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Abstract Therapy approaches based on lowering levels
of pathogenic autoantibodies represent rational, effective,
and safe treatment modalities of autoimmune diseases. The
neonatal Fc receptor (FcRn) is a major factor regulating the
serum levels of IgG antibodies. While FcRn-mediated half-
life extension is beneficial for IgG antibody responses
against pathogens, it also prolongs the serum half-life of
IgG autoantibodies and thus promotes tissue damage in
autoimmune diseases. In the present review article, we
examine current evidence on the relevance of FcRn in
maintaining high autoantibody levels and discuss FcRn-
targeted therapeutic approaches. Further investigation of
the FcRn-IgG interaction will not only provide mechanistic
insights into the receptor function, but should also greatly
facilitate the design of therapeutics combining optimal
pharmacokinetic properties with the appropriate antibody
effector functions in autoimmune diseases.
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Introduction

Although autoimmunity can occur in healthy people,
autoaggressive events may lead to pathology characteristic
of numerous diseases [1]. The group of autoimmune dis-
eases consists of numerous chronic disabling disorders,
which may involve almost every system in the body. The
sites that may be targeted by autoimmunity include the
nervous system, gastrointestinal, endocrine, skin, skeletal,
and vascular tissues. Collectively, autoimmune diseases
affect currently 5-8% of the general population, but their
prevalence is likely to be underestimated. Falling infection
rates in the developed world are being matched by a rapidly
rising incidence of allergic and autoimmune inflammatory
diseases [2]. However, the cause(s) of autoimmunity, its
regulation, and the transition to autoimmune diseases are
complex, not yet fully understood, and in many cases there
is no effective therapy.

While autoimmune diseases are characterized by the
presence of both cellular and humoral immune responses,
autoantibodies are primarily responsible for tissue damage
in a subgroup of these conditions [3, 4]. Thus, the T cell-
dependent production of pathogenic autoantibodies under-
pins the pathology in various diseases, including rheumatoid
arthritis, myasthenia gravis, acquired neuromyotonia,
pemphigus, pemphigoids, antiphospholipid syndrome,
Graves’ disease, autoimmune anemia, idiopathic trombo-
cytic purpura, and Goodpasture’s syndrome [5—10]. The
pathogenicity of autoantibodies in these conditions has been
mainly demonstrated by the passive transfer of IgG specific
for the autoantigens from patients or immunized animals.

The development of experimental disease models by the
passive transfer of autoantibodies not only allowed for
classifying them as autoimmune disorders, but also pro-
vided the rationale for therapeutic approaches aimed at
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reducing the levels of pathogenic autoantibodies. Cur-
rently, the mainstay of the therapy in these autoimmune
diseases is still represented by corticosteroids associated
with other immunosuppressive agents, which are encum-
bered by the need to balance efficacy with unwanted side-
effects. There is a considerable need for the identification
of selective therapeutic agents that target critical events in
disease progression. Therefore, decreasing the autoanti-
body levels by removing them from the circulation or by
targeting B cells are rationale therapeutic approaches,
which are increasingly used in the management of auto-
immune diseases. The extracorporeal immunoadsorption is
very effective in removing IgG (auto)antibodies from the
circulation and gradually gains acceptance as a treatment in
the acute phase of the disease [11]. However, an obstacle to
a wider use of immunoadsorption is its high cost and the
fact that this procedure is laborious and time intensive.
Reducing autoantibody levels by accelerating the endoge-
nous catabolism of IgG (auto)antibodies by modulating the
function of the neonatal Fc receptor (FcRn) is a promising
alternative to the immunoapheresis. In addition, further
therapeutic approaches involving FcRn, including engi-
neering therapeutic antibodies with longer half-life or
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antigen-targeting to antigen-presenting cells for induction
of tolerogenic responses, may be of benefit in patients with
IgG-mediated autoimmune diseases.

Below we review the existing data on the role of the
neonatal Fc receptor in maintaining autoantibody levels
and discuss FcRn-targeted therapeutic approaches.

IgG antibodies

Antibodies are essential components of adaptive immunity
that couple specific antigen recognition to different
effector mechanisms of the immune system. B cells and
plasma blasts express five classes of immunoglobulins:
IgA, IgD, IgE, IgG and IgM [12]. IgG molecules are
composed of four polypeptide chains, two identical copies
of each a light chain (L) and heavy chain (H) that are
covalently linked by disulfide bonds. A single N-linked
carbohydrate is attached to the IgG heavy chains
in position 297, strongly influencing IgG function [13].
Hypervariable complementarity determining regions (CDRs)
that define the specificity of the antibody lie in the amino-
terminal domains of L and H (Fig. 1) [14]. IgG can be

Pemphigus
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Fig. 1 Structure of human IgG and mechanisms of autoantibody-
induced tissue damage. Human IgG molecule contains two identical
(H) heavy chains (50 kDa) covalently linked to two (L) light chains
(23 kDa) by disulfide bonds. Each chain is organized in constant (C)
and variable (V) structural domains. The heavy chain has three
constant domains (CH1, CH2, CH3) and one variable domain (VH),
while the associated light chain has one constant (CL) and one
variable domain (VL). The variable domains of the heavy chain (VH)

and the light chain (VL) have three complementarity determining
regions (CDRs; CDR1, CDR2 and CDR3) with major contribution to
the antigen binding site. Papain cleaves the IgG molecule above the
hinge region, giving rise to two Fab fragments (fragment, antigen-
binding) involved in antigen recognition and one Fc fragment
(fragment, crystallizable), which binds to the Clq, FcyRs and FcRn
and mediates the activation of complement and/or immune cells and
1gG trafficking at various sites, respectively
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cleaved into three functionally fragments by limited
digestion with papain, which cuts on the amino-terminal
side of disulfide bonds located in the hinge region [15].
While the two released Fab (fragment, antigen-binding)
fragments retain the antigen-recognition activity, the Fc
(fragment, crystallizable) region mediates specific func-
tions, such as binding complement and specialized
receptors on immune cells (Fig. 1).

