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In humans, maternal IgGs are transferred to the fetus from the second trimester of
pregnancy onwards. The transplacental delivery of maternal IgG is mediated by its
binding to the neonatal Fc receptor (FCRn) after endocytosis by the syncytiotrophoblast.
IlgGs present in the maternal milk are also transferred to the newborn through the
digestive epithelium upon binding to the FcRn. Importantly, the binding of IgGs to the
FcRn is also responsible for the recycling of circulating IgGs that confers them with a
long half-life. Maternally delivered IgG provides passive immunity to the newborn, for
instance by conferring protective anti-flu or anti-pertussis toxin IgGs. It may, however, lead
to the development of autoimmune manifestations when pathological autoantibodies
from the mother cross the placenta and reach the circulation of the fetus. In recent
years, strategies that exploit the transplacental delivery of antigen/IgG complexes
or of Fc-fused proteins have been validated in mouse models of human diseases
to impose antigen-specific tolerance, particularly in the case of Fc-fused factor VIl
(FVIIl) domains in hemophilia A mice or pre-pro-insulin (PPI) in the case of preclinical
models of type 1 diabetes (T1D). The present review summarizes the mechanisms
underlying the FcRn-mediated transcytosis of IgGs, the physiopathological relevance of
this phenomenon, and the repercussion for drug delivery and shaping of the immune
system during its ontogeny.

Keywords: neonatal Fc receptor (FcRn), maternal IgG, immune system ontogeny, immune tolerance induction,
hemophilia A, therapy

INTRODUCTION

The existence of a passive transfer of immunity from the mother to the young was documented
by P. Ehrlich more than a century ago and more than 50 years ago by Brambell et al. (1); it was
a few years before the demonstration that passive transfer of immunity is mediated by maternal
IgGs. The maternal and fetal circulations are separated by cellular barriers differently organized
depending on the species [hemomonochorial in the human (2) and hemotrichorial in the mouse].
In 1964, Brambell et al. hypothesized that the transplacental delivery of maternal IgGs involves a
receptor expressed by placental cells (3). A few years later, a receptor responsible for the trans-
epithelial transport of IgGs across the newborn rat intestine was identified (4, 5). The surface and
intracellular expression of the Fc receptor by the placenta (6) or yolk sac cells (7) and intestinal cells
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(3, 7-10) and its colocalization with IgGs (4, 6) suggested its
involvement in the transfer of maternal IgGs. It led to the
isolation from human placenta of this “IgG transporter” and its
identification as the neonatal Fc receptor (FcRn) (11, 12).

In addition to the transplacental delivery of maternal IgGs,
the FcRn is involved in a plethora of functions including the
transfer of IgGs present in maternal milk to the newborn through
the digestive epithelium, control of IgG and albumin catabolism,
uptake of immune complexes by a variety of cells leading, in
the case of antigen presenting cells, to the presentation of the
endocytosed antigen to T lymphocytes. In the recent years,
strategies that exploit the transplacental delivery of antigen/IgG
complexes or of Fc-fused proteins have been validated in mouse
models of human diseases to trigger antigen-specific immune
tolerance. The present review summarizes the mechanisms
underlying the FcRn-mediated transcytosis of IgGs, the physio-
pathological relevance of this phenomenon and the potential for
in utero drug delivery and manipulation of the immune system.

STRUCTURE AND EXPRESSION OF FcRn

FcRn was first isolated from rat intestinal epithelial cells
(4, 13, 14), rodent yolk sac (7), and finally from human
syncytiotrophoblast cells (15, 16). FcRn is a heterodimeric
molecule constituted of a 14 kDa light chain and a 45-50
kDa heavy chain (14). The heavy chain includes 3 extracellular
domains (al, a2, and a3), a transmembrane domain, that
allows anchoring to cell membranes, and a short cytoplasmic
domain (17) (Figure1). The al and a2 domains are formed
of 8 antiparallel 3-sheets overhung by 2 a-helices (18-
20). The structural homology of the FcRn with the major
histocompatibility complex class I (MHC-I) was confirmed by
the homology between the coding sequences of the extracellular
domains and transmembrane region of FcRn and MHC-1, and by
crystallography (7, 9, 16, 18, 21). The heavy chain and light chain-
encoding genes are highly conserved across mammalian species
(22-24). Thus, human FCGRT (Fc fragment of IgG receptor and
transporter) gene and mouse ortholog (Fcgrt) encoding FcRn
present a strong sequence homology with 69 and 65% identity at
the nucleotide and amino-acid levels, respectively, and low allelic
polymorphism (22-24). The FCGRT and Fcgrt genes are located
outside the HLA/H2 genes complex, on the 19q13 locus in human
and on chromosome 7 in mice, respectively. The absence of the 3-
microglobulin chain hampers the conformation and functionality
of the FcRn (25) which was used advantageously in 2 m™/~
mice to demonstrate the implication of FcRn in IgG transmission
(26). Moreover, more evidence came later with the development
of FcRn heavy chain KO mice (27).

During fetal life in rodents, FcRn is expressed by cells of the
yolk sac (7, 22), and, to a greater extent, by epithelial cells in
the jejunum and duodenum (8) where it is maintained until the
time of weaning (3 weeks after birth) and mediates the transfer of
IgGs contained in the colostrum or maternal milk. After weaning,
FcRn expression in the digestive epithelium is highly reduced
(13, 14, 28, 29). FcRn expression has also been detected in rodent
skin, spleen, liver, and muscle vascular endothelial cells (30-33).

Early endosome

FIGURE 1 | Interaction between the FcRn and IgG. The FcRn is composed of
a heavy chain with three extracellular domains (a1, a2, a3, dark blue) and of
the B-2 microglobulin light chain (82 m, light blue). At acidic pH, salt bridges
are formed upon interactions between the histidine residues His310, His435,
and His436 of the CH2 and CH3 domains of the IgG and glutamate residues
Glu117 and Glu132 of the a2 domain of the heavy chain of FcRn, and the
isoleucine residue lle1 of the p 2m. The IgG is depicted in orange.

Conversely, in humans, FcRn expression by intestinal epithelial
cells persists during adult life (10, 34). The heavy and light
chains of human FcRn are synthesized by syncytiotrophoblast
cells (6, 16, 35, 36) and by arterial or vascular endothelial cells
of the placenta (37, 38). Human FcRn is detected in different
tissues including the liver, kidneys, lungs, heart, pancreas and
mammary glands (15, 39, 40); it is expressed by hematopoietic
cells (dendritic cells, monocytes, macrophages, and neutrophils,
B lymphocytes) but not by T lymphocytes and natural killer
(NK) cells (41-43). Differences in FcRn expression between
humans and mice are explained by differences in the promoters
controlling FCGRT expression (24, 44).

MECHANISMS OF FcRn-MEDIATED IgG
TRANSPORT

The dependency on pH of the interaction between IgG and the
FcRn was described in different experimental settings. IgGs in
maternal milk bind to intestinal FcRn at pH 6-6.5 and are released
at pH 7.4 (45). The same was found for IgG binding to placental
membranes (13, 46-49). While the increased binding observed
at acidic pH was initially thought to rely on conformational
changes in FcRn (50), it was later found that acidification allows
protonation of histidine residues in the heavy chain of FcRn,
thus stabilizing the FcRn molecule by fostering electrostatic
interactions (17, 19). Furthermore, the CH2 and CH3 domains
of the IgG heavy chain also contain three histidine residues,
that are highly conserved between species (51, 52). At pH < 6,
His310, His435, and His436 in the mouse IgG; are protonated.
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FIGURE 2 | Transplacental delivery of maternal IgG and its therapeutic implications. (A) In the human, the transplacental delivery of maternal IgG starts during the
second trimester of pregnancy. IgG cross the cytotrophoblast and syncytiotrophoblast cell layers to reach the fetal circulation. IgG transfer involves non-specific fluid
phase internalization. IgG then colocalize with the FCRn in early endosomes where the acidic environment promotes FCRn/IgG interactions. Mature sorting endosomes
transport FcRn/IgG complexes away from lysosomes, rescuing them from lysosomal degradation. IgG is released from FcRn into fetal blood by the partial or complete
fusion of the endosome with the plasma membrane. After the dissociation of the IgG/FcRn complexes, FCRn returns to its original position. The transplacental delivery
of Fcy-fused proteins (B) such as FVIII-Fc or PPI-Fc, or of immune complexes (C) was validated for therapy in preclinical models in order to shape the fetal immune

system. For simplicity, immune complexes are depicted as single IgG bound to two antigens.

This allows the formation of saline bridges with glutamate 117
and 132 and an aspartate residue inside an anionic pocket of the
a2 domain of the FcRn (17, 19, 21, 47, 50) as well as the Ilel of the
82 m (53) (Figure 1). Of note, alanine substitutions of the Ile253,
His310 and His435 abrogate the binding of human IgG; to the
FcRn at acidic pH (54). Increase in pH above 6 leads to the loss
of CH2-CH3/FcRn interaction because of the deprotonation of
the histidine residues. Crystallographic investigations show that
two FcRn molecules bind a single IgG through each of the Fc
fragments (18). FcRn binding demonstrates a strong specificity
for the IgG isotype. In humans, IgA, IgM, IgD, and IgE are not
or only poorly transported through the placenta (43-47). The
binding of the different IgG subclasses to FcRn also depends
on variations in amino-acid sequences in the CH2 and CH3
domains leading to different affinities for FcRn (55). Indeed,
human IgG1 and IgG4 are the most transferred IgG subclasses,
while IgG3 which possesses an arginine rather than a histidine
at position 435, presents a reduced transplacental delivery and
a three-fold lower half-life than the other IgG subtypes (55-60).
Interestingly, the binding affinity for the FcRn of an IgG of a given
subclass is also influenced by the nature of its complementarity
determining regions (CDR) and antigen-binding fragments (Fab)
(61-63). Likewise, the glycosylation profile of a given IgG
subclass has an impact on IgG transfer and transplacental
delivery of maternal IgG by modifying the affinity for the
FcRn (64-66).

The interspecies specificity of the binding of IgGs to FcRn
has revealed the extreme selectivity of human FcRn for human
IgGs. This explains the poor half-life in the human circulation
of the first therapeutic IgGs of mouse origin. In stark contrast,
the murine FcRn reacts with a high affinity to murine, human,
and bovine IgGs. In particular, the affinity of the murine FcRn for
human IgGs is much higher than that of the human FcRn (67, 68).
Such an interspecies binding disparity was also demonstrated
in the case of albumin, another FcRn ligand (69). The human
FcRn has a greater affinity for murine albumin than for the
human molecule. Conversely, the mouse FcRn binds murine
albumin with a high affinity and also binds human albumin (70,
71). Such considerations are very important for the preclinical
validation of therapeutic monoclonal antibodies and molecules
that exploit the Fc- or albumin-fusion technologies and, for
example, justify the use of human Fcyl fragments in the design
of chimeric molecules.

The transcytosis of maternal IgG starts with the non-specific
fluid phase internalization by intestinal or placenta epithelial or
endothelial cells (5, 37, 72). Following their internalization, IgGs
accumulate in Rab5TEEA™ early endosomes where they bind to
FcRn upon pH acidification (73). The IgG/FcRn complexes are
released in the intercellular space by partial or complete fusion
of recycling endosomes with the plasma membrane (74, 75).
Once at neutral pH, deprotonation of the histidines allows the
dissociation of IgG from the FcRn (8) (Figure 2A).
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The FcRn-dependent recycling pathway was also widely
studied. As for IgGs transcytosis, IgG recycling begins with
internalization by vascular endothelial cells and macrophages.
IgGs accumulate in Rab5TEEA™ early endosomes where they
colocalize with the FcRn. The binding of IgGs to the FcRn rescues
them from the lysosomal degradation pathway. The matured
Rab4*Rablla™ sorting endosomes transport the complex away
from lysosomes. In contrast, recombinant IgGs with a mutated
His435, that do not bind FcRn, are routed to the lysosomes and
are degraded (76-78).

FUNCTIONS OF FcRn
Role of The FcRn in IgG Transcytosis

As explained above, the FcRn was first identified for its role in the
transfer of maternal IgGs to the baby during fetal life through
the placenta and during breast-feeding through the digestive
epithelium. During pregnancy in humans, maternal IgGs are
detected in the umbilical cord from 8-10 weeks of gestation
(GW38-10) (79). The concentration of maternal IgGs in the fetal
circulation remains low until the second part of the second
trimester (80) to reach 10% of maternal IgGs at GW22. It then
increases to 50% at GW30 and exceeds the concentration in
maternal blood at the end of the gestation (GW37-40) (81-84).
It was proposed that the increased transfer at the end of gestation
is due to the expansion of the exchange surface which grows from
5 m? at GW28 to 11-12 m? at the term (85). In humans, the
majority of maternal IgGs are transferred across the placenta.
In mice, a low but significant IgG transmission is detected at
embryonic day 15 (E15) (86) that peaks at E17 (87). The majority
of IgG is delivered after birth by ingestion of maternal milk.
Antibodies in the colostrum and more generally in the maternal
milk cross the intestinal barrier to reach the fetal circulation
(46, 88). The rodent intestine is permeable to maternal IgGs until
20 days after birth (86-88).

The trans-epithelial and transplacental delivery of maternal
IgGs plays an essential role for the protection of the newborn by
providing passive immunity against a large array of pathogens.
Passive immunity was observed in the 19th century during
the measles epidemic, where babies from mothers who had
survived were protected. The transfer of passive immunity was
however first described by Paul Ehrlich in 1892, when he noticed
that babies were protected against toxins only if the mothers
were themselves resistant. Nowadays, vaccines against influenza,
pertussis, diphtheria, meningococcus, measles, pneumonia and
hepatitis are currently administrated to pregnant women to foster
the development of protective IgGs that are then transferred to
the fetus (89-95). The efficiency and duration of the transferred
passive immunity however depends on the antigenic specificity
of the IgG (91, 92, 96, 97).

Role of The FcRn in The Recycling of
Circulating IgG

Most plasma proteins and immunoglobulins have a short half-life
(1-2 days) in the circulation. In contrast, IgGs present a half-
life of 23 days in humans (98) and 7 days in mice (99). In the
60’s, Brambell et al. proposed that IgG catabolism is regulated

by the same receptor involved in IgG transfer: the FcRn (3, 100).
This was formally demonstrated in models of 8-2-microglobulin
deficient mice (26, 101-103) as well as in FcRn-deficient mice (94,
95) where IgG half-life was systematically reduced. Conversely,
it was restored to normal in transgenic mice expressing the
human FcRn (104). As described in the case of IgG transplacental
or trans-epithelial delivery, IgG recycling involves fluid phase
internalization by vascular endothelial cells and macrophages
(31, 76, 105, 106) and binding by the IgG CH2 and CH3
domains to the FcRn in early endosomes (54, 98, 107, 108). The
binding to the FcRn protects IgGs from lysosomal degradation
and fosters their recycling to the circulation (37, 73, 77, 78).
The FcRn-dependent recycling pathway of IgG is saturable and
unbound IgGs accumulate in the lysosomes where they are
degraded (76, 77, 103).

