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a b s t r a c t

Fc fusion protein technology has been successfully used to generate long-acting forms of several protein
therapeutics. In this study, a novel Fc-based drug carrier, single chain Fc-dimer (sc(Fc)2), was designed to
contain two Fc domains recombinantly linked via a flexible linker. Since the Fc dimeric structure is
maintained through the flexible linker, the hinge region was omitted to further stabilize it against
proteolysis and reduce FcgR-related effector functions. The resultant sc(Fc)2 candidate preserved the
neonatal Fc receptor (FcRn) binding. sc(Fc)2-mediated delivery was then evaluated using a therapeutic
protein with a short plasma half-life, human growth hormone (hGH), as the protein drug cargo. This
novel carrier protein showed a prolonged in vivo half-life and increased hGH-mediated bioactivity
compared to the traditional Fc-based drug carrier. sc(Fc)2 technology has the potential to greatly advance
and expand the use of Fc-technology for improving the pharmacokinetics and bioactivity of protein
therapeutics.

© 2016 Published by Elsevier Ltd.
1. Introduction

The large foundation of knowledge of immunoglobulin G (IgG)
molecules has promoted development and optimization of protein-
based therapeutics and delivery systems, including monoclonal
antibodies (mAbs), immunotoxins, antibody-drug conjugates, and
Fc-fusion proteins [1]. Fc-fusion proteins, due to binding of the IgG
Fc domain to the neonatal Fc receptor (FcRn), are involved in the
recycling and transcytosis pathways of IgG [2]. The Fc domain of IgG
binds FcRn with high affinity at an acidic pH (<6.5), but with
negligible binding affinity at physiological pH (7.4) [3]. In cells with
a slightly acidic extracellular pH, such as the small intestines, IgG
binds to FcRn at the cell surface followed by transcytosis of IgG from
the apical to the basolateral surface [4e6]. The subsequent
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exposure to the pH of blood, which is approximately 7.4, allows for
the dissociation and release of IgG into circulation. For cells with a
neutral extracellular pH, it is generally thought that IgG is inter-
nalized by fluid-phase pinocytosis, binds to FcRn in the acidified
endosome, and is then either recycled or transcytosed [7]. By
interacting with FcRn through the recycling and/or transcytosis
pathway, IgG can avoid degradation in lysosomes, resulting in its
long plasma half-life. The strategy of engineering Fc conjugates
takes advantage of this characteristic to prolong the plasma half-life
of protein drugs [7].

To date, there are nine FDA-approved Fc-fusion proteins, and
many others are at different stages of clinical and preclinical
development. A majority of Fc-fusion protein drugs consist of a
protein drug linked to the N-terminal of an Fc domain that forms a
drug-Fc homodimer (“(drug-Fc)2”) along with drug-Fc monomer
impurities (Fig. 1). In the (drug-Fc)2 homodimer configuration, the
protein drug domains are adjacent to each other, often leading to
their physical instability and/or decreased bioactivity [8,9]. Further,
many large protein drugs are not suitable candidates as they cannot
be stably expressed [10]. In order to overcome these disadvantages,
“Monomeric” Fc-fusion proteins (Fig. 1), containing a protein drug
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Fig. 1. Schematic structures of current Fc-fusion protein technology and their disad-
vantages. A majority of FDA-approved Fc-fusion proteins exist as a Fc-homodimer. (A)
In this configuration, steric hindrance between the protein domains leads to physical
instability, decreased bioactivity and/or limitations in the size of protein that can be
accommodated. Monomeric Fc fusion proteins have been recently developed to
overcome these limitations. Both Fc-homodimers and Monomeric Fc fusion proteins
are (B) susceptible to instability in the hinge region via protease digestion and disulfide
reduction, and (C) generate several impurities during recombinant production.
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linked to only one of the two Fc domains (“drug-(Fc)2”) have
recently been tested and clinically approved (eg. Alprolix® and
Eloctate®). Studies have shown that these Monomeric Fc-fusion
proteins have improved half-lives and/or bioactivity compared to
their homodimeric counterparts [8]. However, their main limita-
tion is production, which requires dual expression plasmids con-
taining the drug-Fc and the Fc sequences. This production protocol
generates a mixture of multiple fusion products including (drug-
Fc)2, drug-(Fc)2 and (Fc)2, creating issues of impurity. Further, for-
mation of homodimers (i.e. (drug-Fc)2 and (Fc)2) are favored over
the Monomeric drug-(Fc)2 products, resulting in low production
yields and instability [11]. Due to these limitations, this promising
technology cannot be applied to all protein drugs. Current Fc-fusion
proteins maintain the hinge region sequence of IgG to link the two
Fc domains via disulfide bonds (Fig. 1). Other than linking two Fc
domains, this region is not important for Fc function but introduces
potential instability due to disulfide reduction, and also via enzy-
matic degradation at several protease cleavage sites present in the
hinge region [12]. Additionally, the lower hinge of IgG Fc plays a
crucial role in its binding to Fcg receptors (FcgR), initiating effector
functions that are out of the designed mechanism of action [13,14].

