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Abstract

Fc fusion proteins, formed by fusing an active protein to the Fc region of immuno-
globulin G, are a validated strategy for extending the half-life of therapeutic proteins.
Human growth hormone (hGH) Fc fusion proteins exhibit longer circulation half-lives
than hGH, reducing injection frequency and improving convenience for hGH replace-
ment therapy. Most approved Fc fusion proteins involve directly attaching the active
protein to the hinge region of IgG Fc; however, few reports have described the effects
of structural variations on these characteristics in detail. We analyzed pharmacoki-
netic and pharmacodynamic properties of various hGH-Fc fusion constructs differing
in linker type, hGH valency, and fusion position to investigate the structure-function
relationships of these proteins in cell-based assays and animal models, including nor-
mal and hypophysectomized rats. Monovalent hGH-Fc fusion variants and those with
hGH fused to the C-terminal of IgG Fc exhibited higher in vitro and in vivo activity
than bivalent hGH-Fc. However, these variants also exhibited accelerated clearance
in rat pharmacokinetic experiments. The linker connecting the hGH moiety to the Fc
domain significantly influenced in vitro activity and pharmacokinetics. Constructs with
a rigid alpha-helical A(EAAAK), A linker showed greater in vitro activity than those
with a flexible (GGGGS), linker but exhibited accelerated clearance in rats. To a
lesser extent, linker length influenced activity and pharmacokinetics. Bivalent hGH-Fc
constructs with shorter linkers (0—1 GGGGS repeats) exhibited higher in vivo expo-
sure (AUC) but lower in vitro activity than those with longer linkers (2-3 repeats). In
vitro activity did not correlate linearly with linker length, as constructs with no linker
(n=0) showed reduced activity, while no consistent trend was observed for n=1-3.
These findings provide valuable insights into the design of hGH-Fc fusion proteins,
offering a framework for systematically improving their potency and longevity and
supporting the development of long-acting hGH therapies.
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Introduction

Growth hormone deficiency (GHD) is a rare endocrine disorder caused by insuf-
ficient secretion of somatropin produced by the pituitary gland. GHD has an esti-
mated prevalence of 1 in every 4,000-10,000 children [1,2]. This deficiency results
in inadequate levels of circulating insulin-like growth factor 1, manifesting primarily
as reduced linear growth during childhood and short stature in adulthood. Addition-
ally, GHD is associated with less apparent metabolic and phenotypic deficits and
psychosocial consequences [3,4]. Without treatment, children with GHD experience
persistent growth attenuation, leading to significantly reduced adult height and often
delayed puberty [5].

Growth hormone replacement therapy using recombinant human growth hor-
mone (rhGH) is a safe and effective treatment for GHD. However, it requires daily
subcutaneous injections over several years, which can lead to decreased compli-
ance and suboptimal treatment outcomes [6,7]. The inconvenience of daily injec-
tions also presents challenges for uptake in other conditions, such as adult GHD,
idiopathic short stature, and Turner syndrome. To address this aspect, numerous
long-acting hGH products have been developed to reduce injection frequency from
daily to weekly or less. Approaches studied in clinical trials include PEGylated hGH,
hGH fused to albumin, hGH fused to carboxy-terminal peptides, and fusion to long
unstructured hydrophilic amino acid sequences known as XTEN [8—10]. Recently, a
carboxy-terminal peptides-fused hGH product was introduced to the market under
the brand name Ngenla™. This hGH analog provided once weekly is specifically
approved for pediatric patients aged 3 years and above with growth failure due to
insufficient endogenous growth hormone secretion [11].

Fc fusion is a well-established method to extend the half-life of therapeu-
tic proteins, with eleven such proteins approved by the FDA [8]. The fusion of
therapeutically active proteins or peptides to the Fc region of immunoglobulin
G (IgG) increases their half-life by increasing molecular weight, reducing renal
elimination, and enabling binding to the neonatal Fc receptor (FcRn). The FcRn
recycling mechanism enables IgG and albumin to have long half-lives [12-14].
Additionally, because IgG Fc is naturally homodimeric, most Fc fusion proteins
are constructed as bivalent proteins, with an active protein moiety fused to each
chain of the Fc dimer. Notable exceptions include the Factor IX Fc fusion pro-
tein Alprolix® (eftrenonacog-alfa) and the Factor IX Fc fusion protein Eloctate®
(efmoroctocog-alfa), which are monovalent with respect to their anti-hemophilic
factor moieties [15,16].

Most approved Fc fusion proteins rely on direct fusion of the active protein to
the hinge region of IgG Fc; however, limited information exists on the role of linker
incorporation in this context, and the effects of structural variations remain unclear.
Therefore, in this study, various design elements, including linker type, hGH valency,
and fusion position, were systematically evaluated to elucidate their effects on the
pharmacokinetic (PK) and pharmacodynamic (PD) properties of hGH-Fc fusion
proteins. We aimed to develop a long-acting hGH analog offering a more con-
venient treatment schedule than the current daily regimen. We hypothesize that
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incorporating specific design elements in hGH-Fc fusion proteins could optimize their PK and PD profiles, resulting in the
formation of a long-acting hGH analog that improves treatment convenience and efficacy.

Materials and methods
hGH-Fc fusion constructs

hGH-Fc fusion proteins were constructed by genetically fusing hGH to the N-terminal hinge region or C-terminal end of
one or both human IgG4 Fc region chains. The categories of hGH-Fc fusion proteins based on hGH position and valency
are shown in Fig 1A-D.

A (GGGGS), linker [17,18] and an alpha-helical A(EAAAK)A linker [19,20] were used to represent flexible and rigid
linkers, respectively, to investigate the effect of linker characteristics on pharmacokinetics and pharmacodynamics.
hGH-Fc fusion proteins with glycosylated linkers were constructed by introducing N-glycosylation sites (Asn-Gly-Thr) at
three different locations in the flexible linker. Linker glycosylation was confirmed using liquid chromatography-mass spec-
trometry, which showed that N-glycosylation site occupancy was highest at the hGH-distal glycosylation site (S1 A-D Fig,
S1 Table). cDNAs encoding hGH-Fc fusion proteins were synthesized using the GeneArt gene synthesis service (Thermo
Fisher Scientific, Waltham, MA, USA). Codon optimization of cDNAs was performed optionally to enhance protein expres-
sion in the animal cell expression system.

Expression and purification of hGH-Fc fusion proteins

Codon-optimized cDNA sequences were cloned into the Freedom™ pCHO1.0 vector (Thermo Fisher Scientific). The
plasmid vectors were amplified in Escherichia coli DH5a (RBC Bioscience, New Taipei City, Taiwan) and purified using

a QlAprep® Spin Miniprep Kit (Qiagen, Hilden, Germany). hGH-Fc fusion proteins for in vitro and in vivo studies were
produced by transfection and transient expression of the plasmid vectors in Chinese hamster ovary (CHO) cells using
the ExpiCHO™ expression system (Thermo Fisher Scientific) according to the manufacturer’s instructions. To promote
heterodimerization, knobs-into-holes mutations were introduced into the hGH-Fc chains (T366W, T366S, L368A) and Fc
chains (Y407V), as described previously [21].

A Monovalent hGH-Fc B Monovalent Fc-hGH

Mo =

W~ linker

C Bivalent hGH-Fc D Bivalent Fc-hGH ﬁ 1gG hinge & Fc

L.

Fig 1. Schematic structure of human growth hormone Fc fusion proteins. (A) Human growth hormone (hGH) fused to the hinge region of one Fc
chain (monovalent hGH-Fc). (B) hGH fused to the C-terminal end of one Fc chain (monovalent Fc-hGH). (C) hGH fused to the hinge regions of both
Fc chains (bivalent hGH-Fc). (D) hGH fused to the C-terminal ends of both Fc chains (bivalent Fc-hGH). Table 1 shows the various fusion proteins con-
structed in each category.

https://doi.org/10.1371/journal.pone.0323791.9001
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Table 1. Construction of human growth hormone Fc fusion proteins.

