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the IgG they produce. These strategies include biologic agents that deplete B cells

by targeting cell-surface proteins such as CD19 or CD20. Long-lived IgG-producing

plasma cells can be targeted by means of their expression of CD38. Alternatively,

B cells can be deprived of the B-cell activating factor required for their survival, or

activation can be prevented with the use of Bruton’s tyrosine kinase inhibitors.

Unlike glucocorticoid agents, which are broadly suppressive and modestly decrease

the levels of IgG, the levels and activity of IgG are more directly altered by the use

of intravenous immune globulin, plasmapheresis, or immunoadsorption, which are

toxic, invasive, or of limited availability. Recently, a new class of therapeutics that

disable the neonatal Fc receptor (FcRn), which protects IgG from degradation, has

emerged to treat IgG-mediated autoimmune disease.*> Here, we review how advances

in our understanding of the biologic features of FcRn led to this new therapeutic

approach.

HISTORY OF FCRN BIOLOGY

Our understanding of FcRn derives from foundational studies in the late 19th
century by Paul Ehrlich, who used rodent models to investigate the passive trans-
port of immunity from mothers to their offspring through milk.* This concept was
revived in the mid-20th century by various investigators (reviewed by Brambell®)
who showed that transmission of immunity through mother’s milk in rodents
occurred in the small intestine and was restricted to neonatal life. Transmission
was dependent on the Fc, but not the antigen-binding or the Fab region of IgG
(Fig. 1A), and was a saturable process because, at higher IgG concentrations, an-
tibodies were degraded and not transported. Brambell et al. proposed that a selec-
tive, receptor-mediated process internalizes and then carries luminal IgG across
intestinal epithelial cells into tissues. This transport process (or transcytosis) in
rodents involved fluid-phase (or pinocytic) uptake into apical intracellular vesicles,
where the IgG bound cell membranes at acidic, but not neutral, pH.”
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KEY POINTS

FCRN INTERACTIONS IN IGG-MEDIATED THERAPIES

« The neonatal Fc receptor (FcRn) is a developmentally regulated, major histocompatibility complex class | —
related molecule that binds IgG and albumin in a pH-dependent manner.

«  FcRn protects IgG and albumin from destruction and enables the long half-lives of these circulating
proteins.

« FcRn transports 1gG across polarized cells and is important for IgG movement across barrier surfaces
such as the placenta.

« FcRn regulates IgG function in innate and adaptive immune activities associated with professional
antigen-presenting cells; such regulation is involved in protection from infection and cancer and in the
development of autoimmune diseases.

« Understanding the biologic features of FcRn has enabled the development of therapeutics that block
FcRn-IgG interactions to disrupt placental transport of IgG, cause IgG degradation, and decrease
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activation of cellular immunity as a new avenue for IgG-mediated treatment of autoimmune and

alloimmune diseases.

« Augmentation of IgG—FcRn interactions can be used to extend the half-life of IgG-based therapeutics
or enable their transport across epithelia for vaccination or delivery of therapeutic drugs.

By the 1980s, the Fc-binding protein that served
as a receptor on the cell membranes in epithe-
lial brush borders (or FcRn) in neonatal rats was
identified as a 41-to-50-kD heavy chain in non-
covalent association with a 15-kD light chain. Its
landmark cloning in 1989 showed that these
chains represent a newly identified class I human
leukocyte antigen (HLA)-related protein and 32-
microglobulin, respectively.® Thus, FcRn of the
neonatal rat and mouse — and of the human
placenta,” where passive transfer of immunity in
humans occurs!® — was a class I HLA-related
molecule. However, the gene encoding FcRn, Fc
gamma receptor and transporter (FCGRT), re-
sides on human chromosome 19q13.3* and not
in the HLA superlocus on chromosome 6p21.
Despite its gene name, FcRn is structurally dis-
tinct from the classical Fc gamma receptors
(FcyRs).1

STRUCTURE AND LIGANDS OF FCRN

Although human FcRn resembles class I HLA
proteins, it does not bind antigenic peptides from
foreign agents such as pathogens to stimulate the
immune system.'? Instead, FcRn uses the HLA-
like structure to specifically engage IgG-Fc in a
pH-dependent manner.** IgG binds to FcRn at
a stoichiometry of 2:1, wherein two FcRn het-
erodimers bind to one IgG with the Fab (antigen-
binding) arms oriented toward the cell membrane
(Fig. 1A)." Basic histidine residues within the
constant heavy-chain (CH2, CH3) domain inter-

face of an Fc region and acidic residues on the
side of FcRn are critical for this interaction
(Fig. 1A, 1B, and 1C), and account for the strict
pH dependence of IgG binding to FcRn.*
Histidine uniquely exhibits a pKa that is ap-
proximately 6.0, depending on its local environ-
ment. Histidine is protonated at or below pH 6.0
and gradually loses this protonation as the envi-
ronment reaches neutrality. This process allows
formation of salt bridges with oppositely charged
residues on FcRn at acidic pH but not at neutral
pH. This cycle of protonation—deprotonation is
critical for intracellular binding of IgG to FcRn
and release of IgG on the cell surface. Mutation
of specific hydrophobic amino acids in an IgG-Fc
such as isoleucine-253 or basic amino acids such
as histidine-310 and histidine-435 in an IgG-Fc
eliminates binding to FcRn (Fig. 1B)." These con-
tact sites are mostly shared in all four subtypes
of human IgG (IgGl1, IgG2, 1gG3, and IgG4), so
the binding of each to FcRn is similar.!?
However, most human IgG3 allotypes (distinct
alleles of IgG3) uniquely exhibit arginine, rather
than histidine, at position 435. Thus, IgG3 does
not undergo optimal deprotonation at pH 7.4,
which leads to residual binding at neutral pH and
decreased dissociation from FcRn.”” Antibodies
such as IgG3 that possess increased binding to
FcRn at neutral pH exhibit decreased half-life.®
FcRn also binds albumin with similar affinity
to IgG at acidic pH, owing to a critical histidine
residue in FcRn, but at a stoichiometry of 1:1
and on the side that is opposite to IgG.>'>"” This
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characteristic allows FcRn to bind albumin and
IgG simultaneously (Fig. 1C).>*® Echoviruses in
the enterovirus B family and human astroviruses
that cause gastrointestinal, airway, and systemic
infections also directly bind FcRn, but they do
so in a pH-independent fashion and use the re-
ceptor for host invasion.!®1

EXPRESSION AND REGULATION
OF FCRN

Originally considered a protein restricted to neo-
natal life,® FcRn is now understood to be expressed
by many somatic cell types in adults, a finding that
was based originally on the functional expression
of FcRn in rat hepatocytes® and its presence in the
human placenta.” FcRn is broadly expressed in
adult human parenchymal cells of epithelial and
endothelial origin and in hematopoietic cells.*

The coding region of the gene for FcRn is
nonpolymorphic, unlike class I HLA; however, its
promotor contains a variable number of terminal
repeats (VNTRs) that consist of a 37-base pair
motif that is repeated up to five times.?’ More
than 90% of people are homozygous for three
repeats (VNTR3/VNTR3) that are transcription-
ally more active,?! a trait that potentially results
in higher IgG levels. This characteristic may also
lead to a greater response to intravenous immune
globulin for the treatment of autoimmune disease
or immunodeficiency in this population than
among persons who are heterozygous (i.e., those
who have an allele with two repeats and an allele
with three repeats [VNTR2/VNTR3]).>>? Biologic
drug levels may also be higher in people with
the VNTR3/VNTR3 genotype consistent with in-
creased FcRn expression,” although the clinical
significance of this characteristic is unknown.

