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Abstract

In contrast to the wide applications of recombinant bifunctional fusion proteins in clinical usage,
the systematic study for the pharmacokinetics (PK) of bifunctional fusion proteins is left blank. In
this report, recombinant fusion proteins consisting of transferrin (Tf) and growth hormone (GH) or
granulocyte colony-stimulating factor (G-CSF) have been constructed as a model for studying the
PK of bifunctional fusion proteins. The results showed that the insertion of different linkers
between the two protein domains altered the binding affinities of the fusion proteins to both
domain receptors, and that the fusion proteins’ plasma half-lives were greatly affected. A strong
correlation between GH receptor binding affinity and plasma half-life of GH-TT fusion proteins
was observed. In addition, we demonstrated that the intracellular processing after receptor binding
plays an important role in determining the half-life of fusion proteins. While the binding of the GH
domain to the GH receptor will lead to endocytosis and lysosomal degradation in target cells,
binding of the Tf domain to the Tf receptor may recycle the fusion protein and prolong its plasma
half-life. To further confirm the effects of receptor binding on plasma half-life, G-CSF-Tf
bifunctional fusion proteins with the same three linkers as GH-Tf were evaluated. While the 3
fusion proteins showed a similar G-CSF receptor binding affinity, the G-CSF-Tf fusion protein
with the higher Tf receptor binding affinity exhibited longer plasma half-life. The linker insertion
further demonstrated the involvement of Tf in recycling and prolonging plasma half-life. Based on
our results, a model was developed to summarize the factors in determining the PK of the
bifunctional fusion proteins. Our findings are useful for predicting the plasma half-lives, as well as
for improving the pharmacokinetic profiles of therapeutic bifunctional fusion proteins by applying
linker technology.
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Introduction

With the emergence of DNA recombinant technology, recombinant bifunctional fusion
proteins have become an important class of therapeutics. Several FDA approved drugs such
as Enbrel® (TNF-R/Fc-1gG1), Ontak® (IL-2/diphtheria toxin), Orencia® (CTLA-4/Fc-
1gG1) and Amevive® (LFA-3/Fc-1gG1) have foreshown the advent of many more fusion
protein drugs 1. By fusing with albumin or the Fc portion of IgG, many protein drugs such
as insulin, TNF, and Factor 1X have exhibited improved pharmacokinetic (PK) and
pharmacodynamic (PD) properties 25
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In contrast to the rapid development of fusion proteins, the understanding of the determining
factors that affect the PK of bifunctional fusion proteins is still very preliminary. There is no
established guideline for predicting the plasma half-life of fusion proteins due to the
complexity of the bifunctional binding. Different functional and carrier domains possess
inherent receptors with different tissue distribution, number of receptors, and nature of
binding, and therefore it is difficult to compare the pharmacokinetic parameters of two
fusion proteins composed of different protein domains.

In this report, the PK mechanisms of bifunctional fusion proteins were investigated by
constructing growth hormone-transferrin (GH-Tf) fusion proteins with various linker
peptides inserted between the 2 domains as shown in Scheme 1. These fusion proteins,
containing an identical protein drug (GH) and carrier protein (Tf) domains, were used to
develop a mechanistic model to elucidate the crucial factors that affect the plasma half-life
of bifunctional fusion proteins. Additionally, another fusion protein containing Granulocyte-
Colony Stimulating Factor (G-CSF) fused to Tf with the same 3 stable linkers was evaluated
to support the findings from the GH-Tf model. The bifunctional Tf fusion proteins resemble
other bifunctional fusion proteins such as Fc-fusion proteins or albumin-fusion proteins,
which are also composed of a protein drug domain and a carrier protein domain. Therefore,
the findings from this report can potentially be applied to many other bifunctional fusion
proteins currently under development for therapeutic use.