Role of The FcRn in Antigen Capture and

Presentation

The FcRn is expressed by a large variety of immune cells (109).
Because of its structure homology with MHC class I molecules,
FcRn was initially proposed to present endocytosed antigens. It
was however demonstrated that the peptide-binding groove is
occluded in the FcRn molecule (21). The FcRn is nevertheless
indirectly implicated in antigen uptake and presentation (109).
For instance, the expression of the FcRn on neutrophils was
associated with the phagocytosis of IgG1-opsonized bacteria (42).
Because the FcRn does not bind IgGs at neutral pH, it was
proposed that immune complexes are captured and endocytosed
by other FcR receptors. FcRn binding occurs in a second step
once the pH acidifies; it allows sorting of the immune complexes
to loading compartments and promotes antigen presentation as
well as cross-presentation (109-111). The FcRn also transports
IgGs from the intestinal basolateral side to the intestinal lumen
where they form immune complexes with their cognate antigens.
The immune complexes are then transported through the
epithelium of the lamina propria where they are internalized by
antigen presenting cells (i.e., dendritic cells) and presented to T
cells (112-114).

Role of The FcRn in The Recycling of

Circulating Albumin

Albumin is the most abundant protein in plasma. It is involved
in the transport of endogenous and exogenous molecules as
well as in the maintenance of osmotic pressure (115). It is
produced in high quantities and rapidly secreted by the liver
(116) and is found in secretions such as tears, saliva, sweat and
maternal milk. Albumin is characterized by an extended half-life
in blood: it persists for 19 or 2-3 days in the human and mouse
circulation, respectively (69, 117, 118). Such a long half-life is also
mediated by binding to the FcRn. IgG and albumin bind FcRn at
non-overlapping sites, without cooperation or competition. The
interaction between albumin and FcRn is hydrophobic, depends
on acidic pH and presents a 1:1 stoichiometry (119).
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PHYSIOLOGICAL RELEVANCE OF THE
TRANSFER OF MATERNAL IgG

The following chapter summarizes the timing of the development
of the fetal immune system in humans and mice. Notably,
the establishment of the adaptive immune system and the
generation of T and B lymphocytes expressing rearranged T-cell
and B-cell receptors, respectively, at their surface is concomitant
to the transplacental delivery of maternal IgGs, thus creating
a time window when maternal IgGs, that represent the last
step of the expression of the maternal immune system, have
the opportunity to impact the developing adaptive immune
repertoires of the fetus.

Ontogeny of The Human Immune System
During Fetal Life

The development of the immune system starts after 2-3 weeks
of fetal development with the initiation of hematopoiesis and
generation of pluripotent and self-renewing hematopoietic stem
cells (HSC) (Figure 3A) (120). In all mammals, hematopoiesis
first occurs in the mesoderm of the yolk sac, and the
extraembryonic mesenchymal tissue (121). Cells of the innate
immune system are the first to emerge. Erythroid and
granulo-macrophage multipotent progenitors, which give rise
to megakaryocytes and myeloid cells, are detected from the
gestational week (GW) 3 to 4. Dendritic cell-like cells are found
in the yolk sac and the mesenchyme at GW4-6. From GW4, these
progenitors are released in the circulation and reach the fetal liver,
which becomes the major hematopoietic site until birth, when
the bone marrow takes over (121). With respect to secondary
lymphoid organs, the different subunits of the spleen form during
GW13-28, and the red and white pulps are visible at the end of
the second trimester (122). The development of lymph nodes
occurs at the same period. The involvement of the spleen and
lymph nodes (LN) in hematopoiesis, together with that of the
fetal liver, ceases at birth (123). Between GW8-10, granulocytes,
NK cells and lymphocyte precursors are detected in the fetal
circulation (124). The GW12-19 fetal blood already contains
high levels of erythroid, monocytic and granulocytic progenitors.
Neutrophils are the last type of innate immune cells to be
produced (GW31).

CD7tCD45"  pro-thymocytes with an intracytoplasmic
CD3™ are detected in fetal liver from GW7. CD3 is not expressed
at the surface of thymocytes until GW10 when the cells become
less proliferative (125). T-cell receptor (TcR) rearrangement
starts from GW6-9.5 and is first detected in the fetal liver
before the thymus takes over (126). The colonization of the
thymus by HSC starts at GW8 and the thymus organogenesis is
complete at GW20 (127). Mature CD4 and CD8 single-positive
T lymphocytes leave the thymus for the periphery and reach the
spleen and LN from GW14 onwards (123).

Pro-B cells, which are characterized by the expression of
CD24 and the absence of expression of IgM, are detected in
the fetal liver at GW8. Pre-B cells, that emerge from the pro-B
cell pool, express the immunoglobulin | chain in the cytoplasm
from GWS8 onwards, and at the cell surface at GW10-12

(128). B-cell receptor (BcR) expression is necessary for B cell
proliferation and migration to the periphery (129). IgD surface
expression is detectable from GW13 and surface IgM levels
are maximal around GW7-18. Immature B cells are released in
the circulation and reach the LN at GW14-17 and the spleen
at GW16-23 where they become mature B cells (123). Pre-B
cell quantities decrease from GW13-23 in the fetal omentum
(130). Despite the early burst of Ig production during fetal life,
newborns have low quantities of IgM, IgA and IgE. The neonatal
immune system responds to antigens mainly by producing IgM
with low affinities (131). At birth, the majority of innate and
adaptive cells are immature (132) but the immune system is
functional and complete. The exposure to external antigens after
birth promotes the adaptation and expansion of the immune
system (133, 134).

Ontogeny of The Mouse Immune System
During Fetal Life

The development of the immune system in rodents involves, as
in humans, the differentiation of pluripotent HSCs into myeloid
or lymphoid lineage progenitors (135). In mice, hematopoiesis
starts at embryonic day (E) 6.5 (Figure 3B). The first type of HSC,
the erythro-myeloid, and lymphoid progenitor cells are formed
in the yolk sac at E7.25 (136) and macrophages and monocytes
appear at E9 (137). At E10, HSCs are detected in the aorta-gonad-
mesonephros (AGM) (138). Fetal circulation is established at
E8.5, allowing HSCs to leave the AGM and to reach the fetal
liver and the placenta, the two main reservoirs of HSCs at mid-
gestation (E11.5) (139). The development of LN starts between
E7 and E13 depending on their localization (140). LN are rapidly
colonized by T cells and the first LN follicles are formed 1 week
after birth (141). At E13, HSC and lineage-restricted progenitors
reach the fetal spleen (123). The lymphatic network is established
at E15.5 (142). Formation of the bone marrow is one of the last
stages of mice development (E17). At E17.5, HSCs and lineage-
specific progenitors leave the liver to colonize the bone marrow
(143) where they remain until adulthood. Bone marrow HSCs
form the first reserve of stem cells for post-natal life. After E18,
the bone marrow assumes the maintenance of the HSC pool and
the development of hematopoietic cells.

Neutrophils are detected in the circulation for the first time
at E14 at very low numbers (<2%) and reach 20% at E18
(144). Neutrophils and monocytes are, at the fetal and newborn
stages, the first line of defense against infection. At E13-15.5,
hematopoiesis switches from the liver to the thymus for T
cells and the spleen for B cells. The thymus anlage is detected
from E9-10 (123) and its colonization by lymphoid progenitor
cells occurs between E10.5 and E13 (145). T-cell progenitors
are first synthesized from lymphocyte progenitors at E12.5.
Thymocytes first express the TcR and then undergo positive and
negative selection, to eliminate auto-reactive clones. In the late
gestational period (E14-21), simple positive CD4 or CD8 T cells
are produced. The bone marrow is the main organ where B-cell
lymphopoiesis takes place (146). The rearrangement of the genes
encoding the B-cell receptor initiates by E13 and IgM™ B cells are
detected at E17 (147).
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FIGURE 3 | Fetal development of the immune system. The time-dependent ontogeny of the human (A) and mouse (B) immune systems is summarized for innate
immune cells (dark blue), adaptive T (green) and B cells (red) and colonization of the lymph nodes and bone marrow (light blue). HSC, hematopoietic stem cells; NK,
natural killer cells; TcR, T-cell receptor; LN, lymph nodes; BcR, B-cell receptor; AGM, aorta-gonad-mesonephros; GW, gestational weeks in the human; E, embryonic
days in mice.
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Shaping of Adaptive Immune Repertoires
by Maternal IgG

Transplacentally delivered maternal IgGs are important for
the protection of newborns from bacterial or viral infections.
Importantly, the transfer of maternal antigen-specific IgGs
influences antigen-specific immune responses later in the life
by altering both the repertoires of T and B lymphocytes in
the progeny. Seminal work by Faure et al. demonstrated that
the transfer of k light chain-specific maternal IgGs alters the
repertoires of k light chain-specific T cells and confers a transient
state of tolerance toward peptides derived from the constant
region of the k light chain (148). This was demonstrated by
following  light chain constant region (Ck)-specific CD4™ T
cells in k light chain knock-out («~/7) mice born to k™/~
mothers. Hence, the transfer of maternal IgGs from mothers
bearing a k light chain to k light chain-deficient fetuses
altered in an antigen-dependent manner the repertoires of T
lymphocytes (148).

In the B cell compartment, early idiotypic manipulations via
maternal immunization with antigens or monoclonal IgGs, or
after treatment of newborns with anti-idiotypic IgGs, were shown
to induce profound states of tolerance toward the particular
idiotype (149, 150). In such systems, the suppression of antibody
responses was always reversible. Its recovery was associated
with the expression of the same (151) or different idiotypic
repertoires (152-154). For instance, the transfer of maternal
anti-idiotypic IgGs directed against anti-phosphorylcholine
(PC) antibodies skewed the repertoires of PC-specific B
lymphocytes after immunization of the offspring with PC later in
life (155).

Another example of the importance of normal IgGs in shaping
immune repertoires is provided by studies on intravenous
immunoglobulins for therapeutic use (IVIG). Exploration of
the mechanisms of action of IVIG led to identification of
various F(ab’);-dependent mechanisms. Through anti-idiotypic
interaction, IVIG neutralizes pathogenic autoantibodies and
shapes the repertoire of auto-IgG-producing B-cell clones
(156). IVIG reciprocally regulates pathogenic Th1/Th17 cells
and immune-protective regulatory T cells by F(ab’),-dependent
process (157, 158). While both F(ab’),- and Fc-dependent
regulation of dendritic cells and macrophages by IVIG have
been reported (159-162), F(ab’); fragments of IVIG regulate
the functions and repertoires of granulocytes like eosinophils,
basophils and neutrophils (163, 164). In line with these
functions, auto-antibodies to diverse self-molecules have been
identified and isolated from IVIG including HLA class I,
CDA40, adhesion molecules, CD4, CD5, Siglecs, IgE, and Fas/
CD95 (156).

PATHOLOGICAL IMPLICATIONS OF THE
TRANSPLACENTAL DELIVERY OF
MATERNAL IgG

The transfer of maternal IgGs to the fetus may have pathological
repercussions when the mothers present with autoimmune
disorders caused by self-reactive IgG. In such situations, the

FcRn plays a dual role, increasing disease severity in the mothers
by controlling the concentration of circulating pathogenic IgGs,
and mediating the transmission of pathogenic IgGs to the fetus
thereby inducing disease manifestations. A typical example is the
transfer of the Sjégren’s syndrome upon transplacental delivery of
maternal autoantibodies directed to the nuclear proteins Ro/SSA
and La/SSB (165). The Sjogren’s syndrome affects ~1/10,000
adults with a majority of women (90%) (166, 167). Anti-
SSA/Ro and SSB/La IgG target the Ro/La ribonucleoprotein
complex constituted by two Ro protein isoforms (52 kDa and
60 kDa) and the La protein (48 kDa). Ro52 is involved in
the regulation of proliferation and cell death (168) and in
the regulation of interferon regulator factor-mediated immune
responses (169, 170), while Ro60 is implicated in the control
of RNA integrity (171). The translocation of these antigens
at the surface of salivary gland cells allows their targeting by
autoantibodies, leading to dysfunction of the exocrine glands,
lymphocytic infiltrates in the salivary gland and parotid gland
enlargement (172, 173).

In ~2% of babies from Sjogren’s syndrome-affected mothers
(174), the transfer of maternal anti-SSA/Ro and SSB/La is
responsible for the development of neonatal lupus erythematosus
(NLE) leading to the development of rashes, liver damage,
neuropsychiatric impairment (175) or congenital heart block
(CHB). CHB presents with a mortality rate of 18% and requires
implantation of a pacemaker in 70% of the cases (176, 177).
Mothers who give birth to CHB-affected children possess anti-
Ro/anti-LA IgG and may be either asymptomatic or present
with systemic lupus erythematosus, Sjogren’s syndrome or
undifferentiated autoimmune diseases (178, 179). In the case of
anti-SSA/Ro and SSB/La IgG-mediated CHB, the autoantibodies
either target the autoantigen that has translocated on the
cell surface of apoptotic cardiomyocyte (180, 181) and/or
cross-react with L-type calcium channels (LTCCs) present
on the cardiomyocyte surface (182). The interaction between
autoantibodies and autoantigens leads to immune complex
deposition, inflammation, disruption of calcium homeostasis and
calcification, heart fibrosis and signal conduction blockade in the
atrioventricular node (183, 184).

The hemolytic disease of the fetus and newborn (HDEN)
is another example of the contribution of maternal IgGs to
the development of fetal pathologies (185). The maternal IgGs
are directed against Rhesus (Rh) antigens (RhD, RhC, RhE,
K, M, ...) expressed by fetal erythroid cells, and are either
self-reactive or have developed against fetal antigens during a
previous pregnancy. The ensuing destruction of red blood cells
induces anemia which in the worst cases results in perinatal
mortality and morbidity (186, 187). The prevalence of HDFN
caused by anti-Rh antibodies others than anti-RhD is 1 in 500
pregnancies (185).

IgG specific for platelet membrane glycoproteins may
also be transferred from the mothers to fetuses. Thus,
anti-platelet autoreactive IgGs develop in 1/500 pregnancy
leading to a disease called autoimmune thrombocytopenia
(188). Autoimmune thrombocytopenia is characterized by
a reduced quantity of platelets and the development of
mucocutaneous bleeding. Alternatively, 1 in 2,000 mothers
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develops alloantibodies directed against paternally derived
platelet antigens. Transplacentally delivered maternal anti-
platelet autoimmune or alloimmune IgGs target fetal platelets
causing the development of fetal thrombocytopenia which, in 1
or 20% of the cases, respectively, is severe and causes intracranial
hemorrhages (189, 190).

More anecdotical, the presence of autoreactive IgGs against
neuronal and glial proteins or of IgGs induced by maternal
infections has been associated with autism spectrum disorders
(191), although available epidemiologic data are too scarce to
confirm any association.