Category Construct name M.W. (kDa) Linker sequence
Monovalent hGH-Fc Mono-hGH-(FL3)-Fc 73.8 GGGGSGGGGSGGGGS
Mono-hGH-(FL2)-Fc 735 GGGGSGGGGS
Mono-hGH-(FL1)-Fc 73.2 GGGGS
Mono-hGH-(NL)-Fc 72.9 No linker
Mono-hGH-(RL)-Fc 74.9 AEAAAKEAAAKEAAAKEAAAKEAAAKA
Mono-hGH-(GL)-Fc 74.2 GGGNGTGGGNGTGGGNGT
Monovalent Fc-hGH Fc-(FL3)-mono-hGH 73.8 GGGGSGGGGSGGGGS
Fc-(RL)-mono-hGH 74.9 AEAAAKEAAAKEAAAKEAAAKEAAAKA
Bivalent hGH-Fc Di-hGH-(FL3)-Fc 96.9 GGGGSGGGGSGGGGS
Di-hGH-(FL2)-Fc 96.3 GGGGSGGGGS
Di-hGH-(FL1)-Fc 95.6 GGGGS
Di-hGH-(NL)-Fc 95.0 No linker
Di-hGH-(RL)-Fc 99.1 AEAAAKEAAAKEAAAKEAAAKEAAAKA
Di-hGH-(GL)-Fc 97.7 GGGNGTGGGNGTGGGNGT
Bivalent Fc-hGH Fc-(FL3)-di-hGH 96.9 GGGGSGGGGSGGGGS

The abbreviations in parentheses indicate whether a flexible linker (“FL”), rigid linker (“RL”), linker with glycosylation sites (“GL”), or no linker (“NL”) was
used to connect the hGH moiety and the Fc domain. Abbreviations: hGH, human growth hormone

https://doi.org/10.1371/journal.pone.0323791.t001

After transfection and fed-batch flask culture for 14 days, culture supernatants were harvested, centrifuged at 218 x g
for 5min to remove cell debris, and filtered through 0.2-um bottle top filters. Bivalent hGH-Fc fusion proteins were purified
using a single step of protein A affinity chromatography. Briefly, clarified supernatants were loaded onto a column packed
with ProSep® Ultra Plus resin (Merck Millipore, Burlington, MA, USA) pre-equilibrated with the equilibration buffer (20 mM
potassium phosphate, pH 6.8). After washing the column with three bed volumes of equilibration buffer, the bound protein
was eluted with 100 mM glycine (pH 3.0) and neutralized with 1 M Tris-HCI (pH 9.0) to a final pH of 7.0.

Monovalent hGH-Fc fusion proteins were first purified using hGH affinity chromatography. Clarified supernatants were
loaded onto a column packed with CaptureSelect™ Human Growth Hormone Affinity resin (Thermo Fisher Scientific)
equilibrated with phosphate-buffered saline (PBS). After washing with two bed volumes of equilibration buffer, the bound
protein was eluted with 20 mM citric acid and applied as a linear gradient from 0 to 100% over four bed volumes. Purified
proteins were neutralized with 1 M Tris-HCI (pH 9.0) to a final pH of 7.0.

For constructs with low purity, further purification was achieved using hydrophobic interaction chromatography or anion
exchange chromatography, depending on the construct. For hydrophobic interaction chromatography, 4.5 M sodium chlo-
ride was added to the product pool from the previous step to a final concentration of 3 M. The adjusted pool was loaded
onto a HiTrap™ Phenyl HP column (GE Healthcare, Chicago, IL, USA) equilibrated with PBS containing 3 M sodium chlo-
ride. After washing with three bed volumes of equilibration buffer, the bound protein was eluted with PBS and applied as
a linear gradient from 0 to 100% over four bed volumes. For anion exchange chromatography, the pool from the previous
step was loaded onto a column packed with Fractogel® TMAE(s) (EMD Millipore, Burlington, MA, USA) and equilibrated
with 20 mM Tris-HCI buffer (pH 7.4). After washing with three bed volumes of equilibration buffer, the bound protein was
eluted with 20mM Tris-HCI and 500 mM sodium chloride (pH 7.4) and applied as a linear gradient from 0 to 100% over
four bed volumes. Purified hGH-Fc fusion proteins were dialyzed against PBS, sterilized by filtration through 0.22 ym
syringe filters, and stored at -20°C.

Expression of fusion proteins was confirmed by western blot analysis using an anti-human IgG (Fc-specific)—alkaline
phosphatase antibody produced in goats (Sigma-Aldrich, St. Louis, MO, USA) after blotting the proteins separated by
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) onto low-fluorescence polyvinylidene fluoride
transfer membranes (Thermo Fisher Scientific). Purified proteins were also analyzed using SDS-PAGE under non-
reducing and reducing conditions. SDS-PAGE was performed using NUPAGE™ 4—12% Bis-Tris gel (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Proteins were separated in NUPAGE MES SDS running buffer (Thermo
Fisher Scientific) and visualized with PhastGel® Blue R (Sigma-Aldrich).

In vitro activity in Nb2 cell proliferation assay

The in vitro activities of hGH-Fc fusion proteins were evaluated using a proliferation assay with the pre-T rat lymphoma
Nb2—-11 cell line (Sigma-Aldrich), based on a modified method previously described [22]. The Nb2 cell line responds to
hGH through a truncated prolactin receptor and is not strictly specific to hGH. However, the assay was deemed appropri-
ate for measuring hGH analog activity because prolactin and growth hormone receptors share high structural similarity
and nearly identical structural epitopes on hGH [23]. Nb2 cells were routinely cultured in Fisher’s medium (Thermo Fisher
Scientific) supplemented with 10% horse serum (Gibco, Waltham, MA, USA), 10% fetal bovine serum (Gibco), 0.05mM
2-mercaptoethanol (Gibco), and antibiotics (50 U/mL penicillin; Sigma-Aldrich, 50 ug/mL streptomycin; Sigma-Aldrich) at
37°C in a humidified incubator with 5% CO,,.

Approximately 60 h before the activity assay, Nb2 cells were transferred to fetal bovine serum-free Fisher’'s medium
with 1% horse serum, 0.05 mM 2-mercaptoethanol, and antibiotics to obtain stationary cultures with reduced replica-
tion rates. After incubation, cells were collected by centrifugation (3 min at 218 x g) and resuspended in assay medium
(Fisher’s medium supplemented with 10% horse serum, 0.05mM 2-mercaptoethanol, and antibiotics) at a density of
2x 105 cells/mL. The cell suspension was dispensed into 96-well microplates (200 uL per well) and incubated for 3
days with 25 pL of serially diluted samples. Cell proliferation was quantified by adding 0.1 volume of Alamar Blue®
reagent (My BioSource, San Diego, CA, USA) and measuring fluorescence emission at 590 nm (excitation wavelength
590 nm) after approximately 10 h of incubation. Raw RFU values and EC50 calculations for all constructs are available
in S1 raw data.

In vivo study

Animals. The animal experiments were approved by the Institutional Animal Care and Use Committee of Dong-A
ST (Yogin, Korea) (Approval Number: No. I-1607198, No. I-1609235, No. 1-1611287, No. I-1703067, No. [-1607194,
No. 1-176135, No. I1-1708171) and conducted in accordance with the recommendations outlined in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. All animal procedures were carefully planned to
minimize any potential pain or distress. Seven-week-old, male Sprague—Dawley (SD) rats weighing approximately 2509
were obtained from Samtako Bio Korea (Osan, Korea), while 5-week-old hypophysectomized male SD rats weighing
approximately 100 g were sourced from Japan SLC Inc. (Shizuoka, Japan). Upon arrival, all animals were acclimated
to the testing facilities for at least one week before the start of any procedures. All animals were maintained on a 12-h
light/dark cycle in a controlled environment with a room temperature of 22 +2°C and humidity levels of 40—-60%. Rats
were provided with ad libitum access to a standard rodent chow diet and filtered water throughout the study period. All
surgeries were performed under sodium pentobarbital anesthesia, and all efforts were made to minimize animal suffering,
including analgesic administration post-operatively when signs of pain were observed. Pain was assessed using a
grimace scale and activity levels were monitored. Animals exhibiting signs of persistent pain or distress despite analgesic
treatment were immediately euthanized. At the end of the study, animals were euthanized by CO, inhalation followed by
cervical dislocation to ensure death, a method consistent with the recommendations of the American Veterinary Medical
Association (AVMA) Guidelines for the Euthanasia of Animals. CO, was administered at a gradual displacement rate (10—
30% volume/min) to minimize distress. Animals were closely monitored during CO, exposure to confirm unconsciousness
before cervical dislocation
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Pharmacokinetic evaluation. The PK profiles of hGH-Fc fusion proteins were evaluated in male SD rats (five per
group) administered single subcutaneous doses of 1mg/kg of hGH-Fc fusion protein based on individual body weights
measured 1 day prior to dosing. Blood samples were collected before dosing and at predetermined time points, allowed to
coagulate at room temperature (22 +2°C) for 30 min, and centrifuged at 1,500 x g for 15min. Serum samples were stored
at temperatures below -60°C until analysis. Serum concentrations of hGH-Fc fusion proteins were measured using a
commercial hGH ELISA kit (Quantikine® Human Growth Hormone Immunoassay, R&D Systems, Minneapolis, MN, USA).
Purified hGH-Fc fusion proteins were used to generate construct-specific standard curves. PK parameters, including
maximum serum concentration (C__ ), time toreach C__ (T, __), area under the serum concentration-time curve (AUC), and
half-life (t, ), were determined using non-compartmental analysis with WinNonlin (Pharsight, version 6.2). Concentrations
below the assay quantification limit were set to zero for parameter estimation. For most constructs, terminal half-lives were
calculated using data from days 3—7, which exhibited a consistent elimination rate. For rapidly clearing proteins, terminal
half-lives were determined using three or more time points that provided the best fit in the WinNonlin program. Complete
datasets including individual rat serum concentration-time profiles are provided in S1 raw data.

