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Abstract Careful regulation of the body’s immunoglobulin
G (IgQG) and albumin concentrations is necessitated by the
importance of their respective functions. As such, the neo-
natal Fc receptor (FcRn), as a single receptor, is capable of
regulating both of these molecules and has become an
important focus of investigation. In addition to these essen-
tial protection functions, FcRn possesses a number of other
functions that are equally as critical and are increasingly
coming to attention. During the very first stages of life,
FcRn mediates the passive transfer of IgG from mother to
offspring both before and after birth. In the adult, FcRn
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regulates the persistence of both IgG and albumin in the
serum as well as the movement of IgG, and any bound
cargo, between different compartments of the body via
transcytosis across polarized cells. FcRn is also expressed
by hematopoietic cells; consistent with this, FcRn regulates
MHC class II presentation and MHC class I cross-
presentation by dendritic cells. As such, FcRn plays an
important role in immune surveillance throughout adult life.
The increasing appreciation for FcRn in both homeostatic
and pathological conditions is generating an intense interest
in the potential for therapeutic modulation of FcRn binding
to IgG and albumin.
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Introduction

The neonatal Fc receptor for immunoglobulin (FcRn) was
first isolated from rodent gut as a heterodimer between a
12 kDa and a 40-50 kDa protein [1, 2] and subsequently
cloned in 1989 by Simister and Mostov [3]. These now-
classic studies identified FcRn as the receptor responsible
for the previously recognized pathway associated with pas-
sive acquisition of immunoglobulin G (IgG) by rodents
upon breast-feeding during neonatal life and were the cul-
mination of nearly two decades of investigation by a number
of scientists, beginning with Francis Brambell, who exam-
ined this immunologic phenomenon [4, 5]. With the cloning
and subsequent crystallographic resolution of FcRn structure,
it was quickly recognized that the molecule responsible for
these physiologic properties possessed a major histocompati-
bility complex (MHC) class I-like structure that was in non-
covalent association with 32-microglobulin (2m) [6, 7]. The
identification of FcRn has led to a rapid expansion in our
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appreciation for this interesting molecule; its function is now
recognized to include a number of important activities that
extend well beyond the neonatal life of rodents and to involve
numerous different organ systems in a wide variety of animal
systems [8]. This review briefly summarizes the physiologic
and pathophysiologic functions of FcRn and the oppor-
tunities that this knowledge provides for therapeutic
manipulation.

FcRn is an IgG Binding Molecule that Functions
throughout Life

FcRn consists of an approximately 50-kDa heavy chain that is
similar in structure to MHC class 1 and is in non-covalent
association with the 12-kDa 32m light chain. X-ray crystallo-
graphic studies of rodent and human FcRn have shown that, in
contrast to classical MHC class 1 molecules (HLA-A, B, and
C of human and H-2 K in mouse), the potential groove formed
by the &1 and &2 domains of the heavy chain that serves as a
peptide binding site in MHC class 1 is narrowed in FcRn [9].
Consistent with this, biochemical studies and co-
crystallographic studies have revealed that FcRn has adopted
a structure that allows it to function in the binding of both IgG
and albumin [10, 11]. These properties of FcRn are due to
ionic interactions between FcRn and IgG or albumin on
opposite faces of the FcRn heavy chain [10]. In the case of
IgG, this involves a variety of residues on the &l and «2
domains of FcRn, including leucine 135, aspartic acid 130,
tryptophan 131, glutamic acid 116, glutamic acid 115, and
isoleucine 114; these interact with critical amino acid residues
within the CH2 and CH3 regions of the Fc domain of IgG
(Fig. 1). In terms of cross species differences, rat and mouse
FcRn are 91 % identical in their peptide sequence [12] where-
as human FcRn has only 65 % similarity in its amino acid
sequence compared to rat FcRn [13]. Generally, human FcRn
shows very limited interspecies 1gG binding, extending only
to rabbit IgG. Rodent FcRn, however, is known to be promis-
cuous by binding to IgG molecules from a variety of species
including human, rabbit and bovine IgG [14].