In the mice, the FcRn-mediated transfer of maternal IgE in the
form of IgE/IgG anti-IgE complexes has been associated with the
development of allergic disease (192, 193).

THERAPEUTIC VALUE OF
FcRn-MEDIATED DELIVERY

Increasing the Half-Life of Biological

Therapeutics

The capacity of the FcRn to extend the pharmacokinetics of
therapeutic molecules has been exploited in several instances. To
this end, therapeutic molecules are fused with the Fc fragment
of human IgG, human albumin or an albumin-binding domain.
The first Fc-fused molecule accepted by the FDA was a chimera
between the TNF receptor and the human Fcy and is used for
the treatment of rheumatoid arthritis (194). Nowadays, several
Fc-fused molecules are approved for clinical use, including
drugs for the treatment of immune thrombocytopenic purpura
(195), asthma, psoriasis, etc. [reviewed in Rath et al. (196)].
Notably, the Fc fusion technology has been used in the field
of hemophilia. The Fc fusion of coagulation factor XI and of
pro-coagulant factor VIII (FVIII), that have short intrinsic half-
lives, was shown to increase the half-life of the molecules in
the patients, thus, allowing the reduction of injection frequency
(68, 197). More recently, modifications of the CH2 and CH3
domains of the human Fcy by mutagenesis have allowed an
increase in the affinity for the FcRn and thus further extend
the pharmacokinetic of Fc-fused products (198-200). Of note,
targeting albumin (201-204) or using albumin-fusion technology
is also used in the case of coagulation factor IX for the treatment
of hemophilia B (205), as well as for biotherapeutics for the
treatment of diabetes (201, 206), cancer (202, 204) or rheumatoid
arthritis (207).

Saturation of The IgG Recycling Pathway

As explained earlier, the FcRn-dependent recycling pathway
is saturable. This property has been exploited as a strategy to
eliminate endogenous pathogenic IgGs. Historically the recycling
pathway was saturated with IVIG injected in large amounts.
IVIG compete with endogenous IgGs for the binding to the
FcRn, thus promoting their routing to the lysosomal degradation
pathway and lowering their levels in the circulation (208, 209).
Nevertheless, owing to the cumbersome procedures as well as
cost and possible side effects associated with IVIG treatment,
alternative therapies are being developed. Novel molecules,

referred to as “antibodies that enhance IgG degradation” or
“Abdegs” (210), that bind to the FcRn with a higher affinity
than IgG and in a pH-independent manner, have recently been
generated. Moreover, FcRn-blocking monoclonal antibodies,
such as Rozanolixizumab (211), SYNTO001 (212), M281
(213) and Efgartigimod (214) are currently in phase 2 or 3
clinical trials (NCT04200456, NCT03075878, NCT04119050,
NCT04225156). These molecules hold promise for the
treatment of IgG-mediated diseases such as systemic lupus
erythematosus, myasthenia gravis or immune thrombocytopenic
purpura (210, 215).

Shaping of The Immune System in The
Offspring

The capacity of maternal IgGs to cross the placenta during
pregnancy or the epithelial barrier during breastfeeding in an
active FcRn-dependent manner can be exploited to educate
the immune system of the offspring and confer protection
in several human pathologies such as asthma, type-1 diabetes
(T1D), hemophilia A (Figures 2B,C). Allergic asthma is one of
the most represented allergic diseases with, according to the
WHO, 235 million people affected (216). Allergic diseases have an
increased prevalence, particularly in developed countries owing
to changes in lifestyle (217) and environmental exposure during
early life (218). Asthma develops following the polarization
of CD4™ T cells toward a Th2 subtype, upon activation by
usually innocuous inhaled or ingested allergens. The secretion
of IL-4 by Th2 cells induces the differentiation of B cells into
plasma cells, which secrete allergen-specific IgE. IgE-allergen
immune complexes then interact with mast cells through the
FceR, leading to degranulation and release of vasoactive amines
(219). Asthma is characterized by a chronic inflammation of the
lungs and mucus accumulation, causing respiratory difficulties
(220, 221). During pregnancy, allergens inhaled or ingested
by the mother shape the immune system of the fetus (222).
Indeed, allergens contained in mothers’ diets were proposed to
cross the placenta and to be present in maternal milk (223).
As described in the case of passive protection conferred by
maternal IgG against infectious, breastfeeding protects children
against the development of asthma. Such a protection implicates
the transmission of the antigen in the form of IgG immune
complexes, in a FcRn-dependent manner leading to the induction
of active immune tolerance (224, 225). Importantly, for tolerance
to be induced, mothers have to be exposed to allergens during
the breastfeeding period (226-228). In the mouse, breastfeeding
by mothers sensitized to ovalbumin (OVA), used as a model
allergen, promotes a higher induction of tolerance in the progeny
than breastfeeding by non-sensitized mothers. Transmission
of the allergen from the mothers to the offspring induces
OVA-specific regulatory T cells (Tregs), which proliferate and
suppress Th2 responses in an allergen-specific manner (229,
230). Depletion of allergen-specific Tregs abolished protection
in the pups. Importantly, the induction of OVA-specific Tregs
was dependent on the transfer to babies through the FcRn of
allergen-IgG immune complexes contained in the breast milk,
as shown by the fact that FcRn-deficient mice breastfed by
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exposed mothers were not protected from the development
of asthma (229). Interestingly, the protection against allergens
conferred by breastfeeding is sustained beyond the elimination
of maternal IgG from the offspring circulation (229). Recent
studies show that following FcRn-mediated delivery of OVA-IgG
immune complexes, the allergens are internalized by neonatal
conventional DC (cDC) (230). While antigen-IgG immune
complexes may first be transferred through the placenta, transfer
of the allergen through maternal milk may be necessary to
get optimal protection. Whether the preventive administration
to human of allergen-containing IgG immune complexes may
reduce the incidence of asthma in individuals at risk remains to
be established.

Education of the fetus' or newborn’s immune system by
antigens delivered by maternal IgGs may occur spontaneously
as explained above. The intentional transplacental delivery of
disease-relevant antigens exploiting the FcRn as a Trojan
horse from the mothers’ circulation to the fetus was
recently validated in two experimental models of human
diseases: T1D and alloimmunization to therapeutic FVIII in
hemophilia A. Hemophilia A is a rare X-linked hemorrhagic
disorder characterized by the lack of functional pro-coagulant
FVIIL Bleedings are treated or prevented by the intravenous
administration of therapeutic FVIII. The main complication
in FVIII replacement therapy is the development of a specific
IgG-mediated neutralizing anti-FVIII immune response (231).
Several interventional strategies have been attempted in FVIII-
deficient mice, an animal model of severe hemophilia A, in
order to induce FVIII-specific immune tolerance (232). Among
these, we demonstrated that the injection to pregnant FVIII-KO
mice of the immunodominant A2 and C2 domains of FVIII
fused to mouse Fcyl allows the transplacental delivery of A2Fc
and C2Fc. The A2Fc and C2Fc were captured by SIRPa™
migratory conventional DCs (cDCs) and reached the fetal
thymus where they induced antigen-specific natural Tregs. The
immune response to exogenous FVIII was drastically reduced
following replacement therapy in offspring from A2Fc/C2Fc
treated mothers as compared to offspring from control
mothers (233).

T1D is a multifactorial autoimmune disease characterized by
the destruction of the insulin-producing {3 cells of the pancreas.
The incidence of TID is increasing with an estimate of 420
million individuals affected world-wide (234). Destruction of
8 cells by autoreactive T cells causes a deficiency in insulin
leading to glucose metabolism impairment. People with T1D may
develop blindness, heart attack, kidney failure, ... Insulin is one
of many self-antigens targeted by pathogenic T cells in T1D (235).
Using G9Ca~/~.NOD mice that express a transgenic TcR derived
from the insulin-reactive GOC8 CD8 T-cell clone and using NOD
mice, a model of spontaneous T1D development, Culina et al.
were able to delay the onset and reduce the incidence of T1D
in offspring from mothers injected with a preproinsulin (PPI)-
Fcyl fusion protein (236). As shown in the case of FVIII-Fc
fusion proteins, PPI-Fc injected during pregnancy was delivered
through the syncytiotrophoblast to the fetuses and was captured
by SIRPa™t migratory cDCs. Unexpectedly, the presence of the
antigen led to an increase in the recruitment of CD8" T cells

at the periphery, the cells were however less cytotoxic. The low
affinity of the TcR from G9C8 CD8™ T cells for its target peptide
allowed the induction of specific Tregs.

The capacity of FcRn to transfer maternal IgGs to the
baby’s circulation has also been exploited with the mere
objective of correcting congenital deficiencies in essential
enzymatic activities, referred to as lysosomal storage diseases.
Lysosomal storage diseases represent a large panel of pathologies
characterized by deficiencies in lysosomal enzymes that cause
the accumulation of non-digested proteins in the lysosomes
of various organs. The affected individuals develop variable
morbidities ranging from severe physical impairment to death.
Mucopolysaccharidoses (MPS) are members of lysosomal storage
diseases and are caused by deficiencies in enzymes involved
in the degradation of glycosaminoglycans in the lysosomes. In
particular, MPS VII is caused by a deficiency in B-glucuronidase
enzyme (GUS) (237). MPS are currently treated by intravenous
administration of the lacking enzymes (238-240). Enzyme
replacement therapy (ERT) is however hampered by the rapid
clearance of the therapeutic enzymes, and by the fact that large
amounts of enzymes are required to achieve a modest clearance
of the non-digested lysosomal proteins (241). Importantly, ERT is
also complicated by the development of neutralizing antibodies.
In 2008, Grubb et al. injected pregnant MPS mice with a Fc-fused
GUS enzyme. The GUS-Fc chimeric protein was transplacentally
delivered to the fetuses in a FcRn-dependent manner (242, 243).
After reaching the fetal circulation, the GUS-Fc distributed to
brain, liver, spleen, heart, kidneys, lungs and eyes where it was as
active as the native enzyme and resolved protein accumulation.
Whether the strategy was able to induce tolerance to GUS-Fc was
not reported, however.

CONCLUSIONS

The combination of a better understanding of the mechanisms
underlying the transplacental delivery of maternal IgGs with the
advent of the Fc-fusion technology is opening a novel therapeutic
field. Indeed, taking advantage of the FcRn-dependent materno-
fetal interface should lead in the near future to new therapies
to confer immune tolerance to antigenic targets of pathogenic
immune responses. Despite the promise hold by this strategy,
several challenges remain. While Fc-mediated transfer of antigen
induces long-lasting (i.e., tested until 7-8 weeks of age) immune
tolerance in preclinical mouse models, there is no data as
yet to suggest that the same is true in primates, and it
is adventurous to anticipate the long-term effects on the
immune system of the offspring, notably in organisms with
longer life expectancies. In addition, questions related to the
dose of Fc-fused antigens to be injected to the pregnant
mothers and optimal time-window for administration remain to
be addressed.

Another aspect relates to the identification of the patients who
will benefit from such preventive treatments. For instance, in the
case of hemophilia A, 5-30% of the patients develop neutralizing
anti-FVIII IgGs (244). Several risk factors have been identified as
increasing the probability for a patient to develop allo-antibodies
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to therapeutic FVIII (ie., disease severity, polymorphisms in
immune genes, ability to control inflammatory and immune
responses) (244). Yet, it is nowadays impossible to discriminate
with certainty patients who will develop neutralizing anti-
FVIII IgGs from those who will not. Among patients with
the highest risk, the odds would be to treat three patients to
prevent the pathogenic immune response that should develop
in one of them. The situation is obviously less favorable in
the case of diseases, the onset of which is more complicated
to predict than alloimmunization to therapeutic FVIII in
hemophilia A, such as T1D, or for which the target antigen is
not known.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Wang Y. Colloquium

. Rodewald R.

. Brambell FWR, Halliday R, Brierley J, Hemmings WA. Transference

of passive immunity from mother to young. Lancet. (1954) 266:964—
5. doi: 10.1016/s0140-6736(54)91571-8

series on integrated
from molecule to function. Vascular  Biol

2:1-98. doi: 10.4199/C00016ED1V01Y201008ISP009

systems  physiology:
Placenta.  (2010)

. Brambell FW, Hemmings WA, Morris IG. A theoretical model of gamma-

globulin catabolism. Nature. (1964) 203:1352-4. doi: 10.1038/2031352a0

. Rodewald R. Intestinal transport of antibodies in the newborn rat. J Cell Biol.

(1973) 58:189-211. doi: 10.1083/jcb.58.1.189

. Abrahamson DR, Rodewald R. Evidence for the sorting of endocytic vesicle

contents during the receptor-mediated transport of IgG across the newborn
rat intestine. J Cell Biol. (1981) 91:270-80. doi: 10.1083/jcb.91.1.270

. Kristoffersen EK, Matre R. Co-localization of the neonatal Fc gamma

receptor and IgG in human placental term syncytiotrophoblasts. Eur |
Immunol. (1996) 26:1668-71. doi: 10.1002/ji.1830260741

. Roberts DM, Guenthert M, Rodewald R. Isolation and characterization

of the Fc receptor from the fetal yolk sac of the rat. J Cell Biol. (1990)
111:1867-76. doi: 10.1083/jcb.111.5.1867

Distribution  of immunoglobulin G
in the small intestine of the young rat. ] Cell Biol
85:18-32. doi: 10.1083/jcb.85.1.18

receptors
(1980)

. Simister NE, Mostov KE. An Fc receptor structurally related to MHC class I

antigens. Nature. (1989) 337:184-7. doi: 10.1038/337184a0

Dickinson BL, Badizadegan K, Wu Z, Ahouse JC, Zhu X, Simister NE,
et al. Bidirectional FcRn-dependent IgG transport in a polarized human
intestinal epithelial cell line. J Clin Invest. (1999) 104:903-11. doi: 10.1172/]JC
16968

Leach L, Eaton BM, Firth JA, Contractor SF. Uptake and intracellular
routing of peroxidase-conjugated immunoglobulin-G by the perfused
human placenta. Cell Tissue Res. (1990) 261:383-8. doi: 10.1007/bf003
18681

Leach L, Eaton BM, Firth JA, Contractor SF. Immunocytochemical
and labelled tracer approaches to uptake and intracellular routing of
immunoglobulin-G (IgG) in the human placenta. Histochem J. (1991)
23:444-9. doi: 10.1007/bf01041374

Rodewald R. pH-dependent binding of immunoglobulins to intestinal cells
of the neonatal rat. J Cell Biol. (1976) 71:666-9. doi: 10.1083/jcb.71.2.666
Simister NE, Rees AR. Isolation and characterization of an Fc receptor
from neonatal rat small intestine. Eur ] Immunol. (1985) 15:733-
8. doi: 10.1002/€ji.1830150718

Story CM, Mikulska JE, Simister NE. A major histocompatibility complex
class I-like Fc receptor cloned from human placenta: possible role in transfer
of immunoglobulin G from mother to fetus. ] Exp Med. (1994) 180:2377-
81. doi: 10.1084/jem.180.6.2377

Leach JL, Sedmak DD, Osborne JM, Rahill B, Lairmore MD, Anderson
CL. Isolation from human placenta of the IgG transporter, FcRn, and
localization to the syncytiotrophoblast: implications for maternal-fetal
antibody transport. ] Immunol. (1996) 157:3317-22.