Hypophysectomized rat studies. The efficacy of various hGH-Fc fusion proteins was assessed in hypophysectomized
rats by evaluating body weight gain and tibial growth plate width following treatment. Before the study, animals were
acclimated to the testing facilities for 1 week and monitored for body weight changes. Rats showing abnormal weight
changes (< 5%) during the acclimation period were excluded from the study to ensure the accuracy of the results. On the
day before dosing, animals were randomized into treatment groups based on body weight to ensure balanced average
body weights across groups. Treatment groups received either daily subcutaneous injections of a commercial rhGH product
(15 yg/head; Growtropin®, Dong-A ST, Korea) for 14 days (days 0-13) or two weekly subcutaneous injections (days 0 and
7) of the hGH-Fc fusion protein. For hGH-Fc constructs, doses were adjusted to deliver the hGH-equivalent content of 15
pg/head/day (or 7.5 pg/head/day in some groups) to account for differences in molecular weight between constructs.

Body weights were recorded daily for 14 days after the first injection. On day 14, animals were euthanized, and tibias
were harvested for histological analysis. The right tibias were fixed in 10% neutral buffered formalin, decalcified, embedded
in paraffin, and sectioned into 8-um slices using a microtome. The sections were stained with toluidine blue for histological
examination of the epiphyseal growth plate. Tibial growth plate width was defined as the distance from the undifferentiated
layer to the hypertrophic layer and measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
For each sample, the average of three measurements was used to determine the growth plate width. Daily body weight
measurements and tibial growth plate width data from hypophysectomized rats are compiled in S1 raw data

Statistical analysis

All statistical analyses were performed using SigmaStat Software v4.0 (SPSS Inc., Chicago, IL, USA). Data are presented
as mean *standard deviation (SD) unless otherwise specified. Differences in pharmacokinetic parameters (C__, T __,
AUC, and t, ), body weight gain, and tibial growth plate widths (between the hGH-Fc fusion protein constructs and control
groups) were evaluated. For pharmacokinetic studies and tibial growth plate width measurements, a one-way analysis of
variance (ANOVA) was used to determine statistical significance. Repeated measures ANOVA was applied to assess dif-
ferences in body weight gain over time in hypophysectomized rats. Post-hoc comparisons were performed using Tukey’s

test for multiple comparisons. A p-value <0.05 was considered significant for all analyses.

Results
hGH-Fc fusion protein expression and purification

Analysis of culture supernatants showed that bivalent hGH fusion constructs were expressed mainly as the expected
homodimeric form (Fig 2A, lane 3). In contrast, monovalent constructs were expressed as a heterogeneous mixture of
chain combinations, including hGH-Fc dimers, Fc dimers, and the desired monovalent hGH-Fc form (Fig 2A, lane 1).
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Fig 2. Expressed and purified hGH-Fc fusion proteins. (A) Anti-Fc western blot analysis of hGH-Fc fusion proteins and byproducts in transient Chi-
nese hamster ovary (CHO) cell expression supernatants. Lane 1: monovalent hGH-Fc with wild-type CH3 Fc domains. Lane 2: monovalent hGH-Fc with
knob and hole mutations in the CH3 Fc domains. Lane 3: bivalent hGH-Fc. The expected band identities are indicated on the side of the blot. (B) Anti-Fc
western blot analysis of hGH-Fc fusion proteins expressed by co-transfection with two plasmids at various ratios. The ratios of the co-transfected plas-
mids are indicated above the blot. (C) Sodium dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) of bivalent fusion proteins purified using protein
A chromatography and monovalent hGH-Fc fusion proteins purified using hGH affinity chromatography followed by hydrophobic interaction chromatogra-
phy. Original blot and gel images are provided in S1 raw image.

https://doi.org/10.1371/journal.pone.0323791.9002

Knob (T366W) and hole (T366S, L368A, Y407V) mutations in the CH3 Fc domains were introduced to promote het-
erodimerization, which reduced homodimeric product levels (Fig 2A, lane 2). However, the Fc dimer remained a major
byproduct. Co-transfection with an additional plasmid expressing only the hGH-Fc chain alongside the plasmid expressing
both hGH-Fc and Fc chains further reduced Fc dimer levels (Fig 2B), suggesting that excess Fc chain expression contrib-
uted to the formation of Fc dimers.

SDS-PAGE analysis revealed that purified bivalent constructs existed as dimers under non-reducing conditions and as
monomers under reducing conditions. Purified monovalent constructs existed as monomeric Fc linked to monomeric hGH
under reducing conditions. Bivalent constructs achieved satisfactory purity with protein A chromatography alone, while
monovalent constructs required additional chromatographic steps for high purity (Fig 2C).

In vitro activity of various hGH-Fc fusion constructs

The in vitro activity of hGH-Fc fusion proteins was influenced by the position and valency of the hGH moiety. Bivalent
Fc-hGH constructs (EC, =1.91nM) showed 2.7-fold higher activity than bivalent hGH-Fc constructs (EC,,=5.19nM). Mon-
ovalent hGH-Fc fusion proteins (EC,,=1.64 nM) had activity similar to Fc-hnGH when analyzed on a whole-molecule basis.
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However, monovalent constructs showed 1.7-fold higher activity per hGH moiety than Fc-hGH and 6.3-fold higher activity
than hGH-Fc, likely due to their single hGH moiety per molecule (Fig 3A).

The characteristics of the linker connecting the hGH moiety and the Fc region also affected in vitro activity.
Bivalent hGH-Fc constructs with a rigid alpha-helical A(EAAAK),A linker demonstrated 2.5-fold higher activity
(EC,,=1.87nM) compared with bivalent constructs with a flexible (GGGGS), linker (EC, =4.68nM) (Fig 3B).
Combining these favorable factors resulted in increased activity. Monovalent hGH-Fc with a rigid linker
(EC,,=0.44nM) and monovalent Fc-hGH (EC,,=0.81 nM) showed significantly higher activity than bivalent Fc-hGH
(EC,,=1.31nM) (Fig 3C).

A @ Di-hGH-(FL3)}Fc T B ¥ Di-hGH-(RL)-Fc i~
B Fo(FL3)-dihGH i, & Di-hGH-(FL3)-Fc i~
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Fig 3. In vitro Nb2 cell-based activity assay results for various hGH-Fc fusion proteins. Schematic diagrams to the right of each sample name
represent the protein structure of the corresponding construct, with hGH moieties (circle) and Fc regions (rectangular) connected by linkers (wavy line).
(A) Comparison of fusion position and valency effects: Di-hGH-(FL3)-Fc (bivalent, N-terminal fusion), Fc-(FL3)-di-hGH (bivalent, C-terminal fusion), and
Mono-hGH-(FL3)-Fc (monovalent, N-terminal fusion). (B) Comparison of linker rigidity and valency effects: Di-hGH-(RL)-Fc (bivalent with rigid linker),
Di-hGH-(FL3)-Fc (bivalent with flexible linker), and Mono-hGH-(FL3)-Fc (monovalent with flexible linker). (C) Comparison of optimized constructs:
Fc-(FL3)-di-hGH (bivalent, C-terminal fusion), Fc-(FL3)-mono-hGH (monovalent, C-terminal fusion), and Mono-hGH-(RL)-Fc (monovalent, N-terminal
fusion with rigid linker). Data are presented as the mean + standard deviation (SD).

https://doi.org/10.1371/journal.pone.0323791.9003
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Pharmacokinetics of various hGH-Fc fusion constructs in rats

The PK profiles of the rhGH and hGH-Fc fusion proteins in SD rats are summarized in Table 2. While rhGH was rapidly
cleared after subcutaneous administration, Fc fusion proteins exhibited prolonged serum concentrations. However, the
C. ... AUC, and half-lives varied significantly depending on the construct design.