IgG is the most prevalent Ig isotype in the serum and
extravascular space, showing the longest circulating serum
half-life [12]. As discussed in more detail below, the pro-
tective function that ensures the long presence of IgG in the
circulation, by rescuing it from lysosomal degradation, has
been attributed to the neonatal Fc receptor (FcRn).

IgG-mediated autoimmune diseases

B cells are characterized by a high degree of antigen receptor
diversification that is necessary for immune protection.
However, the downside of producing enormous random
diversity in the antibody repertoire is the generation of
autoantibodies, which are associated with numerous dis-
eases, but may also be detected in healthy persons [16, 17].
High-affinity IgG autoantibodies are likely to be the induc-
ers of tissue damage in several of these diseases (Table 1).
The development of experimental disease models in animals
furthered our understanding of disease pathogenesis and
ultimately allowed their classification as antibody-mediated
autoimmune diseases (Table 2).

Table 1 Human autoimmune diseases likely mediated by IgG antibodies

Disease Autoantigen(s) References

Diseases associated with autoantibodies against tissue-specific antigens
Myasthenia gravis Acethylcholine receptor, muscle-specific tyrosine kinase [109, 110]
Guillain-Barré syndrome Gangliosides [111]
Epilepsy Voltage-gated potassium channels [112]
Autoimmune limbic encephalitis Voltage-gated potassium channels [113]
Spinal cord injury Central nervous system (CNS) or non CNS antigens [114]
Pediatric autoimmune neuropsychiatric disorders Central nervous system (CNS) proteins (basal-ganglia antigens) [115]
associated with streptococcal infection (PANDAS)
Neuromyotonia (Isaac’s syndrome) Voltage-gated potassium channels [116]
Morvan syndrome Voltage-gated potassium channels [117]
Multiple sclerosis Myelin oligodendrocyte glycoprotein (MOG) [118]
Pemphigus vulgaris Desmosomal cadherins (e.g., desmoglein 3) [119]
Pemphigus foliaceus Desmoglein 1 [120]
Bullous pemphigoid Collagen XVII/BP180, BP230 [121, 122]
Epidermolysis bullosa acquisita Collagen VII [123]
Pemphigoid gestationis Collagen XVII/BP180, BP230 [124, 125]
Mucous membrane pemphigoid Type XVII collagen/BP180, laminin 332, a6/4 integrin [126-128]
Lichen sclerosus Extracellular matrix protein (ECM) 1 [129]
Antiphospholipid syndrome Cardiolipin and 2 glycoprotein I [130]
Relapsing polychondritis Type II collagen, Type IX and XI collagen, matrilin 1 and 3 [131, 132]
Autoimmune anemia Red blood cells (Band 3, Band 4.1, glycophorin A) [133, 134]
Idiopathic trombocytic purpura Platelets membrane glycoproteins 1IB-IIla, Ib-IX [135]
Autoimmune Grave’s disease Thyroid stimulating hormone receptor (TSHR) [136]
Dilated cardiomyopathy pl-adrenoreceptor ($1R), Troponin I (Tnl), Muscarinic receptor (M2), [137]

Myosin, Na-K-ATPase

Vasculitis Myeloperoxidase, proteinase 3 [138, 139]
Goodpasture’s syndrome Collagen 1V [140]

Idiopathic membranous nephropathy

M-type phospholipase A2 receptor

Diseases associated with autoantibodies against ubiquitous antigens
Fc of IgGs, citrullinated proteins, collagen II, IX, XI, Heat shock proteins [142, 143]

Rheumatoid arthritis

Systemic lupus erythematosus

(HSP)-65,70, 90, immunoglobulin binding protein (BiP)

[141]

Chromatin, Ul and Sm small nuclear ribonucleoprotein (snRNP) particles [144]

and the Ro/SSA and La/SSB RNP complexes and cell membrane
phospholipid components
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Table 2 Experimental IgG antibody-mediated diseases

Autoantigen/autoantibodies Modeled disease Model system References
Diseases induced by the passive transfer of antibodies
Acethylcholine receptor Myasthenia gravis Mice injected with patient IgG [145]
Patients’ autoantibodies Pemphigus vulgaris Mice injected with patient IgG [146]
Patients’ autoantibodies Pemphigus foliaceus Mice injected with patient IgG [147]

BP180/Type XVII collagen

Type VII collagen
Type II collagen

Glucose-6-phosphate isomerase
(GPI)

Cardiolipin and 2 glycoprotein I
Anti-DNA idiotype

Red blood cells

Glycoproteins IIB-IIla, Ib-IX

f1 adrenoreceptor

Muscarinic receptor
Myeloperoxidase (MPO)

Collagen IV

Extracellular matrix protein (ECM)

1

Central nervous system proteins
(basal ganglia antigens)

Antibasement membrane

Potassium channels

Central nervous system (CNS) or
non- CNS antigens

Pemphigoid diseases

Epidermolysis bullosa acquisita
Rheumatoid arthritis

Rheumatoid arthritis
Anti-phospholipid syndrome
Systemic lupus erythematosus
Autoimmune anemia
Idiopathic trombocytic purpura

Dilated cardiomyopathy
Dilated cardiomyopathy

Vasculitis
Goodpasture’s syndrome
Lichen sclerosus

Pediatric autoimmune
neuropsychiatric disorders
associated with streptococcal
infection (PANDAS)

Mucous membrane pemphigoid

Acquired neuromyotonia (Isaac’s
syndrome)

Spinal cord injury (SCI)