FcRn binding amino acid residues in the IgG Fc domain
specifically include isoleucine 253, histidine 310 and histidine
435 [15-20]. Apart from these, the residue 436, corresponding
to histidine in mouse IgG1 and tyrosine in human IgG1, has
been shown to be involved in binding of IgG to FcRn, al-
though to a lesser degree than the previously noted residues
[20, 21]. In comparison, albumin interactions with FcRn likely
involve histidine 161 and histidine 166 on FcRn and three
highly conserved histidine residues (histidine 464, histidine
510, and histidine 535) within domain 3 of albumin [10, 22,
23]. Binding of FcRn to albumin and IgG is strictly pH
dependent. Binding occurs at acidic pH—typically less than
pH 6 (optimally at pH 5), but not at neutral pH or above pH 7.
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Fig 1 Crystal structure of human FcRn. FcRn is a heterodimer con-
sisting of a MHC class I-like heavy chain (b/ue) that is non-covalently
associated with B2-microglobulin (B2m, green). Critical residues for
the interaction with IgG molecules are indicated in ye/low. The binding
of albumin to FcRn (marked in red) occurs at a distinct site from that of
IgG, with the conserved histidine 166 as a critical residue for pH-
dependent binding to albumin. Adapted from [22]

Whereas FcRn binds IgG at a 2:1 ratio, it binds albumin with a
stoichiometry of 1:1 [7, 10, 24, 25]. Consistent with this pH
dependency, FcRn binding to IgG is abrogated by mutation of
these critical residues within the IgG molecule. This
pH-dependent binding is consistent with the predomi-
nance of FcRn within an intracellular locale—namely, in
endosomes—and the interaction between FcRn and its
ligands within an intracellular milieu [26-28].

Although FcRn was originally viewed as a neonatally
restricted molecule based upon the physiology that was ini-
tially linked to it, as discussed above, it is now well accepted
that FcRn has a much broader distribution of expression and
function, both throughout life and in many cell types within
multiple organ systems [29]. FcRn is now recognized to be
expressed in both parenchymal cells (e.g., the epithelium of
the intestine, lung, and liver) and hematopoietic cells (e.g.,
monocytes, macrophages, dendritic cells, polymorphonuclear
leukocytes, and B cells) in both mouse and human throughout
life [29]. Developmental regulation of FcRn exists, but to date
it is known to occur only in the intestinal epithelium of the
rodent, where FcRn expression is decreased 1000-fold at the
time of weaning; and in the placenta, where FcRn functions to
transport IgG from mother to fetus antenatally [2, 30, 31]. In
contrast, FcRn in the epithelium of other mammals continues
to be expressed at moderate levels throughout life [32]. FcRn
homologues have been described in mouse, rat, human, non-
human primates, cow, pig, sheep, possum, and horse [33-36].
An orthologous molecule has been described in chicken; this
molecule is more similar to the phospholipase A2 receptor
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than to FcRn [37]. These characteristics of FcRn are consistent
with the broad range of functions that is now recognized to be
associated with this molecule.

FcRn Functions in the Bidirectional Transport of IgG

Originally, FcRn was shown to be responsible for the trans-
fer of maternal IgG across the intestinal epithelium of neo-
natal rodents into the bloodstream to provide passively
acquired immunity [3, 4]. This transfer process has also
been linked to the regulation of mucosal tolerance, including
that associated with distant sites such as the lung [38]. In a
similar fashion, FcRn is recognized to be responsible for the
transfer of maternal IgG to a human fetus via transport
across the placenta [30, 39, 40].