Experimental Section

Cell lines

Animals

HEK?293 cells, purchased from ATCC (Manassas, VA), were grown as monolayers in
Dulbecco’s Modified Eagle’s medium (DMEM) with 10% (vol/vol) fetal bovine serum
(FBS) at 37 °C in 5% CO,. Protein-free, chemically defined CD293 medium, obtained from
Invitrogen (Carlshbad, CA), was used for protein expression after transfection of HEK293
cells. Colorectal adenocarcinoma Caco-2 cells, purchased from ATCC, were grown in
DMEM with 20% (vol/vol) FBS, 2 mM L-glutamine, and 0.1 mM non-essential amino
acids. IM-9 cells, purchased from ATCC, were grown in RPMI 1640 medium with 10%
(volivol) FBS, 10 mM HEPES, and 1 mM sodium pyruvate. Murine myeloblastic NFS60
cells, kindly provided by Dr. James Ihle (St. Jude Children’s Research Hospital, Memphis,
TN), were grown in RPMI medium 1640 with 10% (vol/vol) FBS and 0.1 ng/mL
recombinant mouse IL-3.

Male CF-1 mice (25-30 g) from Charles River Laboratories (Kingston, NY) were used for
pharmacokinetic studies. The protocol of animal experiments in this study has been
approved by the Institutional Animal Care and Use Committee (IACUC) at USC. The
animals were handled in accordance with the “Guide for the Care and Use of Laboratory
Animals” (NIH Publication No. 85-23, revised 1985). The animals were fed with a standard
laboratory rodent diet (Labdiet, Richmond, IN) and housed on a 12-h light and 12-h dark
cycle with room temperature maintained at 22 + 3 °C and relative humidity at 50 + 20%.

Construction and expression of fusion proteins with various linkers and free GH

GH-Tf fusion proteins with dipeptide, cyclopeptide, and helical peptide linkers (Scheme 1),
as well as GH were constructed into the mammalian expression vector pcDNA3.1 (+)
(Invitrogen) as previously described 6. Briefly, GH coding sequence was inserted between
EcoRVand Xhol cloning sites on pcDNA3.1 (+) vector. Similarly, Tf coding sequence was
inserted between X#ho/and Xbal cloning sites on pcDNA3.1 (+) vector. The
oligonucleotides encoding the desired linkers (except for the dipeptide linker LE) were then
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inserted between GH and Tf via the X#0/ cloning site. The correct sequence was confirmed
by DNA sequencing. HEK293 cells were transiently transfected with the plasmids encoding
the proteins by using linear polyethylenimine (Polysciences, Inc, Warrington, PA) as
previously described 7. Following a 5-hour transfection, serum-free CD293 medium was
used for protein expression for an additional 4- day incubation period. The conditioned
medium was then concentrated by Tangential Flow Filtration (TFF) (Millipore, Billerica,
MA\) followed by Amicon centrifugal filter (Millipore) and was stored at — 80 °C until use.
The GH-Tf fusion protein with the cyclopeptide linker was treated by thrombin in vitro to
create a disulfide linker, denoted as GH-S-S-Tf, as reported in our previous work 8.
Similarly, G-CSF-Tf fusion proteins with 3 stable linkers were constructed into the
mammalian expression vector pcDNA3.0 (Invitrogen) and expressed from transiently-
transfected HEK293 cells as previously described 8-19,

Competitive GH Receptor (GHR) binding assay for GH-Tf fusion proteins

Human GH was expressed from HEK293 cells as described for the GH-Tf fusion proteins.
One microgram of GH was radiolabeled with Na-1251 (PerkinElmer, Waltham, MA) by the
two-phase iodination process to preserve its biological activity as described by Tejedor and
Ballesta 11, After iodination, 1251-GH was purified from the reactant by size exclusion
chromatography (Sephadex G-25 gel matrix, GE Healthcare, Piscataway, NJ) equilibrated in
PBS containing 0.02% Tween 20. IM-9 cells were first washed three times with RPMI 1640
medium with 0.1% bovine serum albumin (BSA) (Sigma, St. Louis, MO). Next, 0.5x106
cells were incubated in 300 I RPMI 1640 medium containing 0.1% BSA, 2 ng/ml 125]-GH,
and serially diluted GH-TT fusion proteins or free GH recombinantly expressed from
HEK293 cells. After 1 hour of incubation at 37 °C, the cells were washed three times with
ice-cold PBS, and the radioactivity in the cell pellets was counted using a gamma counter
(Packard, Downers Grove, IL).

