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The majority of potent new biologics today are IgG-based
molecules that have demonstrated tissue-targeting specificity
with favorable clinical response. Several factors determine
the efficacy of these products, including target specificity,
serum half-life and effector functions via complement-
dependent cytotoxicity, antibody-dependent cell-mediated
cytotoxicity or drug conjugates. In this review, we will focus on
the interaction between therapeutic antibody and neonatal
Fc receptor (FcRn), which is one of the critical factors in
determining the circulating antibody half-life. Specifically, we
will review the fundamental biology of FcRn, FcRn functions
in various organs, Fc mutations designed to modulate binding
to FcRn, IgG-based therapeutics that directly exploit FcRn
functions and tools and strategies used to study FcRn-lIgG
interactions. Comprehensive understanding of FcRn-IgG
interactions not only allows for development of effective
therapeutics, but also avoidance of potential adverse effects.

Introduction

One of the first experiments in immunotherapy was performed
more than 100 years ago when Behring and Kitasato demon-
strated immune protection in rabbits by blood transfusions from
other rabbits immunized with tetanus toxin.! This eventually
led to similar use in humans by transfusion of serum for passive
immunity protection from toxin and infection, such as rubeola.
Isolation of IgG began in the 1930s, and the process was fur-
ther refined by Edwin J. Cohn, who was also able to isolate the
albumin fraction from human serum. However, use of the Cohn
method still resulted in severe anaphylaxis due to IgG re-aggre-
gation; this approach was improved in the 1960s before it was
accepted for clinical use. It was then another three decades until
the first recombinant IgG therapeutic, infliximab (Remicade®),
was approved by the US Food and Drug Administration for the
treatment of Crohn disease.

The history of FcRn research parallels that of antibody thera-
peutics. Studies in passive transfer of immunity from mother to
neonate led Francis William Rogers Brambell (1901-1970) to
speculate 50 years ago that this process is mediated by a receptor
that actively transports IgG at the neonatal rodent intestine. It
was not until 1989 when Neil Simister and Keith Mostov cloned
this receptor from the epithelial cells of the small intestine of an
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11 day old rat.? This review will focus on the current knowledge
regarding the interactions between FcRn and IgG-based thera-
peutics with summaries of the fundamental biology of FcRn
functions, the roles of FcRn in various organs and tissues, muta-
tions in the Fc domains that modulate binding to FcRn, IgG-
based therapeutics that directly co-opt FcRn functions, and tools
used to study FcRn-IgG interactions.

Fundamental Biology of FCRn

FcRn, encoded by fegrt and also known as the Brambell recep-
tor, is a MHC class I like molecule associated with beta-2-micro-
globulin (B2m). It functions to protect IgG and albumin from
catabolism, which explains the prolonged half-life of these two
proteins compared with other immunoglobulins and liver syn-
thesized proteins. FcRn is also known to mediate bidirectional
transcytosis of IgG across epithelial cells as well as membrane
recycling.* FcRn-IgG interaction also functions in antigen pre-
sentation and cross-presentation in macrophage and dendritic
cells.>® Each of these functions has important implications in
therapeutic antibody development. Detailed review of the biol-
ogy of FcRn function has also been covered elsewhere.””

Soon after the cloning of FcRn, the crystal structure of FcRn-
IgG interaction was resolved by Pam Bjorkman and colleagues
at the California Institute of Technology who had previously
resolved the crystal structure of the MHC class I molecule. The
crystal structure studies revealed that two FcRn molecules bind
to a single IgG with 2:1 stoichiometry, FcRn-Fc binding was
pH dependent with minimal conformational change, and the
critical contact sites identified on both molecules were later con-
firmed by surface plasmon resonance approach.'®" Two histidine
residues, H250 and H251, at the a3 domain of FcRn were found
to be responsible for pH depending binding to the CH2-CH3
domain of Fc region at H310, H430, 1253, and to a lesser extent
at H433 and Y436."*"

