exposure (influenced
by intermittent preventive therapy with antimalarials), as well as

the degree of associated placental inflammation, may play a large
role in influencing the balance between fetal T cell tolerance vs.
effector differentiation.

Some evidence indicates that fetal B cells can also be primed in
utero. Malaria-specific antibodies of the IgM class (which cannot
cross the placenta) have been detected in the cord blood of
malaria-exposed infants as early as 22 weeks gestation (8, 9, 19)
and surprisingly, class-switching of malaria-specific B cells from
IgM to IgG occurs in some infants prior to delivery (8). These
findings raise the possibility that fetal B cells could be sensitized
by maternal malaria vaccination, as has been reported with
maternal tetanus and influenza vaccination (20, 21).

Together, these data indicate that the essential machinery for
generation of robust T and B cell responses to pathogen-derived
antigens is present during fetal life. They further suggest that
the mechanisms that curb T cell inflammation in utero are not
entirely cell-intrinsic, but also relate to extrinsic factors such
as a lack of sufficient activating or co-stimulatory signals from
antigen presenting cells (APCs) or from a tolerogenic cytokine
environment. A better understanding of the conditions (e.g.,
timing, antigen load) that foster the priming and development of
functionally competent pathogen-specific T cells (while avoiding
induction of pathogen tolerance) could be of fundamental
importance for efforts to develop vaccines that are optimally
immunogenic in infancy.

APCs: PRESENTATION MATTERS

The maternal and fetal blood supply are separated by a
single multinucleated cell layer termed the syncytiotrophoblast.
Once malaria antigens or immune complexes cross the
syncytiotrophoblast barrier, it is not clear where, how, and by
“whom” (i.e., what cell type) they are taken up, processed, and
presented to lymphocytes (Figure 1). This is a critical question,
as APCs are key orchestrators of the immune response and play
a paramount role in the initiation and regulation of adaptive
immune responses through priming of antigen-specific T cells.
Murine data indicate that neonatal T cells are extremely sensitive
to the conditions of antigen presentation at priming, and small
differences in the dose of antigen (22), type of APC (22, 23), and
intensity of costimulation (22-24) strongly influence the efficacy
of the ensuing T cell response. Given the many shortcomings
of the neonatal mouse model (25), further studies are needed to
confirm the relevance of these findings in human infants.

In adults, myeloid-lineage cells such as dendritic cells (DCs)
and monocytes play a principal role in antigen presentation,
although activated CD4 T and B cells also upregulate HLA-
DR and can present antigen (26-28). In the fetus and neonate,
dendritic cells and monocytes are both relatively inefficient in
their ability to prime adaptive immune responses due to their
reduced expression of MHC-II, co-stimulatory molecules, and
Th1-polarizing cytokines (29-31). In particular, neonatal DC
production of IL-12p70, the key cytokine required for Thl
polarization, is markedly reduced due to epigenetic regulation
of the gene encoding its p35 subunit (29, 31-33). Thl cytokine
production by fetal DCs may be further inhibited by expression
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FIGURE 1 | Maternal-origin IgG is transported across the syncytiotrophoblast barrier of the placenta to the fetus via FcRn, possibly in the form of immune complexes.
In areas of placental villous denudement or necrosis, unbound plasmodial antigen may also cross into the fetal circulation. P, falciparum antigens have been shown to
prime fetal af T cells and B cells, the location and identity of the antigen-presenting cells remain unknown, but could include fetal Hofbauer cells, dendritic cells, or y§
T cells. Semi-innate Vy9V32 T cells can be directly activated by plasmodial-derived phosphoantigens via butyrophilin2ai and butyrophilin3a1, even in the absence of
prior antigen exposure. In addition, fetal lymphocytes expressing CD16/FcRyllla, including NK cells and possibly y8 T cells, may be activated by maternal IgG bound

Fetal side
i
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of arginase-2 (4). Fetal monocytes are also inefficient in
their upregulation of costimulatory and antigen presentation
machinery in response to IFNy (34) despite enhanced sensitivity
to inflammatory cytokines and increased expression of the IL6
receptor. Instead, inflammatory cytokines activate non-canonical
signaling pathways in fetal monocytes, leading to upregulation of
genes involved in the primitive antimicrobial response (34). This
is likely a strategy to prevent activation of a potentially harmful
anti-maternal adaptive response, which may trigger preterm
labor and fetal expulsion (16).