Fegrt transcription is repressed by glucocorti-
coids and thyroxine in neonatal rodents, which
suggests that FcRn is under hormonal control.”
In contrast, the level of tumor necrosis factor,
which is elevated in many inflammatory and auto-
immune disorders, increases FCGRT expression
in humans.*

FUNCTIONS OF FCRN

There are three broad categories of FcRn func-
tion: a transporter of IgG across polarized cells
such as epithelia, a protector of IgG and albumin

from catabolism, and a regulator of cellular path-
ways of immunity associated with myeloid cells.**
Each pathway may contribute to the pathogen-
esis of autoimmune diseases and thus influence
the therapeutic effects of FcRn blockade.

FCRN AS A TRANSPORTER

FcRn is expressed in virtually all polarized hu-
man epithelial cell types that separate two tissue
interfaces, and it is associated with IgG trans-
port across the cell.** Foundational studies us-
ing human intestinal epithelial-cell monolayers
showed that transcytosis mediates bidirectional
transport of 1gG.**® Consistent with the mecha-
nism envisioned by Brambell et al. for neonatal
intestinal epithelial-cell transport,” this path-
way involves fluid-phase endocytosis of IgG and
internalization into acidified intracellular endo-
somes, where FcRn binds IgG. IgG bound to
FcRn is subsequently shuttled by means of intra-
cellular trafficking vesicles to the opposite cell
surface and released at the point of neutral pH
in the extracellular milieu.

Physiologically, these pathways enable the
inside-out movement of IgG from the tissues to
mucosal surfaces to protect against pathogens
and the outside-in transfer of antigens bound to
IgG from the lumen for immune surveillance by
local dendritic cells (Fig. 2A).* Pathogens such as
human immunodeficiency virus® and Zika vi-
rus®® may co-opt these pathways for host entry
by way of epithelial barriers. These pathways are
being investigated as a means of delivering vac-
cine antigens or therapeutics by coupling the
immunizing protein or drug to the Fc domain of
IgG and applying it to the luminal surface of
epithelia.* Expression of FcRn by endothelial
cells, which also exhibit polarity at the blood—
brain barrier, may regulate transport of IgG
from the central nervous system to the blood-
stream, with therapeutic potential to remove
toxic proteins associated with neurodegenerative
diseases.*

FcRn also plays a critical role in transporting
IgG from mother to fetus by expression in the
placenta during gestation. Passive acquisition of
maternal IgG by the human fetus mainly occurs
during the third trimester and is necessary for
early-life immunity until the infant’s IgG produc-
tion can maintain adequate IgG levels.”’ Studies
in human placental explants directly show the
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Table 1. IgG-Mediated Autoimmune Diseases under Evaluation for Anti-FcRn Therapies.*

Category or Organ System and Disease

Peripheral and central nervous system

CIDP}

Myasthenia gravisz:

Autoimmune encephalitis

Guillain—Barré syndrome

Myelin oligodendrocyte glycoprotein antibody-
associated disease and neuromyelitis
optica spectrum disorder

Stiff-person syndrome

Skin
Pemphigus vulgaris
Pemphigus foliaceus
Bullous systemic lupus erythematosus

Bullous pemphigoid

Hematologic system
Immune thrombocytopenic purpura§

Warm autoimmune hemolytic anemia

Rheumatologic diseases

Rheumatoid arthritis

Autoimmune inflammatory myopathies
(dermatomyositis, polymyositis,
necrotizing myopathy)

Sjogren’s syndrome
Systemic lupus erythematosus
Fetal and newborn conditions
Fetal and neonatal alloimmune thrombo-
cytopenia

HDFN

Renal diseases

Lupus nephritis

Primary membranous nephropathy€|

Representative Autoantigens

Myelin-associated antigens — contactin-1, contactin-
associated protein 1, neurofascin-155

Acetylcholine receptor, muscle-specific kinase

N-methyl-D-aspartate receptor, leucine-rich glioma-
inactivated 1, contactin-associated protein-like 2,
y-aminobutyric acid-B receptor

Gangliosides (GM1, GD1a, GTla, GT1b, and
GQlb)

Myelin oligodendrocyte glycoprotein, aquaporin-4

Glutamic acid decarboxylase, glycine receptor, am-
phiphysin, gephyrin, dipeptidyl peptidase-like
protein 6

Desmoglein 1 and desmoglein 3
Desmoglein 1
Collagen VIl

Type XVII collagen (BP180), bullous pemphigoid
antigen (BP230)

Platelet glycoproteins (GPIIb/Illa, GPIb/IX)

Erythrocyte membrane proteins (Rh complex,
band 3, glycophorin A)

Citrullinated proteins (vimentin, fibrinogen,
enolase)

Nuclear helicase Mi-2, transcription intermediary
factor 1-y, melanoma differentiation-
associated protein 5, nuclear matrix protein
2, aminoacyl-tRNA-synthetases (especially
histidyl-tRNA synthetase), signal recognition
particle, HMG-coA-reductase, and other
myositis-specific autoantigens

Ro Sjégren’s syndrome (SS)-related antigen A,
lupus antigen (La) SS antigen B

Double-stranded DNA, Smith antigen (small nuclear
ribonucleoproteins)

Human platelet antigen

Fetal red-cell antigens (RhD, RhC, Kell)

DNA, RNA, histones, and other nuclear antigens

Phospholipase A2 receptor, thrombospondin type-1
domain-containing protein 7A

Major IgG Subclasses

IgG1, 1gG3, and IgG4
IgGl, 1gG3, and 1gG4
1gG1 and 1gG3
Various subclasses

lgGl

IgG1

1gG1 and 1gG4
1gG1 and 1gG4
1gG2 and 1gG3

IgG1 and 1gG4, occasionally
1gG2 and 1gG3

1gG1 and I1gG3
1gG1 and 1gG3

Various subclasses, particularly
IgG1

1gG1 and 1gG3

1gG1 and 1gG3

1gG1 and 1gG3

IgG1

Various subclasses, particularly
IgG1 and 1gG3

Various subclasses, often 1gG1
and 1gG3

IgG4
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Table 1. (Continued.)

Covid-19-mediated postural orthostatic
tachycardia syndrome

Endocrine disorders

Graves’ disease Th

Idiopathic diseases — fibromyalgia

Category or Organ System and Disease Representative Autoantigens Major IgG Subclasses
Organ transplantation — antibody-mediated Donor-specific human leukocyte antigen Various subclasses
rejection
Gastrointestinal diseases — autoimmune pan- Lactoferrin, carbonic anhydrase I 1gG4
creatitisq
Infectious disease-induced autoimmunity — Autoantigens not yet fully characterized Not strongly linked to a specific

immunoglobulin subtype

yroid-stimulating hormone receptor lgGl

Thyroid eye disease Thyroid-stimulating hormone receptor, type 1 lgGl
insulin-like growth factor receptor

Autoantigens not clearly defined No specific immunoglobulin

subtype associated

* Details and references regarding individual diseases are provided in the Supplementary Appendix. CIDP denotes chronic inflammatory
demyelinating polyneuropathy, Covid-19 coronavirus disease 2019, and HDFN hemolytic disease of the fetus and newborn.