AUTHOR CONTRIBUTIONS

AM, JD, SK, JB, and SL-D: prepared outline of the review. AM,
SD, IP, VD, ML, JB, and SL-D: wrote the review. AM and SL-D:
draw figures.

FUNDING

This work was supported by INSERM, Centre National de la
Recherche Scientifique and Sorbonne Université (Paris, France)
and by grants from Agence Nationale de la Recherche (ANR-10-
BLAN-1118 and ANR-18-CE17-0010).

20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31.

32.

. Vaughn DE,

. Martin WL, West AP, Gan L, Bjorkman PJ. Crystal structure at 2.8 & of

an fcrn/heterodimeric fc complex: mechanism of ph-dependent binding.
Molecular Cell. (2001) 7:867-77. doi: 10.1016/S1097-2765(01)00230-1

. Burmeister WP, Gastinel LN, Simister NE, Blum ML, Bjorkman PJ. Crystal

structure at 2.2 A resolution of the MHC-related neonatal Fc receptor.
Nature. (1994) 372:336-43. doi: 10.1038/372336a0
Bjorkman PJ. Structural basis
antibody binding by the neonatal Fc receptor.
6:63-73. doi: 10.1016/50969-2126(98)00008-2

West AP, Bjorkman PJ. Crystal structure and immunoglobulin G binding
properties of the human major histocompatibility complex-related Fc
receptor(,). Biochemistry. (2000) 39:9698-708. doi: 10.1021/bi000749m
Burmeister WP, Huber AH, Bjorkman PJ. Crystal structure of the
complex of rat neonatal Fc receptor with Fc. Nature. (1994) 372:379-
83. doi: 10.1038/372379a0

Ahouse JJ, Hagerman CL, Mittal P, Gilbert D], Copeland NG, Jenkins NA,
et al. Mouse MHC class I-like Fc receptor encoded outside the MHC. |
Immunol. (1993) 151:6076-88.

Kandil E, Egashira M, Miyoshi O, Niikawa N, Ishibashi T, Kasahara M, et al.
The human gene encoding the heavy chain of the major histocompatibility
complex class I-like Fc receptor (FCGRT) maps to 19q13.3. Cytogenet Cell
Genet. (1996) 73:97-8. doi: 10.1159/000134316

Mikulska JE, Pablo L, Canel J, Simister NE. Cloning and analysis of the
gene encoding the human neonatal Fc receptor. Eur ] Immunogenet. (2000)
27:231-40. doi: 10.1046/j.1365-2370.2000.00225.x

Praetor A, Hunziker W. beta(2)-Microglobulin is important for cell surface
expression and pH-dependent IgG binding of human FcRn. J Cell Sci.
(2002) 115:2389-97.

Israel EJ, Patel VK, Taylor SE, Marshak-Rothstein A, Simister NE.
Requirement for a beta 2-microglobulin-associated Fc receptor for
acquisition of maternal IgG by fetal and neonatal mice. J Immunol.
(1995) 154:6246-51.

Kim ], Mohanty S, Ganesan LP, Hua K, Jarjoura D, Hayton WL, et al. FcRn
in the yolk sac endoderm of mouse is required for IgG transport to fetus. J
Immunol. (2009) 182:2583-9. doi: 10.4049/jimmunol.0803247

of pH-dependent
Structure. (1998)

. Martin MG, Wu SV, Walsh JH. Ontogenetic development and distribution

of antibody transport and Fc receptor mRNA expression in rat intestine. Dig
Dis Sci. (1997) 42:1062-9. doi: 10.1023/a:1018853506830

Gill RK, Mahmood S, Sodhi CP, Nagpaul JP, Mahmood A. IgG binding and
expression of its receptor in rat intestine during postnatal development.
Indian ] Biochem Biophys. (1999) 36:252-7.

Blumberg RS, Koss T, Story CM, Barisani D, Polischuk J, Lipin A, et al. A
major histocompatibility complex class I-related Fc receptor for IgG on rat
hepatocytes. J Clin Invest. (1995) 95:2397-402. doi: 10.1172/JCI117934
Akilesh S, Christianson GJ, Roopenian DC, Shaw AS. Neonatal
FcR expression in bone marrow-derived cells functions to protect
serum IgG  from catabolism. ] Immunol. (2007) 179:4580-
8. doi: 10.4049/jimmunol.179.7.4580

Latvala S, Jacobsen B, Otteneder MB, Herrmann A, Kronenberg S.
Distribution of FcRn across species and tissues. ] Histochem Cytochem. (2017)
65:321-33. doi: 10.1369/0022155417705095

Frontiers in Immunology | www.frontiersin.org

10

May 2020 | Volume 11 | Article 810


https://doi.org/10.1016/s0140-6736(54)91571-8
https://doi.org/10.4199/C00016ED1V01Y201008ISP009
https://doi.org/10.1038/2031352a0
https://doi.org/10.1083/jcb.58.1.189
https://doi.org/10.1083/jcb.91.1.270
https://doi.org/10.1002/eji.1830260741
https://doi.org/10.1083/jcb.111.5.1867
https://doi.org/10.1083/jcb.85.1.18
https://doi.org/10.1038/337184a0
https://doi.org/10.1172/JCI6968
https://doi.org/10.1007/bf00318681
https://doi.org/10.1007/bf01041374
https://doi.org/10.1083/jcb.71.2.666
https://doi.org/10.1002/eji.1830150718
https://doi.org/10.1084/jem.180.6.2377
https://doi.org/10.1016/S1097-2765(01)00230-1
https://doi.org/10.1038/372336a0
https://doi.org/10.1016/s0969-2126(98)00008-2
https://doi.org/10.1021/bi000749m
https://doi.org/10.1038/372379a0
https://doi.org/10.1159/000134316
https://doi.org/10.1046/j.1365-2370.2000.00225.x
https://doi.org/10.4049/jimmunol.0803247
https://doi.org/10.1023/a:1018853506830
https://doi.org/10.1172/JCI117934
https://doi.org/10.4049/jimmunol.179.7.4580
https://doi.org/10.1369/0022155417705095
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mimoun et al.

FcRn and Induction of Immune Tolerance

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Li T, Balthasar JP. FcRn expression in wildtype mice, transgenic mice, and in
human tissues. Biomolecules. (2018) 8:115. doi: 10.3390/biom8040115

Israel EJ, Taylor S, Wu Z, Mizoguchi E, Blumberg RS, Bhan A, et al.
Expression of the neonatal Fc receptor, FcRn, on human intestinal epithelial
cells. Immunology. (1997) 92:69-74. doi: 10.1046/j.1365-2567.1997.00326.x
Simister NE, Story CM, Chen HL, Hunt JS. An IgG-transporting Fc receptor
expressed in the syncytiotrophoblast of human placenta. Eur J Immunol.
(1996) 26:1527-31. doi: 10.1002/eji.1830260718

Leitner K, Ellinger A, Zimmer K-P, Ellinger I, Fuchs R. Localization
of beta 2-microglobulin in the term villous syncytiotrophoblast.
Histochem Cell Biol. (2002) 117:187-93. doi: 10.1007/s00418-001-
0366-y

Antohe E Radulescu L, Gafencu A, Ghetie V, Simionescu M. Expression
of functionally active FcRn and the differentiated bidirectional transport
of IgG in human placental endothelial cells. Hum Immunol. (2001) 62:93—
105. doi: 10.1016/s0198-8859(00)00244-5

Kiskova T, Mytsko Y, Schepelmann M, Helmer H, Fuchs R, Miedl H,
et al. Expression of the neonatal Fc-receptor in placental-fetal endothelium
and in cells of the placental immune system. Placenta. (2019) 78:36-
43. doi: 10.1016/j.placenta.2019.02.012

Cianga P, Medesan C, Richardson JA, Ghetie V, Ward ES. Identification
and function of neonatal Fc receptor in mammary gland of lactating
mice. Eur ] Immunol. (1999) 29:2515-23. doi: 10.1002/(SICI)1521-
4141(199908)29:08<2515::AID-IMMU2515>3.0.CO;2-D

Kobayashi N, Suzuki Y, Tsuge T, Okumura K, Ra C, Tomino Y. FcRn-
mediated transcytosis of immunoglobulin G in human renal proximal
tubular epithelial cells. Am ] Physiol Renal Physiol. (2002) 282:F358-
65. doi: 10.1152/ajprenal.0164.2001

Zhu X, Meng G, Dickinson BL, Li X, Mizoguchi E, Miao L, et al. MHC
class I-related neonatal Fc receptor for IgG is functionally expressed in
monocytes, intestinal macrophages, and dendritic cells. J Immunol. (2001)
166:3266-76. doi: 10.4049/jimmunol.166.5.3266

Vidarsson G, Stemerding AM, Stapleton NM, Spliethoff SE, Janssen H,
Rebers FE, et al. FcRn: an IgG receptor on phagocytes with a novel
role in phagocytosis. Blood. (2006) 108:3573. doi: 10.1182/blood-2006-05-
024539

Montoyo HP, Vaccaro C, Hafner M, Ober RJ, Mueller W, Ward ES.
Conditional deletion of the MHC class I-related receptor FcRn reveals the
sites of IgG homeostasis in mice. Proc Natl Acad Sci USA. (2009) 106:2788-
93. doi: 10.1073/pnas.0810796106

Tiwari B, Junghans RP. Functional analysis of
Fcgrt 5 proximal promoter. Biochim  Biophys
1681:88-98. doi: 10.1016/j.bbaexp.2004.10.002

Gregg AR, Weiner CP. “Normal” umbilical arterial
acid-base and blood gas values. Clin Obstet Gynecol.
36:24-32. doi: 10.1097/00003081-199303000-00006

Jones EA, Waldmann TA. The mechanism of intestinal uptake and
transcellular transport of IgG in the neonatal rat. J Clin Invest. (1972)
51:2916-27. doi: 10.1172/JCI107116

Balfour AH, Jones EA. The binding of plasma proteins to human placental
cell membranes. Clin Sci Mol Med. (1977) 52:383-94.

Watabe H, Gitlin JI, Gitlin D. Further characterization of IgG
receptors from human placenta. ] Biochem. (1980) 87:393-
7. doi: 10.1093/oxfordjournals.jbchem.a132759

Rodewald R, Kraehenbuhl JP. Receptor-mediated transport of IgG. J Cell
Biol. (1984) 99:159s—64. doi: 10.1083/jcb.99.1.159s

Raghavan M, Gastinel LN, Bjorkman P]. The class I major histocompatibility
complex related Fc receptor shows pH-dependent stability differences
correlating with immunoglobulin binding and release. Biochemistry. (1993)
32:8654-60. doi: 10.1021/bi00084a037

Medesan C, Matesoi D, Radu C, Ghetie V, Ward ES. Delineation of the
amino acid residues involved in transcytosis and catabolism of mouse IgG1.
J Immunol. (1997) 158:2211-7.

Kabat EA, Wu T'T, Perry HM, Foeller C, Gottesman KS. Sequences of Proteins
of Immunological Interest. Bethesda, MD: DIANE Publishing (1992).

Shields RL, Namenuk AK, Hong K, Meng YG, Rae ], Briggs ], et al. High
resolution mapping of the binding site on human IgG1 for Fc gamma RI,
Fc gamma RII, Fc gamma RIII, and FcRn and design of IgGl variants

the
Acta.

mouse
(2005)

and venous
(1993)

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

with improved binding to the Fc gamma R. ] Biol Chem. (2001) 276:6591-
604. doi: 10.1074/jbc.M009483200

Kim JK, Tsen MF, Ghetie V, Ward ES. Localization of the site of the murine
IgGl molecule that is involved in binding to the murine intestinal Fc
receptor. Eur ] Immunol. (1994) 24:2429-34. doi: 10.1002/eji.1830241025
Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes:
from structure to effector functions. Front Immunol. (2014)
5:520. doi: 10.3389/fimmu.2014.00520

Kim JK, Firan M, Radu CG, Kim CH, Ghetie V, Ward ES. Mapping
the site on human IgG for binding of the MHC class I-related receptor,
FcRn. Eur ] Immunol. (1999) 29:2819-25. doi: 10.1002/(SICI)1521-
4141(199909)29:09<2819::AID-IMMU2819>3.0.CO;2-6

Mathiesen L, Nielsen LK, Andersen JT, Grevys A, Sandlie I,
Michaelsen TE, et al. Maternofetal transplacental transport of
recombinant IgG antibodies lacking effector functions. Blood. (2013)
122:1174-81. doi: 10.1182/blood-2012-12-473843

Malek A.  Ex placenta
immunoglobulin G and its subclasses.
4. doi: 10.1016/50264-410x(03)00333-5
Stapleton NM, Andersen JT, Stemerding AM, Bjarnarson SP, Verheul RC,
Gerritsen ], et al. Competition for FcRn-mediated transport gives rise to
short half-life of human IgG3 and offers therapeutic potential. Nat Commun.
(2011) 2:599. doi: 10.1038/ncomms1608

Stapleton NM, Armstrong-Fisher SS, Andersen JT, van der Schoot CE, Porter
C, Page KR, et al. Human IgG lacking effector functions demonstrate lower
FcRn-binding and reduced transplacental transport. Mol Immunol. (2018)
95:1-9. doi: 10.1016/j.molimm.2018.01.006

Wang W, Lu P, Fang Y, Hamuro L, Pittman T, Carr B, et al. Monoclonal
antibodies with identical Fc sequences can bind to FcRn differentially
with pharmacokinetic consequences. Drug Metab Dispos. (2011) 39:1469-
477. doi: 10.1124/dmd.111.039453

Schlothauer T, Rueger P, Stracke JO, Hertenberger H, Fingas F, Kling L,
etal. Analytical FcRn affinity chromatography for functional characterization
of monoclonal antibodies. MAbs. (2013) 5:576-86. doi: 10.4161/mabs.
24981

Piche-Nicholas NM, Avery LB, King AC, Kavosi M, Wang M, O’Hara DM,
et al. Changes in complementarity-determining regions significantly alter
IgG binding to the neonatal Fc receptor (FcRn) and pharmacokinetics. MAbs.
(2018) 10:81-94. doi: 10.1080/19420862.2017.1389355

Jennewein ME, Goldfarb I, Dolatshahi S, Cosgrove C, Noelette FJ, Krykbaeva
M, et al. Fc glycan-mediated regulation of placental antibody transfer. Cell.
(2019) 178:202-15.e14. doi: 10.1016/j.cell.2019.05.044

Martinez DR, Fong Y, Li SH, Yang F, Jennewein MF, Weiner JA, et al. Fc
characteristics mediate selective placental transfer of IgG in HIV-infected
women. Cell. (2019) 178:190-201.e11. doi: 10.1016/j.cell.2019.05.046