Physiologically, such transport mechanisms are due to the
transcytosis of IgG across polarized epithelial cells, which is
now known to be a bidirectional process. As such, FcRn
mediates the bidirectional transport (or transcytosis) of IgG
across all polarized epithelial barriers in which it has been
examined. These include in vitro model systems for a variety
of polarized epithelial types that model functions in the intes-
tines, lung, placenta, genitourinary system, and kidney [39,
41-46]. Moreover, such characteristics of FcRn have been
documented in model systems derived from human, rat,
mouse, pig, and non-human primates. Thus, expression of
FcRn in a variety of polarized epithelia confers upon the
epithelial barrier an ability to transport IgG, but not polymeric
IgA or IgM, in an apical-to-basal or basal-to-apical direction.
In this manner, FcRn can deliver IgG into the lumen from the
tissue space and transport it back to the lamina propria of a
variety of tissues. This system is active in all organ systems
examined to date, as noted, but is likely to be especially active
in certain portions of the gastrointestinal tract (e.g., rectum),
upper airway, and genitourinary system, where it accounts for
the high concentrations of IgG relative to IgA and IgM.

These in vitro observations have also been demonstrated in
vivo. For example, it has been shown that FcRn is expressed in
the upper airway epithelial cells of mice, where it is able to
transport Fc fusion proteins in an apical-to-basal direction—
that is, from the lumen to the bloodstream [38]. This movement
is FcRn dependent, as mutation of the FcRn binding site in the
Fc fragment of IgG (1253, H435, and H436) abolishes this
transport [38]. In a similar fashion, FcRn has been demonstrat-
ed to specifically transport IgG from the bloodstream into the
intestines in a mouse model that was forced transgenically to
express FcRn in the intestinal epithelium but nowhere else in
the host [47]. These studies demonstrate that in rodents, bidi-
rectional transport of IgG can take place in vivo.

Corroboration of this has been provided by studies in non-
human primates and in humans. For example, studies have
shown that FcRn is expressed at significant levels in the upper

airways (e.g., bronchi and trachea) of non-human primates
and humans. Application of Fc fusion proteins of human IgG1
as a chimeric molecule with erythropoietin (EPO) is associat-
ed with transport across the upper airway epithelium of non-
human primates into the bloodstream [48, 49]. As shown in
mouse models, mutation of the same FcRn binding site within
the Fc domain of the fusion proteins disrupts this transport.
Confirmation that this occurs in humans has been demonstrat-
ed by successful completion of phase 1 clinical studies assess-
ing the efficacy of delivery of an Fc-EPO fusion protein into
the bloodstream of normal healthy volunteers; transport of the
Fc-EPO fusion proteins in the upper airways was mediated by
FcRn in a dose-dependent fashion [50]. These studies not only
demonstrate functional FcRn expression in the epithelia of the
lung during adult life, but also have laid the basis for the
possibility for transepithelial delivery of different types of
macromolecular cargo when chimerized to the Fc fragment
of IgG. This has indeed been confirmed for Fc fusion proteins
associated with not only EPO, but also interferon-«,
interferon-f3, and follicle-stimulating hormone [49, 51]. This
demonstrates the potential utility of FcRn in the transmucosal
delivery of therapeutic macromolecules.

FcRn Functions in the IgG-mediated Transport
and Retrieval of Luminal Antigens

The ability of FcRn to bidirectionally transport IgG from the
tissues in the intestinal lumen and back to the lamina propria
is associated with the retrieval of specific antigens from the
lumen [52]. Studies have shown that this ability to trans-
cytose IgG-antigen complexes is bidirectional [43, 47, 52].
Such observations have been demonstrated not only with in
vitro systems, but also through the use of a novel humanized
mouse model in which a human FcRn transgene is
expressed under the control of its own endogenous promot-
er, together with transgenic expression of human 2m in a
mouse that is devoid of mouse FcRn expression [27, 52].
Such humanized mice express levels of FcRn within the
intestinal epithelium similar to that observed in an adult
human small intestine. This mouse model system has shown
that antigen within the lumen can be retrieved by intravenously
administered immunoglobulin molecules specific for that anti-
gen. These IgG molecules then form immune complexes with
the corresponding antigen within the lumen, are retrieved by
the epithelial cell, and are transported into the lamina propria.
There they can be internalized by antigen-presenting cells such
as dendritic cells [52]. Such transport mechanisms are capable
of promoting a T-cell-specific response in distant lymphoid
structures such as mesenteric lymph nodes and spleen (Fig. 2).
A similar pathway has been demonstrated in the upper airway,
indicating that this is a general function of FcRn in multiple
different mucosal sites.
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Fig 2 FcRn-mediated IgG transport and antigen retrieval across the
intestinal epithelial barrier. FcRn in enterocytes mediates the trans-
cytosis of IgG molecules from the basolateral side into the gastroin-
testinal lumen. Following formation of antigen-IgG immune
complexes, FcRn is then able to bind these immune complexes and