In this study, we have designed and evaluated a novel type of Fc
fusion protein by using a long, flexible glycine-serine (GS) linker
[15] to link two Fc chains, with the hinge sequence removed, to
create a single chain Fc-dimer, sc(Fc)2. A flexible, rather than a rigid,
linker was used in this study to allow the two Fc domains to interact
properly with each other. This type of linker is utilized in a variety
of fusion proteins, including the well-established single chain an-
tigen binding proteins (i.e. scFv) [15,16]. The use of this novel design
allows for the advantages of a Monomeric Fc-fusion protein,
without the issues of production impurities and requirement of the
hinge region. In this study, human growth hormone (hGH) was
linked to sc(Fc)2 to evaluate the protein drug delivery properties of
this novel carrier protein. hGH deficiency is associated with several
clinical indications, including short stature, Turner syndrome,
chronic kidney disease, HIV-associated wasting and abnormal
metabolism [17]. hGH has a very short plasma half-life of 3.4 h after
subcutaneous injection, and 0.36 h after intravenous injection [18].
Therefore, current treatment of hGH deficiency is limited to needle
injection of hGH several times a week, which is not favored by
patients, especially children and seniors [17]. hGH-sc(Fc)2 fusion
protein was then evaluated for its hGH-mediated bioactivity and
pharmacokinetic properties. The evaluation of this novel Fc carrier
protein could also provide insights to mechanistic studies of Fc-
FcRn interaction and future application to other therapeutic pep-
tides or proteins.

2. Materials and methods

2.1. Cell culture

The human embryonic kidney cell line HEK293 and human co-
lon carcinoma cell line T84 were purchased from ATCC (Manassas,
VA), and Nb2 cells derived from rat T lymphoma cells were pur-
chased from Sigma (St. Louis, MO). Cell culture media were all from
Mediatech (Manassas, VA). HEK293 cells were cultured in Dulbec-
co's modified Eagle's medium (DMEM) with 2.5 mM L-glutamine
supplemented with 10% fetal bovine serum (FBS) and 50 units of
penicillin/50 mg streptomycin. T84 cells were cultured in 1:1
mixture of Ham's F12 medium and DMEM with 2.5 mM L-gluta-
mine, 10% FBS, and 50 units of penicillin/50 mg streptomycin. Nb2
cells were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 2 mM L-glutamine, 10% FBS, 10% horse
serum, 50 units of penicillin/50 mg streptomycin, and 50 mM 2-
mercaptoethanol. All cell lines were maintained in a humidified
incubator at 37 �C with 5% CO2.

2.2. Plasmid construction

2.2.1. pcDNA3.1þ_sc(Fc)2
A series of plasmids encoding sc(Fc)2 with different linker

lengths, (Gly-Gly-Gly-Gly-Ser)n (“(G4S)n”) with n ¼ 8e14, were
constructed using pcDNA3.1þ (Invitrogen, Carlsbad, CA) as the
vector and the commercial plasmid pFUSE-hIgG1-Fc2 (Invivogen,
San Diego, CA) as the template of Fc sequence (Fig. 2A). The pFUSE-
hIgG1-Fc2 contains the DNA sequence of CH2 and CH3 domains of
wild-type hIgG1 with IL2 secretion sequence and a truncated hinge
sequence at the beginning of the CH2 domain. The truncated hinge
sequence was removed during sub-cloning.

2.2.2. pcDNA3.1þ_hGH-sc(Fc)2
The pcDNA3.1þ_sc(Fc)2 was double digested with HindIII and

EcoRI restriction enzymes (New England Biolabs, Ipswich, MA) to
replace the IL2 secretion signal sequence with the hGH sequence,
which has its own secretion signal, allowing for the expressed
fusion protein to be collected from the culture medium.