Jansen BC, Bondt A, Reiding KR, Scherjon SA, Vidarsson G, Wuhrer
M. MALDI-TOF-MS reveals differential N-linked plasma- and IgG-
glycosylation profiles between mothers and their newborns. Sci Rep. (2016)
6:34001. doi: 10.1038/srep34001

Ober RJ, Radu CG, Ghetie V, Ward ES. Differences in promiscuity for
antibody-FcRn interactions across species: implications for therapeutic
antibodies. Int Immunol. (2001) 13:1551-9. doi: 10.1093/intimm/13.12.1551
Dumont JA, Liu T, Low SC, Zhang X, Kamphaus G, Sakorafas
P, et al. Prolonged activity of a recombinant factor VIII-Fc fusion
protein in hemophilia A mice and dogs. Blood. (2012) 119:3024-
30. doi: 10.1182/blood-2011-08-367813

Chaudhury C, Mehnaz S, Robinson JM, Hayton WL, Pear] DK, Roopenian
DC, et al. The major histocompatibility complex-related Fc receptor for
IgG (FcRn) binds albumin and prolongs its lifespan. J Exp Med. (2003)
197:315-22. doi: 10.1084/jem.20021829

Andersen JT, Cameron ], Plumridge A, Evans L, Sleep D, Sandlie I. Single-
chain variable fragment albumin fusions bind the neonatal Fc receptor
(FcRn) in a species-dependent manner: implications for in vivo half-life
evaluation of albumin fusion therapeutics. J Biol Chem. (2013) 288:24277-
85. doi: 10.1074/jbc.M113.463000

Nilsen J, Bern M, Sand KMK, Grevys A, Dalhus B, Sandlie I, et al. Human
and mouse albumin bind their respective neonatal Fc receptors differently.
Sci Rep. (2018) 8:1-12. doi: 10.1038/541598-018-32817-0

vivo human models:  transport  of

Vaccine. (2003) 21:3362-

Frontiers in Immunology | www.frontiersin.org

11

May 2020 | Volume 11 | Article 810


https://doi.org/10.3390/biom8040115
https://doi.org/10.1046/j.1365-2567.1997.00326.x
https://doi.org/10.1002/eji.1830260718
https://doi.org/10.1007/s00418-001-0366-y
https://doi.org/10.1016/s0198-8859(00)00244-5
https://doi.org/10.1016/j.placenta.2019.02.012
https://doi.org/10.1002/(SICI)1521-4141(199908)29:08<2515::AID-IMMU2515>3.0.CO;2-D
https://doi.org/10.1152/ajprenal.0164.2001
https://doi.org/10.4049/jimmunol.166.5.3266
https://doi.org/10.1182/blood-2006-05-024539
https://doi.org/10.1073/pnas.0810796106
https://doi.org/10.1016/j.bbaexp.2004.10.002
https://doi.org/10.1097/00003081-199303000-00006
https://doi.org/10.1172/JCI107116
https://doi.org/10.1093/oxfordjournals.jbchem.a132759
https://doi.org/10.1083/jcb.99.1.159s
https://doi.org/10.1021/bi00084a037
https://doi.org/10.1074/jbc.M009483200
https://doi.org/10.1002/eji.1830241025
https://doi.org/10.3389/fimmu.2014.00520
https://doi.org/10.1002/(SICI)1521-4141(199909)29:09<2819::AID-IMMU2819>3.0.CO;2-6
https://doi.org/10.1182/blood-2012-12-473843
https://doi.org/10.1016/s0264-410x(03)00333-5
https://doi.org/10.1038/ncomms1608
https://doi.org/10.1016/j.molimm.2018.01.006
https://doi.org/10.1124/dmd.111.039453
https://doi.org/10.4161/mabs.24981
https://doi.org/10.1080/19420862.2017.1389355
https://doi.org/10.1016/j.cell.2019.05.044
https://doi.org/10.1016/j.cell.2019.05.046
https://doi.org/10.1038/srep34001
https://doi.org/10.1093/intimm/13.12.1551
https://doi.org/10.1182/blood-2011-08-367813
https://doi.org/10.1084/jem.20021829
https://doi.org/10.1074/jbc.M113.463000
https://doi.org/10.1038/s41598-018-32817-0
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mimoun et al.

FcRn and Induction of Immune Tolerance

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Ellinger I, Schwab M, Stefanescu A, Hunziker W, Fuchs R. IgG transport
across trophoblast-derived BeWo cells: a model system to study IgG
transport in the placenta. Eur J Immunol. (1999) 29:733-44. doi: 10.1002/
(SICI)1521-4141(199903)29:03<733::AID-IMMU733>3.0.CO;2-C
McCarthy KM, Yoong Y, Simister NE. Bidirectional transcytosis of IgG by
the rat neonatal Fc receptor expressed in a rat kidney cell line: a system to
study protein transport across epithelia. J Cell Sci. (2000) 113:1277-85.

Ober RJ, Martinez C, Lai X, Zhou J, Ward ES. Exocytosis of IgG as mediated
by the receptor, FcRn: an analysis at the single-molecule level. Proc Natl Acad
Sci USA. (2004) 101:11076-81. doi: 10.1073/pnas.0402970101

He W, Ladinsky MS, Huey-Tubman KE, Jensen GJ, McIntosh JR, Bjorkman
PJ. FcRn-mediated antibody transport across epithelial cells revealed by
electron tomography. Nature. (2008) 455:542-6. doi: 10.1038/nature07255
Ward ES, Zhou J, Ghetie V, Ober R]. Evidence to support the cellular
mechanism involved in serum IgG homeostasis in humans. Int Immunol.
(2003) 15:187-95. doi: 10.1093/intimm/dxg018

Ober RJ, Martinez C, Vaccaro C, Zhou J, Ward ES. Visualizing the site
and dynamics of IgG salvage by the MHC class I-related receptor, FcRn. |
Immunol. (2004) 172:2021-9. doi: 10.4049/jimmunol.172.4.2021

Ward ES, Martinez C, Vaccaro C, Zhou J, Tang Q, Ober R]. From sorting
endosomes to exocytosis: association of Rab4 and Rabll GTPases with
the Fc receptor, FcRn, during recycling. Mol Biol Cell. (2005) 16:2028—
38. doi: 10.1091/mbc.e04-08-0735

Simister NE. Placental transport of immunoglobulin G. Vaccine. (2003)
21:3365-9. doi: 10.1016/50264-410x(03)00334-7

Gitlin D, Boesman M. Serum alpha-fetoprotein, albumin, and gamma-
G-globulin in the human conceptus. J Clin Invest. (1966) 45:1826-
38. doi: 10.1172/JCI105486
Malek A, Sager R, Kuhn
Evolution  of  maternofetal  transport  of
during human pregnancy. Am ] Reprod
36:248-55. doi: 10.1111/j.1600-0897.1996.tb00172.x
Malek A, Sager R, Schneider H. Maternal-fetal transport of immunoglobulin
G and its subclasses during the third trimester of human pregnancy. Am |
Reprod Immunol. (1994) 32:8-14. doi: 10.1111/j.1600-0897.1994.tb00873.x
Kohler PE Farr RS. Elevation of cord over maternal IgG immunoglobulin:
evidence for an active placental IgG transport. Nature. (1966) 210:1070-
1. doi: 10.1038/2101070a0

Longsworth LG, Curtis RM, Pembroke RH. The electrophoretic analysis
of maternal and fetal plasmas and sera. J Clin Invest. (1945) 24:46-
53. doi: 10.1172/JCI101577

Ellery PM, Cindrova-Davies T, Jauniaux E, Ferguson-Smith AC, Burton
GJ. Evidence for transcriptional activity in the syncytiotrophoblast of the
human placenta. Placenta. (2009) 30:329-34. doi: 10.1016/j.placenta.2009.
01.002

Appleby P, Catty D. Transmission of immunoglobulin to foetal and neonatal
mice. ] Reprod Immunol. (1983) 5:203-13.

Halliday R. Prenatal and postnatal transmission of passive immunity to
young rats. Proc R Soc Lond B Biol Sci. (1955) 144:427-30.

Halliday R. The absorption of antibodies from immune sera by the gut of the
young rat. Proc R Soc Lond B Biol Sci. (1955) 143:408-13.

Tapia MD, Sow SO, Tamboura B, Tégueté I, Pasetti MF, Kodio M, et al.
Maternal immunisation with trivalent inactivated influenza vaccine for
prevention of influenza in infants in mali: a prospective, active-controlled,
observer-blind, randomised phase 4 trial. Lancet Infect Dis. (2016) 16:1026-
35. doi: 10.1016/S1473-3099(16)30054-8

Benowitz I, Esposito DB, Gracey KD, Shapiro ED, Vazquez M. Influenza
vaccine given to pregnant women reduces hospitalization due to influenza
in their infants. Clin Infect Dis. (2010) 51:1355-61. doi: 10.1086/6
57309

Van Savage J, Decker MD, Edwards KM, Sell SH, Karzon DT. Natural history
of pertussis antibody in the infant and effect on vaccine response. J Infect Dis.
(1990) 161:487-92. doi: 10.1093/infdis/161.3.487

Nicoara C, Zich K, Trachsel D, Germann D, Matter L. Decay of passively
acquired maternal antibodies against measles, mumps, and rubella viruses.
Clin Diagn Lab Immunol. (1999) 6:868-71.

van den Berg JP, Westerbeek EA, van der Klis FR, Berbers GA, van
Elburg RM. Transplacental transport of IgG antibodies to preterm

Schneider H.
immunoglobulins
(1996)

P, Nicolaides KH,

Immunol.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

infants: a review of the literature. Early Hum Dev. (2011) 87:67-
72. doi: 10.1016/j.earlhumdev.2010.11.003

Forsyth K, Plotkin S, Tan T, Wirsing von Konig CH. Strategies to
decrease pertussis transmission to infants. Pediatrics. (2015) 135:e1475-
82. doi: 10.1542/peds.2014-3925

Englund JA, Glezen WP, Turner C, Harvey ], Thompson C, Siber GR.
Transplacental antibody transfer following maternal immunization with
polysaccharide and conjugate haemophilus influenzae type b vaccines. J
Infect Dis. (1995) 171:99-105. doi: 10.1093/infdis/171.1.99

Fu C, Lu L, Wu H, Shaman ], Cao Y, Fang F et al. Placental antibody
transfer efficiency and maternal levels: specific for measles, coxsackievirus
A16, enterovirus 71, poliomyelitis I-IIT and HIV-1 antibodies. Sci Rep. (2016)
6:38874. doi: 10.1038/srep38874

Palmeira P, Quinello C, Silveira-Lessa AL, Zago CA, Carneiro-Sampaio M.
IgG placental transfer in healthy and pathological pregnancies. Clin Dev
Immunol. (2012) 2012:985646. doi: 10.1155/2012/985646

Spiegelberg HL, Weigle WO. The catabolism of homologous and
heterologous 7s gamma globulin fragments. J Exp Med. (1965) 121:323-
38. doi: 10.1084/jem.121.3.323

Vieira P, Rajewsky K. The half-lives of serum immunoglobulins in adult mice.
Eur ] Immunol. (1988) 18:313-6. doi: 10.1002/eji.1830180221

Brambell FW. The transmission of immunity from mother to
young and the catabolism of immunoglobulins. Lancet. (1966)
2:1087-93. doi: 10.1016/s0140-6736(66)92190-8

Israel EJ, Wilsker DE Hayes KC, Schoenfeld D, Simister
NE. Increased clearance of IgG in mice that lack beta 2-
microglobulin: possible protective role of FcRn. Immunology. (1996)
89:573-8. doi: 10.1046/j.1365-2567.1996.d01-775.x

Ghetie V, Hubbard JG, Kim JK, Tsen ME Lee Y, Ward ES. Abnormally
short serum half-lives of IgG in beta 2-microglobulin-deficient mice. Eur ]
Immunol. (1996) 26:690-6. doi: 10.1002/€ji.1830260327

Junghans RP, Anderson CL. The protection receptor for IgG catabolism is the
beta2-microglobulin-containing neonatal intestinal transport receptor. Proc
Natl Acad Sci USA. (1996) 93:5512-6. doi: 10.1073/pnas.93.11.5512
Roopenian DC, Christianson GJ, Sproule TJ, Brown AC, Akilesh S, Jung N,
et al. The MHC class I-like IgG receptor controls perinatal IgG transport,
IgG homeostasis, and fate of IgG-Fc-coupled drugs. J Immunol. (2003)
170:3528-33. doi: 10.4049/jimmunol.170.7.3528

Borvak J, Richardson J, Medesan C, Antohe F Radu C, Simionescu
M, et al. Functional expression of the MHC class I-related receptor,
FcRn, in endothelial cells of mice. Int Immunol. (1998) 10:1289-
98. doi: 10.1093/intimm/10.9.1289

Challa DK, Wang X, Montoyo HP, Velmurugan R, Ober RJ, Ward ES.
Neonatal Fc receptor expression in macrophages is indispensable for IgG
homeostasis. MAbs. (2019) 11:848-60. doi: 10.1080/19420862.2019.1602459
Kim JK, Tsen MF, Ghetie V, Ward ES. Identifying amino acid residues
that influence plasma clearance of murine IgG1 fragments by site-directed
mutagenesis. Eur ] Immunol. (1994) 24:542-8. doi: 10.1002/¢ji.1830240308
Kim JK, Tsen MF, Ghetie V, Ward ES. Catabolism of the murine IgG1
molecule: evidence that both CH2-CH3 domain interfaces are required for
persistence of IgGl in the circulation of mice. Scand J Immunol. (1994)
40:457-65. doi: 10.1111/j.1365-3083.1994.tb03488.x

Qiao S-W, Kobayashi K, Johansen F-E, Sollid LM, Andersen JT, Milford E,
et al. Dependence of antibody-mediated presentation of antigen on FcRn.
Proc Natl Acad Sci USA. (2008) 105:9337-42. doi: 10.1073/pnas.0801717105
Baker K, Qiao S-W, Kuo TT, Aveson VG, Platzer B, Andersen J-T, et al.
Neonatal Fc receptor for IgG (FcRn) regulates cross-presentation of IgG
immune complexes by CD8-CD11b+ dendritic cells. Proc Natl Acad Sci
USA. (2011) 108:9927-32. doi: 10.1073/pnas.1019037108

Baker K, Rath T, Lencer WI, Fiebiger E, Blumberg RS. Cross-presentation
of IgG-containing immune complexes. Cell Mol Life Sci. (2013) 70:1319-
34. doi: 10.1007/s00018-012-1100-8

Yoshida M, Claypool SM, Wagner JS, Mizoguchi E, Mizoguchi A, Roopenian
DC, et al. Human neonatal Fc receptor mediates transport of IgG into
luminal secretions for delivery of antigens to mucosal dendritic cells.
Immunity. (2004) 20:769-83. doi: 10.1016/j.immuni.2004.05.007