Although Schultze and Heremans had proposed a putative
albumin receptor that protects it from catabolism decades ago,
it was not until 2003 that Clark Anderson’s group demonstrated
that FcRn also binds to albumin."'¢ Similar to FcRn-IgG inter-
action, FcRn binds albumin at acid pH, but not basic pH, and
protects it from degradation in the liver, which is the predomi-
nant site of protection from catabolism. The FcRn site of albumin
contact is H166, while the albumin contact sites are H464, H510
and H535.7'8 Using asymmetric flow field flow fraction and
liquid chromatography-mass spectrometry, IgG:FcRn:albumin
binding was determined to be at a 1:2:1 molar ratio.”” Data
regarding whether FcRn can mediate albumin transcytosis or
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Figure 1. FcRn mediates bidirectional transport and membrane recycling of IgG in epithelial cells. IgG is believed to enter the cell by fluid phase
pintocytosis (assuming neutral pH condition) and does not bind to FcRn until the endosome is acidified. However, in the duodenum, the acidic luminal
environment may allow IgG to bind to FcRn at the apical membrane surface before endocytosis.”” Two FcRn bind to a single IgG molecule. IgG may be
transcytosed to the opposite membrane surface or recycled back to the same membrane surface."” The exact intracellular pathway is believed to differ
between cells. IgG is dissociated from FcRn at the membrane surface at neutral pH.

simultaneously bind to both IgG and albumin in physiologic
condition has yet to be published.

Cross-species binding between FcRn and its ligands, IgG
and albumin, has revealed distinct interactions that have been
exploited for antibody testing in animal models. Murine FcRn
has been recognized as being “promiscuous” due to its ability
to bind to various species of IgG (including human IgG), while
human FcRn can only bind to a limited species of IgG (mainly
human and rabbit but not murine).? Although the major struc-
tural difference is the presence of four N-glycans on rodent FcRn
compared with the single N-glycan on human FcRn, “rodenti-
zation” by conferring additional N-glycans to human FcRn did
not increase binding to rodent IgG.> However, “murinization” of
residues 137 and 121-131 at a2 domain of human FcRn allowed
binding to mouse IgG.*! The opposite cross-species binding pat-
tern was observed in FcRn-albumin interaction. Mouse FcRn
cannot bind to human albumin, while human FcRn can bind to
mouse albumin.?

The intracellular pathway of FcRn mediated IgG transport
begins with fluid phase pintocytosis of IgG (assuming neu-
tral pH at the membrane surface), and binding to FcRn only
occurs after endosome acidification. From there, IgG may be
transcytosed to the opposite membrane surface, recycled back to
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the same membrane surface, or transported to the lysosome for
degradation (Fig. 1). The regulation of each of these pathways is
still not completely understood and is believed to differ between
cell types. Studies using polarizable epithelial cells to dissect
the mechanisms of transcytosis and recycling have revealed the
importance of the FcRn cytoplasmic tail in determining baso-
lateral membrane targeting. Amino acid residues at the cytoplas-
mic tail that mediate basolateral membrane targeting include
the tryptophan and dileucine motifs, the phosphorylation site
at serine-313, and the calmodulin binding site. Other regula-
tors of transport included Rab 25 and myosin Vb in transcyto-
sis, Rablla in basolateral recycling and exocytosis, and Rab 7
in lysosome targeting.“** In dendritic cells, FcRn was found to
mediate the transport of multimeric IgG-antigen complex (mul-
tiple IgGs attached to a single antigen) to the lysosome, but not
that of monomeric IgG-antigen complex (antigen with a single

IgG)>
FcRn Functions in Organs
FcRn is widely expressed in different organs where the functions

can vary significantly. The known functions of FcRn in vari-
ous organs are briefly reviewed here since they have important
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relevance to antibody catabolism, transport in drug delivery and
potential tissue-specific side effects.

Intestine. The original observations of passive immunity
transfer from mother to neonate more than 50 years ago led
Brambell to hypothesize the existence of this receptor in the
neonate intestine and to the subsequent cloning from the same
site. The biology of FcRn transport in polarized epithelium has
been extensively studied and its function is known to extend
beyond that of the neonatal period. Humanized rodent models
have shown that FcRn in the intestine can transport IgG to the
luminal surface to bind to the cognate antigen and transport the
IgG-antigen complex back to the lamina propria for subsequent
presentation to dendritic cells.?* This adaptive immune response
was later demonstrated to be functional in a murine model of
bacteria-induced colitis, in which FcRn in the intestine also
transports bacteria-specific antibody into the intestinal lumen as
a mucosal defense mechanism.”