2.2.3. pcDNA3.1þ_hGH-Fc
The pcDNA3.1þ expression vector harboring hGH-transferrin

[17] was double digested with XhoI and XbaI restriction enzymes
(New England Biolabs) to replace the transferrin fragment with the



Fig. 2. sc(Fc)2 production. (A) Plasmids encoding sc(Fc)2 were constructed in
pcDNA3.1 þ vector. (B) Schematic structure of sc(Fc)2. Conditioned medium from
transiently transfected HEK293 cells was collected and (C) analyzed by non-reducing
SDS-PAGE and Western blot probed with goat anti-hIgG (Fc specific) antibody (1:3000
dilution), or (D) purified by Protein A-Sepharose® 4B followed by reducing SDS-PAGE
with Coomassie blue staining.
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Fc fragment.

2.3. Recombinant fusion protein production

Fusion proteins were produced in serum-free CD293 medium
(Life Technologies, Grand Island, NY) with 4 mM L-glutamine by
transient transfection of HEK293 cells using polyethylenimine
(Polysciences, Warrington, PA). The mediumwas harvested at post-
transfection day 4 and day 7. The combinedmedia containing target
fusion proteins were concentrated using a tangential flow filtration
system (Millipore, Billerica, MA). Protein A-Sepharose® 4B (Sigma,
St. Louis, MO) was used to purify the expressed proteins from the
concentrated media. The combined elution after column purifica-
tion was dialyzed (MWCO: 12e14 kD, Spectrum Laboratories,
Rancho Dominguez, CA) in freshly prepared PBS, pH 7.4 at 4 �C. The
protein solutions were filtered through a 0.2 mm membrane, and
stored at 4 �C for future analysis. The final purity was determined
by SDS-PAGE with Coomassie blue staining using ChemiDoc™
Touch and ImageLab™ software (Bio-Rad, Hercules, CA). Purified
fusion proteins were identified using SDS-PAGE followed by
Western blot using goat anti-hIgG (Fc specific) antibody (1:3000
dilution) (Sigma, St. Louis, MO) and goat anti-hGH specific antibody
(1:1000 dilution) (R&D Systems, Minneapolis, MN).

2.4. FcRn binding assay

2.4.1. Cell-based assay
T84 cells were seeded in 6-well plates, and cultured for 6 days

post-confluence to allow for differentiation. The iodination of
hIgG1-Fc (ACROBiosystems, Newark, DE) was performed as previ-
ously described by our laboratory [17]. Serum-free medium was
prepared by adding 10 mM citric acid/salt into NaHCO3-free RPMI
medium and filtered through a 0.2 mm membrane. The cells were
dosed with 120 nM of 125I-hIgG1-Fc and ascending concentrations
of unlabeled hIgG1-Fc or sc(Fc)2, and incubated at 37 �C for 15 min
in serum-free media adjusted to pH 7.4 for the control group or pH
6.0 for the remaining treatment groups. After incubation, the cells
were washed 3 times with cold PBS followed by trypsinization. The
cells were collected in PBS and centrifuged (3000 rpm, 3 min,
25 �C), and the radioactivity in the cell pellets wasmeasured using a
g-counter (Packard, Downers Grove, IL).

2.4.2. Surface plasmon resonance (SPR)
SPR measurements were performed by using a Biacore T100

instrument. shFcRn (ACROBiosystems, Newark, DE) was cross-
linked to the dextran surface of a Series S Sensor Chip CM5 (GE
Healthcare, Pittsburgh, PA) at pH 4.5e5 by amine coupling using 1-
ethyl-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC)
and NHS. Residual sites on the dextran were blocked with 1 M
ethanolamine hydrochloride (pH 8.5). A control flow cell was
blocked with ethanolamine for reference subtraction. Experiments
were performed in running buffer (50 mM phosphate, 100 mM
sodium chloride, and 0.01% vol/vol Tween 20, pH 6.0 or 7.4). FcRn
was coated to a final density of ~9000 response units (RU). Dilutions
of recombinant Fc, sc(Fc)2, hGH-Fc and hGH-sc(Fc)2 in running
buffer were injected over the shFcRn-CM5 chip at 20 mL/min for
2 min (except 1 min for Fc group). The proteins were then disso-
ciated from the chip for 2.5 min with running buffer. Remaining
protein was removed from the chip with regeneration buffer
(10 mM HEPES, 150 mM NaCl, and 0.01% vol/vol Tween 20, pH 7.4)
at 30 mL/min for 30 s. Sensorgrams were generated and analyzed by
Biacore T100 Evaluation Software (version 2.0.2). The equilibrium
RU observed for each injection was plotted against the concentra-
tion of protein. The equilibrium Kd values were derived by analysis
of the plots using the steady-state affinity model.