Yoshida M, Masuda A, Kuo TT, Kobayashi K, Claypool SM, Takagawa T,
et al. IgG transport across mucosal barriers by neonatal Fc receptor for

Frontiers in Immunology | www.frontiersin.org

12

May 2020 | Volume 11 | Article 810


https://doi.org/10.1002/(SICI)1521-4141(199903)29:03<733::AID-IMMU733>3.0.CO;2-C
https://doi.org/10.1073/pnas.0402970101
https://doi.org/10.1038/nature07255
https://doi.org/10.1093/intimm/dxg018
https://doi.org/10.4049/jimmunol.172.4.2021
https://doi.org/10.1091/mbc.e04-08-0735
https://doi.org/10.1016/s0264-410x(03)00334-7
https://doi.org/10.1172/JCI105486
https://doi.org/10.1111/j.1600-0897.1996.tb00172.x
https://doi.org/10.1111/j.1600-0897.1994.tb00873.x
https://doi.org/10.1038/2101070a0
https://doi.org/10.1172/JCI101577
https://doi.org/10.1016/j.placenta.2009.01.002
https://doi.org/10.1016/S1473-3099(16)30054-8
https://doi.org/10.1086/657309
https://doi.org/10.1093/infdis/161.3.487
https://doi.org/10.1016/j.earlhumdev.2010.11.003
https://doi.org/10.1542/peds.2014-3925
https://doi.org/10.1093/infdis/171.1.99
https://doi.org/10.1038/srep38874
https://doi.org/10.1155/2012/985646
https://doi.org/10.1084/jem.121.3.323
https://doi.org/10.1002/eji.1830180221
https://doi.org/10.1016/s0140-6736(66)92190-8
https://doi.org/10.1046/j.1365-2567.1996.d01-775.x
https://doi.org/10.1002/eji.1830260327
https://doi.org/10.1073/pnas.93.11.5512
https://doi.org/10.4049/jimmunol.170.7.3528
https://doi.org/10.1093/intimm/10.9.1289
https://doi.org/10.1080/19420862.2019.1602459
https://doi.org/10.1002/eji.1830240308
https://doi.org/10.1111/j.1365-3083.1994.tb03488.x
https://doi.org/10.1073/pnas.0801717105
https://doi.org/10.1073/pnas.1019037108
https://doi.org/10.1007/s00018-012-1100-8
https://doi.org/10.1016/j.immuni.2004.05.007
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mimoun et al.

FcRn and Induction of Immune Tolerance

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

IgG and mucosal immunity. Springer Semin Immunopathol. (2006) 28:397—
403. doi: 10.1007/s00281-006-0054-z

Yoshida M, Kobayashi K, Kuo TT, Bry L, Glickman JN, Claypool SM,
et al. Neonatal Fc receptor for IgG regulates mucosal immune responses to
luminal bacteria. J Clin Invest. (2006) 116:2142-51. doi: 10.1172/JCI27821
Kragh-Hansen  U. practical  aspects of the
enzymatic properties of human serum albumin and of albumin-
ligand  complexes.  Biochim  Biophys Acta. (2013) 1830:5535-
44. doi: 10.1016/j.bbagen.2013.03.015

Sleep D, Cameron J, Evans LR. Albumin as a versatile platform
for drug half-life extension. Biochim Biophys Acta. (2013) 1830:5526—
34. doi: 10.1016/j.bbagen.2013.04.023

Waldmann TA, Strober W. Metabolism of immunoglobulins. Prog Allergy.
(1969) 13:1-10.

Low BE, Wiles MV. A humanized mouse model to study human albumin and
albumin conjugates pharmacokinetics. Methods Mol Biol. (2016) 1438:115-
22. doi: 10.1007/978-1-4939-3661-8_7

Chaudhury C, Brooks CL, Carter DC, Robinson JM, Anderson CL. Albumin
binding to FcRn: distinct from the FcRn-IgG interaction. Biochemistry.
(2006) 45:4983-90. doi: 10.1021/bi052628y

Good RA. Organization and development of the immune system.
Relation to its reconstruction. Ann N Y Acad Sci. (1995) 770:8-
33. doi: 10.1111/j.1749-6632.1995.tb31040.x

Holt PG, Jones CA. The development of the
during  pregnancy and early life.  Allergy.
97. doi: 10.1034/j.1398-9995.2000.00118.x

Steiniger B, Ulfig N, Risse M, Barth PJ. Fetal and early post-natal
development of the human spleen: from primordial arterial B cell
lobules to a non-segmented organ. Histochem Cell Biol. (2007) 128:205—
15. doi: 10.1007/500418-007-0296-4

Kuper CF van Bilsen J, Cnossen H, Houben G, Garthoff J, Wolterbeek
A. Development of immune organs and functioning in humans and test
animals: Implications for immune intervention studies. Reprod Toxicol.
(2016) 64:180-90. doi: 10.1016/j.reprotox.2016.06.002

Gollwitzer ES, Marsland BJ. Impact of early-life exposures on immune
maturation and susceptibility to disease. Trends Immunol. (2015) 36:684—
96. doi: 10.1016/j.it.2015.09.009

Haynes BE, Denning SM, Singer KH, Kurtzberg J. Ontogeny of T-cell
precursors: a model for the initial stages of human T-cell development.
Immunol Today. (1989) 10:87-91. doi: 10.1016/0167-5699(89)90232-6
Campana D, Janossy G, Coustan-Smith E, Amlot PL, Tian WT, Ip S, et al.
The expression of T cell receptor-associated proteins during T cell ontogeny
in man. ] Immunol. (1989) 142:57-66.

Ygberg S, Nilsson A. The developing
from foetus to toddler. Acta  Paediatr.
7. doi: 10.1111/j.1651-2227.2011.02494.x

Hofman FM, Danilovs J, Husmann L, Taylor CR. Ontogeny of B cell markers
in the human fetal liver. ] Immunol. (1984) 133:1197-201.

Lam KP, Kiithn R, Rajewsky K. In vivo ablation of surface immunoglobulin
on mature B cells by inducible gene targeting results in rapid cell death. Cell.
(1997) 90:1073-83. doi: 10.1016/50092-8674(00)80373-6

Solvason N, Kearney JF. The human fetal omentum: a site of B cell
generation. ] Exp Med. (1992) 175:397-404. doi: 10.1084/jem.175.2.397
Pastorelli G, Rousset F, Péne ], Peronne C, Roncarolo MG, Tovo PA, et al.
Cord blood B cells are mature in their capacity to switch to IgE-producing
cells in response to interleukin-4 in vitro. Clin Exp Immunol. (1990) 82:114-
9. doi: 10.1111/j.1365-2249.1990.tb05413.x

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

Riedler J, Braun-Fahrlinder C, Eder W, Schreuer M, Waser M, Maisch
S, et al. Exposure to farming in early life and development of
asthma and allergy: a cross-sectional survey. Lancet. (2001) 358:1129-
33. doi: 10.1016/S0140-6736(01)06252-3

Braun-Fahrlinder C, Riedler J, Herz U, Eder W, Waser M, Grize L, et al.
Environmental exposure to endotoxin and its relation to asthma in school-
age children. N Engl ] Med. (2002) 347:869-77. doi: 10.1056/NEJMoa0
20057

Molecular  and

immune
(2000)

system
55:688—

immune
(2012)

system -
101:120-

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

units  of
100:157-

Weissman IL. Stem cells: units
regeneration, and units in evolution.
68. doi: 10.1016/50092-8674(00)81692-x
McGrath KE, Palis J. Hematopoiesis in the yolk sac: more than meets the eye.
Exp Hematol. (2005) 33:1021-8. doi: 10.1016/j.exphem.2005.06.012
Bertrand JY, Jalil A, Klaine M, Jung S, Cumano A, Godin I. Three pathways
to mature macrophages in the early mouse yolk sac. Blood. (2005) 106:3004-
11. doi: 10.1182/blood-2005-02-0461

de Bruijn MEF, Speck NA, Peeters MC, Dzierzak E. Definitive hematopoietic
stem cells first develop within the major arterial regions of the mouse
embryo. EMBO J. (2000) 19:2465-74. doi: 10.1093/emboj/19.11.2465
Ottersbach K, Dzierzak E. The murine placenta contains hematopoietic
stem cells within the vascular labyrinth region. Dev Cell. (2005) 8:377-
87. doi: 10.1016/j.devcel.2005.02.001

Hoorweg K, Cupedo T. Development of human lymph nodes and Peyer’s
patches. Semin Immunol. (2008) 20:164-70. doi: 10.1016/j.smim.2008.02.003
Hoshi H, Horie K, Tanaka K, Nagata H, Aizawa S, Hiramoto M, et al. Patterns
of age-dependent changes in the numbers of lymph follicles and germinal
centres in somatic and mesenteric lymph nodes in growing C57Bl/6 mice. ]
Anat. (2001) 198:189-205. doi: 10.1046/j.1469-7580.2001.19820189.x
Mebius RE. Organogenesis of lymphoid tissues. Nat Rev Immunol. (2003)
3:292-303. doi: 10.1038/nri1054

Christensen JL, Wright DE, Wagers AJ, Weissman IL. Circulation
and chemotaxis of fetal hematopoietic stem cells. PLoS Biol. (2004)
2:E75. doi: 10.1371/journal.pbio.0020075

of development,
Cell.  (2000)

Sperandio M, Quackenbush EJ, Sushkova N, Altstitter ],
Nussbaum C, Schmid S, et al. Ontogenetic regulation of
leukocyte recruitment in mouse yolk sac vessels. Blood. (2013)

121:e118-28. doi: 10.1182/blood-2012-07-447144

Douagi I, Vieira P, Cumano A. Lymphocyte commitment during
embryonic development, in the mouse. Semin Immunol. (2002) 14:361-
9. doi: 10.1016/s1044532302000702

Paige CJ, Kincade PW, Shinefeld LA, Sato VL. Precursors of
murine B lymphocytes. Physical and functional characterization,
and distinctions from myeloid stem cells. | Exp Med. (1981)

153:154-65. doi: 10.1084/jem.153.1.154

Dorshkind K, Montecino-Rodriguez E. Fetal B-cell lymphopoiesis and
the emergence of B-1-cell potential. Nat Rev Immunol. (2007) 7:213-
9. doi: 10.1038/nri2019

Faure M, Calbo S, Kanellopoulos J, Drapier AM, Cazenave PA, Rueff-
Juy D. Tolerance to maternal immunoglobulins: resilience of the specific
T cell repertoire in spite of long-lasting perturbations. J Immunol.
(1999) 163:6511-9.

Bernabé RR, Coutinho A, Cazenave PA, Forni L. Suppression of a “recurrent”
idiotype results in profound alterations of the whole B-cell compartment.
Proc Natl Acad Sci USA. (1981) 78:6416-20. doi: 10.1073/pnas.78.1
0.6416

Hiernaux J, Bona C, Baker PJ. Neonatal treatment with low doses of anti-
idiotypic antibody leads to the expression of a silent clone. J Exp Med. (1981)
153:1004-8. doi: 10.1084/jem.153.4.1004

Tokuhisa T, Rajewsky K. Antigen induces chronic idiotype suppression.
Proc Natl Acad Sci USA. (1985) 82:4217-20. doi: 10.1073/pnas.82.1
2.4217

Augustin A, Cosenza H. Expression of new idiotypes following neonatal
idiotypic suppression of a dominant clone. Eur ] Immunol. (1976) 6:497-
501. doi: 10.1002/€ji.1830060710

Weiler I, Weiler E, Sprenger R, Cosenza H.
suppression by maternal influence. Eur ] Immunol.
7:591-7. doi: 10.1002/¢ji.1830070903

Ryelandt M, De Wit D, Baz A, Vansanten G, Denis O, Huetz F, et al. The
perinatal presence of antigen (p-azophenylarsonate) or anti-mu antibodies
lead to the loss of the recurrent idiotype (CRIA) in A/J] mice. Int Immunol.
(1995) 7:645-52. doi: 10.1093/intimm/7.4.645

Kohler H, Kaplan DR, Strayer DS. Clonal depletion in neonatal tolerance.
Science. (1974) 186:643-4. doi: 10.1126/science.186.4164.643

Kazatchkine MD, Kaveri SV. Immunomodulation of autoimmune and
inflammatory diseases with intravenous immune globulin. N Engl ] Med.
(2001) 345:747-55. doi: 10.1056/NEJMra993360

Idiotype
(1977)

Frontiers in Immunology | www.frontiersin.org

May 2020 | Volume 11 | Article 810


https://doi.org/10.1007/s00281-006-0054-z
https://doi.org/10.1172/JCI27821
https://doi.org/10.1016/j.bbagen.2013.03.015
https://doi.org/10.1016/j.bbagen.2013.04.023
https://doi.org/10.1007/978-1-4939-3661-8_7
https://doi.org/10.1021/bi052628y
https://doi.org/10.1111/j.1749-6632.1995.tb31040.x
https://doi.org/10.1034/j.1398-9995.2000.00118.x
https://doi.org/10.1007/s00418-007-0296-4
https://doi.org/10.1016/j.reprotox.2016.06.002
https://doi.org/10.1016/j.it.2015.09.009
https://doi.org/10.1016/0167-5699(89)90232-6
https://doi.org/10.1111/j.1651-2227.2011.02494.x
https://doi.org/10.1016/s0092-8674(00)80373-6
https://doi.org/10.1084/jem.175.2.397
https://doi.org/10.1111/j.1365-2249.1990.tb05413.x
https://doi.org/10.3389/fimmu.2018.01759
https://doi.org/10.1016/S0140-6736(01)06252-3
https://doi.org/10.1056/NEJMoa020057
https://doi.org/10.1016/s0092-8674(00)81692-x
https://doi.org/10.1016/j.exphem.2005.06.012
https://doi.org/10.1182/blood-2005-02-0461
https://doi.org/10.1093/emboj/19.11.2465
https://doi.org/10.1016/j.devcel.2005.02.001
https://doi.org/10.1016/j.smim.2008.02.003
https://doi.org/10.1046/j.1469-7580.2001.19820189.x
https://doi.org/10.1038/nri1054
https://doi.org/10.1371/journal.pbio.0020075
https://doi.org/10.1182/blood-2012-07-447144
https://doi.org/10.1016/s1044532302000702
https://doi.org/10.1084/jem.153.1.154
https://doi.org/10.1038/nri2019
https://doi.org/10.1073/pnas.78.10.6416
https://doi.org/10.1084/jem.153.4.1004
https://doi.org/10.1073/pnas.82.12.4217
https://doi.org/10.1002/eji.1830060710
https://doi.org/10.1002/eji.1830070903
https://doi.org/10.1093/intimm/7.4.645
https://doi.org/10.1126/science.186.4164.643
https://doi.org/10.1056/NEJMra993360
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mimoun et al.