Morvan syndrome
Epilepsy

Diseases induced by immunization with the autoantigen

Acethylcholine receptor
Muscle-specific tyrosine kinase
Collagen VII

Collagen II

Cardiolipin and f2 glycoprotein I

Desmoglein 3

Cardiolipin and 2 glycoprotein I

Myasthenia gravis

Myasthenia gravis
Epidermolysis bullosa acquisita
Rheumatoid arthritis
Anti-phospholipid syndrome

Pemphigus vulgaris

Anti-phospholipid syndrome

Mice injected with IgG specific to BP180/ collagen [148]

XVII
Mice injected with IgG specific to collagen VII [149]
Mice injected with IgG specific to collagen II [150]
(CAIA)

Passive transfer of IgG from K/BxN transgenic mice [151]

to wild type mice

Mice injected with monoclonal/ polyclonal aPL Abs [152]

from mouse/human

Balb/c mice injected with monoclonal antibodies [153]

expressing 16/6 1d

Mice injected with anti-red blood cells (RBC) [154]

monoclonal antibodies

Mice injected with monoclonal antibodies against  [155]

glycoprotein GPIIb-IIla, GPIb-IX

Passive transfer of anti-$1-ECII antibodies into rats [156]
Mice injected with IgG against ff1-adreno- and [157]

muscarinic receptor antibodies

Mice injected with IgG against mieloperoxidase or [158]

bone marrow cells

Passive transfer of rabbit anti-glomerular basement [159]

membrane

Mice injected with purified hlgG from patients with [160]

Lichen sclerosus

Passive transfer of IgG from mice immunized with [161]
N-acetyl-f-D-glucosamine-immunodominant

epitope of GABSH (Group A ff-hemolytic

streptococcos) into naive mice

Rabbits injected with a monoclonal antibody (MAb [162]
63) against basement of stratified squamous

epithelium

Passive transfer of human IgG into mice
Mice injected with purified mouse SCI IgG

Passive transfer of human IgG into mice
Passive transfer of human IgG into mice

Rabbits immunized with the autoantigen

Mice immunized with the autoantigen

Mice immunized with the autoantigen

Mice immunized with the autoantigen (CIA)
Adoptive transfer of autoimmunity (bone marrow

transplantation)

Adoptive transfer of splenocytes from the
immunized Dsg3’/ ~ mice into Rag—Z’/ -
immunodeficient mice expressing Dsg3

[163]

[164]

[163]
[163]

165]
166]
167
168]
169]

—_ ———, .

[170]

Mice immunized with anti-phospholipid antibodies [171]
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Table 2 continued
Autoantigen/autoantibodies Modeled disease Model system References
Systemic lupus erythematosus Balb/c mice immunized with activated lymphocyte- [172]
derived DNA (ALD-DNA)
Red blood cells Autoimmune anemia Mice immunized with rat erythrocytes [173]
Thyroid stimulating hormone Autoimmune Grave’s disease Mice immunized with fibroblasts transfected with  [174]
receptor the thyrotropin receptor and MHC-class II
molecule
p1-adrenoreceptor Dilated cardiomyopathy Rats immunized against 1-ECII [175]
Troponin I Dilated cardiomyopathy Mice immunized with monoclonal antibodies to [176]
cardiac troponin I
Muscarinic receptor Dilated cardiomyopathy Rabbits immunized with 1 adrenoreceptor and M2- [177]
muscarinic receptor peptides
Myosin Dilated cardiomyopathy Mice immunized with murine cardiac myosin [178]
Na-K-ATP-ase Dilated cardiomyopathy Rabbits immunized with Na-K-ATPase [179]
Proteinase (PR) 3 Vasculitis Mice immunized with human proteinase 3(105-201) [180]
or synthetic antisense PR-3
GM 1 ganglioside Guillain-Barré syndrome Rabbits immunized with bovine brain ganglioside  [181]
mixture or purified GM1
Collagen IV Goodpasture’s syndrome Rabbits or mice immunized with «3(IV) NCl1 [182]
Matrilin 1 Relapsing polychondritis Rats/mice immunized against matrilin 1 [183]
Collagen II Relapsing polychondritis Rats immunized against type II collagen [184]
Myelin oligodendrocyte Multiple sclerosis Mice immunized with myelin oligodendrocyte [185]
glycoprotein glycoprotein; passive transfer of autoreactive B
cells and autoantibodies in B cell-deficient mice
Spontaneous and genetically engineered animal models
Glucose-6-phosphate isomerase Rheumatoid arthritis K/BxN spontaneous mouse model [186]
(GPD)
Systemic lupus erythematosus (SLE) MRL/Ipr, BXBS (NZBxNZW) F1 mice which [187-191]

Red blood cells Autoimmune anemia

Myelin oligodendrocyte
glycoprotein (MOG)

Multiple sclerosis

Collagen II Relapsing polychondritis

spontaneously develop SLE
Bcl2t, IFN-y transgenic mice

Transgenic mice carrying the Ig genes encoding an [192]
anti-murine erythrocyte autoantibody derived
from the hybridoma 4C8

TCR transgenic mice carrying a TCR specific for  [193]
MOG peptide 92-106
HLA-DQG6/8 transgenic mice immunized against [194]

type II collagen

CIA collagen-induced arthritis, CAIA collagen antibody-induced arthritis

Although the mechanisms triggered by binding of auto-
antibodies to their targets are multiple, several common
patterns emerge (Fig. 1). In organ-specific autoimmune
diseases, autoantibodies generally induce direct injury of
the target organs. In systemic autoimmune diseases such as
systemic lupus erythematosus, they can also bind to dif-
ferent ubiquitous intracellular antigens and cause disease
through the formation of immune complexes. The effector
mechanisms of antibodies may be divided into direct
mechanisms (primary effector functions), which are
mediated by the antibody’s variable regions, including
steric hindrance and signal transduction, and indirect
mechanisms (secondary effector functions) which are trig-
gered by the constant regions of antibodies. For the latter,