Competitive G-CSFR binding assay for G-CSF-Tf fusion proteins

Recombinant human G-CSF (Amgen, Thousand Oaks, CA) was radiolabeled with Na-12]
(PerkinElmer, Waltham, MA) by the two-phase iodination method used for GH. For the
binding assay, NFS-60 cells were first washed three times with RPMI 1640 medium with
0.1% BSA. Then 1x108 cells were incubated in 300 I RPMI 1640 medium containing 0.1%
BSA, 100 ng/ml 125]-G-CSF, and serially diluted G-CSF-Tf fusion proteins or free
aglycosylated G-CSF (Neupogen, Amgen, Thousand Oaks, CA). After 3 hours of incubation
at 4 °C, the cells were washed with cold PBS three times, and the cell pellets were counted
in a gamma counter.

Competitive Tf Receptor (TfR) binding assay for GH-Tf and G-CSF-Tf fusion proteins

Human apo-Tf (Sigma) was dissolved in PBS at 1 mg/ml and incubated with 1 mg/ml ferric
ammonium citrate (Sigma) at 37 °C for 2 hours to saturate Tf with Fe3*. The iron-saturated
Tf was then dialyzed using Spectra/Por dialysis membrane (14,000 Da MW cut-off,
Spectrum Laboratories, Rancho Dominguez, CA) in PBS at pH 7.4 overnight to remove the
excess Fe3*. One hundred micrograms of Tf was radiolabeled with Na-1251 (PerkinElmer)
by Chloramine-T iodination 12. Caco-2 cells were seeded into 12-well plates and grown to
confluent. The cells were washed with PBS and then incubated in serum-free DMEM with
0.1% BSA at 37 °C for 30 minutes to remove the endogenous Tf. A mixture of 0.5 g/

ml 125-Tf with serial-diluted unlabeled fusion protein, or free Tf in DMEM with 0.1% BSA
was added to the cells. After 2 hours of incubation at 4 °C, the medium was aspirated, and
the cells were washed three times with ice-cold PBS. The cells were then dissolved in 1 M
NaOH, and radioactivity in the lysates was counted using a gamma counter (Packard).
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In vivo stability of linkers in GH-Tf fusion proteins

The GH-TTf fusion proteins with 3 stable linkers as well as the disulfide linker were
administered intravenously to CF1 mice via the tail vein at a dose of 4 mg/kg. Twenty
microliters of blood was collected from the saphenous vein as described by Hem et al. 13 at
5 min, 30 min, 1, 3, 6 and 12 hours postdose. The collected blood was mixed with 3 .|
heparin (1000 unit/ml, Sigma) to prevent clotting, and was immediately centrifuged at 500 g
for 20 minutes to remove the blood cells. The plasma samples were analyzed by non-
reducing SDS-PAGE followed by anti-GH Western blot. Fusion proteins are loaded to serve
as the controls. Antibody against GH (R & D system, Minneapolis, MN) was used as
primary antibody and horseradish peroxidase-conjugated anti-goat 1gG antibody (Sigma)
was used as secondary antibody. The peroxidase activity was detected by enhanced
chemiluminescence using Amersham ECL Plus™ detection reagents (GE Healthcare).

Pharmacokinetic studies for GH-Tf, G-CSF-Tf fusion proteins, free GH, and free G-CSF