This transport pathway is physiologically relevant, since
this process can be linked to the protection of mice from
infection with an epithelial-specific pathogen—Citrobacter
rodentium, which models enteropathogenic Escherichia coli
infection [47]. Only when FcRn is expressed in the epithelium
and in the presence of C. rodentium-specific 1gG is the rodent
able to mount an effective immune response against this
epithelial pathogen [47]. The fact that expression of FcRn
within the epithelium, together with specific expression of
antigen-specific IgG molecules, is able to promote the activa-
tion of antigen-specific T cells within regional lymphoid
structures and associated peripheral tissues provides evidence
that epithelial expression of FcRn is able to link luminal and/
or epithelial infectious exposures with systemic immune acti-
vation [47, 52]. Consistent with this, FcRn transport of IgG
across the gastric, genitourinary, and lung epithelium is asso-
ciated with protection from viral infections (e.g., influenza and
herpes simplex virus) and Helicobacter heilmanii at these sites
[42, 46, 53]. In a similar manner, the application of IgG-
antigen complexes to the mucosal surfaces of the lung can
promote an antigen-specific immune response consistent with
the prediction that FcRn-mediated transport processes have
the potential for being applied to vaccination strategies [54].
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transcytose them back to the basolateral side, where the IgG-antigen
complex is delivered to antigen-presenting cells (APC) in the lamina
propria. Antigen-loaded APCs then migrate to draining lymph nodes
and initiate a T-cell response

FcRn Functions in IgG and Albumin Protection
from Catabolism

Consistent with previous predictions by Brambell more than
40 years ago, FcRn is now known to be the factor responsible
for the long half-life of IgG and albumin [11, 26, 27, 55-57]. In
this process, FcRn has been shown in in vitro model systems to
internalize these macromolecules by fluid phase endocytosis
into an acidified endosome wherein FcRn can bind IgG and
protect it from degradation by trafficking IgG (and albumin)
away from a degradative fate in lysosomes and recycling them
to the cell surface [26, 58—60]. As such, IgG and albumin
possess half-lives of 21 and 16 days, respectively, in humans.
Proof of these processes has come from studies in mice genet-
ically deficient in FcRn expression wherein both hypogamma-
globulinemia and hypoalbuminemia are observed, with a
commensurate decrease in serum half-life for each of these
molecules [11, 26, 27, 55-57]. Although parenchymal cells
such as the endothelium likely play a significant role in IgG
protection—as shown by conditional deletion of FcRn in this
cell type in vivo [61]—it is now clear that a significant fraction
of IgG protection is due to the activities of hematopoietic cells.
This is shown by studies using bone marrow chimeras with
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FcRn-deficient and FcRn-sufficient cells [55, 62]. The latter is
consistent with the functional expression of FcRn in a wide
variety of hematopoetic cell types in mouse and human, as
discussed above.

These observations have important therapeutic implica-
tions. Specifically, they raise the possibility that engineering
IgG molecules with enhanced FcRn binding can increase
IgG half-life and thus improve the pharmacokinetic and
pharmacodynamic properties of therapeutic antibodies (as
reviewed in detail by Presta [63] and Kuo [64]), Fc fusion
proteins, and potentially albumin-based fusion proteins.
This has indeed been accomplished, as discussed below,
through the generation of monomeric Fc fusion proteins.
On the other hand, blockade of FcRn binding of IgG poten-
tially enables the degradation of pathogenic antibodies. This
can be accomplished by administration of intravenous
immunoglobulins (IVIG), which work in part through this
mechanism by saturating FcRn with irrelevant antibodies
[65—68]. Alternatively, antibodies and peptides have been
developed that can block FcRn-IgG interactions and in-
crease IgG catabolism [69—72]. Such approaches have been
effective, with demonstrable activity in autoimmune and
IgG-mediated disease models [65, 67, 68, 73, 74].