" Efgartigimod is approved for treatment in the United States.
Efgartigimod and rozanolixizumab are approved for treatme
Efgartigimod is approved for treatment in Japan.

9§ This disease is 1gG4 related.

=

nt in the United States.

importance of FcRn in IgG transport.®! Studies
in humanized mouse models show that maternal—-
fetal acquisition of IgG is mainly mediated by
FcRn rather than by classical FcyRs.»

Not all human IgG antibodies are handled
in the same way, as shown by the diminished
transplacental transport of IgG antibodies with
bulky Fab fragments owing to their glycosylation
(more common among patients with autoimmu-
nity)* or IgG3 allotypes that contain arginine 435
(more common in western populations).>* Trans-
placental passage of IgG antibodies from moth-
er to fetus is initiated by binding of IgG to FcRn
in placental syncytiotrophoblasts, specialized pla-
cental epithelial cells that express high FcRn
levels and are active in transcytosis.” IgG is then
delivered to and released at the basal surfaces of
syncytiotrophoblasts; from there, it traverses the
underlying stroma and is transported across the
fetal endothelium, possibly by means of FcRn, to
the fetal circulation (Fig. 2B).

These activities present many therapeutic op-
portunities and challenges. Transplacental trans-
port of biologic agents such as rituximab, for
example, can cause hypogammaglobulinemia in
a neonate owing to depletion of the infant’s B
cells.*® FcRn-mediated IgG transport by way of
the placenta into the human fetus can, however,
deliver protective antibodies after maternal vacci-

nation,* therapeutic proteins to replace missing
factors (such as beta-glucuronidase for mucopoly-
saccharidosis),” or proteins such as factor VIII to
potentially induce immunologic tolerance in pa-
tients with hemophilia A to forestall the devel-
opment of inhibitors.?® Conversely, transfer of
maternal alloantibodies and autoantibodies can
cause death and serious complications of hemo-
lytic disease of the fetus and newborn,® fetal
and neonatal alloimmune thrombocytopenia,*
and fetal heart block in maternal Sjogren’s dis-
ease and systemic lupus erythematosus (Table 1).#

FCRN AS A PROTECTION RECEPTOR

On the basis of findings in animal models that
the half-life of IgG was inversely related to its
serum concentration and dependent on the Fc
domain, Brambell drew critical parallels to IgG
transport across the epithelium in neonatal ro-
dent models. They hypothesized that a related
“protection” receptor was also involved in pre-
venting IgG catabolism.** Evidence that FcRn
was the factor responsible for preventing IgG
catabolism came from studies in mice®® and hu-
mans who lacked B2-microglobulin* and con-
clusively from studies involving Fcgrt-deficient
mice® and analysis of mutant IgG in humans that
is unable to bind FcRn in vivo."* They all showed
that FcRn interactions with IgG and albumin®
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FcRn FcRn
extracellular extracellular
domains 1gG Fc domains

Transmembrane
domain

Cytoplasmic
domain

FcRn

FcRn-blocking monoclonal antibody

are responsible for the long half-life of IgG and
albumin, and in the absence of FcRn, hypogam-
maglobulinemia (and hypoalbuminemia) ensues.

Studies of bone marrow transfer in chimeric
mouse models* and mouse models with dele-
tion of Fegrt in specific cell types* showed that
macrophages and endothelial cells contribute
equally to protecting IgG and albumin from ca-
tabolism. Mechanistically, FcRn functions as a
recycling receptor after IgG internalization by
fluid-phase endocytosis (or a more active process
that involves fluid “gulping” or macropinocyto-
sis in macrophages),* whereupon it binds FcRn
in acidic early endosomes that shuttle the FcRn—

IgG complex to recycling endosomes for exocy-
tosis and IgG release in the neutral pH environ-
ment of the cell surface.” When the binding
capacity of FcRn is exceeded, such as after the
administration of intravenous immunoglobulin,
the internalized IgG antibodies are no longer
protected and instead are degraded in lysosomes
(Fig. 3A).4°

These protection pathways account for the
long half-life of IgG-based biologic agents and
Fc- and albumin-based fusion proteins used in
clinical practice.>* In addition, the Fc domain of
IgG can be modified to enhance binding to
FcRn at acidic pH, but not neutral pH, which
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Figure 1 (facing page). Structure of IgG and Interaction
with FcRn.

An IgG molecule consists of two heavy chains and two
light chains that together form two variable (or Fab
[fragment antigen binding]) arms and one constant (or
Fc [fragment crystallizable]) region, as shown in Panel A.
The Fc consists of two constant heavy (CH) domains
(CH2 and CH3) for binding Fc gamma receptors such
as the Fc neonatal receptor (FcRn). Each Fc heavy
chain (green) binds to an FcRn (red)—8,m (orange)
heterodimer. The FcRn extracellular domains al, a2,
and a3 (red) are linked to a transmembrane domain
and cytoplasmic tail (purple). The Fab domains of the
IgG are oriented toward the membrane (light blue).
Panel B depicts a ribbon diagram of IgG Fc (Protein
Data Bank [PDB] identifier, 1FC1) with indicated CH2
(red ribbons) and CH3 (pink ribbons) domains. IgG
residues 1le253, His310, and His435, indicated by pur-
ple lines, are critical for binding to FcRn. When the
IgG1l MST-HN residues — Met252, Ser254, Thr256,
His433, and Asn434 (blue lines) — are mutated to
Tyr252, Thr254, Glu256, Lys433, and Phe434, the result
is a mutant Fc, the IgG1Y™®* variant, which exhibits
higher binding to FcRn at acidic pH and retains bind-
ing at neutral pH. The IgG1™®* Fc represents efgar-
tigimod. Mutation of IgG1 MN residues Met428 and
Asn434 (blue lines) to Leu428 and Ser434 results in an
1gG1's variant, which shows substantially higher bind-
ing to FcRn at acidic but not basic pH. The 1gG1" vari-
ant is incorporated into therapeutic antibodies to ex-
tend their half-life.’® Each Fc fragment of the Fc domain
contains a site for glycosylation at Asn297 (red lines).
All residues described are shown in the left half of the
IgG Fc domain but are also contained in the other Fc
fragment (but not labeled). Panel C depicts a ribbon
diagram of human FcRn-albumin—IgG1"™ Fc as a ter-
nary complex (PDB identifier, 4ANOU), wherein albumin
(yellow ribbon), FcRn heavy chain (a1, a2, a3; green
ribbon), B,m (turquoise ribbon), and half of the high-
affinity IgG1Y™ Fc mutant CH2 (red ribbon) and CH3
(pink ribbon) are shown. Human FcRn and 1gG—Fc
residues that mediate FcRn—IgG1 binding are Glull5,
Glull6, and Glul33 (red lines) and Ile253, His310, and
His435 (green lines). Efgartigimod, by way of modified
Fc domain, and therapeutic antibodies such as rozano-
lixizumab, nipocalimab, and batoclimab, by way of
Fab domains, bind to the region of FcRn where an IgG
Fc docks and block this interaction. Panel D shows
surface (left) and ribbon (right) diagrams of human
FcRn-anti-FcRn antibody complex (PDB identifier,
SWHK), in which FcRn heavy chain (green area) and
B,m (blue area) and anti-human FcRn antibody Fab
(red ribbon) are shown. All four panels are adapted
from Pyzik et al.* Ile or | denotes isoleucine, His or H
histidine, Met or M methionine, Ser or S serine, Thr
or T threonine, Asn or N asparagine, Leu or L leucine,
Glu or E glutamic acid, Tyr or Y tyrosine, Lys or K lysine,
and Phe or F phenylalanine.

augments FcRn-mediated protection and results
in longer half-life and prolonged pharmacody-
namic activity (Fig. 1B).!® In contrast, the block-
ade of FcRn-mediated protection of IgG, which
forces the degradation of IgG, is desirable to
treat IgG-mediated autoimmune diseases.