2.5. Nb2 cell proliferation assay

hGH bioactivity was measured using a well-established in vitro
assay, the Nb2 cell proliferation assay, where suspension culture
shows a dose-dependent proliferation when exposed to exogenous
hGH [19]. Nb2 cells growing at log-phasewerewashed 3 times with
serum-free RPMI 1640 medium, re-suspended in serum-free assay
medium, and counted using Z1 Coulter particle counter (Beckman,
Fullerton, CA). Nb2 cells were then seeded (15,000/well) in 96-well
plates in 200 mL FBS-free assay medium and cultured for 24 h. The
fusion protein samples and commercial recombinant hGH (Soma-
tropin, LGC Standard USP1615708, United States Pharmacopeia
Convention, Rockville, MD)were diluted into 10 mL PBS, and varying
doses were added to the serum-starved Nb2 cells. After 4-day in-
cubation, cells were incubated overnight with 20 mL of resazurin
solution (Biotium, Hayward, CA). The absorbance was measured at
560 nm and 595 nm using a Genios microplate reader (Tecan, San
Jose, CA) and normalized against the vehicle control.

2.6. Intravenous pharmacokinetics study

CF1 mice (male, 6 weeks, Charles River Laboratories, Wilming-
ton, MA) were utilized for all of the in vivo assays in this study. All
animal studies were performed in accordance with the NIH guid-
ance in “Guide for the Care and Use of Laboratory Animals” and
approved by the University of Southern California Institutional
Animal Care and Use Committee. Animals were housed at 12 h
light/12 h dark cycles under standard conditions (room tempera-
ture at 22 ± 3 �C and relative humidity at 50 ± 20%) with access to
regular rodent chow (Labdiet, St. Louis, MO) and water. Purified
hGH-sc(Fc)2 and sc(Fc)2 were injected into the tail vein of mice. At
5 min, 30 min, 1 h, 4 h, and 8 h post-injection time points, blood
samples were collected from the saphenous vein. At 72 h after in-
jection, blood samples were collected from the heart. Blood sam-
ples were immediately mixed with concentrated heparin to avoid
coagulation and then centrifuged at 2000 rpm for 20 min at 4 �C to
generate plasma samples. The plasma samples were tested by



Fig. 3. Short incubation uptake assay of hIgG1-Fc and sc(Fc)2 to determine FcRn
binding. Confluent T84 cells were incubated with 120 nM 125I-hIgG1-Fc and the
indicated concentrations of unlabeled hIgG1-Fc or sc(Fc)2, and incubated at 37 �C for
15 min in serum-free medium adjusted to pH 6.0. Cells were then washed with PBS,
trypsinized, and the radioactivity in the cell pellets was measured. The data were
analyzed by sigmoidal curve fitting in GraphPad Prism 5, where it was determined that
the IC50 of hIgG1-Fc was 220.7 nM and of sc(Fc)2 was 344.0 nM. Each data point
represents mean ± SD (n ¼ 3).
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Western Blot using anti-hIgG (Fc specific) antibody and quantita-
tively analyzed by ChemiDoc™ Touch and ImageLab™ software.
Purified hGH-sc(Fc)2 and hGH-Fc were injected into the tail vein of
mice. At 5 min, 30 min, 1 h, 4 h, and 8 h post-injection time points,
blood samples were collected from the saphenous vein and mixed
with concentrated heparin to avoid coagulation. Blood samples
were then centrifuged at 2000 rpm for 20 min at 4 �C to generate
plasma samples. The plasma samples were analyzed by Double
Antibody Human Growth Hormone RIA kit (MP Biomedicals, Costa
Mesa, CA).