Lung. FcRn has been detected in the bronchial epithelial
cells of human, non-human primate, rat, mouse and cow. It is
not detected in alveoli of human but is detectable in those of
rat. Bidirectional FcRn-mediated transport function in the pul-
monary epithelial cells has been co-opted for the delivery of
Fc-fusion proteins.*®

Kidney. Within the glomeruli, FcRn is expressed in the podo-
cyte and functions to reabsorb IgG and prevent the deposition
of immune complex.”” FcRn is not expressed in the distal tubule
but is in the human proximal tubule where bidirectional trans-
port has been demonstrated.? Several in vitro polarized epithelial
models that used renal tubule cells also confirmed similar find-
ings of bidirectional transcytosis, and with the predominant vec-
tor being basal-to-apical direction. A recent report using a kidney
transplant system demonstrated that FcRn in the kidney secretes
IgG but salvages albumin from urinary loss.”” Therefore, FcRn in
the urinary tract, like that of the intestine, probably also serves in
immune surveillance and defense for mucosal protection.

Breast. FcRn is expressed in the human mammary gland
endothelial cells rather than the epithelial cells. In malignant
tissues, FcRn has been detected in ductal, lobular and medul-
lary carcinoma, as well as histiocytes within the breast cancer
interstitium.’® FcRn is believed to salvage IgG to retain in the
systemic circulation. A recent study showed the benefit of protec-
tive maternal antibody transport to the neonate in an asthma
model and highlighted the role of FcRn in the transfer of passive
immunity and tolerance induction.’!

Placenta. As opposed to rodents, in which passive immu-
nity transfer is believed to be predominantly post-natal, human
immunity occurs mostly in utero where IgG transfer to the fetus
via syncytiotrophoblast and the fetal intestine increases from the
second trimester until delivery. IgG1 is most efficiently trans-
ported to the fetus, while IgG2 is the least.®? This transport
process has led to the design of Fe-fusion proteins for in utero
fetus targeting the use of B-glucuronidase (GUS)-Fc fusion pro-
tein in a mouse model of GUS-deficiency.”® Despite the benefit
of co-opting placental FcRn as a mechanism of drug delivery, it
is also a portal for transplacental transport of pathogenic IgG
and IgG-viron complex to the fetus.** Although biologics used in
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Crohn disease do not appear to increase the risks for malforma-
tions, there are limited data on teratogenicity profile in most of
therapeutic monoclonal antibodies (mAb) used today. It is pos-
sible that mADb toxicities are more associated with developments
in the later trimesters than that of the early gestational period.

Hematopoietic cells. FcRn is expressed in macrophages,
monocytes, B cells and dendritic cells. FcRn in macrophages can
mediate adaptive immunity by phagocytosis of bacteria that is
complexed with bacteria-specific IgG.* In dendritic cells, FcRn
can mediate antigen presentation and cross-presentation, func-
tions that are critical for adaptive immunity and potential thera-
peutic immunization process.”®

Vascular endothelium. By conditional deletion of FcRn in
mice using Cre recombinase under the control of the Tie2 pro-
moter, it was demonstrated that FcRn in the vascular endothe-
lium and hematopoietic cells are the major sites for maintaining
IgG homeostasis.*

Genital system. Fcgrt rRNA has been detected in the testes of
rats and IgG has been detected in rete testis fluid with a yet to be
determined function in immunity.’” Recent studies showed that
FcRn in the vaginal epithelium, similar to that of intestine, can
mediate bidirectional transport of IgG and secretion of IgG for
immune protection.’®*

Liver. FcRn in the liver is the major site for the maintenance
of albumin homeostasis.”” Although little has been published
regarding its function in the liver, our preliminary data showed
that FcRn in the liver prevents biliary loss of IgG and albumin.

Eye. FcRn is not detected in the retinal pigmented epithelium
or the choroid of the rodent eye, but it is expressed in the epithe-
lium of the cornea, lens and non-pigmented ciliary body. It is also
expressed in the blood vessels of the retina and ciliary body, as
well as the conjunctiva lymphatic vessel and the optic nerve vessel.
Bevacizumab (Avastin®) administered via intravitreal injection in
mice was found to diffuse through the retina and transported
by FcRn across the blood-retina barrier to the systemic circu-
lation.”*> Antibody transport was found to increase after laser-
induced neovascularization, and this was believed to be caused
by TNFa increase and subsequent FcRn upregulation. Because
FcRn appeared to be the major conduit in intravitreal antibody
elimination and choroidal neovascularization can develop after
laser therapy, there has been suggestion that the dose of intraocu-
lar injection of anti-vascular endothelial growth factor may need
to be adjusted to prevent extra-ocular side effects.