FCRN AS A REGULATOR OF CELLULAR IMMUNITY
Human monocytes, macrophages, dendritic cells,
and neutrophils express high levels of FcRn*° and
various classical FcyRs.! The low-affinity acti-
vating human FcyRs (FcyRIIa and FeyRIID) bind
IgG as a soluble or cell-associated immune com-
plex; the latter occurs, for example, when a mi-
crobe or cell, such as a platelet or red cell, is
bound by an antibody or autoantibody, respec-
tively.? An IgG immune complex bound to a
classical FcyR stimulates phagocytosis or pro-
duction of cytokines. Low-affinity FcyRs can also
internalize an IgG immune complex into intra-
cellular organelles of myeloid cells that enable
regulated degradation of IgG-associated antigens
into peptides for presentation by class I HLA
molecules to CD8+ cytolytic T cells or by class II
HLA molecules to CD4+ helper T cells, resulting
in the stimulation of a T cell. FcRn participates
in many of the same cellular activities and acts
cooperatively with classical FcyRs.”! IgG im-
mune complex bound to FcRn can regulate
phagocytosis by neutrophils®* and stimulate the
production of soluble inflammatory mediators
and procoagulant activity by antigen-presenting
cells.?3%*

When FcRn encounters IgG as an immune
complex containing a bound antigen, FcRn and
its associated immune complex are diverted away
from recycling pathways to intracellular com-
partments involved in class I HLA® and class II
HLA* antigen-processing pathways for activation
of CD8+ and CD4+ T cells, respectively. This ac-
tion can lead to increased B-cell responses and
IgG production.* These FcRn-regulated cellular
pathways are involved in tissue responses that
are associated with autoimmune diseases, as
shown in models of inflammatory bowel dis-
ease* and rheumatoid arthritis,”! or immune re-
sponses to cancer (Fig. 3B).® By their nature, these
pathways probably sustain autoimmunity and may
be amenable to therapeutic blockade with anti-
FcRn agents.>
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FCRN AS ATHERAPEUTIC TARGET FOR
IGG-MEDIATED AUTOIMMUNE DISEASE

The evidence that FcRn plays a role in the patho-
genesis of autoimmune disorders was first pro-
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vided by genetic models. Mice lacking B2-
microglobulin, and thus functional FcRn, are
less susceptible to the development of a sponta-
neous lupus-like autoimmune syndrome.>® Mice
deficient in B2-microglobulin® or FcRn*® are re-
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Figure 2 (facing page). FcRn in Transcytosis and Trans-
placental Transfer of IgG.

Panel A depicts transcytosis across polarized epithelial
cells in adults. In intestinal epithelial cells abutting the
lumen of the gut, pinocytosis of IgG from the tissues
allows internalization into intracellular acidic vesicles.
There, it binds FcRn and is transported to the opposite
cell surface facing the lumen, where the FcRn-bound
IgG is released. At this point, the IgG antibody can
bind luminal antigens, such as those from bacteria,
and the reverse cycle of transcytosis takes place, en-
abling delivery of antigens bound to IgG for uptake by
tissue dendritic cells that also express FcRn. Panel B
depicts transplacental transfer of maternal IgG to the
fetus. In humans, the maternal and fetal circulation are
separated by a polarized layer of epithelium (the syn-
cytiotrophoblast). There, maternal IgG is transported
from the maternal bloodstream into the stroma and
subsequently transmitted across the fetal endothelium
to the fetal bloodstream. FcRn is responsible for this
transport in the syncytiotrophoblast and possibly in
the endothelium. Panel B is adapted from Pyzik et al.*

tion. It is thus a high-affinity antibody fragment
that acts as a decoy and induces IgG degradation
(e.g., the FcRn antagonist efgartigimod®).

Several therapeutic antibodies that bind FcRn
by means of the Fab (or antigen-binding) frag-
ment and block IgG—FcRn interactions are also
in clinical development (Fig. 1C and 1D). Each
binds with high affinity and is linked to either a
human IgG4 Fc domain (rozanolixizumab®) or
a mutated human IgG1 Fc domain (nipocalimab®
and batoclimab®) to limit interactions with other
Fcy receptors and their effector functions. Pep-
tide mimetics possessing sequences unrelated to
human Fc that can block FcRn, small-molecule
inhibitors of FcRn, and IgG-degrading enzymes
are also in development.

THERAPEUTIC BLOCKADE OF FCRN
IN CLINICAL PRACTICE

sistant to a bullous pemphigoid disorder caused
by injection of anti-hemidesmosome antibodies.
FcRn-deficient mice are resistant to antibody-
induced autoimmune arthritis.”®> Moreover, the
efficacy of intravenous immune globulin in these
autoimmune disease models is dependent on
FcRn.%®* The first evidence that an IgG-mediated
autoimmune disease could be targeted by phar-
macologic blockade of FcRn with a therapeutic
antibody was provided in an active and a passive
model of myasthenia gravis.®® These studies and
others laid the foundation for developing thera-
peutics that target FcRn to treat IgG-mediated
autoimmune disease,* as discussed below.

THERAPEUTIC AGENTS
TO BLOCK FCRN

Several approaches have been pursued to obtain
therapeutic blockade of FcRn by selectively tar-
geting the IgG binding interface (Fig. 1C). The
first involves engineering a human IgG1 Fc do-
main with five mutations (Fig. 1B) that increase
binding to FcRn at acidic and neutral pH val-
ues.” The crystal structure of this mutated Fc in
a complex with human FcRn shows that it binds
like a natural Fc fragment but, because it lacks
Fab domains (Fig. 1A), does not abut the mem-
brane of endosomes.®> In combination with the
increased affinity for FcRn binding conferred by
mutations, this mutated Fc outcompetes endog-
enous IgG antibodies for FcRn-mediated protec-

A major benefit of anti-FcRn therapies is that
circulating IgG levels provide a pharmacodynamic
biomarker. Inhibition of FcRn decreases all IgG
subtypes and autoantibodies within the first week
of administration, a change that typically pla-
teaus at a reduction of 50 to 70% after multiple
doses, depending on the dose and schedule of
administration (Fig. 4).* All FcRn blockers cause
prolonged IgG depletion notwithstanding their
pharmacokinetic half-lives of 1 to 4 days.*>* Pre-
treatment levels of gamma globulin may not re-
turn for 1 to 3 months after completion of thera-
py.*”%® Preexisting protective antibodies to tetanus
toxoid, varicella zoster, or pneumococcus are also
decreased by FcRn blockade but return to baseline
with global IgG recovery.*

Although vaccine responses are not thought
to be appreciably affected — a conclusion based
on early clinical experience® — separation of anti-
FcRn therapy and vaccination by at least 2 months
may be prudent.” Studies involving patients with
primary immunodeficiency (e.g., chronic variable
immunodeficiency) who also have other immune
deficits have shown that a prolonged decrease of
IgG to a level of 3 to 5 g per liter or less is as-
sociated with an increased risk of infection.””
However, the clinically approved anti-FcRn ther-
apies have not shown a substantial increase in
serious infections to date despite IgG reductions
to levels seen in immunodeficiency. FcRn inhibi-
tion does not affect IgA or IgM levels, which may
explain the absence of serious infections with
anti-FcRn therapy thus far. Clinically approved
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anti-FcRn therapies are generally safe, with head- levels, certain therapeutic antibodies can do so,
ache being the most frequent adverse event. owing to steric hindrance of the albumin-binding
Whereas efgartigimod does not lower albumin site of FcRn (Fig. 1C) or receptor degradation, or
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Figure 3 (facing page). FcRn in Immune Activities.