The GH-Tf or G-CSF-Tf fusion proteins with 3 stable linkers were administered
intravenously to CF1 mice via the tail vein at a dose of 4 mg/kg. Free GH was administered
at 0.8 mg/kg to maintain the equivalent molar amount as the GH-Tf fusion proteins. Blood
was collected at 5 min, 30 min, 1, 3 and 6 hours postdose for GH-Tf or at 5 min, 30 min, 1,
3, 6 and 12 hours postdose for G-CSF-Tf. The plasma samples were analyzed by non-
reducing SDS-PAGE followed by quantitative anti-Tf Western blot. Each fusion protein or
free GH of known concentration was loaded in serial concentrations to serve as the
standards to quantify the plasma concentration of the respective protein. For quantifying the
fusion proteins, antibody against human serum Tf (Sigma) was used as primary antibody
and horseradish peroxidase-conjugated anti-goat 1gG antibody (Sigma) was used as
secondary antibody. For quantifying free GH, antibody against human growth hormone
(R&D Systems, Minnneapolis, MN) was used as primary antibody and horseradish
peroxidase-conjugated anti-goat 1gG antibody (Sigma) was used as secondary antibody. The
peroxidase activity was detected by enhanced chemiluminescence using the SuperSignal
West Dura Extended Duration Substrate (Thermo Fisher Scientific, Rockford, IL). The
Western blot result was captured by the Molecular Imager ChemiDoc XRS system (Bio-
Rad, Hercules, CA), and was subsequently analyzed by Quantity One 1-D Analysis
Software (Bio-Rad) to determine the amount of fusion protein in the plasma samples.

Free G-CSF was administered intravenously to CF1 mice at a dose of 0.8 mg/kg to maintain
the equivalent molar amount as G-CSF-Tf fusion proteins. The blood was collected at 5 min,
15 min, 30 min, 1, 2, and 4 hours postdose. The amount of G-CSF in blood samples was
determined via a G-CSF ELISA kit (R&D System).

Pharmacokinetic studies for GH-Tf with excess GH blockage

Human GH, expressed from HEK?293 cells, was used to compete with GH-TT fusion proteins
for GHR binding in vivo. Two fold of molar equivalence of GH (1.6 mg/kg) was co-
administered with GH-TT fusion proteins (4 mg/kg) into CF1 mice via i.v. injection. The
molar ratio was calculated based on the molecular weights of GH (22 kDa) and GH-Tf (102
kDa), which are about 5 fold different. The blood samples were then taken at 5 min, 30 min,
1, 3 and 6 hours postdose, and the amount of fusion proteins in the plasma was determined
by quantitative anti-Tf Western blot as described above.

Pharmacokinetic studies for GH-Tf with excess Tf blockage

Fe3*-saturated Holo-Tf, at a dose of 240 mg/kg, was co-administered with fusion proteins (4
mg/kg) into CF1 mice to compete for TfR binding in vivo. Since the endogenous Tf is
highly abundant (about 3 mg/ml as determined in CF1 mice), 240 mg/kg human holo-Tf was
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co-administered with the GH-Tf fusion proteins to achieve a concentration of 6 mg/ml for
total Tf in vivo. As a result, the final level of total Tf is about 2-fold higher than the
endogenous level. The blood samples were then taken from CF1 mice at 5 min, 30 min, 1, 3
and 6 hours postdose, and the amount of fusion proteins in plasma was determined by
quantitative anti-Tf Western blot as described above.

Data Analysis

Results

Data are presented as mean values + standard deviation (SD), with n referring to the number
of replicates. 1C5q values for the competitive receptor binding assays were obtained by
sigmoidal curve fitting using GraphPad Prism 4.0 (GraphPad Software Inc., San Diego,
CA). The I1Cgq values were used as an indicator of the binding affinity of the fusion proteins
for GH, G-CSF, or Tf receptors. Unpaired two-sided Student’s t-test was used to test
statistical significance of results. Results with a p-value < 0.05 were considered statistically
significantly different. The elimination half-lives of the fusion proteins were calculated by
using SAAM |1 software (University of Washington, Seattle, WA). The weight assigned to
data is the inverse of the variance. The variance model used is data-relative, and the
fractional standard deviation is set to 0.1 based on previous experiments.