FcRn Functions in Antigen Presentation by Professional
Antigen-Presenting Cells

The expression of FcRn in professional antigen-presenting cells
(APC) has prompted an investigation of the role that FcRn
plays not only in the protection of IgG from catabolism, but
also in antigen presentation. As such, it has been demonstrated
that FcRn in mouse and human dendritic cells regulates MHC
class Il-restricted antigen presentation of model antigens such
as ovalbumin, in the case of mouse, and human antigens such
as gliadin, which is associated with celiac sprue [59, 75].
Dendritic cells that are deficient in FcRn, or that are provided
with IgG-containing immune complexes unable to bind FcRn
through site-directed mutagenesis of the FcRn binding sites
within the Fc fragment of IgG, have proven that FcRn plays a
significant role in MHC class I[I-mediated antigen presentation
to CD4" T lymphocytes both in vitro and in vivo [59].
Similarly, FcRn recently has been demonstrated to play a
role in antigen presentation to CD8™ T cells by dendritic cells
[76]. This pathway is called cross-presentation and involves
the crossover of extracellular antigens into an MHC class I-
dependent pathway. Classically, extracellular antigens are in-
ternalized, processed, and presented via MHC class ITto CD4"
T cells. However, the antigens generated for presentation by
MHC class I molecules to CD8" T cells are derived from the
processing of cytosolic proteins by proteasomes and the trans-
port of these nominal peptides into the endoplasmic reticulum
(ER) by the transporter associated with antigen processing

(TAP) [77, 78]. In the process of cross-presentation, however,
extracellular antigens gain access to the MHC class I-
dependent pathway through internalization of the antigen into
specialized vacuoles. These vacuoles exhibit less vigorous
degradation of internalized proteins, and loading of the gen-
erated peptides onto the MHC I molecule occurs either within
the internalized vacuole (so-called vacuolar pathway) or, after
transport of the internalized polypeptide from the vacuole into
the cytosol for processing and presentation, by the classical
pathway associated with proteasomes (so-called cytosolic
pathway) [78].

New studies by Baker and colleagues have shown
that FcRn plays a critical role in cross-presentation
and is especially important in the activities of a subset
of dendritic cells that were previously not recognized to
play a significant role in such processes [76]. Previous
studies have shown that the majority of cross-
presentation related to the processing and presentation
of extracellular antigens is conferred by the activities of
dendritic cells that express CD8 [79, 80]. In contrast,
when antigen is provided as an IgG-containing immune
complex, dendritic cells that are CD8 CD11b'CDIl1c"
(or inflammatory dendritic cells) display significant
cross-presentation at low-antigen doses in a pathway
highly dependent upon FcRn expression [76]. This path-
way involves the internalization of the IgG-containing
immune complexes by Fcy receptors into an acidic
endosome, leading to the hand-off of the immune com-
plex to FcRn, which is competent to bind IgG and IgG-
containing immune complexes within this milieu [76].
Crosslinked FcRn, in turn, is able to direct the transport
of the internalized immune complex into a compartment
characterized by significant levels of vacuolar ATPase
(responsible for endosomal acidification), gp91phox
(NOX2; responsible for oxidation and buffering endo-
somal acidification), Sec61 (responsible for transport of
the internalized polypeptide from the vesicle to the
cytosol), TAP (the transporter associated with peptide
transport from the cytosol to the vesicle or to the ER),
MHC class I, and Rab27 (an adaptor molecule respon-
sible for gp91phox mobilization) [76]. In the absence of
FcRn expression or the ability of the IgG to bind to
FcRn, so-called inflammatory dendritic cells are disabled
in their ability to properly participate in cross-presentation
[76] (Fig. 3). FcRn-dependent antigen presentation is likely
to be physiologically relevant, since antibacterial-specific im-
munoglobulin molecules are only pathogenic in vivo during
colitis when FcRn functionally exists in APC [62]. Moreover,
inflammatory dendritic cells that are able to function in FcRn-
dependent cross-presentation are observed to accumulate in
the intestines during colitis [76]. These studies in their totality
demonstrate an important functional role of FcRn in antigen
presentation and cross-presentation.
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Fig 3 FcRn-dependent cross-
presentation of immune com-
plexes. Following internaliza-
tion by surface Fcy receptors,
FcRn regulates the intracellular
sorting of IgG ICs into a
Rab27a, vacuolar ATPase,
Sec61, TAP, gp91phox, and
MHC class I-containing acidic
phagosome that allows for
cross-presentation. In the ab-
sence of FcRn expression or the
ability of the IgG to bind to
FcRn, CD8'CD11b"CD11c" in-
flammatory dendritic cells are
disabled in their ability to prop-
erly participate in cross-
presentation. Adapted from [76]