Panel A depicts the recycling and protection of IgG
from catabolism. Fluid-phase uptake of IgG by endo-
thelial and monocytic cells allows binding to FcRn in
acidified intracellular endosomal vesicles. These vesi-
cles recycle the FcRn-bound IgG to the plasma mem-
brane, where 1gG dissociates from FcRn at the neutral
pH of the extracellular milieu. IgG that is not bound by
FcRn is transferred to lysosomes for degradation. Pan-
el A is adapted from Roopenian et al.* Panel B depicts
the immune activities of FcRn. When FcRn on a profes-
sional antigen-presenting cell, such as a monocytic or
myeloid cell, binds IgG as an immune complex with
antigen, several FcRn-regulated functions may be en-
gaged. These include the production of cytokines and
other mediators, such as tissue factor, which is associ-
ated with the induction of thrombosis; phagocytosis of
the IgG-opsonized microbe or cell; and the internaliza-
tion and transport of the IgG-bound antigens to intra-
cellular compartments where the processing of IgG-
associated proteins enables the generation of peptides.
These peptides bind to class | and class Il HLA mole-
cules for stimulation of CD8+ and CD4+ T cells and
their downstream consequences. These cellular path-
ways occur in cooperation with classical Fcy receptors.
Panel B is adapted from Pyzik et al.*

both.”> A possible reduction in albumin levels
warrants continued monitoring of albumin and
lipid levels and drugs carried by albumin.?
Numerous clinical trials are currently under
way to examine the therapeutic efficacy of these
approaches in many clinical indications (Table 1).
The clearest benefits of FcRn inhibition are seen
in cases of myasthenia gravis caused by IgG
autoantibodies to the acetylcholine receptor (Ta-
ble 1); this observation is consistent with find-
ings from studies in animal models.®® Findings
from studies of the use of intravenous immune
globulin in the treatment of myasthenia gravis
suggest that a 20 to 30% reduction in autoanti-
body levels may be a threshold for observing
clinical improvement.” Phase 3 clinical trials of
FcRn inhibition in myasthenia gravis showed
that a 60 to 70% reduction of autoantibody levels
was associated with significant clinical benefit
as compared with placebo. Notable concordance
was seen between decreased clinical disease ac-
tivity (as reflected by the Myasthenia Gravis—Ac-
tivities of Daily Living score and the Myasthenia
Gravis—Quality of Life score) and overall IgG
and IgG antiacetylcholine receptor levels after
FcRn inhibition in both the ADAPT and the
MycarinG trials (Fig. 4).%® These findings re-

sulted in approval by the Food and Drug Admin-
istration of both efgartigimod (Vyvgart) and
rozanolixizumab (Rystiggo) for this indication.
In the recent phase 2 ADHERE trial of efgartigi-
mod in chronic inflammatory demyelinating
polyneuropathy (CIDP), a disease that is associ-
ated with autoantibodies to myelin-associated
antigens, 70% of the patients had evidence of
clinical improvement and had fewer relapses
while receiving therapy.” These findings led to
FDA approval of efgartigimod for treatment of
CIDP (Table 1).

Studies of FcRn inhibitors in immune throm-
bocytopenic purpura (ITP), another well-known
IgG-mediated autoimmune disease, have result-
ed in clinical benefit, but to a lesser extent than
that seen in myasthenia gravis. In a phase 2 trial,
rozanolixizumab therapy increased platelet counts
from 20x10° per liter to 80x10° per liter within
72 hours after administration of the highest
single dose, coincident with a fall in total plas-
ma IgG levels of only 40%.” This result sug-
gests a lack of concordance of IgG reduction and
platelet augmentation as well as an unanticipat-
ed immediacy of response. A phase 2 trial of
efgartigimod in ITP showed responses of 46%
with efgartigimod as compared with 25% with
placebo.” A phase 3 trial of intravenous efgar-
tigimod (ADVANCE IV) showed a significant
primary response of 21% with efgartigimod
(250x10° per liter for at least four of the six visits
between weeks 19 and 24) as compared with 5%
with placebo, with criteria met for multiple sec-
ondary end points, in a patient population with
difficult-to-treat disease.”” On the basis of these
results, efgartigimod as an intravenous formula-
tion has been approved in Japan for the treatment
of ITP. However, a second phase 3 trial of subcu-
taneously administered efgartigimod (ADVANCE
SC; ClinicalTrials.gov number, https://clinicaltri-
als.gov/study/NCT04687072) met neither the pri-
mary nor secondary outcome criteria despite re-
ductions in IgG of greater than 60% by week 17,
similar to those in the ADVANCE 1V trial.

These trials and others illustrate the com-
plexity of IgG-mediated autoimmune diseases
— complexity that is reflected in the response
observed with anti-FcRn agents. Myasthenia gra-
vis and CIDP involve the direct effects of the
autoantibody on target cells (the neuromuscular
junction and nerve cell, respectively); therefore,
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A Cycle 1 of ADAPT Trial of Efgartigimod in Patients with AChR-Ab—Positive Generalized Myasthenia Gravis
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Figure 4. MG-ADL and QMG Scores and IgG and AChR-Ab Levels in ADAPT and MycarinG Trials.

Panel A shows the mean change in the Myasthenia Gravis—Activities of Daily Living (MG-ADL) score (blue circles; higher scores indicate
more severe disease) and the Quantitative Myasthenia Gravis (QMG) score (green squares; higher scores indicate more severe disease)
and the levels of IgG (red diamonds) and acetylcholine receptor antibody (AChR-Ab; orange triangles) from baseline during cycle 1 of
the ADAPT trial of efgartigimod (at a dose of 10 mg per kilogram of body weight per week for 4 weeks) in patients with AChR-Ab—
positive generalized myasthenia gravis.” The mean changes in MG-ADL and QMG scores reflect decreases (indicating clinical improve-
ment) from baseline. Changes in AChR-Ab and IgG levels are reported as percent decreases from baseline. Panel B shows the mean
changes in the MG-ADL score and the QMG score and the percent changes in levels of IgG and AChR-Ab from baseline to day 43 of the
treatment period and through the final visit of the MycarinG trial of rozanolixizumab at a dose of 10 mg per kilogram of body weight per
week for 6 weeks in patients with generalized myasthenia gravis.®® The mean changes in MG-ADL and QMG scores reflect decreases
from baseline. The changes in levels of AChR-Ab and IgG are reported as percent decreases from baseline; a decrease of 2 or more in
the MG-ADL score and a decrease of 3 or more in the QMG score are considered clinically important. In all graphs, each point repre-
sents 46 to 69 observations.