Brain. FcRn expression has been found at the capillary endo-
thelium and choroid plexus epithelium, and the expression is
upregulated in astrocytomas and oligodendrogliomas. An early
hypothesis that suggested FcRn in the blood-brain barrier func-
tioned to remove IgG from the brain to systemic circulation via
“reverse transcytosis” has not been proven in a subsequent study;
thus, the function in the brain is still unclear.®’

Skin. FcRn has been detected in the hair follicle, sebaceous
gland, epidermal keratinocyte and melanocytes.* However, the
exact role in each cell type is still unknown.

With the exception of intestines and dendritic cells, FcRn
functions in various tissues and organs are still incompletely
understood. Furthermore, FcRn-IgG interactions in multiple
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Table 1. A summary of IgG mutations developed to increase FcRn-IgG binding affinity and extend serum half-life

Mutations LUDEUED Antibody FeRn blnd'lng atpH Serum h.alf-llfe (T”zﬁ) Ref. Author affiliation
abbrev. 6.0-fold increase fold increase
M252Y, S254T, 10x (human), .
T256E YTE 1gG1 (MEDI-524) (a-RSV) o) 4x (cynomolgus) 48 Medimmune
M252Y, S254T,
T256E YTE a-VEGF 2.5x (cynomolgus) 58 Xencor
28x (human), I
T250Q, M428L QL 19G2 (a-HBV OST577) 1.9x (rhesus) 50 Protein Bioscience
27x (rhesus)
29x (human), . .
T250Q, M428L QL 1gG1 (a-HBV OST577) 2.5x (rhesus) 50, 51 Protein Design Lab
37x (rhesus)
40x (cynomolgus), No difference .
T250Q, M428L QL 19G1 (a-TNF) 500% (Mouse) Grarolos 52 Lilly Research Lab
19x (human), No difference
P2571, Q3111 1] 19G1, (a-TNFa) 80x (cynomolgus), (cynomolgus), 52 Lilly Research Lab
25x (mouse) 0.1x (mouse)
o I, 0.7x (cynomolgus)
P2571, N434H IH 19G1 (a-TNFa) 52x (cynomolgus), : Y gush, 53 Lilly Research Lab
0.03x (mouse)
197x (mouse)
Uit 0.8x (cynomolgus)
D376V, N434H VH IgG1 (a-TNFa) 52x (cynomolgus), oX iy gush 53 Lilly Research Lab
0.1x (mouse)
17x (mouse)
N434A NA el (5 LD, ey 4x (cynomolgus) 1.6-2.3x (cynomolgus) 54 Genentech
trastuzumab)
Humanized IgG1 (Hu4D5, No difference
N434W NW «HER2, trastuzumab) 80x (cynomolgus) T 54 Genentech
N434A A IgG1 (Hu4D5, «HER2) 3.4x (human) 2.2x (NFcRn-Tg mouse) 56, 57 Gemmef:;“"””
T307A, E380A,  ppa IgG1 (Hu4D5, «HER2) 11.8 (human) 2.5x (hFcRn-Tg mouse) 56,57 Genentech, Jackson
N434A Lab
1gG1 (aVEGF, bevaci- 3.2x (cynomolgus),
M428L, N434S LS 2umab) 11x (human) 53 (AT aEs) 58 Xencor
1gG1 (aVEGFR, cetux- 3.1x (cynomolgus),
M428L, N434S LS imab) ST o) 58 Xencor

FcRn, neonatal Fc receptor; HBV, hepatitis B virus; HER2, human epidermal growth factor receptor 2; Tg, transgenic; TNF, tumor necrosis factor; RSV,

respiratory syncytial virus; VEGF, vascular endothelial growth factor.

organs appear to be involved in coordinating immune responses
as seen in mucosal epithelium and dendritic cells. Whether other
tissues function similarly is still unknown.

Strategies in Modulating FcRn-lgG Binding Affinity
and Antibody Half-life

Because FcRn is known to prolong the halflife of IgG, the
obvious strategy has been to modulate FcRn-IgG interaction to
cither extend or shorten the antibody half-life. Half-life exten-
sion of therapeutic antibodies would help maintain drug thera-
peutic levels and reduce the frequency of administration, while
half-life reduction would be ideal for diagnostic tests or toxicity
control.