FcRn and Induction of Immune Tolerance

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Maddur MS, Vani J, Hegde P, Lacroix-Desmazes S, Kaveri SV, Bayry J.
Inhibition of differentiation, amplification, and function of human TH17
cells by intravenous immunoglobulin. J Allergy Clin Immunol. (2011)
127:823-30.e1-7. doi: 10.1016/j.jaci.2010.12.1102

Othy S, Hegde P, Topgu S, Sharma M, Maddur MS, Lacroix-Desmazes
S, et al. Intravenous gammaglobulin inhibits encephalitogenic potential
of pathogenic T cells and interferes with their trafficking to the
central nervous system, implicating sphingosine-1 phosphate receptor
I-mammalian target of rapamycin axis. J Immunol. (2013) 190:4535-
41. doi: 10.4049/jimmunol.1201965

Trinath J, Hegde P, Sharma M, Maddur MS, Rabin M, Vallat J-M, et al.
Intravenous immunoglobulin expands regulatory T cells via induction of
cyclooxygenase-2-dependent prostaglandin E2 in human dendritic cells.
Blood. (2013) 122:1419-27. doi: 10.1182/blood-2012-11-468264

Wiedeman AE, Santer DM, Yan W, Miescher S, Késermann E
Elkon KB. Contrasting mechanisms of interferon-a inhibition
by intravenous immunoglobulin by
complexes versus Toll-like receptor agonists. Arthritis Rheum. (2013)
65:2713-23. doi: 10.1002/art.38082

Nagelkerke SQ, Dekkers G, Kustiawan I, van de Bovenkamp FS, Geissler
J, Plomp R, et al. Inhibition of FcyR-mediated phagocytosis by IVIg is
independent of IgG-Fc sialylation and FcyRIIb in human macrophages.
Blood. (2014) 124:3709-18. doi: 10.1182/blood-2014-05-576835

Schwab I, Nimmerjahn F. Intravenous immunoglobulin therapy: how does
IgG modulate the immune system? Nat Rev Immunol. (2013) 13:176-
89. doi: 10.1038/nri3401

Galeotti C, Stephen-Victor E, Karnam A, Das M, Gilardin L, Maddur
MS, et al. Intravenous immunoglobulin induces IL-4 in human basophils
by signaling through surface-bound IgE. ] Allergy Clin Immunol. (2019)
144:524-35.e8. doi: 10.1016/j.jaci.2018.10.064

Graeter S, Simon H-U, von Gunten S. Granulocyte death mediated by
specific antibodies in intravenous immunoglobulin (IVIG). Pharmacol Res.
(2019)154: 104168. doi: 10.1016/j.phrs.2019.02.007

Nardi N, Brito-Zerén P, Ramos-Casals M, Aguil6 S, Cervera R, Ingelmo M,
et al. Circulating auto-antibodies against nuclear and non-nuclear antigens
in primary Sjogren’s syndrome: prevalence and clinical significance in 335
patients. Clin Rheumatol. (2006) 25:341-6. doi: 10.1007/s10067-005-0059-3
Grossman S, Tagliavini LB. Managing Sjogren’s Syndrome. Home Healthc
Now. (2015) 33:487-92. doi: 10.1097/NHH.0000000000000295

Qin B, Wang J, Yang Z, Yang M, Ma N, Huang F et al. Epidemiology of
primary Sjogren’s syndrome: a systematic review and meta-analysis. Ann
Rheum Dis. (2015) 74:1983-9. doi: 10.1136/annrheumdis-2014-205375
Espinosa A, Zhou W, Ek M, Hedlund M, Brauner S, Popovic K, et al.
The Sjogren’s syndrome-associated autoantigen Ro52 is an E3 ligase
that regulates proliferation and cell death. J Immunol. (2006) 176:6277—
85. doi: 10.4049/jimmunol.176.10.6277

Espinosa A, Dardalhon V, Brauner S, Ambrosi A, Higgs R, Quintana FJ, et al.
Loss of the lupus autoantigen Ro52/Trim21 induces tissue inflammation and
systemic autoimmunity by disregulating the IL-23-Th17 pathway. ] Exp Med.
(2009) 206:1661-71. doi: 10.1084/jem.20090585

Yoshimi R, Chang T-H, Wang H, Atsumi T, Morse HC, Ozato K. Gene
disruption study reveals a nonredundant role for TRIM21/Ro52 in NF-
kappaB-dependent cytokine expression in fibroblasts. J Immunol. (2009)
182:7527-38. doi: 10.4049/jimmunol.0804121

Chen X, Wolin SL. The Ro 60 kDa autoantigen: insights into
cellular function and role in autoimmunity. J Mol Med. (2004)
82:232-9. doi: 10.1007/s00109-004-0529-0

Mavragani CP, Tzioufas AG, Moutsopoulos HM. Sjogren’s syndrome:
autoantibodies to cellular antigens. Clinical and molecular aspects. Int Arch
Allergy Immunol. (2000) 123:46-57. doi: 10.1159/000024423

Manoussakis MN, Kapsogeorgou EK. The role of intrinsic epithelial
activation in the pathogenesis of Sjogren’s syndrome. J Autoimmun. (2010)
35:219-24. doi: 10.1016/j.jaut.2010.06.011

Diaz-Frias ], Badri T. Neonatal lupus erythematosus. In: StatPearls. Treasure
Island, FL: StatPearls Publishing (2020). Available online at: http://www.ncbi.
nlm.nih.gov/books/NBK526061/ (accessed March 5, 2020).

after  induction immune

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Morel N, Georgin-Lavialle S, Levesque K, Guettrot-Imbert G, Le Guern V, Le
Bidois J, et al. [Neonatal lupus syndrome: literature review]. Rev Med Interne.
(2015) 36:159-66. doi: 10.1016/j.revimed.2014.07.013

Buyon JP, Hiebert R, Copel J, Craft ], Friedman D, Katholi M,
et al. Autoimmune-associated congenital heart block: demographics,
mortality, morbidity recurrence
national neonatal lupus registry. J Am  Coll
31:1658-66. doi: 10.1016/s0735-1097(98)00161-2
Waltuck J, Buyon JP. Autoantibody-associated congenital heart block:
outcome in mothers and children. Ann Intern Med. (1994) 120:544-
51. doi: 10.7326/0003-4819-120-7-199404010-00003

Brucato A, Cimaz R, Caporali R, Ramoni V, Buyon J. Pregnancy outcomes
in patients with autoimmune diseases and anti-Ro/SSA antibodies. Clin Rev
Allergy Immunol. (2011) 40:27-41. doi: 10.1007/s12016-009-8190-6

Rivera TL, Izmirly PM, Birnbaum BK, Byrne P, Brauth JB, Katholi
M, et al. Disease progression in mothers of children enrolled in the
research registry for neonatal lupus. Ann Rheum Dis. (2009) 68:828-
35. doi: 10.1136/ard.2008.088054

Clancy RM, Alvarez D, Komissarova E, Barrat FJ, Swartz J, Buyon JP. Ro60-
associated single-stranded RNA links inflammation with fetal cardiac fibrosis
via ligation of TLRs: a novel pathway to autoimmune-associated heart block.
J Immunol. (2010) 184:2148-55. doi: 10.4049/jimmunol.0902248

Miranda ME, Tseng CE, Rashbaum W, Ochs RL, Casiano CA, Di Donato E,
etal. Accessibility of SSA/Ro and SSB/La antigens to maternal autoantibodies
in apoptotic human fetal cardiac myocytes. ] Immunol. (1998) 161:5061-9.
Salomonsson S, Sonesson S-E, Ottosson L, Muhallab S, Olsson T,
Sunnerhagen M, et al. Ro/SSA autoantibodies directly bind cardiomyocytes,
disturb calcium homeostasis, and mediate congenital heart block. J Exp Med.
(2005) 201:11-7. doi: 10.1084/jem.20041859

Buyon JP, Clancy RM. From antibody insult to fibrosis in neonatal lupus - the
heart of the matter. Arthritis Res Ther. (2003) 5:266-70. doi: 10.1186/ar763
Llanos C, Friedman DM, Saxena A, Izmirly PM, Tseng C-E, Dische R,
et al. Anatomical and pathological findings in hearts from fetuses and
infants with cardiac manifestations of neonatal lupus. Rheumatology. (2012)
51:1086-92. doi: 10.1093/rheumatology/ker515

Das S. Hemolytic disease of the
(2019) doi: 10.5772/intechopen.85316
Moise KJ. Fetal anemia due to non-Rhesus-D red-cell alloimmunization.
Semin Fetal Neonatal Med. (2008) 13:207-14. doi: 10.1016/j.siny.2008.02.007
Moise KJ. Management of rhesus alloimmunization in pregnancy. Obstet
Gynecol. (2008) 112:164-76. doi: 10.1097/A0G.0b013e31817d453¢
Swinkels M, Rijkers M, Voorberg J, Vidarsson G, Leebeek FWG, Jansen AJG.
Emerging concepts in immune thrombocytopenia. Front Immunol. (2018)
9:880. doi: 10.3389/fimmu.2018.00880

Burrows RE  Kelton JG. Fetal thrombocytopenia
relation to maternal thrombocytopenia. N Engl ] Med.
329:1463-6. doi: 10.1056/NEJM199311113292005

Bussel JB, Zacharoulis S, Kramer K, McFarland JG, Pauliny J, Kaplan
C. Clinical and diagnostic comparison of neonatal alloimmune
thrombocytopenia to non-immune cases of thrombocytopenia. Pediatr
Blood Cancer. (2005) 45:176-83. doi: 10.1002/pbc.20282

Abou-Donia MB, Suliman HB, Siniscalco D, Antonucci N, ElKafrawy P. De
novo blood biomarkers in autism: autoantibodies against neuronal and glial
proteins. Behav Sci. (2019) 9:47. doi: 10.3390/bs9050047

Paveglio S, Puddington L, Rafti E, Matson AP. FcRn-mediated intestinal
absorption of IgG anti-IgE/IgE immune complexes in mice. Clin Exp Allergy.
(2012) 42:1791-800. doi: 10.1111/j.1365-2222.2012.04043.x

Bundhoo A, Paveglio S, Rafti E, Dhongade A, Blumberg RS, Matson AP.
Evidence that FcRn mediates the transplacental passage of maternal IgE in
the form of IgG anti-IgE/IgE immune complexes. Clin Exp Allergy. (2015)
45:1085-98. doi: 10.1111/cea.12508

Goldenberg MM. Etanercept, a novel drug for the treatment of patients
with severe, active rheumatoid arthritis. Clin Ther. (1999) 21:75-
87. doi: 10.1016/S0149-2918(00)88269-7

Cines DB, Yasothan U, Kirkpatrick P. Romiplostim. Nat Rev Drug Discov.
(2008) 7:887-8. doi: 10.1038/nrd2741

from a
(1998)

obtained
Cardiol.

and rates

newborn. In: Blood Groups.

and  its
(1993)

Frontiers in Immunology | www.frontiersin.org

14

May 2020 | Volume 11 | Article 810


https://doi.org/10.1016/j.jaci.2010.12.1102
https://doi.org/10.4049/jimmunol.1201965
https://doi.org/10.1182/blood-2012-11-468264
https://doi.org/10.1002/art.38082
https://doi.org/10.1182/blood-2014-05-576835
https://doi.org/10.1038/nri3401
https://doi.org/10.1016/j.jaci.2018.10.064
https://doi.org/10.1016/j.phrs.2019.02.007
https://doi.org/10.1007/s10067-005-0059-3
https://doi.org/10.1097/NHH.0000000000000295
https://doi.org/10.1136/annrheumdis-2014-205375
https://doi.org/10.4049/jimmunol.176.10.6277
https://doi.org/10.1084/jem.20090585
https://doi.org/10.4049/jimmunol.0804121
https://doi.org/10.1007/s00109-004-0529-0
https://doi.org/10.1159/000024423
https://doi.org/10.1016/j.jaut.2010.06.011
http://www.ncbi.nlm.nih.gov/books/NBK526061/
http://www.ncbi.nlm.nih.gov/books/NBK526061/
https://doi.org/10.1016/j.revmed.2014.07.013
https://doi.org/10.1016/s0735-1097(98)00161-2
https://doi.org/10.7326/0003-4819-120-7-199404010-00003
https://doi.org/10.1007/s12016-009-8190-6
https://doi.org/10.1136/ard.2008.088054
https://doi.org/10.4049/jimmunol.0902248
https://doi.org/10.1084/jem.20041859
https://doi.org/10.1186/ar763
https://doi.org/10.1093/rheumatology/ker515
https://doi.org/10.5772/intechopen.85316
https://doi.org/10.1016/j.siny.2008.02.007
https://doi.org/10.1097/AOG.0b013e31817d453c
https://doi.org/10.3389/fimmu.2018.00880
https://doi.org/10.1056/NEJM199311113292005
https://doi.org/10.1002/pbc.20282
https://doi.org/10.3390/bs9050047
https://doi.org/10.1111/j.1365-2222.2012.04043.x
https://doi.org/10.1111/cea.12508
https://doi.org/10.1016/S0149-2918(00)88269-7
https://doi.org/10.1038/nrd2741
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mimoun et al.

FcRn and Induction of Immune Tolerance

196. Rath T, Baker K, Dumont JA, Peters RT, Jiang H, Qiao S-W, 216. WHO. Asthma. Available online at: https://www.who.int/news-room/q-a-
et al. Fc-fusion proteins and FcRn: structural insights for longer- detail/asthma (accessed March 5, 2020)
lasting and more effective therapeutics. Crit Rev Biotechnol. (2015) 217. Wichmann HE. Possible explanation for the different trends of asthma and
35:235-54. doi: 10.3109/07388551.2013.834293 allergy in east and west germany. Clin Exp Allergy. (1996) 26:621-3.