Bivalent Fc-hGH with a flexible (GGGGS), linker had a higher C__ but showed rapid clearance and a lower AUC com-
pared to bivalent hGH-Fc with the same linker (Fig 4A). Constructs with rigid A(EAAAK),A linkers had lower AUCs than
those with flexible (GGGGS), linkers. Monovalent constructs (hnGH-Fc and Fc-hGH) with flexible linkers showed higher
initial serum levels, C__, and AUC than bivalent hGH-Fc but declined rapidly during the distribution phase, leading to
lower serum levels after day 2 (Fig 4B, 4C). Glycosylated flexible linker constructs exhibited lower C__ and AUC values
with faster clearance compared with their non-glycosylated counterparts (Fig 4D).

Pharmacodynamic evaluation in hypophysectomized rats

Animals receiving daily rhGH demonstrated steady weight gain throughout the dosing period, whereas vehicle-treated
animals did not exhibit any weight gain. All groups treated with hGH-Fc fusion proteins showed significant weight gain
compared to the vehicle group (Fig 5). In the hGH-Fc fusion protein-treated groups, body weight increased rapidly during
the first 2 days after injection, followed by a plateau until the next injection. This pattern reflects the PK profile observed in
rats, where the AUC during the first 2 days after injection accounted for approximately 80% of the total AUC.

A comparison of monovalent and bivalent hGH-Fc fusion proteins at equimolar doses revealed that monovalent con-
structs exhibited higher body weight gain, suggesting greater activity per hGH moiety in the monovalent form. Monovalent

Table 2. Mean (* standard deviation) pharmacokinetic parameters after a single subcutaneous administration of recombinant human growth
hormone (rhGH) or hGH-Fc fusion proteins in rats.

Test article ‘ Dose C. .. (ng/mL) T .. (day) AUC,  (day ng/mL) t,, (day)
Experiment A
rhGH 0.2mg/kg 38.5+2.7 0.033+0.011 0.026+0.008
Di-hGH-(FL3)-Fc 1mg/kg 222.8+30.41t 0.567+0.401* 582.9.+£63.4%** 1.50+0.07
Fc-(FL3)-di-hGH 1mg/kg 434.3+124.6%* 0.167+0.000 219.9+61.5 3.06£0.31%**
Experiment B
Di-hGH-(FL3)-Fc 1mg/kg 178.7£19.8 0.533+0.431 474.3.£33.91t1 1.89+0.64
Mono-hGH-(FL3)-Fc 1mg/kg 795.7 £110.7*** 0.700+0.415 1019.0+ 102.7*** 1.43+0.21
Di-hGH-(RL)-Fc 1mg/kg 150.8+48.1 0.167+0.000 133.5+£25.0 1.79+0.46
Experiment C
Di-hGH-(FL3)-Fc 1mg/kg 222.2+122.7 0.400+0.346 452.5+106.8 1.80+0.11111
Fc-(FL3)-mono-hGH 1mg/kg 1654.9+70.0%** 1.000+0.000* 1781.0+£324.7%** 1.70£0.38171
Mono-hGH-(RL)-Fc 1mg/kg 318.8+85.1 0.375+0.370 361.3+81.6 0.91+0.20
Experiment D
Di-hGH-(FL3)-Fc 1mg/kg 364.7+38.5t1 0.200+0.075 544.5+95.01 1.14+0.27
Di-hGH-(GL)-Fc 1mg/kg 24.6+16.1 0.150+0.037 16.9+7.5 0.93+0.22
Mono-hGH-(FL3)-Fc 1mg/kg 1285.0£251.2%** 0.867 £0.298*** 1315.7£508.8*** 1.57+0.27*
Mono-hGH-(GL)-Fc 1mg/kg 85.2+37.9 0.150+0.037 55.7+11.1 0.75+0.14

*p<0.05, ** p<0.01, *** p<0.001 (vs. all other constructs in each experiment group).

1 p<0.05 (vs. Di-hGH-(GL)-Fc and Mono-hGH-(GL)-Fc for Cmax and AUC).

11 p<0.01 (vs. rGH for Cmax in experiment A and vs. Mono-hGH-(RL)-Fc for t, , in experiment C).

111 p<0.001 (vs. Di-hGH-(RL)-Fc for AUC in experiment B and vs. mono-hGH-(RL)-Fc for t, , in experiment C).

https://doi.org/10.1371/journal.pone.0323791.t002
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Fig 4. Pharmacokinetics of recombinant human growth hormone and hGH-Fc fusion proteins in Sprague—Dawley rats. Recombinant human
growth hormone (rhGH; 0.2 mg/kg) or hGH-Fc fusion proteins (1 mg/kg) were administered by single-dose subcutaneous injections. Serum concentra-
tions were determined using a commercial hGH ELISA kit with custom standard curves for each fusion protein. Pharmacokinetic parameters were calcu-
lated using non-compartmental analysis in WinNonlin software. The pharmacokinetic parameters of (A), (B), (C), and (D) correspond to Experiments A,
B, C, and D in Table 2, respectively. Data are presented as the mean £ standard deviation (SD).

https://doi.org/10.1371/journal.pone.0323791.9004
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. Fc~(FL3)-di-hGH, 230 pg/head, weekly
(equivalent to rhGH 15 pg/day/head)

Mono-hGH-(FL3)-Fc, 175 pg/head, weekly
(equivalent to rhGH 7.5 ug/day/head)
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Fig 5. Body weight gain of hypophysectomized rats treated with vehicle, rhGH, or hGH-Fc fusion proteins. Rats received daily dosing of the vehi-
cle or rhGH (days 0—13) or weekly dosing (days 0 and 7) of hGH-Fc fusion proteins for 2 weeks. Data are presented as the mean +standard error of the
mean (SEM). All hGH or hGH-Fc fusion protein-treated groups showed significant (p<0.001) increases in body weight compared with the vehicle (PBS)
group (®). Monovalent hGH-Fc administered at 350 pg/head/week (©) showed significantly (p<0.05) higher body weight gain than the rhGH group (m).

https://doi.org/10.1371/journal.pone.0323791.9005
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hGH-Fc contains only one hGH moiety per molecule, resulting in half the hGH content of bivalent hGH-Fc. However, when
the doses were normalized for hGH content, monovalent hGH-Fc (350 pg/head/week) still induced significantly greater
weight gain than bivalent hGH-Fc (230 ug/head/week).

The administration of rhGH or hGH-Fc fusion proteins also significantly increased tibial growth plate width com-
pared with vehicle controls (Fig 6). Monovalent hGH-Fc administered at 350 ug/head/week resulted in the highest
body weight gain but did not show significantly greater growth plate width compared to other hGH fusion proteins or
rhGH-treated groups. This indicates that growth plate width did not correlate directly with body weight gain in these
treatment groups.

Evaluation of hGH-Fc with varying linker lengths

In the rat PK experiments, bivalent hGH-Fc with a flexible linker demonstrated a favorable profile in terms of in vivo
longevity, characterized by a non-exaggerated C__ and consistent clearance throughout the observation period. This
contrasted with other constructs that either had low overall AUC or high AUC but underwent rapid elimination during
the distribution phase. To further evaluate the effects of linker length on in vitro and in vivo characteristics, additional
bivalent hGH-Fc constructs were analyzed using an Nb2 cell-based assay, rat PK studies, and hypophysectomized rat
experiments.