clinical status correlates with circulating IgG
levels. In contrast, ITP has more complex patho-
physiological features that involve rapid phago-
cytosis of IgG autoantibody-coated platelets in
the spleen and liver and autoantibody-mediated
damage to megakaryocytes, thereby reducing
platelet production.®® A direct relationship be-
tween levels of circulating autoantibodies and
clinical status has not been shown in ITP, and
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platelet-bound autoantibodies are not identified
in all patients. Clearance mechanisms not based
on FcRn, such as the asialoglycoprotein receptor,
T-cell mediated cytotoxicity, or classical FcyRs,
may limit the response to this approach in pa-
tients with ITP. These findings indicate the
uncertain benefit of IgG reduction alone in cer-
tain IgG-mediated autoimmune diseases. It is not
yet known whether clinically important disease-
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specific differences exist among FcRn inhibitors
or how FcRn inhibitors affect the tissue levels of
IgG or activities of FcRn.”

Recently, FcRn inhibition has been used to
inhibit maternal—fetal transfer of IgG anti-D and
anti-Kell antibodies in severe, early-onset hemo-
Iytic disease of the fetus and newborn (HDEN).*
Nipocalimab, at weekly doses intended to com-
pletely block FcRn, led to dramatic responses in 7
of 13 fetuses,* 8 of which had had siblings that
died in previous pregnancies. The 7 fetuses with
responses received no other antenatal treatment,
in particular no intrauterine transfusions, and
only 1 postnatal transfusion, unlike their preced-
ing, severely affected siblings. The 6 other fetuses
had lesser responses, showing delays in but not
complete absence of in utero transfusion, with
one fatality at 22 weeks of gestation. The underly-
ing pathophysiological features that distinguish
fetuses with a response from those without a re-
sponse are unclear and could involve variations in
properties and titers of antibodies against red
cells or variations in FcRn expression levels in the
placenta, or could involve an ancillary role of
other Fcy receptors in the transplacental trans-
port mechanism, among other possibilities.

CONCLUSION

Insights from foundational studies that deci-
phered the transport of immunity from a moth-
er to her offspring has led in the ensuing years
to delineation of FcRn as a critical factor in de-
termining the transport, lifespan, and activity of
its two ligands, IgG and albumin. This under-
standing has enabled, and now validated, FcRn
as a therapeutic target in the treatment of IgG-
mediated alloimmune and autoimmune diseases.
Manipulation of FcRn, whether by inhibition or
augmentation, may prove to be an important part
of the therapeutic armamentarium in the preven-
tion and treatment of infectious diseases, auto-
immunity, and cancer.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank Thomas Hanley and Gabrielle Peko for adminis-

trative assistance and Drs. Michal Pyzik, Amit Gandhi, Arthur
Kaser, Peter Sage, and Antony Rosen for critical discussions.

AUTHOR INFORMATION

!Weill Cornell School of Medicine, New York; 2Departments of
Pathology and Laboratory Medicine and Medicine, Perelman
School of Medicine, University of Pennsylvania, Philadelphia;
*Department of Medicine, Brigham and Women’s Hospital,
Harvard Medical School, Boston.

REFERENCES

1. Cooper GS, Bynum MLK, Somers EC. 8. Simister NE, Mostov KE. An Fc receptor ~ transport gives rise to short half-life of

Recent insights in the epidemiology of au-
toimmune diseases: improved prevalence
estimates and understanding of clustering
of diseases. J Autoimmun 2009;33:197-
207.

2. Ludwig RJ, Vanhoorelbeke K, Leypoldt
F, et al. Mechanisms of autoantibody-
induced pathology. Front Immunol 2017;8:
603.

3. Sand KM, Bern M, Nilsen J, Noordzij
HT, Sandlie 1, Andersen JT. Unraveling
the interaction between FcRn and albu-
min: opportunities for design of albumin-
based therapeutics. Front Immunol 2015;
5:682.

4. Pyzik M, Kozicky LK, Gandhi AK,
Blumberg RS. The therapeutic age of the
neonatal Fc receptor. Nat Rev Immunol
2023;23:415-32.

5. Roopenian DC, Akilesh S. FcRn: the
neonatal Fc receptor comes of age. Nat
Rev Immunol 2007;7:715-25.

6. Brambell FWR. The transmission of
passive immunity from mother to young.
Amsterdam: Elsevier, 1970.

7. Wallace KH, Rees AR. Studies on the
immunoglobulin-G Fc-fragment receptor
from neonatal rat small intestine. Biochem
J 1980;188:9-16.

N ENGL J MED 39216

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

structurally related to MHC class I antigens.
Nature 1989;337:184-7.

9. Story CM, Mikulska JE, Simister NE.
A major histocompatibility complex class
I-like Fc receptor cloned from human pla-
centa: possible role in transfer of immu-
noglobulin G from mother to fetus. J Exp
Med 1994;180:2377-81.

10. Simister NE. Placental transport of im-
munoglobulin G. Vaccine 2003;21:3365-9.
11. Nimmerjahn F, Ravetch JV. Fcgamma
receptors as regulators of immune respons-
es. Nat Rev Immunol 2008;8:34-47.

12. West AP Jr, Bjorkman PJ. Crystal
structure and immunoglobulin G binding
properties of the human major histocom-
patibility complex-related Fc receptor. Bio-
chemistry 2000;39:9698-708.

13. Oganesyan V, Damschroder MM, Cook
KE, et al. Structural insights into neonatal
Fc receptor-based recycling mechanisms.
J Biol Chem 2014;289:7812-24.

14. 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 J Immunol
1999;29:2819-25.

15. Stapleton NM, Andersen JT, Stemerding
AM, et al. Competition for FcRn-mediated

human IgG3 and offers therapeutic poten-
tial. Nat Commun 2011;2:599.

16. Damelang T, Brinkhaus M, van Osch
TLJ, et al. Impact of structural modifica-
tions of IgG antibodies on effector func-
tions. Front Immunol 2024;14:1304365.
17. Chaudhury C, Mehnaz S, Robinson
JM, 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.

18. Zhao X, Zhang G, Liu S, et al. Human
neonatal Fc receptor is the cellular un-
coating receptor for enterovirus B. Cell
2019;177(6):1553-1565.€16.

19. Ingle H, Molleston JM, Hall PD, et al.
The neonatal Fc receptor is a cellular re-
ceptor for human astrovirus. Nat Microbiol
2024;9:3321-31.

20. Blumberg RS, Koss T, Story CM, et al.
A major histocompatibility complex class
I-related Fc receptor for IgG on rat hepa-
tocytes. J Clin Invest 1995;95:2397-402.
21. Sachs UJ, Socher I, Braeunlich CG,
Kroll H, Bein G, Santoso S. A variable
number of tandem repeats polymorphism
influences the transcriptional activity of
the neonatal Fc receptor alpha-chain pro-
moter. Immunology 2006;119:83-9.

NEJM.ORG APRIL 24, 2025

Downloaded from nejm.org at Biblioteca Nacional de Salud y Seguridad Social on October 24, 2025.