2.7. Pharmacodynamics study

Purified hGH-sc(Fc)2, hGH-Fc, commercial recombinant hGH
and PBS control were injected subcutaneously into male CF1 mice.
The doses were normalized to the hGH portion of each fusion
protein as 1mg/kg hGH. At pre-injection and 1 h, 4 h, 8 h, 16 h, 28 h,
48 h post-injection time points, blood samples were collected from
the saphenous vein. At 72 h after injection, blood samples were
collected from the heart. Blood samples were immediately mixed
with concentrated heparin to avoid coagulation and kept on ice.
Next, blood samples were centrifuged at 2000 rpm for 20 min at
4 �C to generate plasma samples. The plasma samples were
analyzed by Mouse/Rat IGF-I Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN). The absorbance at 450 nm and 540 nm were
measured using a Synergy H1 Hybrid Plate Reader (BioTek,
Winooski, VT). 4-Parameter logistic regression was used in curve
fitting (elisaanalysis.com).

2.8. Statistical analysis

The two-tailed Student's t-test was applied to determine dif-
ferences between data sets, where P < 0.05 was considered sta-
tistically significant.

3. Results

3.1. sc(Fc)2 expression in mammalian system

Glycosylated Fc conjugates produced by mammalian systems
showed better thermal stability and can endure exposure to low-
pH better than aglycosylated Fc conjugates expressed in E. coli
[20], so the human cell line HEK293 was chosen as the expression
platform. Full human post-translational modifications provided by
HEK293 also leaves less concerns on potential immunogenicity.
Different lengths (n ¼ 8e14) of a commonly used flexible linker,
(G4S)n, were used to link two Fc chains to generate a single chain
Fc-dimer protein (Fig. 2B). In a small-scale expression test of sc(Fc)2
with various linkers, the expression levels increased with
increasing linker length, where the highest expression level was
achieved when n ¼ 12 or 13 (Fig. 2C). The small molecular weight
impurity, which was positive in anti Fc-Western blot, did not in-
crease after 7-day incubation with the conditioned medium of
HEK293 cell culture, suggesting it was a product generated during
the intracellular process of the fusion protein rather than the
degradation in the medium. Based on band intensity, the calculated
percentage of monomer impurity showed that the (G4S)13 linker
provided the highest expression purity as well as highest expres-
sion level. Therefore, the (G4S)13 linker was selected for further use
in all of the subsequent studies for the sc(Fc)2 fusion proteins,
including both sc(Fc)2 and hGH-sc(Fc)2 in this report. sc(Fc)2, single
chain-Fc dimer with a (G4S)13 linker, was expressed in large-scale
and purified by Protein A affinity chromatography (Fig. 2D). The
dominant band showed about 80% abundance. Due to the glyco-
sylation on the CH2 domains, the apparent molecular weight of
sc(Fc)2 under reducing condition shown on the SDS-PAGE gel was
higher than its calculated molecular weight (54 kDa).
3.2. Functional test of sc(Fc)2

To evaluate the biological function of sc(Fc)2, a short time course
uptake assay was carried out to compare the binding affinity of
sc(Fc)2 and hIgG1-Fc to FcRn in T84 cells, which express FcRn in a
relatively high levels compared with other commonly used human
intestinal cell lines [4,21]. The cells were dosed with 120 nM of 125I-
hIgG1-Fc and ascending concentrations of unlabeled hIgG1-Fc or
sc(Fc)2 to compete. The results showed that the internalizationwas
specific for Fc, and was inhibited in a dose-dependent manner by
both hIgG1-Fc and sc(Fc)2 (Fig. 3). The IC50 values for hIgG1-Fc and
sc(Fc)2 were 220.7 nM and 344 nM, respectively.

The binding of Fc, sc(Fc)2, hGH-Fc and hGH-sc(Fc)2 to shFcRn
was also studied by SPR based on the experimental conditions
developed by Mezo et al. [22] (Fig. 4). At pH 6.0, Fc showed a Kd of
44.9 nM, and sc(Fc)2 showed a weaker Kd of 285 nM. After fusing
hGH to the N-terminal of the carrier proteins Fc or sc(Fc)2, the Kd
dropped to 1.43 mM (hGH-Fc) or 400 nM (hGH-sc(Fc)2). No binding
was observed at pH 7.4.
3.3. hGH-sc(Fc)2 fusion protein expression in mammalian system