In the in vitro activity comparison, bivalent hGH-Fc fusion proteins with linker lengths ranging from no linker (i.e., direct
fusion of hGH and Fc) to triplicate GGGGS units were tested. Constructs without a linker (di-hnGH-(NL)-Fc) exhibited lower
activity compared to those with two or three GGGGS units (Fig 7). However, no consistent trend in activity was observed
with increasing linker length.
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Fig 6. Tibial growth plate widths of hypophysectomized rats. After evaluating body weight gain, the hypophysectomized rats were euthanized, and
tibial growth plate widths were measured. The numbers in the graph indicate the mean values for each group. All hGH or hGH-Fc fusion protein-treated
groups showed significant (p<0.01) increases in growth plate width compared to the vehicle (PBS) group. Asterisks (*) indicate significantly lower mean
values (p<0.05) compared with those of the rhGH group. Di-hGH-(FL3)-Fc (230 ug/week) and mono-hGH-(FL3)-Fc (350 ug/week) treatment group
showed no significant differences with the rhGH group. No significant differences were observed among the hGH-Fc fusion proteins.

https://doi.org/10.1371/journal.pone.0323791.9006
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Fig 7. In vitro Nb2 cell-based activity of bivalent hGH-Fc fusion proteins with various linker lengths. Constructs tested include Di-hGH-(NL)-Fc
(no linker), Di-hGH-(FL1)-Fc (one GGGGS unit), Di-hGH-(FL2)-Fc (two GGGGS units), and Di-hGH-(FL3)-Fc (three GGGGS units). Data are presented
as mean t standard deviation (SD).

https://doi.org/10.1371/journal.pone.0323791.9007

The PK profiles of bivalent hGH-Fc constructs with varying linker lengths are shown in Fig 8 and Table 3. Constructs
with shorter linker lengths, such as di-hGH-(NL)-Fc and di-hGH-(FL1)-Fc (containing zero or one GGGGS unit, respec-
tively), exhibited higher AUCs than did those with two or three GGGGS units. Among them, the construct without a linker
(di-hGH-(NL)-Fc) showed a significantly higher AUC (p<0.001) than the other constructs.

In the hypophysectomized rat efficacy evaluation, constructs with shorter linkers also exhibited superior performance.
The no-linker construct (di-hGH-(NL)-Fc), which had the highest AUC in the rat PK study, produced the greatest body
weight gain. By day 7, rats treated with di-hGH-(NL)-Fc exhibited significantly higher body weight gain (p<0.05) than
those treated with all other hGH-Fc fusion proteins. This trend continued through day 14, with the di-hGH-(NL)-Fc group
maintaining significantly higher weight gain (p<0.05), compared with the group treated with di-hGH-(FL1)-Fc, which con-
tained one linker unit (Fig 9).
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Fig 8. Pharmacokinetics of bivalent hGH-Fc fusion proteins with various linker lengths in Sprague-Dawley rats. Bivalent h\GH-Fc fusion pro-
teins (1 mg/kg) were administered by single-dose subcutaneous injections. Data are presented as the mean + standard deviation (SD).

https://doi.org/10.1371/journal.pone.0323791.9008
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Table 3. Mean (* standard deviation) pharmacokinetic parameters after a single subcutaneous administration of bivalent hGH-Fc fusion pro-
teins with various linker lengths in rats.

Test article Dose C,.. (ng/mL) T .. (day) AUC Terminal t, , (day)
(day ng/mL)

Di-hGH-(FL3)-Fc 1mg/kg 755.6+461.4 0.300+0.075% 788.4+112.6 1.30+0.38

Di-hGH-(FL2)-Fc 1mg/kg 420.4+74.9 0.200+0.075 627.2+127.8 1.52+0.30

Di-hGH-(FL1)-Fc 1mg/kg 533.8+44.1 0.333+0.0001t 909.6+104.7 1.55+0.11

Di-hGH-(NL)-Fc 1mg/kg 1012.4+184.8¢ 1.000+0.000%** 1634.7 £261.7%** 1.650.32

*#+* n<0.001 (vs. all other constructs).
1 p<0.05 (vs. Di-hGH-(FL1)-Fc and Di-hGH-(FL2)-Fc for Cmax, and vs. Di-hGH-(FL2)-Fc for Tmax).
11 p<0.01 (vs.Di-hGH-(FL2)-Fc for Tmax).

https://doi.org/10.1371/journal.pone.0323791.t003
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Fig 9. Body weight gain of hypophysectomized rats treated with hGH-Fc fusion proteins with various linker lengths. Rats received weekly
dosing (days 0 and 7) of hGH-Fc fusion proteins with various linker lengths or vehicle control (PBS). Data are presented as the mean £ standard error of
the mean (SEM). Asterisks (*) indicate a significant (p<0.05) increase in body weight of the Di-hGH-(NL)-Fc compared to other hGH-Fc constructs. All
hGH-Fc fusion protein-treated groups showed a significant (P<0.001) increase in body weight compared to the vehicle (PBS) group.

https://doi.org/10.1371/journal.pone.0323791.9009

Discussion

The remarkable stability and dimeric structure of the IgG Fc region provide versatility in designing Fc fusion proteins to
enhance in vivo half-life. This versatility enables modifications that can adjust the activity and PK/PD properties of the
fusion protein. In this study, we explored key structural features, including linker type, effector moiety valency, and fusion
position, to evaluate their effects on the PK and PD properties of hGH-Fc fusion proteins.

For this study, transient expression systems were used to produce Fc fusion proteins rather than stable cell lines
optimized for individual Fc chain expression. Although transient expression limited insights into manufacturability, heterod-
imeric (monovalent) constructs were more challenging to produce due to the co-expression of homodimeric impurities,
such as Fc dimers. These impurities co-purified during protein A chromatography, necessitating additional purification
steps and reducing overall yield. Such challenges may pose economic obstacles for the commercial production of het-
erodimeric Fc fusion proteins, particularly for cost-sensitive treatments like hGH replacement therapy.

Structural modifications designed to increase spatial separation between domains and reduce steric hindrance
enhanced in vitro activity. For example, constructs with rigid, alpha-helix-forming linkers (A(EAAAK)_A) demonstrated
higher in vitro activity than did constructs using flexible (GGGGS), linkers. These findings align with those of Zhao et al.,
who compared alpha-helical and flexible linkers in HSA-IFN-alpha2b fusion proteins [24]. Monovalent hGH-Fc fusion
proteins also exhibited higher in vitro activity per molecule, compared with bivalent constructs, despite containing only
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half the number of effector moieties. This suggests that the proximity of the two hGH moieties in bivalent constructs may
interfere with receptor binding.

The fusion position significantly influenced in vitro activity. Fusion proteins with hGH located at the N-terminal (Fc-hGH)
exhibited approximately threefold higher in vitro activity compared with those with hGH at the C-terminal (hGH-Fc). Similar
observations have been reported in XTEN-hGH [25] and albumin-hGH [26] fusion proteins, where N-terminal fusion was
less detrimental to hGH activity than C-terminal fusion.

The PK profiles of hGH-Fc fusion proteins varied significantly depending on linker type, valency, and fusion position.
Despite all constructs exceeding the molecular weight threshold for renal filtration and sharing the IgG Fc region for
FcRn-mediated half-life extension, their PK profiles differed substantially. Constructs such as bivalent Fc-hGH with a
flexible (GGGGS), linker and bivalent hGH-Fc with a rigid A(EAAAK),A linker exhibited higher in vitro activity but lower in
vivo exposure compared to bivalent hGH-Fc with a flexible (GGGGS), linker. In contrast, bivalent hGH-Fc without a linker
exhibited lower in vitro activity but higher in vivo exposure than constructs with flexible linkers. Monovalent constructs with
flexible (GGGGS), linkers exhibited higher C__ and AUC values but experienced rapid clearance during the distribution
phase, resulting in lower serum levels after day 2. These findings suggest a potential relationship between in vitro activity
and hGH receptor-mediated clearance, consistent with observations by Cleland et al. [25].

The widely differing PK profiles observed across the constructs in this study do not indicate a straightforward relation-
ship between in vitro activity and PK outcomes. For example, monovalent hGH-Fc with a flexible linker, bivalent hGH-Fc
with a rigid linker, and bivalent Fc-hGH with a flexible linker all displayed similar EC,; values in Nb2 cell-based assays.
However, monovalent hGH-Fc constructs showed significantly higher AUC values compared with their bivalent counter-
parts, suggesting that additional factors—such as differences in the efficiency of subcutaneous transport or FcRn-
mediated endosomal recycling—may influence construct bioavailability. Despite all constructs having similar charges (pl
values of approximately 5.5), monovalent constructs demonstrated higher C__ and AUC values than bivalent constructs
with comparable in vitro activity. These findings imply that other physicochemical properties, such as molecular weight or
structural shape, may play a critical role in interstitial transport from the subcutaneous administration site and subsequent
lymphatic uptake into the systemic circulation.