1633

Copyright © 2025 Massachusetts Medical Society. All rights reserved, including those for text and data mining, Al training, and similar technologies.



1634

Copyright © 2025 Massachusetts Medical Society. All rights reserved, including those for text and data mining, Al training, and similar technologies.

The NEW ENGLAND JOURNAL of MEDICINE

22. Gouilleux-Gruart V, Chapel H, Chevret
S, et al. Efficiency of immunoglobulin G
replacement therapy in common variable
immunodeficiency: correlations with clini-
cal phenotype and polymorphism of the
neonatal Fc receptor. Clin Exp Immunol
2013;171:186-94.

23. Su S, Liu Q, Zhang X, et al. VNTR2/
VNTR3 genotype in the FCGRT gene is
associated with reduced effectiveness of
intravenous immunoglobulin in patients
with myasthenia gravis. Ther Adv Neurol
Disord 2021;14:1756286420986747.

24, Billiet T, Dreesen E, Cleynen I, et al. A
genetic variation in the neonatal Fc-receptor
affects anti-TNF drug concentrations in in-
flammatory bowel disease. Am J Gastroen-
terol 2016;111:1438-45.

25. Martin MG, Wu SV, Walsh JH. Hor-
monal control of intestinal Fc receptor
gene expression and immunoglobulin
transport in suckling rats. J Clin Invest
1993;91:2844-9.

26. Dickinson BL, Badizadegan K, Wu Z,
et al. Bidirectional FcRn-dependent IgG
transport in a polarized human intestinal
epithelial cell line. J Clin Invest 1999;104:
903-11.

27. Brambell FW. The transmission of
immunity from mother to young and the
catabolism of immunoglobulins. Lancet
1966;2:1087-93.

28. Gupta S, Gach JS, Becerra JC, et al.
The neonatal Fc receptor (FcRn) enhances
human immunodeficiency virus type 1
(HIV-1) transcytosis across epithelial cells.
PLoS Pathog 2013;9(11):e1003776.

29. Rathore APS, Saron WAA, Lim T, Jahan
N, St John AL. Maternal immunity and
antibodies to dengue virus promote infec-
tion and Zika virus-induced microcephaly
in fetuses. Sci Adv 2019;5(2):eaav3208.
30. Schellhammer L, Beffinger M, Sala-
zar U, Laman JD, Buch T, Vom BergJ. Exit
pathways of therapeutic antibodies from
the brain and retention strategies. iScience
2023;26:108132.

31. Firan M, Bawdon R, Radu C, et al. The
MHC class I-related receptor, FcRn, plays an
essential role in the maternofetal transfer of
gamma-globulin in humans. Int Immunol
2001;13:993-1002.

32. Borghi S, Bournazos S, Thulin NK, et
al. FcRn, but not FcyRs, drives maternal-
fetal transplacental transport of human
IgG antibodies. Proc Natl Acad Sci U S A
2020;117:12943-51.

33. Volkov M, Brinkhaus M, van Schie
KA, et al. IgG Fab glycans hinder FcRn-
mediated placental transport. J] Immunol
2023;210:158-67.

34. Einarsdottir H, Ji Y, Visser R, et al.
H435-containing immunoglobulinG3 al-
lotypes are transported efficiently across
the human placenta: implications for al-
loantibody-mediated diseases of the new-
born. Transfusion 2014;54:665-71.

35. Klink DT, van Elburg RM, Schreurs
MW], van Well GTJ. Rituximab adminis-

N ENGL J MED 392]16

tration in third trimester of pregnancy
suppresses neonatal B-cell development.
Clin Dev Immunol 2008;2008:271363.

36. Wilcox CR, Holder B, Jones CE. Fac-
tors affecting the FcRn-mediated trans-
placental transfer of antibodies and im-
plications for vaccination in pregnancy.
Front Immunol 2017;8:1294.

37. Grubb JH, Vogler C, Tan Y, Shah GN,
MacRae AF, Sly WS. Infused Fc-tagged
beta-glucuronidase crosses the placenta
and produces clearance of storage in utero
in mucopolysaccharidosis VII mice. Proc
Natl Acad Sci U S A 2008;105:8375-80.

38. Mimoun A, Bou-Jaoudeh M, Delignat S,
et al. Transplacental delivery of therapeutic
proteins by engineered immunoglobulin G:
a step toward perinatal replacement ther-
apy. J Thromb Haemost 2023;21:2405-17.
39. Moise KJ Jr, Ling LE, Oepkes D, et al.
Nipocalimab in early-onset severe hemo-
lytic disease of the fetus and newborn.
N Engl J Med 2024;391:526-37.

40. Cines DB, Blanchette VS. Immune
thrombocytopenic purpura. N Engl J Med
2002;346:995-1008.

41. Khan S, Anvekar P, Lohana P, Sheeraz
Alam M, Ali SR. Fetal congenital heart
block associated with maternal primary
systemic lupus erythematosus and Sjogren’s
syndrome. Cureus 2021;13(9):e18036.

42. Brambell FW, Hemmings WA, Morris
IG. A theoretical model of gamma-globulin
catabolism. Nature 1964;203:1352-4.

43. Ghetie V, Hubbard JG, Kim JK, Tsen
MF, Lee Y, Ward ES. Abnormally short serum
half-lives of IgG in beta 2-microglobulin-
deficient mice. Eur J Immunol 1996;26:
690-6.

44. Wani MA, Haynes LD, Kim J, et al.
Familial hypercatabolic hypoproteinemia
caused by deficiency of the neonatal Fc
receptor, FcRn, due to a mutant beta2-
microglobulin gene. Proc Natl Acad Sci U
S A 2006;103:5084-9.

45. Roopenian DC, Christianson GJ, Sproule
TJ, et al. The MHC class I-like IgG recep-
tor controls perinatal IgG transport, IgG
homeostasis, and fate of IgG-Fc-coupled
drugs. J Immunol 2003;170:3528-33.

46. Qiao S-W, Kobayashi K, Johansen F-E,
et al. Dependence of antibody-mediated
presentation of antigen on FcRn. Proc
Natl Acad Sci U S A 2008;105:9337-42.

47. Challa DK, Wang X, Montoyo HP,
Velmurugan R, Ober RJ, Ward ES. Neona-
tal Fc receptor expression in macrophages
is indispensable for IgG homeostasis.
MAbs 2019;11:848-60.

48. Toh WH, Louber J, Mahmoud IS, et al.
FcRn mediates fast recycling of endocy-
tosed albumin and IgG from early mac-
ropinosomes in primary macrophages.
J Cell Sci 2019;133(5):jcs235416.

49. Ober RJ, Martinez C, Vaccaro C, Zhou
J, Ward ES. Visualizing the site and dy-
namics of IgG salvage by the MHC class I-
related receptor, FcRn. J Immunol 2004;
172:2021-9.

50. Blumberg LJ, Humphries JE, Jones SD,
et al. Blocking FcRn in humans reduces
circulating IgG levels and inhibits IgG
immune complex-mediated immune re-
sponses. Sci Adv 2019;5(12):eaax9586.

51. Hubbard JJ, Pyzik M, Rath T, et al.
FcRn is a CD32a coreceptor that deter-
mines susceptibility to IgG immune
complex-driven autoimmunity. J] Exp Med
2020;217(10):e20200359.