(auto)antibodies typically interact through their Fc portions
with factors of the innate immune system, including the
complement system and FcyR on inflammatory cells. Steric
hindrance or activating signaling transduction pathways by
the IgG variable fragments are characteristic for pemphigus
diseases, while typically effector interactions mediated by
the Fc portion of the IgG such as activation of complement
cascade or Fc receptors expressed on immune cells, are
associated with rheumatoid arthritis, epidermolysis bullosa
acquisita, bullous pemphigoid, and myasthenia gravis. The
pathogenic potential of IgG autoantibodies—regardless of
antibody specificity or pathogenetic mechanisms—is in
direct relation to their concentration, which is regulated by
FcRn.
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The neonatal Fc receptor

Receptors for the Fc domain of IgG link the humoral
immune response to effector cellular mechanisms instru-
mental in immunity and autoimmune tissue damage. By
cross-linking the Fcy receptors, IgG may activate a vari-
ety of biological responses, including phagocytosis,
antibody-dependent cellular cytotoxicity, and release of
cytokines. These reactions are mediated by several types
of activating Fcy receptors expressed on leucocytes,
which in humans include FcyRI, FcyRIla, FcyRllc, and
FcyRIII (Fig. 2a) [18]. These cellular responses may be in
turn downregulated by the inhibitory FcyRIIb [19]. In the
last decades, various polymorphisms in the FcyR family
of proteins have been revealed, ranging from single
nucleotide- to gene copy number polymorphisms. These
polymorphisms, reviewed elsewhere, have been impli-
cated in various infections and autoimmune diseases in
opposing ways [20]. In contrast to these Fc receptors

FeyRillb FeRn

FcyRla FeyRlb FeyRllalc FeyRIlb FeyRllla

W - ITAM
- - ITIM

- - GPl

Fig. 2 Human Fc receptors for IgG. The Fc region of IgG binds
several types of Fc receptors, including activatory and inhibitory Fcy
receptors and the neonatal Fc receptor (FcRn). a Human Fcy
receptors, termed FcyRI (CD64), FcyRII (CD32), FcyRIIl (CD16)
are cell-surface molecules primarily expressed on immune cells.
Structurally, these receptors share a highly homologous extracellular
region composed of immunoglobulin-like domains, but they show
major differences in the organization of the transmembrane and
cytoplasmic regions, hence their different effector functions. With the
exception of FcyRIIb, which is associated with the cytoplasmic
immune receptor thyrosine-based inhibtion motif (ITIM), FcyRI, and
FcyRIlla associate with the Fc-Receptor y-chain (FcRy-chain) that
possess a cytoplasmic immune receptor thyrosine-based activation
motif (ITAM), whereas FcyRIla and FcyRIlc contain their own
cytoplasmic ITAM. The ITAM- and the ITIM-containing FcyR elicit
different and at times opposing types of intracellular signaling
mechanisms. b The neonatal Fc receptor for IgG, is structurally
similar to the MHC-class I molecules, rather then the Fcy family,
consisting of a transmembrane glycosylated alpha chain non-
covalently coupled to 2-microglobulin. Unlike classical Fcy recep-
tors, FcRn binds IgG at low pH, mediating the transfer of these
antibodies from mother to young, and preserving it in the circulation
during the adult life. FcRn is expressed in endothelial, epithelial, and
hematopoietic cells. In myeloid cells, in addition to contributing to
IgG homeostasis, FcRn modulates IgG-mediated phagocytosis and
antigen presentation

primarily expressed on immune cells, FcRn also showing
a strong affinity for the Fc portion of IgG is widely
expressed in endothelial, epithelial, and hematopoietic
cells [21-23].

FcRn was initially identified and purified from the brush
borders of rat intestinal epithelial cells [24, 25]. Cloning of
the FcRn several years later revealed its homology to the
MHC class I family of proteins, consisting of an o heavy
chain of approximately 50 kDa non-covalently associated
with 52 microglobulin [26, 27]. The « chain has a large
ectodomain comprising three subdomains, a transmem-
brane region, and a short cytoplasmic tail that encodes for a
highly conserved signaling motif important for intracellular
trafficking of FcRn (Fig. 2b) [21, 26, 28, 29]. The gene
encoding FcRn is located outside the MHC gene complex
and, unlike the classical MHC class I proteins, the MHC
peptide-binding groove is obstructed in FcRn [26, 30, 31].
Subsequent studies documented the expression of FcRn in
several other species, including human and mouse [30, 32—
38].

The interaction site for [gG on FcRn has been charac-
terized by crystallization of the rat FcRn-rat IgG2a
complex [31, 39]. The residues important for the IgG
binding to FcRn are highly conserved in mammals and are
located within the CH2-CH3 interface in the constant
region (Fc) of IgG antibodies (Fig. 1) [31, 40-43]. Mam-
malian FcRn is specific for IgG and does not bind IgA,
IgM, IgE, or avian IgY. FcRn binds to Fc with nanomolar
affinity at pH <6.5 but does not bind IgG measurably at
physiological pH.

FcRn plays a major role in IgG homeostasis by medi-
ating a salvage pathway (Fig. 3a) that prevents lysosomal
degradation of IgG, thus contributing to a long half-life in
the circulation, compared to other serum proteins. Other
major specific functions of FcRn include the passive
delivery of IgG from mother to young via the neonatal
intestine, in rodents (Fig. 3b), across the maternal—fetal
barrier in humans (Fig. 3c), and modulation of IgG traffic
across absorptive epithelia from mammary gland, liver,
lung, kidney, and adult intestine.