197. Peters RT, Low SC, Kamphaus GD, Dumont JA, Amari JV, Lu Q, et al. 218. Illi S, von Mutius E, Lau S, Nickel R, Niggemann B, Sommerfeld
Prolonged activity of factor IX as a monomeric Fc fusion protein. Blood. C, et al. The pattern of atopic sensitization is associated with the
(2010) 115:2057-64. doi: 10.1182/blood-2009-08-239665 development of asthma in childhood. ] Allergy Clin Immunol. (2001)

198. Ghetie V, Popov S, Borvak J, Radu C, Matesoi D, Medesan C, et al. Increasing 108:709-14. doi: 10.1067/mai.2001.118786
the serum persistence of an IgG fragment by random mutagenesis. Nat 219. Metcalfe DD, Peavy RD, Gilfillan AM. Mechanisms of mast cell signaling
Biotechnol. (1997) 15:637-40. doi: 10.1038/nbt0797-637 in anaphylaxis. J Allergy Clin Immunol. (2009) 124:639-46; quiz 647-

199. Zalevsky ], Chamberlain AK, Horton HM, Karki S, Leung IWL, Sproule TJ, 8. doi: 10.1016/j.jaci.2009.08.035
et al. Enhanced antibody half-life improves in vivo activity. Nat Biotechnol. 220. Holt PG, Macaubas C, Stumbles PA, Sly PD. The role of allergy in the
(2010) 28:157-9. doi: 10.1038/nbt.1601 development of asthma. Nature. (1999) 402:B12-7. doi: 10.1038/35037009

200. Mackness BC, Jaworski JA, Boudanova E, Park A, Valente D, Mauriac 221. Fusaro AE, Brito CA, Victor JR, Rigato PO, Goldoni AL, Duarte
C, et al. Antibody Fc engineering for enhanced neonatal Fc receptor AJS, et al. Maternal-fetal interaction: preconception immunization
binding and prolonged circulation half-life. MAbs. (2019) 11:1276- in mice prevents neonatal sensitization induced by allergen
88. doi: 10.1080/19420862.2019.1633883 exposure during pregnancy and breastfeeding. Immunology. (2007)

201. Home P, Kurtzhals P. Insulin detemir: from concept to clinical experience. 122:107-15. doi: 10.1111/.1365-2567.2007.02618.x
Expert Opin Pharmacother. (2006) 7:325-43. doi: 10.1517/14656566.7.3.325 222. Van Duren-Schmidt K, Pichler J, Ebner C, Bartmann P, Forster E, Urbanek

202. Roovers RC, Laeremans T, Huang L, De Taeye S, Verkleij AJ, Revets H, R, et al. Prenatal contact with inhalant allergens. Pediatr Res. (1997) 41:128-
et al. Efficient inhibition of EGFR signaling and of tumour growth by 31. doi: 10.1203/00006450-199701000-00020
antagonistic anti-EFGR nanobodies. Cancer Immunol Immunother. (2007) 223. Szépfalusi Z, Loibichler C, Pichler J, Reisenberger K, Ebner C, Urbanek
56:303-17. doi: 10.1007/500262-006-0180-4 R. Direct evidence for transplacental allergen transfer. Pediatr Res. (2000)

203. Trissel S, Dumelin C, Frey K, Villa A, Buller F, Neri D. New strategy for 48:404-7. doi: 10.1203/00006450-200009000-00024
the extension of the serum half-life of antibody fragments. Bioconjug Chem. 224. Mowat AM. Anatomical basis of tolerance and immunity to intestinal
(2009) 20:2286-92. doi: 10.1021/bc9002772 antigens. Nat Rev Immunol. (2003) 3:331-41. doi: 10.1038/nri1057

204. Andersen JT, Daba MB, Sandlie I. FcRn binding properties of an abnormal 225. Worbs T, Bode U, Yan S, Hoffmann MW, Hintzen G, Bernhardt G,
truncated analbuminemic albumin variant. Clin Biochem. (2010) 43:367- et al. Oral tolerance originates in the intestinal immune system and
72. doi: 10.1016/j.clinbiochem.2009.12.001 relies on antigen carriage by dendritic cells. ] Exp Med. (2006) 203:519-

205. Schulte S. Half-life extension through albumin fusion technologies. Thromb 27. doi: 10.1084/jem.20052016
Res. (2009) 124 (Suppl 2):S6-8. doi: 10.1016/S0049-3848(09)70157-4 226. Verhasselt V, Milcent V, Cazareth ], Kanda A, Fleury S, Dombrowicz D, et al.

206. Duttaroy A, Kanakaraj P, Osborn BL, Schneider H, Pickeral OK, Chen C, Breast milk-mediated transfer of an antigen induces tolerance and protection
et al. Development of a long-acting insulin analog using albumin fusion from allergic asthma. Nat Med. (2008) 14:170-5. doi: 10.1038/nm1718
technology. Diabetes. (2005) 54:251-8. doi: 10.2337/diabetes.54.1.251 227. Polte T, Hansen G. Maternal tolerance achieved during pregnancy is

207. Van Roy M, Ververken C, Beirnaert E, Hoefman S, Kolkman J, Vierboom transferred to the offspring via breast milk and persistently protects
M, et al. The preclinical pharmacology of the high affinity anti-IL-6R the offspring from allergic asthma. Clin Exp Allergy. (2008) 38:1950-
Nanobody® ALX-0061 supports its clinical development in rheumatoid 8. doi: 10.1111/j.1365-2222.2008.03096.x
arthritis. Arthritis Res Ther. (2015) 17:135. doi: 10.1186/s13075-015-0651-0 228. Lambrecht BN. FcRn is mother’s milk to allergen tolerance. ] Exp Med. (2018)

208. Hansen R], Balthasar JP. Intravenous immunoglobulin mediates an increase 215:1-3. doi: 10.1084/jem.20172022
in anti-platelet antibody clearance via the FcRn receptor. Thromb Haemost. 229. Mosconi E, Rekima A, Seitz-Polski B, Kanda A, Fleury S, Tissandie E,
(2002) 88:898-99. et al. Breast milk immune complexes are potent inducers of oral tolerance

209. Jin E Balthasar JP. Mechanisms of intravenous immunoglobulin action in neonates and prevent asthma development. Mucosal Immunol. (2010)
in immune thrombocytopenic purpura. Hum Immunol. (2005) 66:403— 3:461-74. doi: 10.1038/mi.2010.23
10. doi: 10.1016/j.humimm.2005.01.029 230. Ohsaki A, Venturelli N, Buccigrosso TM, Osganian SK, Lee ],

210. Vaccaro C, Zhou J, Ober RJ, Ward ES. Engineering the Fc region of Blumberg RS, et al. Maternal IgG immune complexes induce
immunoglobulin G to modulate in vivo antibody levels. Nat Biotechnol. food allergen-specific tolerance in offspring. J Exp Med. (2018)
(2005) 23:1283-8. doi: 10.1038/nbt1143 215:91-113. doi: 10.1084/jem.20171163

211. Kiessling P, Lledo-Garcia R, Watanabe S, Langdon G, Tran D, Bari M, 231. Ehrenforth S, Kreuz W, Scharrer I, Kornhuber B. Factor VIII inhibitors in
et al. The FcRn inhibitor rozanolixizumab reduces human serum IgG haemophiliacs. Lancet. (1992) 340:253.
concentration: A randomized phase 1 study. Sci Transl Med. (2017) 232. Delignat S, Rayes J, Russick J, Kaveri SV, Lacroix-Desmazes §,
9:eaan1208. doi: 10.1126/scitranslmed.aan1208 ABIRISK consortium. Inhibitor formation in congenital hemophilia

212. Blumberg LJ, Humphries JE, Jones SD, Pearce LB, Holgate R, Hearn a: an immunological perspective. Semin Thromb Hemost. (2018)
A, et al. Blocking FcRn in humans reduces circulating IgG levels and 44:517-30. doi: 10.1055/s-0038-1657777
inhibits IgG immune complex-mediated immune responses. Sci Adv. (2019) 233. Gupta N, Culina S, Meslier Y, Dimitrov J, Arnoult C, Delignat §,
5:eaax9586. doi: 10.1126/sciadv.aax9586 et al. Regulation of immune responses to protein therapeutics by

213. Ling LE, Hillson JL, Tiessen RG, Bosje T, van Iersel MP, Nix DJ, et al. transplacental induction of T cell tolerance. Sci Transl Med. (2015)
M281, an Anti-FcRn antibody: pharmacodynamics, pharmacokinetics, and 7:275ra21. doi: 10.1126/scitranslmed.aaal957
safety across the full range of igg reduction in a first-in-human study. Clin 234. WHO. Diabetes. Available online at: https://www.who.int/news-room/fact-
Pharmacol Ther. (2019) 105:1031-9. doi: 10.1002/cpt.1276 sheets/detail/diabetes (accessed March 7, 2020).

214. Ulrichts P, Guglietta A, Dreier T, van Bragt T, Hanssens V, Hofman E, et al. 235. Gonzalez-Duque S, Azoury ME, Colli ML, Afonso G, Turatsinze J-V, Nigi
Neonatal Fc receptor antagonist efgartigimod safely and sustainably reduces L, et al. Conventional and neo-antigenic peptides presented by B cells are
IgGs in humans. J Clin Invest. (2018) 128:4372-86. doi: 10.1172/JCI97911 targeted by circulating naive CD8+ T cells in type 1 diabetic and healthy

215. Smith B, Kiessling A, Lledo-Garcia R, Dixon KL, Christodoulou L, Catley donors. Cell Metab. (2018) 28:946-60.¢6. doi: 10.1016/j.cmet.2018.07.007
MC, et al. Generation and characterization of a high affinity anti-human 236. Culina S, Gupta N, Boisgard R, Afonso G, Gagnerault M-C, Dimitrov
FcRn antibody, rozanolixizumab, and the effects of different molecular J, et al. Materno-fetal transfer of preproinsulin through the neonatal
formats on the reduction of plasma IgG concentration. MAbs. (2018) fc receptor prevents autoimmune diabetes. Diabetes. (2015) 64:3532-
10:1111-30. doi: 10.1080/19420862.2018.1505464 42. doi: 10.2337/db15-0024

Frontiers in Immunology | www.frontiersin.org 15 May 2020 | Volume 11 | Article 810


https://doi.org/10.3109/07388551.2013.834293
https://doi.org/10.1182/blood-2009-08-239665
https://doi.org/10.1038/nbt0797-637
https://doi.org/10.1038/nbt.1601
https://doi.org/10.1080/19420862.2019.1633883
https://doi.org/10.1517/14656566.7.3.325
https://doi.org/10.1007/s00262-006-0180-4
https://doi.org/10.1021/bc9002772
https://doi.org/10.1016/j.clinbiochem.2009.12.001
https://doi.org/10.1016/S0049-3848(09)70157-4
https://doi.org/10.2337/diabetes.54.1.251
https://doi.org/10.1186/s13075-015-0651-0
https://doi.org/10.1016/j.humimm.2005.01.029
https://doi.org/10.1038/nbt1143
https://doi.org/10.1126/scitranslmed.aan1208
https://doi.org/10.1126/sciadv.aax9586
https://doi.org/10.1002/cpt.1276
https://doi.org/10.1172/JCI97911
https://doi.org/10.1080/19420862.2018.1505464
https://www.who.int/news-room/q-a-detail/asthma
https://www.who.int/news-room/q-a-detail/asthma
https://doi.org/10.1067/mai.2001.118786
https://doi.org/10.1016/j.jaci.2009.08.035
https://doi.org/10.1038/35037009
https://doi.org/10.1111/j.1365-2567.2007.02618.x
https://doi.org/10.1203/00006450-199701000-00020
https://doi.org/10.1203/00006450-200009000-00024
https://doi.org/10.1038/nri1057
https://doi.org/10.1084/jem.20052016
https://doi.org/10.1038/nm1718
https://doi.org/10.1111/j.1365-2222.2008.03096.x
https://doi.org/10.1084/jem.20172022
https://doi.org/10.1038/mi.2010.23
https://doi.org/10.1084/jem.20171163
https://doi.org/10.1055/s-0038-1657777
https://doi.org/10.1126/scitranslmed.aaa1957
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1016/j.cmet.2018.07.007
https://doi.org/10.2337/db15-0024
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Mimoun et al.

FcRn and Induction of Immune Tolerance

237.

238.

239.

240.

241.

242.

Cheng Y, Verp MS, Knutel T, Hibbard JU. Mucopolysaccharidosis type VII
as a cause of recurrent non-immune hydrops fetalis. J Perinat Med. (2003)
31:535-7. doi: 10.1515/JPM.2003.083
Wraith  JE.  Lysosomal  disorders.
7:75-83. doi: 10.1053/siny.2001.0088
Barton NW, Furbish FS, Murray GJ, Garfield M, Brady RO.
Therapeutic response to intravenous infusions of glucocerebrosidase
in a patient with gaucher disease. Proc Natl Acad Sci USA. (1990)
87:1913-6. doi: 10.1073/pnas.87.5.1913

Barton NW, Brady RO, Dambrosia JM, Di Bisceglie AM, Doppelt SH,
Hill SC, et al. Replacement therapy for inherited enzyme deficiency-

Semin  Neonatol.  (2002)

macrophage-targeted  glucocerebrosidase for Gaucher’s disease. N
Engl ] Med. (1991) 324:1464-70. doi: 10.1056/NEJM1991052332
42104

Winkel LPE Van den Hout JMP, Kamphoven JHJ, Disseldorp JAM,
Remmerswaal M, Arts WEM, et al. Enzyme replacement therapy in late-
onset Pompe’s disease: a three-year follow-up. Ann Neurol. (2004) 55:495—
502. doi: 10.1002/ana.20019

Grubb JH, Vogler C, Tan Y, Shah GN, MacRae AF, Sly WS. Infused
Fc-tagged  beta-glucuronidase the placenta and produces
clearance of storage in utero in mucopolysaccharidosis VII mice.
Proc Natl Acad Sci USA. (2008) 105:8375-80. doi: 10.1073/pnas.08037
15105

Crosses

243. Grubb JH, Vogler C, Sly WS. New strategies for enzyme replacement
therapy for lysosomal storage diseases. Rejuvenation Res. (2010) 13:229-
36. doi: 10.1089/1ej.2009.0920

244. A, Lacroix-Desmazes S.
response to therapeutic factor VIIL:
failed induction of tolerance? Haematologica.

44. doi: 10.3324/haematol.2018.206383

Varthaman Pathogenic ~ immune
exacerbated response or

(2019)  104:236-

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

The reviewer MP declared a past co-authorship with one of the authors
SL-D to the handling Editor.

Copyright © 2020 Mimoun, Delignat, Peyron, Daventure, Lecerf, Dimitrov, Kaveri,
Bayry and Lacroix-Desmazes. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

16

May 2020 | Volume 11 | Article 810


https://doi.org/10.1515/JPM.2003.083
https://doi.org/10.1053/siny.2001.0088
https://doi.org/10.1073/pnas.87.5.1913
https://doi.org/10.1056/NEJM199105233242104
https://doi.org/10.1002/ana.20019
https://doi.org/10.1073/pnas.0803715105
https://doi.org/10.1089/rej.2009.0920
https://doi.org/10.3324/haematol.2018.206383~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Relevance of the Materno-Fetal Interface for the Induction of Antigen-Specific Immune Tolerance
	Introduction
	Structure and Expression of FcRn
	Mechanisms of FcRn-Mediated IgG Transport
	Functions of FcRn
	Role of The FcRn in IgG Transcytosis
	Role of The FcRn in The Recycling of Circulating IgG
	Role of The FcRn in Antigen Capture and Presentation
	Role of The FcRn in The Recycling of Circulating Albumin

	Physiological Relevance of The Transfer of Maternal IgG
	Ontogeny of The Human Immune System During Fetal Life
	Ontogeny of The Mouse Immune System During Fetal Life
	Shaping of Adaptive Immune Repertoires by Maternal IgG

	Pathological Implications of The Transplacental Delivery of Maternal IgG
	Therapeutic Value of FcRn-Mediated Delivery
	Increasing the Half-Life of Biological Therapeutics
	Saturation of The IgG Recycling Pathway
	Shaping of The Immune System in The Offspring

	Conclusions
	Author Contributions
	Funding
	References