Attempts to prolong antibody half-life by mutations of the
Fc region critical for FcRn binding have been relatively success-
ful. However, increasing Fc to FcRn binding does not neces-
sarily prolong serum half-life. In fact, IgG1l mutants created to
significantly increase binding at pH 6.0 as well as pH 7.4 did
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not contribute to increase serum halflife, but instead offset the
benefit of enhanced binding at pH 6.0 alone.”“ It is believed
that FcRn-IgG binding at pH 7.4 prevents IgG release into the
circulation and instead diverts it to the degradation pathway.
Furthermore, it has been suggested that the rate of dissociation
at pH 7.4 is equally or perhaps more important in determining
serum half-life.”

Five sets of published mutations in the Fc domain, most with
relative success in both increasing binding to FcRn and extend-
ing serum half-life (Table 1), are reviewed here. Locations of
amino acid residue mutations are illustrated in Figure 2.

YTE. Human IgGl with M252Y/S254T/T256E (YTE)
mutations (motavizumab, syncytial virus,
MedImmune Inc.,) resulted in a 10-fold increase in binding to
FcRn (human and cynomolgus monkey) at pH 6.0 and a 4-fold
increase in serum halflife (cynomolgus monkey). A concomi-
tant 4-fold increase was also detected in the bronchio-alveolar
fluid.*®® Crystal structure analysis demonstrated that the effect
of increased binding was likely due to favorable surface contact

anti-respiratory
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involving hydrogen bonds.”” In a different human
IgGl with mutations to enhance ADCC activity
by increased binding to FcyRIIIA (etaracizumab,
anti-human o 3, integrin complex, Medlmmune),
introduction of YTE residues resulted in >100-fold
reduction in the ADCC activity. This negative
effect was reversed with additional mutations that
consisted of S239D/A330L/1332E and reconstitu-
tion of the ADCC activity to 10-fold that of the
original MEDI-522. The serum half-life of the com-
bined ADCC and YTE mutations in MEDI-522
was not reported.*

QL. Although not known to contact FcRn,
amino acid residues 250 and 428 (T250Q, M428L;
QL) had been targeted for mutation due to their
proximity to the CH2-CH3 interface; these two
residues are also conserved in all four human IgG
subtypes. Initial mutations in an IgG2 (anti-hepati-
tis B virus OST577, Protein Design Labs) resulted
in a 27-fold increase in binding to human FcRn and

M252
S$254
T256

0311
P257

a 1.9-fold increase in serum half-life in rhesus mon-

keys.® Later studies using IgGl resulted in a 29-fold
increase in binding to human FcRn and 2.5-fold
increase in serum half-live in rhesus monkeys.”' No
negative effects on CDC or ADCC activities were
observed with the same mutations on another anti-

body, HulD10-IgGl.

Figure 2. Mutations in amino acid residues in the Fc region to enhance FcRn affin-

ity. Diagram of the Fc portion of human IgG1 (protein data bank (PDB) ID: 1DN2) was
generated using RasMol (OpenRasMol).2° FcRn binds at the CH2-CH3 hinge region of Fc
at 1253, H310, H430, and to a lesser extent H433 and Y436.'* Amino acid residues near
the Fc hinge region mutated to increase binding to FcRn are grouped in colors accord-
ing to the various combination listed in Table 1.

Anti-tumor necrosis factor a IgGl mutations.

When the QL mutations were substituted in human anti-tumor
necrosis factor (TNF)a IgG1 antibody, affinities to cynomolgus
monkey and murine FcRn were found to increase by 40- and
500-fold, respectively.”? In the same study, P2571/Q311I sub-
stitution on anti-TNFa IgGl antibody also resulted in an 80-
and 25-fold increase in binding to cynomolgus monkey FcRn
and murine FcRn, respectively. However, neither of these two
mutant antibodies was found to have an increased serum half-life
in cynomolgus monkeys. It was suspected that binding to the
therapeutic target may have resulted in rapid antigen-antibody
complex degradation.

A separate study also used humanized anti-TNFa IgGl, with
three separate sets of mutations including P2571/Q3111, P2571/
N434H and D376V/N434H. Each resulted in a significant
increase in affinity for human, cynomolgus and mouse FcRn.»
However, the serum halflife in the cynomolgus monkeys were
significantly less than that of the unmutated antibodies. Because
none of the mutants showed association with FcRn at pH 7.4,
this is unlikely the cause of the decreased serum half-life as seen
in previous mutants that bind at a wide range of pH. Rather,
the authors speculate that the “off-rate kinetic” at endosomal pH
(6.0) may be a contributor in determining antibody transport to
the recycling or the degradation pathway.