FcRn serves to deliver IgGs bidirectionally across
polarized epithelial barriers throughout life. The FcRn-
dependent mechanisms of trafficking of IgGs and IgG-
antigen complexes across epithelial cells have been
dissected in cell lines and in adult animals, including
mice and non-human primates [44-52]. These studies
provided a basis for the design of novel approaches to
deliver therapeutic proteins in form of IgG or Fc-fused
therapeutic complexes in an FcRn-dependent mode across
the lung epithelium of adult mice and nonhuman primates
[44, 51, 53, 54]. With regard to the transport of IgG
across intestinal epithelia, it is noteworthy that the pattern
of FcRn expression in the gut differs between human and
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Fig. 3 FcRn functions. a In adult life, FcRn is responsible for the
regulation of IgG persistence in the circulation. IgGs are internalized
by endothelial cells by fluid phase pinocytosis. At the low pH of the
acidic endosomes FcRn binds IgG, transports it back to the cell
surface where, due to the neutral pH, complex stability decreases and
IgG is released/recycled. Unbound IgG is catabolized in the
lysosomes. FcRn also controls the transfer of antibodies from
b mother’s milk to neonates in the gut and from ¢ maternal plasma

rodents. While the expression of rodent FcRn peaks on
the intestinal epithelial cells during the neonatal period
and declines rapidly after weaning, in humans, FcRn is
expressed by intestinal epithelial cells in both the fetus
and adult. To circumvent this problem, Blumberg and
colleagues used mice that expressed human FcRn in the
intestinal epithelial cells to address the previously
underestimated role of IgG and FcRn in mucosal immu-
nity [50, 55]. These functions of FcRn have been
addressed in recent extensive review articles and will not
be discussed here [21, 22, 56, 57]. The expression of
FcRn in highly specialized cell types, including antigen-
presenting cells, phagocytes, and podocytes suggested
further possible functions of this receptor [58—62]. Indeed
FcRn appears to be involved in both IgG-dependent
phagocytosis and antigen presentation by directing
immune complexes into lysosomes [23, 60, 63]. Since
functional FcRn is needed to remove IgG from the glo-
merular basement membrane, its contribution to the
pathology of IgG-mediated glomerulonephritis should be
further explored [59].

fetal bloodstream

umbilical blood
vessels

Syncitiotrophoblast

through the placenta to fetus in most mammals. IgG-FcRn interaction
is pH dependent, occurring efficiently at an acidic pH 6 (as found in
intestinal lumen or endosomes). Binding of FcRn to IgG becomes
progressively weaker as the pH raises to near neutral, until at around
pH 7.4 it is negligible. Receptor-bound IgGs are then transcytosed
across the epithelial intestinal cells (b) or syncitiotrophoblasts (c)
being released from this complex in the neonatal or fetus tissues/
bloodstream upon exposure to the neutral pH-7.4 of these millieu

FcRn is essential for maintaining IgG serum levels

Although the existence of a specialized receptor was pos-
tulated by Brambell in the 1960s to explain the long half-
life of IgG and its transfer from mother to young, it took
several decades to obtain direct evidence for its function
[64-66]. Experimental support for this hypothesis came
initially from the observation that 2 microglobulin-defi-
cient mice show significantly lower serum half-life and
serum levels of IgG [65-67]. Subsequent studies using
mice with targeted deletion of the FcRn gene confirmed
and extended these findings and provided direct evidence
that perinatal IgG transport and protection of IgG from
catabolism are indeed mediated by FcRn [68]. These
functions are relevant for IgG homeostasis, essential for
generating a potent IgG response to foreign antigens, and
the basis of enhanced efficacy of Fc-IgG-based therapeu-
tics. These studies established FcRn as a promising
therapeutic target for enhancing protective humoral
immunity, treating autoimmune diseases, and improving
drug efficacy.
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FcRn maintains autoantibody levels and thus promotes
autoimmune diseases

The identification of the FcRn as central regulator of IgG
serum levels ignited sustained interest in its involvement
in controlling the levels of autoantibodies. Thus, in sev-
eral independent studies, an effect of FcRn deficiency/
blockade has been documented over the last years in
experimental models of various autoimmune diseases,
including pemphigus, bullous pemphigoid, epidermolysis
bullosa acquisita, myasthenia gravis, idiopathic trombo-
cytic purpura, rheumatoid arthritis, and systemic lupus
erythematosus [69-76].

Initial studies showed that /2 microglobulin-deficient
mice, which also lack FcRn, are protected from induction
of blistering by the passive transfer of antibodies against
BP180/type XVII collagen [69]. These effects were
assigned to significantly lower levels of pathogenic anti-
bodies in the knock-out mice, which was presumably due
to accelerated catabolism of IgG in the animals [69]. The
generation of FcRn heavy chain-deficient mice allowed
this question to be more directly addressed in experi-
mental models of rheumatoid arthritis, pemphigus,
pemphigoids, and epidermolysis bullosa acquisita [71, 72,
74]. As hypothesized, a common finding of these studies
was that circulating levels of pathogenic IgG in FcRn-
deficient mice were significantly reduced compared to
those in wild-type mice. Thus, FcRn deficiency conferred
either partial or complete protection in the arthritogenic
serum transfer and the more aggressive genetically
determined K/BxXN autoimmune arthritis models as well
as in the passive transfer mouse models of pemphigus,
pemphigoid, and epidermolysis bullosa acquisita (Fig. 4)
[71, 72, 74]. The protective effects of the FcRn deficiency
could be overridden by administering higher amounts of
pathogenic IgG antibodies [71, 72]. These findings sug-
gested that FcRn allows, by prolonging the life span of
IgG, pathogenic IgG autoantibody concentration to
achieve a threshold that enables triggering a cascade of
downstream inflammatory mechanisms, including com-
plement activation and leukocyte recruitment, and
activation [71, 72]. The benefits conferred by functional
FcRn deficiency may be overcome if the autoantibody
concentration exceeds a critical level. Although not for-
mally shown yet, it is likely that this mechanism also
applies for other IgG-mediated diseases, including pem-
phigus or myasthenia gravis.