It is possible that alternative cell populations may play
a particularly important role in antigen presentation during
fetal life. Macrophages termed Hofbauer cells reside within
the placental villous stroma and express multiple Fc receptors,
making them well-suited to a role in immune surveillance.
Hofbauer cells are increased in placental malaria (35), but
whether they play a role in antigen uptake is unclear. In an
ex vivo human placental perfusion model, upon transplacental
transfer immune-complexed MSP-1 was observed in the fetal
villous stroma where it predominantly co-localized with fetal
endothelial cells, not Hofbauer cells (36). Moreover, a recent
and very detailed phenotypic analysis by Thomas et al. found
that fetal-origin macrophages do not express HLA-DR (37).
It is possible that non-myeloid cells, including non-classical
lymphocytes, contribute to the induction of adaptive immune
responses in utero. In adults, the Vy9V32 subset of y8 T cells

(discussed in detail below) exhibit robust antigen presentation
capabilities upon activation (38, 39) and can induce proliferation
and differentiation of naive aff T cells comparable to that of
mature DCs. Vy9V82 cells are highly prevalent during the second
trimester (40), and their potential role in antigen presentation
during fetal life merits further investigation.

INNATE ABILITY: NK CELLS AND
NON-CLASSICAL LYMPHOCYTES

Innate immune populations may play a particularly important
role in protecting the fetus and infant when little or no
immunologic memory exists. In particular, semi-innate y3 T
cells have several qualities that make them uniquely suited
to protection of the fetus and infant. Unlike conventional aff
T cells, y8 T cells recognize conserved ligands and exhibit
rapid, innate-like effector functions, including degranulation and
cytokine production (41). This effector response is not dependent
on prior antigen exposure nor on priming by dendritic cells,
which are functionally immature in the fetus. yd T cells are
highly conserved across vertebrate species and are the first T
cells to develop in the human fetus. It has been hypothesized
that the primary selective advantage driving their remarkable
conservation is their role in neonatal protection (39). Supporting
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this hypothesis, y3 T cells are required for protection of young,
but not mature, mice in models of parasitic infection (42).

During malaria infection, a specialized subset of yd T cells,
defined by use of the 32 and y9 TCR chains, can act as innate-
like effectors that can indirectly recognize phosphoantigens
that are produced by the Plasmodium apicoplast (43). These
VyoVe2 T cells exhibit intrinsic reactivity to Plasmodium, with
rapid degranulation and production of IFNy and TNFa, even in
malaria-naive individuals (44). They are able to kill extracellular
merozoites via release of granulysin and inhibit parasite growth
in vitro (45). Moreover, they have been associated with protection
from malaria in human clinical trials (46, 47). In the fetus, this
subset has been shown to dominate the Y3 T cell repertoire in
the second trimester (40). Following in utero malaria exposure,
cord blood Vy9V32 T cells are preferentially activated, produce
more IFNY (48), and exhibit greater memory differentiation (49).
Thus, Vy9V82 T cells may be poised to respond to Plasmodium
infection in the fetus and neonate.

The role of NK cells and other innate lymphoid cells (ILCs) in
the fetal and infant immune response to malaria has received little
research attention. Fetal NK cells that develop early in gestation
can respond robustly to antibody mediated and cytokine-
induced stimulation, but respond weakly to HLA-devoid cells
and are more susceptible to TGF-f mediated suppression (50).
At birth, NK cells are highly responsive to immune complexes
and exhibit robust antibody-dependent functions, including
IENy production and degranulation (51). Higher cord blood
frequencies of CD569™CD16% NK cells have been observed
following maternal P. falciparum infection (52). In light of recent
studies demonstrating an association between NK cell antibody
dependent cellular cytotoxicity (ADCC) and malaria outcomes in
children and adults (53), these findings raise the possibility that
NK cells could play an important antimalarial role in utero and
in the newborn through engagement of transplacentally acquired
malaria-specific antibodies.

MATERNOFETAL ANTIBODY TRANSFER:
PASSIVE AND AGGRESSIVE?

During gestation, maternal antibodies are transferred across
the placenta to the fetus via an active transport mechanism
mediated by FcRn, the neonatal Fc receptor. FcRn is expressed
on syncytiotrophoblast cells beginning at approximately 13 weeks
gestation (54), and selectively transfers IgG. Transfer of IgG
increases as pregnancy progresses, rising sharply in the final
month of gestation, such that full-term infants have IgG levels
that generally exceed those of the mother (54, 55). FcRn-mediated
transport is influenced by maternal IgG concentration and
saturates in the setting of high total IgG levels.

Maternally derived antibodies are essential for infant
protection from some pathogens that are commonly encountered
during infancy. In the case of malaria, the importance of this
passive maternal antibody transfer is not clear. It has been
widely promulgated that transplacental transfer of antimalarial
antibodies is responsible for the relatively low incidence of
symptomatic malaria during the first 6 months of life. Yet,
a thorough review of this literature found scant evidence to

support a protective role in infancy, concluding instead that
malaria-specific IgG in cord blood merely serves as a biomarker
of maternal exposure (56). It should be noted, however, that
most studies to address this relationship evaluated antibodies to
only a very limited number of malaria antigens, and measured
only total IgG, and not individual IgG subclasses.