Incorporating N-glycosylation sites into the linker can increase rigidity and stability [27]. In this study, constructs with
glycosylated linkers exhibited faster clearance than non-glycosylated counterparts (Fig 4D). Based on our glycan analy-
sis, these constructs predominantly contained non-sialylated N-glycans (S2 Fig, S2—S5 Tables). While our study was not
designed to mechanistically link glycan composition to clearance, prior work has demonstrated that non-sialylated glycans
interact with hepatic asialoglycoprotein receptors, accelerating clearance [28—31]. This mechanism has been well-
documented for other glycoproteins, though further studies with targeted experiments such as sialylated variants of these
constructs or receptor-blocking assays are required to confirm this hypothesis for our specific hGH-Fc constructs.

The superior in vitro activity of monovalent hGH-Fc constructs was corroborated in hypophysectomized rat experi-
ments, where monovalent constructs resulted in approximately 30% higher net body weight gain at equivalent hGH-
normalized doses compared with bivalent constructs. For bivalent constructs, differences in in vivo potency based on
linker length were less pronounced, possibly due to offsetting effects of faster clearance and higher molecular activity.
However, constructs such as hGH-Fc directly fused to the Fc hinge region, which exhibited high AUC but low in vitro
activity, also showed greater body weight gain. While monovalent constructs with high C__ and AUC values demonstrated
promising activity, these properties may increase the risks of lipoatrophy [32] or supraphysiological IGF-1 responses,
which are undesirable for long-acting hGH therapies.

Based on our findings, monovalent hGH-Fc fusion proteins with flexible linkers demonstrated superior in vivo potency,
inducing greater body weight gain at equivalent hGH-normalized doses compared to bivalent constructs. However, their
rapid clearance during the distribution phase suggests a need for further optimization to enhance longevity. Among biva-
lent constructs, hGH-Fc without a linker exhibited the highest AUC values and significant body weight gain but showed
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reduced in vitro activity due to potential steric hindrance affecting receptor binding. Bivalent hGH-Fc with flexible linkers
provided a balanced PK/PD profile with sustained serum levels and moderate AUC values, avoiding risks associated with
excessive Cmax values. Considering these factors, monovalent hGH-Fc fusion proteins and bivalent hGH-Fc without
linkers emerge as promising candidates for continued development.

A limitation of this study is the primary focus on body weight gain and tibial growth plate width as PD endpoints. Addi-
tional markers of GH activity, such as IGF-1 levels or metabolic parameters, were not assessed. Extended observa-
tions, including regular IGF-1 monitoring and local toxicology studies, are necessary to evaluate potential risks, such as
lipoatrophy or supraphysiological. Our study demonstrated prolonged serum concentrations of hGH-Fc fusion proteins in
Sprague—Dawley rats. However, we recognize that this model has limitations in predicting human PK due to differences
in FcRn binding specificities between rodents and humans [33,34]. Transgenic models expressing human FcRn, such
as Tg32 mice, have been validated for predicting clinical PK profiles of therapeutic antibodies and Fc fusion proteins by
minimizing species-specific biases [35,36] This model enabled comparative analysis of structural variants and provided
initial proof-of-concept for design dependent PK variability, human FcRn transgenic mice models would better resolve sub-
tle differences in FcRn-mediated recycling and predict clinical PK due to species-specific FcRn interaction. Future studies
should utilize transgenic mice expressing human FcRn to more accurately assess the longevity and translational potential
of these constructs.

Conclusion

In summary, this study highlights the significant impact of structural design choices on the PK and PD properties of
hGH-Fc fusion proteins. Our findings provide a foundation for optimizing Fc fusion protein designs to enhance the
potency and longevity of long-acting therapeutic proteins. However, the poor predictability of rodent subcutaneous PK
data for human outcomes [37] underscores the need for improved animal models or early clinical studies to support future
developments.

Supporting information

S$1 Fig. Liquid chromatography-mass spectrometric analysis of site-specific N-glycosylation in reduced mono-
meric Di-hGH-(GS3)-Fc fusion proteins with engineered glycosylation sites at different positions in the GS3
linker. Electrospray ionization-time of flight mass spectrometry coupled with reversed-phase high-performance liquid
chromatography was used to analyze intact proteins. All constructs were reduced with 50 mM dithiothreitol and analyzed
in their monomeric state. Detailed GS3 linker sequences for each protein construct are provided in S1 Table. (A) Con-
trol Di-hGH-(GS3)-Fc without engineered glycosylation sites showed baseline glycosylation with N-glycans only at the
conserved Fc glycosylation site. (B) Di-hGH-(GS3)-Fc_Glyco1, with an N-glycosylation site proximal to hGH, displayed
minimal glycosylation. (C) Di-hGH-(GS3)-Fc_Glyco2, with a middle-positioned N-glycosylation site, showed moderate
glycosylation. (D) Di-hGH-(GS3)-Fc_Glyco3, with an N-glycosylation site distal to hGH, exhibited the highest glycosylation
efficiency. Major glycoforms were assigned by matching experimentally determined masses to theoretical masses calcu-
lated using data from S1 and S2 Tables. Schematic representations of glycoprotein structures with one or two N-glycans
are shown for each construct. The x-axis represents deconvoluted mass (amu), while the y-axis shows relative intensity
(counts).

(DOCX)

S2 Fig. Liquid chromatography-mass spectrometry analysis of hGH-Fc fusion protein constructs with a linker
containing three engineered N-glycosylation sites. Human growth hormone (hGH) Fc fusion protein constructs with
engineered glycosylation sites in the linker region. Two constructs, Mono-hGH-(GL)-Fc (A) and Di-hGH-(GL)-Fc (B),

produced in Chinese hamster ovary (CHO) cells, were subjected to glycan profiling at the intact protein level. To reduce
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spectral complexity from oligosaccharide pairs, Di-hGH-(GL) was treated with 50 mM dithiothreitol. Major peaks in the
mass spectra were assigned to specific glycan species attached to the protein constructs. Both constructs exhibited
heterogeneity in glycoform composition and glycan site occupancy. Notably, no sialylation was observed in the analyzed
samples. A schematic representation of the most probable glycosylated construct structures is shown above each mass
spectrum for visual reference.

(DOCX)

S1 Table. Theoretical masses and linker sequences of reduced monomeric Di-hGH-(GS3)-Fc fusion protein con-
structs containing engineered N-glycosylation sites. This table provides the construct names, linker sequences, and
calculated theoretical masses of reduced monomeric Di-hGH-(GS3)-Fc fusion proteins after dithiothreitol treatment. The
control construct contains three GGGGS sequence repeats (GS3 linker), while glycoengineered constructs (Glyc1, Glyc2,
and Glyc3) feature an N-glycosylation sequon (NGT) at different positions within the GS3 linker: the first repeat (Glyc1),
second repeat (Glyc2), and third repeat (Glyc3). Differences in theoretical mass between the control and glycoengineered
constructs reflect the amino acid substitutions required to introduce the N-glycosylation sites.

(DOCX)

S2 Table. Glycan species of hGH-Fc fusion protein constructs with glycosylated linkers. This table presents the
theoretical mass data for various glycan species found in hGH-Fc fusion protein constructs with glycosylated linkers. The
glycan structures are represented using symbols: ¢ Sialic acid, © Galactose, 0 GIcNAc, ® Mannose, 4 Fucose. The table
includes the glycan composition and the corresponding theoretical mass for each glycan species.

(DOCX)

S3 Table. Glycan species of hGH-Fc fusion protein constructs with glycosylated linkers. This table presents the
theoretical masses of non-glycosylated hGH-Fc fusion protein backbones for both monomeric Di-hGH-(GL)-Fc and het-
erodimeric Mono-hGH-(GL)-Fc forms.

(DOCX)

S4 Table. Glycan species of hGH-Fc fusion protein constructs with glycosylated linkers. This table lists the theoret-
ical masses of individual monosaccharides that compose the glycan structures found in the fusion proteins.
(DOCX)

S5 Table. Glycan species of hGH-Fc fusion protein constructs with glycosylated linkers. This table summarizes
the glycan species of hGH-Fc fusion protein constructs with glycosylated linkers. Theoretical masses of glycosylated
hGH-Fc fusion proteins were calculated using data from S2—S4 Tables to assign major peaks observed in S2 Fig to spe-
cific glycan species. These predictions were based on matching experimentally determined peak masses from S2 Fig to
the theoretical masses of glycosylated constructs.