In addition to inhibiting FcRn by the targeted gene
disruption, the pharmacological blockade of the receptor
yielded a similar phenotype in mouse models of induced
myasthenia gravis and rheumatoid arthritis [73, 76]. In one
of these studies, the 1G3 mouse monoclonal antibody,
specific for the heavy chain of FcRn, was used to block the

receptor’s function in models of experimental autoimmune
myasthenia gravis in rats [73, 77]. Experimental autoim-
mune myasthenia gravis was induced in rats by the passive
transfer of an anti-acetylcholine receptor monoclonal
antibody or by immunization with the acetylcholine
receptor. Treatment of these animals with 1G3 resulted in
dose-dependent reduction of the pathogenic IgG levels and
in amelioration of the disease symptoms [73]. These results
directly showed that pharmacological FcRn blockade is a
feasible approach for an effective reduction of IgG auto-
antibody levels.

Collectively, current evidence suggests that disease does
not occur when FcRn inhibition is able to restrain patho-
genic antibodies below a particular threshold. When this
threshold is exceeded, however, pathogenic IgG precipitate
a cascade of events that eventually results in tissue damage.
These studies established FcRn, which links the initiation
of the humoral autoimmune response and the autoantibody-
mediate tissue damage, as a promising therapeutic target in
IgG-mediated autoimmune diseases [71-74].

Current therapeutic approaches involving FcRn

Although no approach specifically targeting FcRn is cur-
rently approved for the treatment of IgG-mediated
autoimmune diseases, existing therapies may exert their
effects partly by modulating the FcRn function as dis-
cussed below.

High-dose intravenous immunoglobulin therapy (IVIG)
is an established and effective (albeit expensive) treatment of
numerous inflammatory and autoimmune diseases, includ-
ing antibody-mediated autoimmune diseases (Table 3). The
mechanisms underlying its therapeutic benefit are intensely
debated and have been attributed to various factors, includ-
ing activation of the inhibitory Fc gamma receptor (Fig. 5a)
and FcRn inhibition (Fig. 5b). Mechanisms of IVIG action
(Table 4), which are surely complex and are probably
dependent on the main pathogenic events of the specific
disease, have been discussed in extenso in recent review
articles [78, 79]. Nevertheless, results from several labora-
tories support the view that saturation of FcRn leading to an
increased catabolism of endogenous IgG is the main mech-
anism underlying IVIG effects in [gG-mediated autoimmune
diseases [69-76, 80-83].

The systemic administration of corticosteroids still
represents the mainstay of the therapy in most autoimmune
diseases. Although corticosteroids were shown to reduce
the levels of serum autoantibodies in patients and different
experimental settings, an FcRn-dependent mechanism has
not yet been formally demonstrated. However, a previous
study showed that exogenous corticosteroids and L-thy-
roxine hormone inhibit Ig transport and steady-state
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Fig. 4 FcRn-deficiency protects from tissue injury in experimental
epidermolysis bullosa acquisita. Mice were injected every second day
with 5 mg of pathogenic rabbit antibodies against murine type VII
collagen (mCVII) [72]. Characteristic blisters, erosions, and crusts
were detected 18 days after the first injection in a wild-type animals,
while no cutaneous lesions were observed in b FcRn™ mice.
Histological and immunopathological examination of skin biopsies
obtained from wild-type mice showed ¢ subepidermal blisters and
accumulation of neutrophils as wells as deposition of e IgG and g C3

Table 3 Diseases with established efficacy of IVIG treatment

Disease Reference
Pemphigus vulgaris [195]
Idiopathic thrombocytopenic purpura [196]
Guillain—Barré syndrome [197]
Myasthenia gravis [198]
Multifocal motor neuropathy [199]
Kawasaki’s disease [200]
Prevention of graft-versus-host disease [201]
Chronic idiopathic inflammatory demyelinating [202]

polyneuropathy

Time (days)

at the dermal-epidermal junction. d No histological changes were
detected in an FcRn”" mouse injected with rabbit anti-collagen VII
IgG. Immunofluorescence analysis of skin biopsies of the FcRn™
mice revealed positive staining for f rabbit IgG and discrete focal
deposition of h murine C3 at the dermal-epidermal junction
(magnification x200). i Serum samples obtained from experimental
animals were analyzed by ELISA to measure the levels of antibodies
to type VII collagen. Compared to wild-type mice, FcRn”" mice
showed significantly lower levels of circulating pathogenic IgG

duodenal Fc receptor mRNA levels in suckling rats [84].
Further work demonstrated that dexamethasone exposure
for 72 h decreases the steady-state level of mRNA for the
FcRn alpha-subunit in rat alveolar epithelial cell mono-
layers [85]. Therefore, in addition to their pleiotropic
effects on immune or antibody target cells, corticosteroids
may influence the levels of autoantibodies by regulating the
expression of the FcRn receptor in different cell types.
In addition to a direct effect on the FcRn expression,
corticosteroid treatment and other anti-inflammatory med-
ications may also influence its expression and/or activity
through modulation of cytokines.
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Fig. 5 Major Fc-dependent mechanisms of action for IVIG in IgG-
mediated autoimmune diseases. a Blocking of activating FcyRs and
up-regulation of inhibitory FcyRs. In IgG-mediated inflammatory
diseases, activation of FcyR expressed on immune cells may
essentially contribute to tissue destruction. Antibodies found in IVIG
compete with antigen-IgG complexes for binding the activating FcyRs,
thus limiting or inhibiting their ability to trigger cell signaling events.
In addition, IVIG interaction with the FcyRIIb increases its expression
on immune effector cells, therefore, triggering the activating FcyR

Table 4 Main immunoregulatory effects of intravenous immune
globulin (IVIG)

Blockade of activatory Fcy receptors on immune cells
Up-regulation of inhibitory FcyRIIb

Induction of antibody-dependent cellular cytotoxicity
Saturation of FcRn

Neutralization of autoantibodies by anti-idiotypic activity
Inhibition of blastogenesis and IgG production
Modulation of cytokines production

Neutralization of superantigens (Sag)

Inhibition of lymphocyte proliferation

Regulation of Fas-induced apoptosis

Prevention of complement-mediated immune damage
Inhibition of activation of endothelial cells

Development of new FcRn-targeted therapies

Detailed knowledge on the biochemistry of FcRn and on its
interaction with IgG as well as the generation of FcRn
knock-out and human FcRn transgenic mice significantly
accelerated the development of new and ingenious thera-
peutic approaches.