IgG subclass and glycosylation can both greatly influence
the efficiency of transplacental antibody transfer by FcRn (55).
The overall transfer efficiency is highest for the IgG1 subclass,
followed by IgG4, IgG3, and IgG2. It is notable that I1gG3 is
transferred to the fetus with low efficiency, as it is the strongest
activator of complement via recruitment of Clq, and its potent
opsonizing ability has been linked to clinical protection from
malaria in adults and children (57-59). 1gG3 also binds more
strongly to FcyRIIIa, which is important in ADCC and other
antibody-dependent functions, than other IgG subclasses (60).
Interestingly, a polymorphism in the FcRn-binding domain of
IgG3 (H435) has been associated with increased transplacental
transfer of malaria-specific IgG3, increased half-life of IgG3 in
the infant, and protection from clinical malaria during infancy
(61). Given this evidence, it will be important to understand
the IgG subclass profile of transplacentally-transferred IgG in
malaria-endemic regions (62), as well as the significance of
opsonized antigen, complement activation, and FcR-expressing
fetal cells in infant protection from malaria. Furthermore,
secondary glycan structures, which can vary across pathogen-
specific antibody repertoires within an individual (51, 63, 64),
have also been shown to modulate the efficiency of transplacental
IgG transfer. For example, digalactosylated Fc-glycans bind more
strongly to FcRn leading to increased transplacental transfer
(51), and they also preferentially bind FcyRIIIa leading to better
activation of neonatal NK cells (51). As vaccine adjuvants can
influence antibody subclass and glycosylation (65) which in turn
influence placental transfer of antibody (55), vaccine design
should prioritize adjuvants that enable better transplacental
transfer and activation of neonatal effector cells.

In addition to conferring passive immunity, maternofetal
antibody transfer may play a role in conveying pathogens
and pathogen-derived antigens to the fetus in the form of
antigen-antibody complexes. While some malaria antigens may
breach the maternofetal barrier due to focal denudement of
the syncytiotrophoblast cell layer, the more common route of
transfer is likely via FcRn-mediated active transport of antigen-
antibody complexes (8, 36), as supported by experimental
evidence from an ex vivo placental perfusion model (36). There is
also some evidence that FcRn can facilitate congenital infection
by mediating transfer of CMV and ZIKV virions in the form of
immune complexes (66-68). Hence, maternal immunoglobulins
can at times act as a Trojan horse, ferrying pathogen-derived
antigens (or even intact pathogens) to the fetus.

IMPLICATIONS FOR VACCINATION IN
PREGNANCY AND EARLY INFANCY

The ultimate goal of better understanding the components of the
fetal, neonatal and pregnant immune systems is to enable the
translation of this knowledge to vaccine development. Late
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stage trials are underway for vaccines to prevent placental
malaria by inducing maternal antibodies against VAR2CSA, a
pregnancy-specific adhesion ligand that is thought to be an
important mediator of placental adherence (69). The goal of
this vaccine approach is to stimulate maternal immunity and
thus prevent placental malaria, sparing the infant from the
clinical sequalae of placental insufficiency and inflammation,
which include prematurity and poor growth. This distinguishes
it from other vaccines targeting pregnant women, for which the
rationale is to confer passive IgG-mediated immunity to the
infant. Examples of this approach include vaccination against
pertussis, influenza, and tetanus, all of which can be safely
administered during pregnancy and induce high neutralizing
titers of maternal antibodies that are transferred transplacentally
and confer protection to the infant during the early months
of life (70-73). Immunizing pregnant women against malaria
(with RTS,S, whole sporozoites, or other vaccine candidates)
could similarly induce transfer of malaria-specific IgG to the
infant. However, whether this passive immunization approach
would be of value hinges largely upon the still unanswered
question of whether malaria-specific IgG antibodies, or a subclass
thereof (e.g., 1gG3), confer protection in infants. Moreover,
it is important to note that maternal immunization can have
adverse consequences by interfering with induction of antibodies
in the infant. This has been most clearly demonstrated in
the case of pertussis and viral pathogens such as measles,
where maternal-origin IgG neutralizes vaccine antigen in the
infant and thus preempts priming of infant B cells (74-77).
However, even non-neutralizing antibodies can inhibit infant
antibody production by mechanisms that may include masking
of immunogenic epitopes, Fc-mediated engagement of inhibitory
receptors, and/or clearance of maternal immune complexes;
hence maternal antibody interference may be of concern for
malaria. A recent meta-analysis estimated that maternal antibody
inhibition results in a reduction of infant antibody responses to
a broad range of antigens in common childhood vaccines (78).
Interference by maternal-origin IgG has been hypothesized to
contribute to the poor immunogenicity of RTS,S in infants (79).
Ultimately such concerns may be mitigated by Fc engineering
(currently being developed for monoclonal antibody therapies)
and tailoring of adjuvants to induce antibodies of the desired
subtype and glycosylation characteristics. As it is difficult to
predict whether the benefits of maternal antibodies would
outweigh the concern for antibody interference, the impact
of maternal-origin IgG on infant vaccine responses should be
an area of careful empiric investigation as malaria vaccine
candidates enter field trials.

Mounting evidence that adaptive T and B cell responses can
be primed in utero raises the additional question of whether
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