N434 mutations. The association between binding affin-
ity and serum half-life was further demonstrated when a single
mutation at amino acid residue 434 was mutated to increase
affinity to FcRn. The humanized anti-human epidermal growth
factor receptor 2 (HER2) IgGl1 trastuzumab (Herceptin®) with
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either N434A or N434W substitution resulted in 4- and 80-fold
increased binding to cynomolgus monkey FcRn at pH 6. Only
the N434W mutant was found to also bind at pH 7.4. Serum
half-life in cynomolgus monkey was 1.6- to 2.3-fold increased in
the N434A mutant compared with the wild-type antibody, but
no increase was observed in the N434W mutant.’* This further
substantiates the previous studies showing dramatic increases in
pH binding does not result in increased serum half-life. Similar
results were also seen with regards to binding affinity and serum
half-life when N434A and N434H substitutions in the human-
ized anti-TNFa IgG1 were tested in the severe combined immune
deficiency (SCID) mice and cynomolgus monkeys.”

AAA. Froma previous comprehensive screen of Fc mutations in
FcRn binding study, N434A and T307A/E380A/N434A (AAA),
were shown to have 3.4-fold and 11.8-fold increases in binding to
FcRn (human).’® Substitutions in trastuzumab resulted in 1.3-
and 3.3-fold increases in binding to FcRn (human) using a cell
based assay and 2.2- and 2.5-fold increases in the serum half-life
in mice that expressed the human FcRn transgene and deficient
in the endogenous FcRn (hFcRn-Tg).” Despite the differences
in FcRn affinity, the serum half-life extensions were similar. The
authors speculated that additional mutations may have resulted
in a slight increase in pH 7.4 binding or that the maximal benefit
was already achieved with the single N434A mutation. Mouse
anti-human antibody was not detected and thus was not believed
to be a factor.

LS. In a study aimed to demonstrate positive correlation
between FcRn binding affinity and effector anti-tumor activity,
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anti-vascular endothelial growth factor (VEGF) IgGl bevaci-
zumab with M428L/N434S (LS) substitutions were generated.
This resulted in 11-fold improved binding to FcRn (human and
cynomolgus monkey).”®* Serum half-life in cynomolgus mon-
key was extended from 9.7 to 31 days, representing a 3.2-fold
improvement, which is equivalent to serum half-life of 50 days
in human. The same amino acid substitutions in anti-EGFR
IgGl cetuximab (Erbitux®) also resulted in extended serum
half-life in cynomolgus monkey from 1.5 to 4.7 days, repre-
senting a 3-fold improvement. When these two mutated anti-
bodies were used in a murine tumor model (SKOV-3 tumor
in hFcRn-tg/Rag’” mice), tumor burden decreased at a faster
rate than that of the unmurtated antibodies and thus indicating
a positive correlation between antibody half-life and antibody
effector response.

Current therapeutic antibodies in clinical use have reported
serum half-lives that vary from 0.75 to 27 days, and these include
a range of different IgG platforms such as chimeric (human and
mouse) antibodies, human antibodies and Fc-fusion proteins. A
recent study by Suzuki and colleagues reported that, although
most current therapeutic antibodies have the same Fc domain,
affinity to FcRn differs, and the Fc affinity for FcRn at pH 6 cor-
relates with the serum half-life.” The differences in FcRn affinity
were not due to FcyRI binding or amino acid differences at the
Fc portion. Instead, the receptor binding domain can influence
Fc binding to FcRn. Papain cleavage of the receptor domain from
the Fc segment resulted in increased binding of the Fc fragment
to FcRn, thus suggesting receptor domain may somehow nega-
tively impact Fc:FcRn binding. This hypothesis was also sup-
ported by the additional finding that ligand-antibody complexes,
such as infliximab-TNFa or adalimumab-TNFa complexes,
have decreased FcRn binding compared with the respective anti-
body alone. Similarly, another recent study by Wang and col-
leagues also showed that different therapeutic antibodies with the
same Fc portion can also have different affinity for FcRn.* They
also confirmed the previous hypothesis regarding the importance
of dissociation rate at neutral pH, where slower off-rate at neutral
pH is associated with decreased T, ,. However, the positive corre-
lation between K at pH 6 and T , seen in the Suzuki et al. study
was not observed. A closer analysis of the antibodies examined
by Suzuki and colleagues revealed no significant differences in
K, and T, among the mAbs studied, but the Fc-fusion proteins
had lower K| and lower T, compared with the mAbs. These
two studies emphasize the notion that Fc:FcRn binding affinity
may not be the only factor in the determination of the antibody
serum halflife, and other structural domains may also impact
the antibody:FcRn affinity and serum half-life.