Inhibition of IgG-FcRn interaction to lower endogenous
IgG levels

Since the long plasma half-life of the IgG is dependent on
FcRn, blocking of the IgG-FcRn interaction is a rationale

bi‘rg\
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requires higher concentration of immune complexes. This “inhibi-
tion” appears to be mainly responsible for the anti-inflammatory
activity proposed of IVIG. Upon co-ligation of the B-cell antigen
receptor (BCR) with the FcyRIIb, IVIG activates an inhibitory
signaling pathway on B lymphocytes, impairing blastogenesis and
IgG synthesis. b Saturation of FcRn. IgG in IVIG formulations binds to
and saturates the FcRn leading to accelerated the catabolism of
pathogenic antibodies and thereby lowering their levels in the
circulation below the threshold required for disease progression

approach aimed at reducing autoantibody levels in auto-
immune diseases. Although recombinant soluble human
FcRn can be produced in bacteria in high amounts, the
recombinant receptor reproduces the characteristic pH-
dependent reversible binding to IgG at pH 6.0, with almost
undetectable binding at neutral pH [86]. Experimental
evidence demonstrating its transfer into intracellular acidic
compartments of endosomes where IgG binding to FcRn
should occur, are lacking. Inhibition of the IgG-FcRn
interaction is probably best achieved by using FcRn-spe-
cific blocking monoclonal antibodies, engineered IgG with
higher binding affinity to FcRn, or peptide inhibitors of the
receptor. In addition, modulation of FcRn expression may
be considered as an option for developing new therapeutic
approaches.

Blocking FcRn-specific monoclonal antibodies

Initial hints that monoclonal antibodies specific to FcRn
may be effective for the treatment of IgG-mediated auto-
immune conditions have been provided by pharmacokinetic
studies in rats [87].

As mentioned above, the therapeutic effects of the
FcRn-specific monoclonal antibody 1G3 were recently
investigated using rat models of myasthenia gravis [73].
Passive experimental autoimmune myasthenia gravis was
induced by administration of a monoclonal antibody spe-
cific for the acetylcholine receptor (AChR), and it was
shown that treatment with 1G3 resulted in dose-dependent
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amelioration of the disease symptoms. In addition, the
concentration of pathogenic antibody in the serum was
significantly reduced. The effect of 1G3 was also studied in
an active model of experimental autoimmune myasthenia
gravis in which rats were immunized with AChR. Treat-
ment with 1G3 significantly reduced the severity of the
disease symptoms as well as the levels of total IgG and
anti-AChR IgG relative to untreated animals [73]. These
results suggested that FcRn blockade is an effective way to
treat IgG-mediated autoimmune diseases and stimulated
further research endeavors to develop improved FcRn
inhibitors.

Engineered IgG with higher binding affinity to FcRn
(Abdegs)

IgG engineered by Ward and colleagues to have higher
binding affinity to FcRn, also termed Abdegs (antibodies
that enhance IgG degradation), were shown to modulate
endogenous IgG levels in vivo [88, 89]. A further study
extended these findings using human IgG1 antibodies with
enhanced binding to FcRn in mice expressing human FcRn.
When injected into FcRn-humanized mice at a concentra-
tion sufficient to partially saturate hFcRn, the engineered
IgG1 mutants with an extended serum half-life were most
effective in reducing the half-life of a tracer hIgGl anti-
body. Importantly, administration of mutant with high
binding to hFcRn ameliorated arthritis induced by passive
transfer with human pathogenic plasma [76]. Abdegs with
irrelevant specificity or their Fc fragments act as compet-
itive inhibitors with endogenous IgG for FcRn binding,
may enhance the clearance of IgG and thus could mimic
the effects of the IVIG. However, both Abdegs (Fc bind-
ing) and anti-FcRn blocking monoclonal antibodies (Fab
binding) have themselves short in vivo half-lives [87, 89,
90]. As a consequence, the administration of Abdegs
results in a reduction of serum IgG levels that lasts for
several days until it rebounds to their initial levels [88].

FcRn-binding synthetic peptides or peptidomimetics

Synthetic peptides inhibiting the binding of IgG to FcRn
have been developed and their effects on the levels of
endogenous IgG were studied in cynomolgus monkeys
[91]. A 26-amino acid peptidomimetic dimer, identified
using phage display peptide libraries, was capable of potent
in vitro inhibition of the hIgG-hFcRn interaction.
Administration of the peptide to mice transgenic for hFcRn
induced an increase in the rate of catabolism of hIgG in a
dose-dependent manner. Treatment of cynomolgus mon-
keys with the inhibitory peptide led to a reduction of IgG
by up to 80%. Noteworthy, the administration of this
peptide did not affect the levels of serum albumin, which

has been also shown to bind an epitope on FcRn that is
spatially separated from the IgG-binding epitope [91, 92].
This study represents a proof of concept that small mole-
cules can be generated for the specific therapeutic
inhibition of the IgG-FcRn interaction.