The same expression system using vector pcDNA3.1þ and the
HEK293 cell line was adapted to express hGH-sc(Fc)2 as well as
hGH-Fc for comparison. Both of the fusion proteins were expressed
in large-scale and purified with Protein A affinity chromatography.
The purity of hGH-sc(Fc)2, calculated based on Coomassie blue
stained gels under reducing condition, was over 80% (Fig. 5). The
identity of both fusion proteins was determined by the recognition
of anti-hGH and anti-hIgG (Fc specific) antibodies in Western blot
(Supplementary Data Fig.1). The fusion proteins were also analyzed
for degradation following storage in different buffer systems at
different temperatures. The products were stable for up to
2months at 4 �C in PBS, the storage conditionwe used, as measured
by SDS-PAGE/Coomassie blue staining for protein purity and byNb2
cell proliferation assay for confirming activity (Supplementary Data
Fig. 2/Table 1 & Table 2).

http://elisaanalysis.com


Fig. 4. SPR Sensorgams for binding of serial twofold dilutions of (A) Fc (400 nMe6.25 nM), (B) sc(Fc)2 (3200 nMe6.25 nM), (C) hGH- sc(Fc)2 (6400 nMe50 nM), and (D) hGH-
Fc(6400 nMe6.25 nM) to immobilized shFcRn at pH 6.0.

Fig. 5. hGH-sc(Fc)2 production. (A) Conditioned media from transiently transfected HEK293 cells was collected and purified by Protein A-Sepharose® 4B followed by reducing or
non-reducing SDS-PAGE with Coomassie blue staining. (B) Schematic structure of hGH-sc(Fc)2.
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3.4. Nb2 cell proliferation

Following treatment of Nb2 cells with various concentrations of
the fusion proteins or hGH control, cell growth was stimulated in a
dose-dependent manner (Fig. 6). The bioactivity of free hGH and
hGH-sc(Fc)2 were similar, with EC50 values of 166 pM and 284 pM,
respectively. However, the activity of the hGH-Fc fusion proteinwas
approximately 3-fold lower (EC50 ¼ 1064 pM).

3.5. Intravenous pharmacokinetics study

In male CF1 mice, the half-life of hGH-sc(Fc)2 ranged from 3.01
(±0.25) to 4.06 (±1.03) h in separate experiments using different
detection methods, which was much shorter than that of sc(Fc)2
alone (14.57 ± 2.74 h) (Fig. 7). On the other hand, the half-life of
hGH-sc(Fc)2 was approximately 2-fold longer than that of hGH-Fc
(1.32 ± 0.23 h) (Fig. 7B), and over 12-fold longer than the previ-
ously reported half-life of hGH (less than 15 min) in male CF1 mice
[23].

3.6. Pharmacodynamics study

The secretion of GH is pulsatile and can be affected by many
intrinsic and extrinsic factors including sleeping, feeding and so on,
therefore direct measurement of GH levels could be misleading.
Instead, the circulating IGF-1 level, which is primarily induced by
GH stimulation, is often used as an indicator of average GH levels
[24e26] and is the most important biomarker for diagnosis and



Fig. 6. Nb2 cell proliferation stimulated by hGH fusion proteins. Nb2 cells were serum-
starved for 24 h, and then treated with the indicated concentrations of fusion proteins.
Cell proliferation was determined by the resazurin assay after a 4-day incubation. The
data were collected as duplicates and analyzed by sigmoidal curve fitting in GraphPad
Prism 5, where it was determined that the EC50 of hGH, hGH-sc(Fc)2 and hGH-Fc were
166 pM, 284 pM and 1064 pM, respectively.

Fig. 7. Pharmacokinetic profiles after i. v. injection. (A) Pharmacokinetic profiles of
hGH-sc(Fc)2 and sc(Fc)2 after i. v. injection. Male CF1 mice were injected via the tail
vein with 1.30 mg/kg hGH-sc(Fc)2 or 0.90 mg/kg sc(Fc)2, and blood samples were
collected from the saphenous vein at the indicated time points. The plasma concen-
tration (Cp) was determined by quantitative Western blot. Each data point represents
mean ± SD (n ¼ 5). (B) Pharmacokinetic profiles of hGH-sc(Fc)2 and hGH-Fc after i. v.
injection. Male CF1 mice were injected via the tail vein with 1.30 mg/kg hGH-sc(Fc)2 or
0.80 mg/kg hGH-Fc, and blood samples were collected from the saphenous vein at the
indicated time points. The Cp was determined by double antibody hGH RIA kit. Each
data point represents mean ± SD (n ¼ 3).