(DOCX)

S1 raw image. Original western blot and SDS-PAGE gel images for protein characterization.
(PDF)

S1 raw data. Dataset for In Vitro activity (EC50/RFU), pharmacokinetic parameters, and hypophysectomized rat
efficacy studies of hGH-Fc constructs .
(XLSX)

Acknowledgments
Not applicable.

PLOS One | https://doi.org/10.1371/journal.pone.0323791 May 15, 2025 16/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323791.s009

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Taekyeol Lee, Jaechoon Choi.

Data curation: Taekyeol Lee, Mikyung Son.

Formal analysis: Eunee Jung, Mikyung Son.

Investigation: Taekyeol Lee, Dongsop Lee, Eunee Jung, Mikyung Son, Kyohwan Koo.
Methodology: Taekyeol Lee, Dongsop Lee, Eunee Jung, Mikyung Son, Kyohwan Koo.
Project administration: Dongsop Lee, Jaechoon Choi.

Supervision: Mikyung Son.

Validation: Taekyeol Lee, Dongsop Lee, Mikyung Son, Jaehoon Choi.

Visualization: Taekyeol Lee, Dongsop Lee, Eunee Jung, Kyohwan Koo.

Writing — original draft: Taekyeol Lee, Dongsop Lee.

Writing — review & editing: Taekyeol Lee, Eunee Jung, Kyohwan Koo, Jaehoon Choi.

References

1. Stanley T. Diagnosis of growth hormone deficiency in childhood. Curr Opin Endocrinol Diabetes Obes. 2012;19(1):47-52. https://doi.org/10.1097/
MED.0b013e32834ec952 PMID: 22157400

2. Murray PG, Dattani MT, Clayton PE. Controversies in the diagnosis and management of growth hormone deficiency in childhood and adolescence.
Arch Dis Child. 2016;101(1):96—100. https://doi.org/10.1136/archdischild-2014-307228 PMID: 26153506
3. Dattani M, Preece M. Growth hormone deficiency and related disorders: insights into causation, diagnosis, and treatment. Lancet.
2004;363(9425):1977-87. https://doi.org/10.1016/S0140-6736(04)16413-1 PMID: 15194259
4. Ayuk J, Sheppard MC. Growth hormone and its disorders. Postgrad Med J. 2006;82(963):24—30. https://doi.org/10.1136/pgmj.2005.036087 PMID:
16397076
5. Brod M, Hgjbjerre L, Alolga SL, Beck JF, Wilkinson L, Rasmussen MH. Understanding treatment burden for children treated for growth hormone
deficiency. Patient. 2017;10(5):653—-66. https://doi.org/10.1007/s40271-017-0237-9 PMID: 28386679
6. Rosenfeld RG, Bakker B. Compliance and persistence in pediatric and adult patients receiving growth hormone therapy. Endocr Pract.
2008;14(2):143-54. https://doi.org/10.4158/EP.14.2.143 PMID: 18308651
7. Cutfield WS, Derraik JGB, Gunn AJ, Reid K, Delany T, Robinson E, et al. Non-compliance with growth hormone treatment in children is common
and impairs linear growth. PLoS One. 2011;6(1):e16223. https://doi.org/10.1371/journal.pone.0016223 PMID: 21305004
8. Strohl WR. Fusion proteins for half-life extension of biologics as a strategy to make biobetters. BioDrugs. 2015;29(4):215-39. https://doi.
0rg/10.1007/s40259-015-0133-6 PMID: 26177629
9. Haybye C, Cohen P, Hoffman AR, Ross R, Biller BMK, Christiansen JS, et al. Status of long-acting-growth hormone preparations--2015. Growth
Horm IGF Res. 2015;25(5):201-6. https://doi.org/10.1016/j.ghir.2015.07.004 PMID: 26187188
10. Lal RA, Hoffman AR. Long-acting growth hormone preparations in the treatment of children. Pediatr Endocrinol Rev. 2018;16(Suppl 1):162—7.
https://doi.org/10.17458/per.vol16.2018.lh.longactingghpreparation PMID: 30378794
11. Pfizer. FDA approves Pfizer's NGENLA™, a long-acting once-weeklytreatment for pediatric growth hormone deficiency.
Pfizer Newsroom. [Cited November 6, 2024]. Available from: https://www.pfizer.com/news/press-release/press-release-detail/
fda-approves-pfizers-ngenlatm-long-acting-once-weekly.
12. 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(3):690-6. https://doi.org/10.1002/eji. 1830260327 PMID: 8605939
13. Roopenian DC, Christianson GJ, Sproule TJ, Brown AC, Akilesh S, Jung N, et al. The MHC class I-like 1gG receptor controls perinatal IgG trans-
port, IgG homeostasis, and fate of IgG-Fc-coupled drugs. J Immunol. 2003;170(7):3528-33. https://doi.org/10.4049/jimmunol.170.7.3528 PMID:
12646614
14. Chaudhury C, Mehnaz S, Robinson JM, Hayton WL, Pearl DK, Roopenian DC, et al. The major histocompatibility complex-related Fc receptor for
1gG (FcRn) binds albumin and prolongs its lifespan. J Exp Med. 2003;197(3):315-22. https://doi.org/10.1084/jem.20021829 PMID: 12566415

15. Hoy SM. Eftrenonacog alfa: a review in Haemophilia B. Drugs. 2017;77(11):1235-46. https://doi.org/10.1007/s40265-017-0778-1 PMID: 28646426

16. Frampton JE. Efmoroctocog alfa: a review in Haemophilia A. Drugs. 2016;76(13):1281-91. https://doi.org/10.1007/s40265-016-0622-z PMID:
27487799

PLOS One | https://doi.org/10.1371/journal.pone.0323791 May 15, 2025 171718



https://doi.org/10.1097/MED.0b013e32834ec952
https://doi.org/10.1097/MED.0b013e32834ec952
http://www.ncbi.nlm.nih.gov/pubmed/22157400
https://doi.org/10.1136/archdischild-2014-307228
http://www.ncbi.nlm.nih.gov/pubmed/26153506
https://doi.org/10.1016/S0140-6736(04)16413-1
http://www.ncbi.nlm.nih.gov/pubmed/15194259
https://doi.org/10.1136/pgmj.2005.036087
http://www.ncbi.nlm.nih.gov/pubmed/16397076
https://doi.org/10.1007/s40271-017-0237-9
http://www.ncbi.nlm.nih.gov/pubmed/28386679
https://doi.org/10.4158/EP.14.2.143
http://www.ncbi.nlm.nih.gov/pubmed/18308651
https://doi.org/10.1371/journal.pone.0016223
http://www.ncbi.nlm.nih.gov/pubmed/21305004
https://doi.org/10.1007/s40259-015-0133-6
https://doi.org/10.1007/s40259-015-0133-6
http://www.ncbi.nlm.nih.gov/pubmed/26177629
https://doi.org/10.1016/j.ghir.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26187188
https://doi.org/10.17458/per.vol16.2018.lh.longactingghpreparation
http://www.ncbi.nlm.nih.gov/pubmed/30378794
https://www.pfizer.com/news/press-release/press-release-detail/fda-approves-pfizers-ngenlatm-long-acting-once-weekly
https://www.pfizer.com/news/press-release/press-release-detail/fda-approves-pfizers-ngenlatm-long-acting-once-weekly
https://doi.org/10.1002/eji.1830260327
http://www.ncbi.nlm.nih.gov/pubmed/8605939
https://doi.org/10.4049/jimmunol.170.7.3528
http://www.ncbi.nlm.nih.gov/pubmed/12646614
https://doi.org/10.1084/jem.20021829
http://www.ncbi.nlm.nih.gov/pubmed/12566415
https://doi.org/10.1007/s40265-017-0778-1
http://www.ncbi.nlm.nih.gov/pubmed/28646426
https://doi.org/10.1007/s40265-016-0622-z
http://www.ncbi.nlm.nih.gov/pubmed/27487799

PLO\Sﬁ\\.- One

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Huston JS, Levinson D, Mudgett-Hunter M, Tai MS, Novotny J, Margolies MN, et al. Protein engineering of antibody binding sites: recovery of
specific activity in an anti-digoxin single-chain Fv analogue produced in Escherichia coli. Proc Natl Acad Sci U S A. 1988;85(16):5879-83. https:/
doi.org/10.1073/pnas.85.16.5879 PMID: 3045807

Chen X, Zaro JL, Shen W-C. Fusion protein linkers: property, design and functionality. Adv Drug Deliv Rev. 2013;65(10):1357—69. https://doi.
org/10.1016/j.addr.2012.09.039 PMID: 23026637