FcRn inhibitory peptides would have the advantage of
being more specific in their action compared with mono-
clonal antibodies or engineered IgG, which may induce
also other FcyR-dependent effects. An outstanding exam-
ple is the upregulation of FcyRIIB expression by the
monomeric IgG in IVIG preparations [93, 94]. However,
this broader mechanism of action of engineered therapeutic
IgG, including anti-inflammatory effects, may provide
more benefit to patients with IgG-mediated inflammatory
diseases compared with FcRn peptide inhibitors.

Down-regulation of FcRn expression

Modulation of the FcRn expression may offer additional
perspectives for controlling the IgG autoantibody levels. In
vitro studies provided evidence that treatment of intestinal
epithelial cell lines, macrophage-like THP-1, and freshly
isolated human monocytes with TNF-o and IL-1f up-reg-
ulated FcRn gene expression [95]. This effect, which may
be especially relevant in the setting of inflammatory
autoimmune diseases, was suggested to depend on NF-
kappaB signaling [95]. Interestingly, activation of the JAK/
STAT-1 signaling pathway by IFN-y was shown to down-
regulate functional expression of FcRn [96]. The regulation
of FcRn expression by immunological and inflammatory
events clearly needs further investigation. However, in
addition to siRNA and/or antisense nucleotides, using
agents modulating the activity of pro-inflammatory cyto-
kines or of their signaling molecules/pathways may be
considered for developing therapeutic approaches to regu-
late FcRn expression and function in autoimmune disease.

FcRn-dependent modulation of the autoimmune
response

Engineered therapeutic 1gG with modified binding affinity
to FcRn

Therapeutic IgG antibodies targeting various inflammatory
cytokines or immune cells, including antigen-presenting
cells, T and B lymphocytes, gained wide acceptance in the
treatment of autoimmune diseases. Engineering therapeutic
antibodies or Fc-fusion proteins for enhancing their binding
to FcRn may increase the half-life of these reagents. This
improved feature would be of significant benefit in
inflammatory and autoimmune diseases because of the
resulting sustained serum concentrations, decreased dosing
frequency, and/or lower costs of therapeutic antibodies [97,
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98]. Indeed the use of protein engineering combined with
knowledge of FcRn-IgG interactions allowed developing
approaches for the modulation of the serum half-lives of
therapeutic antibodies [90, 97, 99-101].

FcRn-targeted antigen delivery to antigen-presenting cells

The development of safe and effective antigen-specific
therapies is of great importance for the management of
patients with autoimmune diseases. These therapies must
allow for the specific tolerization of self-reactive immune
cells without altering host immunity to infectious insults
[102]. An alternative therapeutic approach for autoimmune
diseases involving FcRn has been explored by targeting
antigen delivery to antigen-presenting cells using engi-
neered Fc fragments [60, 63]. This approach takes
advantage of the fact that the presentation of antigens in
IgG-containing immune complexes by dendritic cells is
dependent on FcRn [60, 63]. For this study, recombinant Fc
fusion proteins containing the N-terminal epitope of myelin
basic protein were generated with distinct binding proper-
ties for FcRn resulting in differences in intracellular
trafficking and in vivo half-lives. Fc fragments with
increased affinities for FcRn resulted in enhanced prolif-
eration of CD4 T cells in vivo [60]. While not lowering the
autoantibody levels by accelerating IgG catabolism, a
modification of this therapeutic approach may be utilized to
modulate the production of pathogenic autoantibodies in an
antigen-specific specific manner.

Pre-clinical systems for FcRn-targeted therapy
development

As discussed above, numerous promising FcRn-based
treatment modalities currently being developed may even-
tually constitute valuable additions to the therapeutic
armamentarium of antibody-mediated autoimmune dis-
eases. Currently, efforts are being made for translating the
plethora of therapeutic approaches developed in animals
into effective treatments in patients with autoimmune dis-
eases. Due to the similarities between human and primate
FcRn, cynomolgus and rhesus monkeys were used to asses
the in vivo pharmacokinetics and effects of FcRn-targeted
agents [91, 103-106]. However, experimentation on pri-
mates is expensive and is also associated with ethical issues.
Therefore, the development of adequate models in rodents
or other small animals is of great importance. Mouse
models may be not best suited to evaluate therapeutic
human IgG molecules mainly due to evolutionary cross-
species differences in FcRn-IgG binding. The generation of
mice lacking endogenous FcRn and transgenically
expressing its human ortholog represents an important step

towards addressing this problem [22, 76]. Since these mice
have low endogenous IgG levels due to poor binding of
mouse IgG to human FcRn, this model could be further
improved by crossing with mice expressing human IgGs
[22, 57, 107, 108].

Conclusions and perspectives

Through sustained research of the past decades, many
aspects of FcRn function have been elucidated. The
experimental evidence accumulated demonstrated conclu-
sively that FcRn plays a central role in the regulation of
serum IgG levels in mammals. Further, it has become clear
that by controlling the serum IgG levels, FcRn may
essentially influence the humoral immune response.
Although significant advances have been made in the
development of several FcRn-targeted therapies, translat-
ing these treatment modalities from bench to bedside has
remained difficult. Pre-clinical studies using FcRn-targeted
therapies to accelerate the catabolism of IgG autoantibod-
ies should be further improved and will hopefully soon
reach the stage of clinical trials in patients. The transla-
tional process may essentially benefit from the generation
of new inhibitors with improved pharmacokinetic and
safety profiles as well as from tailoring the Fc region of
therapeutic IgG to suit the specific therapeutic goals. It is
worth considering FcRn as an additional target for immu-
nomodulatory interventions. Such approaches aimed at re-
establishing T and B cell tolerance and curbing the aberrant
autoimmune response may set out to engineering Fc frag-
ment-epitope fusions for improved targeting of antigen-
presenting cells. Further investigation of the FcRn-IgG
interaction will not only provide mechanistic insights into
the receptor function but may also be exploited for the
design of therapeutics combining optimal pharmacokinetic
properties with the appropriate antibody effector functions
in autoimmune diseases.
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