Fig. 8. IGF-1 plasma levels after subcutaneous injection of hGH-fusion proteins in male
CF1 mice. Mice were injected (s.c.) with 1 mg/kg hGH-fusion proteins (normalized to
hGH) and blood samples were collected from the saphenous vein at the indicated
timepoints. Plasma samples were then isolated and analyzed by Mouse/Rat IGF-1
Quantikine ELISA. The data at t ¼ 0 were obtained from the blood samples collected
1 h before injection. Each data point represents mean ± SD (n ¼ 4e5). The two-tail
student t-test was used to compare the data from the hGH-sc(Fc)2 and hGH-Fc groups.
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monitoring of GH deficiency [27]. To evaluate in vivo bioactivity,
purified hGH-sc(Fc)2, hGH-Fc, commercial hGH standard, and PBS
control were injected subcutaneously into male CF1 mice. As
shown in Fig. 8, IGF-1 levels in the PBS control group were main-
tained at approximately 500 ng/mL throughout the 3-day experi-
mental period. The IGF-1 levels of the hGH group showed no
significant difference from the baseline at this dose, which is
consistent with previous studies [24,25]. On the other hand, the
IGF-1 levels in both hGH-sc(Fc)2 and hGH-Fc fusion protein groups
reached peak levels between 16 h and 28 h. The IGF-1 levels in the
hGH-sc(Fc)2 group were significantly higher than that of the hGH-
Fc group at the 1e28 h post-injection time points.
4. Discussion

The main complication with protein drugs is their instability,
leading to short half-lives and requiring administration via injec-
tion at a high dosing frequency. Fc fusion proteins are one type of
technology used to extend the plasma half-life of protein drugs, and
there are currently 9 FDA-approved Fc-fusion proteins. Most Fc-
fusion proteins drugs are in a homodimer-dominant form, which
have several disadvantages including instability due to the juxta-
posed position of the two protein drugs, and limitations in the size
of the protein drug it can accommodate. Monomeric Fc-fusion
proteins, containing a protein drug linked to only one Fc domain,
have improved half-lives and/or bioactivity compared to their
homodimeric counterparts. However, current recombinant pro-
duction methods generate a mixture of fusion products (Fig. 1) that
are difficult to separate. Finally, both configurations contain the
hinge region, which is susceptible to cleavage by proteases or di-
sulfide reduction resulting in destabilization and/or degradation of
the fusion product. In this study, we explored a single chain form of
the Fc domain of IgG1, sc(Fc)2, as a novel approach in overcoming
these disadvantages with current Fc-technologies to improve the
pharmacokinetics of protein drugs.

Using HEK293 cells that have human glycoforms [28], we have
produced, purified, and analyzed the stability of the sc(Fc)2 fusion
proteins. Although glycosylation is not necessary for FcRn binding,
it has been shown to enhance the stability of Fc [29]. As shown in
Fig. 2C, sc(Fc)2 was designed to contain (G4S)n linkers with different
repeats from n ¼ 8 to 14, and it was found that the GS linker length
affected the production yield and formation of stable dimers.
Shorter linkers had a lower production yield and larger percentage
of impurities, while the longest repeat tested, n ¼ 14, resulted in a
relatively lower production yield. Our preliminary data
(Supplementary Data Fig. 3) showed that the majority of hIgG1-Fc
in the expressing medium existed as dimers. This result is consis-
tent with the general knowledge of the naturally favored dimeric
structure of IgG as well as the 2:1 ratio of FcRn-IgG complexes
observed in crystal structures [30,31] and SPR assays [32]. By
*: P < 0.05; **: P < 0.01; ***: P < 0.001.
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adding a long flexible linker, the dimeric structure of Fc is expected
to be protected, especially in in vivo conditions. Different linker
lengths allow different levels of flexibility in protein folding, and
influence the production level at the same time. The major impu-
rity, which can be recognized by anti-hIgG (Fc specific) antibody
and cannot be purified by Protein A column, may result from
improper folding near the linker region. The (G4S)13 linker in sc(Fc)2
provides the best balance between expression level and purity
(Fig. 2C). The binding of these sc(Fc)2 to Protein A indicates their
proper folding at the CH2eCH3 interface that is also the region
interacting with FcRn [13,31,33]. Purified sc(Fc)2 could specifically
compete with (Fc)2 binding in a dose-dependent manner, similar to
(Fc)2 in T84 cells (Fig. 3). Therefore, the Fc domains of sc(Fc)2
maintain the original binding affinity to FcRn.