Other factors have also been suggested and demonstrated to
explain the unexpected altered half-life of different therapeu-
tic antibodies, such as antibody endocytosis, ligand:antibody
ratio, antibody structural stability, antibody isoelectric point
and methionine oxidation. The decreased therapeutic half-lives
of anti-CD20 rituximab (Rituxan®) and anti-HER2 trastu-
zumab are believed to be caused by target antigen-mediated
antibody endocytosis and subsequent degradation. Methionine
oxidation at the Met252 and Met428 of IgG can also result in
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decreased binding to FcRn and subsequent loss of protection
from catabolism.®*¢!

To improve the circulating halflife of Fc-fusion pro-
tein, Fc-fusion “monomers” were created where single rather
than dimeric therapeutic protein was fused to the dimeric Fc
domain.®* Fc-fusion monomer of erythropoietin, interferon
(IFN) a, IFN and Factor IX have all been shown to have longer
circulating half-lives in mouse or cynomolgus monkey than its
dimeric counterpart and administration by pulmonary or oral
route also resulted in enhanced bioavailability of the agents.®®
Improved circulating half-life with concurrent improved thera-
peutic efficacy was demonstrated when monomeric factor IX
Fc-fusion protein corrected the whole blood clotting time in
factor IX deficient mice for 144 h compared with only 72 h for
recombinant Factor IX.%

The new generation of IgG-based therapeutics also includes
Fab heavy and light chain fragments in various combinations
and variations. However, these Fab fragments have very short
circulating half-life. For example, bispecific single chain diabod-
ies (scDb), which are linked variable heavy and light chain frag-
ments from two antibodies, have a halflife of <6 h. Various
strategies have been attempted to prevent early scDb degrada-
tion, including conjugation to polyethylene glycol (PEG), addi-
tion of N-glycosylation, fusion with albumin and fusion with
albumin binding domain (ABD) from streptococcal protein G.
The latter two strategies still rely upon interaction with FcRn,
which is known to bind to serum albumin. When fused to ABD,
scDb was found to have extended half-life and improved tumor
penetration compared to scDb conjugation to PEG.® Similar
strategies and results were also seen in Fab fragment fused with
albumin or albumin targeting proteins, such as HER2 Fab fused
with albumin, ABD or albumin binding peptide.®®*

Direct Target of FcRn for Therapy

Various therapeutic strategies have co-opted FcRn functions
either by blocking FcRn-IgG binding to facilitate endogenous
IgG degradation or by facilitating FcRn-IgG binding for exten-
sion of circulating half-life or drug delivery.

Intravenous immunoglobulin. Purified human immuno-
globulin was first used in the 1960s for primary immunodefi-
ciencies and later for the treatment of autoimmune diseases.'
Approved treatment for various autoimmune diseases includes
Guillain-Barre syndrome, Kawasaki disease, idiopathic throm-
bocytopenia purpura and chronic inflammatory demyelinating
polyneuropathy. The list for “off-label” use is much longer. It
is now recognized that one of the mechanisms of action is due
to oversaturation of FcRn that results in accelerated degrada-
tion of pathogenic antibodies. Studies using murine models of
autoimmune myasthenia gravis and skin blistering diseases con-
firmed the critical role of FcRn in mediating disease severity by
maintaining the circulating half-life of pathogenic antibodies,
and that inhibition of FcRn-IgG interaction leads to accelerated
pathogenic antibody degradation and disease amelioration.?*¢®

Abdegs and peptide inhibitors. Disruption of FcRn-IgG
interaction can also be achieved through a compound that
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blocks the binding interface. Abdegs (antibodies that enhance
IgG degradation) are recombinant antibodies that bind to
FcRn with high affinity at both pH 6 and 7.2 and thus allow
for accelerated degradation of the endogenous IgG.® In a similar
approach, a 26 amino acid dimeric peptide SYN1436 (Syntonix
Pharmaceuticals, now Biogen Idec) was shown to bind FcRn
similarly to the Fc domain at H310 and 1253, as well as being able
to bridge two FcRn molecules.”” When administered to hFcRn-
Tg mice or cynomolgus monkeys, the endogenous IgG reduced
at a faster rate without altering albumin levels.”