Arai R, Ueda H, Kitayama A, Kamiya N, Nagamune T. Design of the linkers which effectively separate domains of a bifunctional fusion protein.
Protein Eng. 2001;14(8):529-32. https://doi.org/10.1093/protein/14.8.529 PMID: 11579220

Arai R, Wriggers W, Nishikawa Y, Nagamune T, Fujisawa T. Conformations of variably linked chimeric proteins evaluated by synchrotron X-ray
small-angle scattering. Proteins. 2004;57(4):829—38. https://doi.org/10.1002/prot.20244 PMID: 15390267

Spiess C, Bevers J 3rd, Jackman J, Chiang N, Nakamura G, Dillon M, et al. Development of a human IgG4 bispecific antibody for dual targeting
of interleukin-4 (IL-4) and interleukin-13 (IL-13) cytokines. J Biol Chem. 2013;288(37):26583—93. https://doi.org/10.1074/jbc.M113.480483 PMID:
23880771

Ishikawa M, Nimura A, Horikawa R, Katsumata N, Arisaka O, Wada M, et al. A novel specific bioassay for serum human growth hormone. J Clin
Endocrinol Metab. 2000;85(11):4274-9. https://doi.org/10.1210/jcem.85.11.6983 PMID: 11095467

Somers W, Ultsch M, De Vos AM, Kossiakoff AA. The X-ray structure of a growth hormone-prolactin receptor complex. Nature.
1994;372(6505):478-81. https://doi.org/10.1038/372478a0 PMID: 7984244

Zhao HL, Yao XQ, Xue C, Wang Y, Xiong XH, Liu ZM. Increasing the homogeneity, stability and activity of human serum albumin and interferon-
alpha2b fusion protein by linker engineering. Protein Expr Purif. 2008;61(1):73-7. https://doi.org/10.1016/j.pep.2008.04.013 PMID: 18541441

Cleland JL, Geething NC, Moore JA, Rogers BC, Spink BJ, Wang C-W, et al. A novel long-acting human growth hormone fusion protein (VRS-317):
enhanced in vivo potency and half-life. J Pharm Sci. 2012;101(8):2744-54. https://doi.org/10.1002/jps.23229 PMID: 22678811

Balance DJ. Novozymes BioPharma, inventor. DK A/S, assignee. Recombinant fusion proteins to growth hormone and serum albumin. United
States Patent US. p. 8642542; 2014.

Klein JS, Jiang S, Galimidi RP, Keeffe JR, Bjorkman PJ. Design and characterization of structured protein linkers with differing flexibilities. Protein
Eng Des Sel. 2014;27(10):325-30. https://doi.org/10.1093/protein/gzu043 PMID: 25301959

Park El, Manzella SM, Baenziger JU. Rapid clearance of sialylated glycoproteins by the asialoglycoprotein receptor. J Biol Chem.
2003;278(7):4597-602. https://doi.org/10.1074/jbc.M210612200 PMID: 12464602

Steirer LM, Park EIl, Townsend RR, Baenziger JU. The asialoglycoprotein receptor regulates levels of plasma glycoproteins terminating with sialic
acid alpha2,6-galactose. J Biol Chem. 2009;284(6):3777—-83. https://doi.org/10.1074/jbc.M808689200 PMID: 19075021

Morell AG, Gregoriadis G, Scheinberg IH, Hickman J, Ashwell G. The role of sialic acid in determining the survival of glycoproteins in the circula-
tion. Journal of Biological Chemistry. 1971;246(5):1461—7. https://doi.org/10.1016/s0021-9258(19)76994-4

Koechling W, Plaksin D, Croston GE, Jeppesen JV, Macklon KT, Andersen CY. Comparative pharmacology of a new recombinant FSH expressed
by a human cell line. Endocr Connect. 2017;6(5):297-305. https://doi.org/10.1530/EC-17-0067 PMID: 28450423

Touraine P, D’'Souza GA, Kourides |, Abs R, Barclay P, Xie R, et al. Lipoatrophy in GH deficient patients treated with a long-acting pegylated GH.
Eur J Endocrinol. 2009;161(4):533—-40. https://doi.org/10.1530/EJE-09-0422 PMID: 19654233

Gjglberg TT, Frick R, Mester S, Foss S, Grevys A, Hgydahl LS, et al. Biophysical differences in IgG1 Fc-based therapeutics relate to their cellular
handling, interaction with FcRn and plasma half-life. Commun Biol. 2022;5(1):832. https://doi.org/10.1038/s42003-022-03787-x PMID: 35982144
Petkova SB, Akilesh S, Sproule TJ, Christianson GJ, Al Khabbaz H, Brown AC, et al. Enhanced half-life of genetically engineered human IgG1 anti-
bodies in a humanized FcRn mouse model: potential application in humorally mediated autoimmune disease. Int Immunol. 2006;18(12):1759-69.
https://doi.org/10.1093/intimm/dxI110 PMID: 17077181

Nakamura G, Ozeki K, Takesue H, Tabo M, Hosoya K-I. Prediction of human pharmacokinetics profile of monoclonal antibody using hFcRn trans-
genic mouse model. Biol Pharm Bull. 2021;44(3):389-95. https://doi.org/10.1248/bpb.b20-00775 PMID: 33642546

Jax pre-clinical services; 2024. Antibody Pharmacokinetics at the Jackson Laboratory. [Cited February 27, 2025]. Available from: https://www.jax.
org/jax-mice-and-services/preclinical-research-services/fcrn-hupk

Richter WF, Bhansali SG, Morris ME. Mechanistic determinants of biotherapeutics absorption following SC administration. AAPS J.
2012;14(3):559-70. https://doi.org/10.1208/s12248-012-9367-0 PMID: 22619041

PLOS One | https://doi.org/10.1371/journal.pone.0323791 May 15, 2025 18/18



https://doi.org/10.1073/pnas.85.16.5879
https://doi.org/10.1073/pnas.85.16.5879
http://www.ncbi.nlm.nih.gov/pubmed/3045807
https://doi.org/10.1016/j.addr.2012.09.039
https://doi.org/10.1016/j.addr.2012.09.039
http://www.ncbi.nlm.nih.gov/pubmed/23026637
https://doi.org/10.1093/protein/14.8.529
http://www.ncbi.nlm.nih.gov/pubmed/11579220
https://doi.org/10.1002/prot.20244
http://www.ncbi.nlm.nih.gov/pubmed/15390267
https://doi.org/10.1074/jbc.M113.480483
http://www.ncbi.nlm.nih.gov/pubmed/23880771
https://doi.org/10.1210/jcem.85.11.6983
http://www.ncbi.nlm.nih.gov/pubmed/11095467
https://doi.org/10.1038/372478a0
http://www.ncbi.nlm.nih.gov/pubmed/7984244
https://doi.org/10.1016/j.pep.2008.04.013
http://www.ncbi.nlm.nih.gov/pubmed/18541441
https://doi.org/10.1002/jps.23229
http://www.ncbi.nlm.nih.gov/pubmed/22678811
https://doi.org/10.1093/protein/gzu043
http://www.ncbi.nlm.nih.gov/pubmed/25301959
https://doi.org/10.1074/jbc.M210612200
http://www.ncbi.nlm.nih.gov/pubmed/12464602
https://doi.org/10.1074/jbc.M808689200
http://www.ncbi.nlm.nih.gov/pubmed/19075021
https://doi.org/10.1016/s0021-9258(19)76994-4
https://doi.org/10.1530/EC-17-0067
http://www.ncbi.nlm.nih.gov/pubmed/28450423
https://doi.org/10.1530/EJE-09-0422
http://www.ncbi.nlm.nih.gov/pubmed/19654233
https://doi.org/10.1038/s42003-022-03787-x
http://www.ncbi.nlm.nih.gov/pubmed/35982144
https://doi.org/10.1093/intimm/dxl110
http://www.ncbi.nlm.nih.gov/pubmed/17077181
https://doi.org/10.1248/bpb.b20-00775
http://www.ncbi.nlm.nih.gov/pubmed/33642546
https://www.jax.org/jax-mice-and-services/preclinical-research-services/fcrn-hupk
https://www.jax.org/jax-mice-and-services/preclinical-research-services/fcrn-hupk
https://doi.org/10.1208/s12248-012-9367-0
http://www.ncbi.nlm.nih.gov/pubmed/22619041