A sc(Fc)2 containing hGH was also produced and analyzed for
in vitro/in vivo bioactivity and in vivo pharmacokinetics. In tradi-
tional Fc-fusion proteins, therapeutic proteins are fused at the N-
terminal of an intact Fc sequence.We tested both N-terminal and C-
terminal, however the expression level of hGH-sc(Fc)2 was about 3-
fold higher than that of sc(Fc)2-hGH (Supplementary Data Fig. 4).
Fusing hGH at the N-terminal promotes the desired folding of the
fusion protein. The activity of the hGH-sc(Fc)2 fusion protein was
determined by the Nb2 proliferation assay [17,34]. As shown in
Fig. 6, the hGH-sc(Fc)2 fusion protein maintained 58% biological
activity compared to free hGH, and was approximately 3.7-fold
higher than the bioactivity of hGH-Fc. An explanation for this
phenomenon could be that when two hGH-Fc molecules form a
dimeric structure, the two hGH domains are sterically hindered,
reducing receptor binding. Similarly, the steric hindrance also
negatively influences FcRn binding of the fusion proteins (Fig. 4).
The in vivo biological activity of the hGH-fusion proteins was also
determined by measuring the increase in IGF-1 secretion following
treatment in CF1 mice [35e37]. For this assay, CF1 mice were
subcutaneously injected with hGH-sc(Fc)2, hGH-Fc or hGH, and the
IGF-1 levels were monitored at various time points using IGF-1
specific ELISA. As shown in Fig. 7, the IGF-1 levels were signifi-
cantly higher in the hGH-sc(Fc)2 treated group compared to both
hGH-Fc and hGH treatment. Finally, the half-life of hGH-sc(Fc)2 was
about 2-times longer than hGH-Fc following intravenous injection
in CF1 mice (Fig. 7B). The shorter half-life of hGH-sc(Fc)2 compared
to sc(Fc)2 could be a result of its lower binding to FcRn observed by
SPR (Kd ¼ 400 nM vs 285 nM, respectively), as well as GH receptor-
mediated degradation as target-mediated disposition for protein
drugs [38,39]. The effect of receptor-binding affinity of each protein
domain on the plasma half-life of a bifunctional fusion protein has
been demonstrated in our previous study of hGH-transferrin fusion
proteins [23]. The shorter half-life of hGH-Fc compared to hGH-
sc(Fc)2 is also likely due to its lower FcRn binding affinity
(Kd ¼ 1.43 mM vs 400 nM, respectively). Another possible contrib-
uting factor is that in the in vivo situation the dimeric structure of
hGH-Fc could be disrupted forming a higher amount of lower
molecular weight monomers of hGH-Fc. Since the molecular
weight of hGH-Fc monomers (~47 kDa) are slightly below the
glomerular filtration molecular weight cutoff (50e60 kDa), the
shorter half-life of hGH-Fc could be due to a higher kidney elimi-
nation of the monomers. Our in vivo data of the two control groups,
hGH and hGH-Fc, are consistent with the previously reported
pharmacokinetic/pharmacokinetic studies of hGH-Fc in male
Sprague-Dawley rats from another group [40]. In their study, hGH-
Fc had a much longer plasma half-life than hGH. After a 14-day
daily injection in hypophysectomized rats, the high-dose hGH-Fc
group showed a statistically significant increase in weight gain
compared with hGH group.

Taken together, these in vitro and in vivo bioactivity assays show
that the hGH-sc(Fc)2 fusion protein displays a superior bioactive
response compared to the hGH-Fc fusion protein. Further, the long
half-life obtained for hGH-sc(Fc)2 compared to hGH-Fc is a very
promising result and supports our proposed hypothesis on the
superior stability of hGH-sc(Fc)2.

5. Conclusion

In this study, we describe the design of a novel single chain Fc-
based drug carrier, sc(Fc)2, and evaluated sc(Fc)2-mediated delivery
using hGH as the protein drug cargo. This novel carrier protein
showed significant improvements in half-life and bioactivity of the
protein drug cargo comparedwith traditional Fc-based drug carrier.
sc(Fc)2 technology has the potential to greatly improve and expand
the use of Fc-technology for improving the pharmacokinetics of
protein drugs.
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