Fc-fusion protein. Fc-fusion proteins have been developed
to extend the circulating half-life or exploit endogenous FcRn
transcytosis function at mucosal surfaces for trans-epithelial
drug delivery. So far, recombinant Fc-fusion proteins in clinical
use have yet to achieve the same serum persistence as that of the
whole IgG molecules. Transepithelial transport in the lung using
monomeric erythropoietin-Fc fusion protein (a single erythropoi-
etin protein fused with Fc dimer) is effective and safe in human
trials with 70% deposition of acrosolized doses.®>”* In a different
configuration of Fc fusion with follicular stimulating hormone
(FSH), which is composed of a and B subunits, both the single
chain and the heterodimer FSH-Fc fusion proteins were success-
fully delivered to the circulation via oral and pulmonary admin-
istration in rats and cynomolgus monkeys.”

Immunization. Lessons from studies in mucosal immune sur-
veillance and protection in the intestine and antigen presentation
function in dendritic cells have led to the logical conclusion that
coordination of these two functions can be utilized for the devel-
opment of vaccine mediated immunity. A recent study demon-
strated this principle by immunization of mice with a Fc-fusion
protein that consisted of herpes simplex virus type-2 glycopro-
tein gD, which led to the generation of protective antibodies that
prevented subsequent intravaginal infection of a virulent HSV-2
strain.* The multi-functioning roles of FcRn in different tis-
sues appear to coordinate adaptive immunity, and this process
appears to be a rational strategy for vaccine development in the
prevention of mucosal infections.

Tools to Study FcRn-IgG Interaction

In vitro analysis of FcRn-IgG/ligand interactions still relies heav-
ily on surface plasmon resonance data. Although cell-based plat-
forms represent an alternative approach for larger scale screening,
these lack the sensitivity in determining precise FcRn-IgG bind-
ing affinity. Perhaps a more appropriate role for the cell-based
analysis of FcRn-IgG interaction would be examination of the
physiologic properties of transcytosis and recycling using polar-
ized epithelial cells. FcRn mediated transcellular transport of
IgG has been demonstrated using MDCK cells, as well as sev-
eral other commonly used polarizable epithelial cells, with stable
transfection and expression of FcRn and B2m.> This may be a
potential “physiologic screen” where pH dependent kinetics for
ligand “on” and “off” rates can be examined under physiologic
conditions.

In vivo analysis using mice has taken advantage of cross-spe-
cies differences in FcRn-IgG binding. However, this is also the
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Achilles heel of the murine model due to varied binding affini-
ties between murine FcRn and other species of IgG. Higher than
physiologic affinity between FcRn and IgG may lead to increased
IgG degradation and thus provide experimental results that would
lead to the wrong conclusion. Prior to the generation of FcRn-
deficient mice, B2m-deficient mice were commonly used, but
these mice also lack other MHC class I molecules, such as CD1
and transferrin receptors. The generation of mice that express
human FcRn and B2m transgenes and without the endogenous
mouse FcRn has allowed for a better model to interrogate human
FcRn interactions in vivo.”* Although human FcRn does not bind
to murine IgG, it can bind to murine albumin. Furthermore, in
the absence of endogenous human IgG, the effect of competitive
binding between normal circulating human IgG and recombi-
nant Fc fragments cannot be determined. To date, nonhuman
primates continue to be the more physiologically accurate model,
but the cost has limited their use.

FcRn in Livestock

The study of FcRn in different species has included a wide range
of various mammals, including novel studies of bovine FcRn.”
A mouse model has been introduced with bovine FcRn trans-
gene expression, which coincidentally appears to be functional
in binding to murine 32m as well as to both mouse and human
IgG.7® This murine model has demonstrated usefulness in reveal-
ing that FcRn can induce robust antibody response, as well as
expansion of B cells and plasma cells after immunization.””’® The
authors of these studies have also proposed the provocative idea
of human antibody production in a large animal, such as the cow,
and the extraction of antibodies from milk.

Conclusion

It is almost certain that most IgG-based therapeutics, today and
in the future, will somehow interact with FcRn, and this interac-
tion can be modulated for optimal pharmacologic effect while
avoiding off-target complications. It is not inconceivable that
future designs in Fab fragments can somehow achieve extended
half-life without fusing to a ligand that binds FcRn, but such
technology for clinical use may still be years away. In the mean-
time, it is critical to understand the functions of FcRn in various
organs and tissues, so that we may not only understand the role
of FcRn and IgG in health and disease, but also optimize our
current arsenal of therapeutics.
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