52. Vidarsson G, Stemerding AM, Staple-
ton NM, et al. FcRn: an IgG receptor on
phagocytes with a novel role in phagocy-
tosis. Blood 2006;108:3573-9.

53. Baker K, Rath T, Flak MB, et al. Neo-
natal Fc receptor expression in dendritic
cells mediates protective immunity against
colorectal cancer. Immunity 2013;39:1095-
107.

54. Cines DB, Zaitsev S, Rauova L, et al.
FcRn augments induction of tissue factor
activity by IgG-containing immune com-
plexes. Blood 2020;135:2085-93.

55. Baker K, Qiao S-W, Kuo TT, et al. Neo-
natal Fc receptor for IgG (FcRn) regulates
cross-presentation of IgG immune com-
plexes by CD8-CD11b+ dendritic cells. Proc
Natl Acad Sci U S A 2011;108:9927-32.

56. Christianson GJ, Blankenburg RL,
Duffy TM, et al. Beta2-microglobulin de-
pendence of the lupus-like autoimmune
syndrome of MRL-Ipr mice. ] Immunol
1996;156:4932-9.

57. Liu Z, Roopenian DC, Zhou X, et al.
Beta2-microglobulin-deficient mice are re-
sistant to bullous pemphigoid. J Exp Med
1997;186:777-83.

58. Li N, Zhao M, Hilario-Vargas J, et al.
Complete FcRn dependence for intrave-
nous Ig therapy in autoimmune skin
blistering diseases. J Clin Invest 2005;
115:3440-50.

59. Akilesh S, Petkova S, Sproule TJ, Shaf-
fer DJ, Christianson GJ, Roopenian D. The
MHC class I-like Fc receptor promotes
humorally mediated autoimmune disease.
J Clin Invest 2004;113:1328-33.

60. Liu L, Garcia AM, Santoro H, et al.
Amelioration of experimental autoim-
mune myasthenia gravis in rats by neona-
tal FcR blockade. J Immunol 2007;178:
5390-8.

61. Vaccaro C, Zhou J, Ober RJ, Ward ES.
Engineering the Fc region of immuno-
globulin G to modulate in vivo antibody
levels. Nat Biotechnol 2005;23:1283-8.
62. Brinkhaus M, Pannecoucke E, van der
Kooi EJ, et al. The Fab region of IgG im-
pairs the internalization pathway of FcRn
upon Fc engagement. Nat Commun 2022;
13:6073.

63. Ulrichts P, Guglietta A, Dreier T, et al.
Neonatal Fc receptor antagonist efgar-
tigimod safely and sustainably reduces
IgGs in humans. J Clin Invest 2018;128:
4372-86.

64. Kiessling P, Lledo-Garcia R, Watanabe
S, et al. The FcRn inhibitor rozanolixizu-
mab reduces human serum IgG concentra-

NEJM.ORG APRIL 24, 2025

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Biblioteca Nacional de Salud y Seguridad Social on October 24, 2025.



NEONATAL FC RECEPTOR — BIOLOGY AND THERAPEUTICS

tion: a randomized phase 1 study. Sci Transl
Med 2017;9(414):eaan1208.

65. Ling LE, Hillson JL, Tiessen RG, et al.
M281, an anti-FcRn antibody: pharmaco-
dynamics, pharmacokinetics, and safety
across the full range of IgG reduction in a
first-in-human study. Clin Pharmacol Ther
2019;105:1031-9.

66. Yap DYH, HaiJ, Lee PCH, et al. Safety,
tolerability, pharmacokinetics, and phar-
macodynamics of HBM9161, a novel FcRn
inhibitor, in a phase I study for healthy
Chinese volunteers. Clin Transl Sci 2021;
14:1769-79.

67. Howard JFJr, Bril V, Vu T, et al. Safety,
efficacy, and tolerability of efgartigimod
in patients with generalised myasthenia
gravis (ADAPT): a multicentre, randomised,
placebo-controlled, phase 3 trial. Lancet
Neurol 2021;20:526-36.

68. Bril V, Druzdz A, Grosskreutz J, et al.
Safety and efficacy of rozanolixizumab
in patients with generalised myasthenia
gravis (MycarinG): a randomised, double-
blind, placebo-controlled, adaptive phase
3 study. Lancet Neurol 2023;22:383-94.

69. Guptill JT, Sleasman JW, Steeland S,
et al. Effect of FcRn antagonism on pro-
tective antibodies and to vaccines in IgG-
mediated autoimmune diseases pemphi-
gus and generalised myasthenia gravis.
Autoimmunity 2022;55:620-31.

70. Dalakas MC, Spaeth PJ. The impor-
tance of FcRn in neuro-immunotherapies:
from IgG catabolism, FCGRT gene poly-
morphisms, IVIg dosing and efficiency to
specific FcRn inhibitors. Ther Adv Neurol
Disord 2021;14:1756286421997381.

71. Furst DE. Serum immunoglobulins
and risk of infection: how low can you go?
Semin Arthritis Rheum 2009;39:18-29.
72. Ma G, Crowley AR, Heyndrickx L, et al.
Differential effects of FcRn antagonists on
the subcellular trafficking of FcRn and al-
bumin. JCI Insight 2024;9(10):e176166.

73. Liu J-F, Wang W-X, Xue J, et al. Com-
paring the autoantibody levels and clinical
efficacy of double filtration plasmaphere-
sis, immunoadsorption, and intravenous
immunoglobulin for the treatment of late-
onset myasthenia gravis. Ther Apher Dial
2010;14:153-60.

74. Allen JA, Lin J, Basta I, et al. Safety,
tolerability, and efficacy of subcutaneous
efgartigimod in patients with chronic
inflammatory demyelinating polyradic-
uloneuropathy (ADHERE): a multicen-
tre, randomised-withdrawal, double-blind,
placebo-controlled, phase 2 trial. Lancet
Neurol 2024;23:1013-24.

75. Robak T, Kazmierczak M, Jarque I,
et al. Phase 2 multiple-dose study of an
FcRn inhibitor, rozanolixizumab, in pa-
tients with primary immune thrombocy-
topenia. Blood Adv 2020;4:4136-46.

76. Newland AC, Sdnchez-Gonzdlez B,
Rejtb L, et al. Phase 2 study of efgartigimod,
a novel FcRn antagonist, in adult patients
with primary immune thrombocytopenia.
Am ] Hematol 2020;95:178-87.

77. Broome CM, McDonald V, Miyakawa
Y, et al. Efficacy and safety of the neonatal Fc
receptor inhibitor efgartigimod in adults
with primary immune thrombocytopenia
(ADVANCE 1V): a multicentre, randomised,
placebo-controlled, phase 3 trial. Lancet
2023;402:1648-59.

Copyright © 2025 Massachusetts Medical Society.

IMAGES IN CLINICAL MEDICINE

The Journal welcomes consideration of new submissions for Images in Clinical
Medicine. Instructions for authors and procedures for submissions can be found
on the Journal’s website at NEJM.org. At the discretion of the editor, images that
are accepted for publication may appear in the print version of the Journal,

the electronic version, or both.

N ENGL J MED 39216

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

NEJM.ORG APRIL 24, 2025

Downloaded from nejm.org at Biblioteca Nacional de Salud y Seguridad Social on October 24, 2025.

1635

Copyright © 2025 Massachusetts Medical Society. All rights reserved, including those for text and data mining, Al training, and similar technologies.