IgG-FcRn Fc Engineering: Fc Mutations that Increase
FcRn Binding

Those properties that relate to the intimate relationship that
exists between FcRn and IgG and its association with a
variety of different physiologic and potentially pathophysi-
ologic pathways have opened up certain possibilities: to
engineer and develop new forms of therapeutic intervention
(e.g., transmucosal delivery of macromolecular therapeu-
tics); to ameliorate autoimmunity (e.g., administration of
IVIG or agents that are able to interfere with FcRn-IgG
binding); or to engineer antibody-based therapeutics to alter
their pharmacokinetics and, potentially, pharmacodynamics.
As shown in Table I, a wide variety of mutations in the
CH2-CH3 domain interface around the FcRn binding site of
IgG have significant effects on IgG interactions with FcRn
and, consequently, on in vivo half-life. Moreover, in at least

V-ATPase
W,
/ ’ _}(‘FcRn
W
LN
4y >
ol )\

one case, such mutations have been shown to increase the
efficacy of a therapeutic monoclonal antibody [81]. These
successes highlight the potential opportunities that exist in
modulating FcRn-IgG interactions [81].

Conclusions

FcRn is now recognized to play an important role in a wide
variety of physiologic functions, based upon its interactions
with its two major ligands, IgG and albumin. In this manner,
FcRn is responsible for the bidirectional transport of I1gG
and IgG antigen/antibody complexes across polarized epi-
thelia. This process plays an important role in mucosal
protection from infection, protection of monomeric IgG
and albumin from catabolism via FcRn expression in paren-
chymal and hematopoietic cells—which accounts for the

Table I Mutations in the IgG Fc

domain leading to increased IgG variant Alteration FcRn at pH 6.0 Serum t;,, Reference
IgG-FcRn binding affinity and (Fc Domain) fold increase fold increase
enhanced IgG serum half-life
(adapted from [63]) QL T250Q (CH2) 29% (Human) 2.5% (Rhesus) [82]
M428L (CH3) 37% (Rhesus)
LS M428L (CH3) 11x (Human) 3.2x (Cynomolgus) [81]
N434S (CH3) 4x (hFcRn Tg Mouse)
A N434A (CH3) 3.4x (Human) 2.2x (hFcRn Tg Mouse) [20, 83]
AAA T307A (CH2) 11.8x (Human) 2.5% (hFcRn Tg Mouse) [20, 83]
E380A (CH3)
N434A (CH3)
YTE M252Y (CH2) 10x (Human) 4x (Cynomolgus) [84]
S254T (CH2) 10x (Cynomolgus)
T256E (CH2)
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long half-lives of these important macromolecules—and,
finally, in both MHC class I cross-presentation and MHC
class II presentation by professional APC, leading to adap-
tive immunity. Such knowledge will play an important role
in driving the discovery of novel means to prevent and treat
a variety of conditions that are directly and indirectly related
to the activities of these interactions and related pathways.
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