Receptor binding affinities of GH-Tf fusion proteins

In order to compare the receptor binding affinities after linker insertion, competitive receptor
binding assays were performed, in which unlabeled fusion proteins were used to compete
with radiolabeled free GH, or free Tf for the respective receptor binding on target cell
surface. The ICsq values of fusion proteins for inhibiting the receptor binding of
radiolabeled GH or Tf were significantly different from each other (p < 0.05) (Figure 1 and
Table 1). The dipeptide-linked GH-LE-Tf, which has the shortest linker, exhibited the
weakest binding affinities for both GHR and TfR. On the other hand, fusion proteins with
two other linkers (cyclopeptide and helical peptide) exhibited stronger binding capacities to
both receptors, with the ranking of 1Csq values for GHR binding: GH-LE-Tf (17.7 nM) >
GH-cyclo-Tf (8.2 nM) > GH-(H4),-Tf (7.0 nM), and for TfR binding: GH-LE-Tf (21.2 nM)
> GH-(H4),-Tf (8.7 nM) > GH-cyclo-Tf (4.2 nM). The I1Csgq values of free GH and free Tf
were 5.8 nM and 0.3 nM, respectively. The ICsq values of free GH and Tf proteins are lower
than those of all three GH-Tf fusion proteins.

The in vivo stability of the linkers

Before determining the PK of the fusion proteins, the in vivo stability of the linkers were
first investigated, since the cleavage of the linkers in vivo could lead to the decrease of half-
life and confound our interpretation. Therefore, GH-Tf fusion proteins with different linkers
were i.v. injected to CF1 mice and the plasma samples were analyzed by anti-GH Western
blot to check the integrity of the fusion proteins. As shown in Figure 2, for the GH-Tf with 3
peptide linkers, there is no detectable free GH present in the blood throughout the
experiment, indicating that the 3 peptide linkers are stable in vivo. In contrast, free GH was
released rapidly from the i.v. injected disulfide-linked fusion protein, GH-S-S-Tf,
confirming our previous report on the in vivo rapid cleavage of the linker in the fusion
protein 8.

The pharmacokinetics of GH-Tf fusion proteins

The half-lives of GH-Tf fusion proteins with 3 stable linkers were determined in CF1 mice.
Anti-Tf, instead of anti-GH, Western blot was used to quantify the intact fusion protein due
to its higher sensitivity. The fusion proteins can be easily distinguished from endogenous Tf
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due to their higher molecular weight (~102 kDa vs. 80 kDa, respectively). As shown in
Figure 3A and Table 1, the half-lives of the fusion proteins were greatly affected by altering
the receptor binding affinities with linker insertion. The ranking of the half-lives follows the
order of GH-LE-TTf (4.97 hrs) > GH-(H4),-Tf (1.87 hrs) ~ GH-cyclo-Tf (1.76 hrs). Notably,
the GH-LE-Tf fusion protein has an almost three-fold longer plasma half-life than the others
despite having a very similar size and sequence. The plasma half-lives of the 3 GH-Tf fusion
proteins were much longer than that of free GH (< 15 minutes).

The pharmacokinetics of GH-Tf fusion proteins with GH competition

In order to elucidate the role of GHR binding in the in vivo clearance of GH-TT fusion
proteins, a pharmacokinetic study of GH-Tf fusion proteins was performed with the
competition of a 2 fold excess of free GH. With the blockage of GHR binding, the half-lives
of all three GH-TT fusion proteins were dramatically prolonged, with the ranking of GH-
cyclo-Tf (8.66 hrs) > GH-(H4),-Tf (6.73 hrs) > GH-LE-Tf (5.95 hrs) (Figure 3B and Table
1).

The pharmacokinetics of GH-Tf fusion proteins with Tf competition

In order to elucidate the correlation between TfR binding and plasma half-life, a
pharmacokinetic study of GH-Tf fusion proteins was performed with excess Tf competition.
As shown in Figure 3C and Table 1, with the co-administration of excess Tf, the half-life of
GH-LE-Tf was significantly shortened from 4.97 hours to 3.00 hours (p < 0.05). The half-
lives of GH-cyclo-Tf and GH-(H4),-Tf, however, were not significantly changed with Tf
competition.

Receptor binding affinities of G-CSF-Tf fusion proteins

To further evaluate the effects of receptor binding on plasma half-life on bifunctional fusion
proteins, another protein drug, G-CSF, was fused with Tf with 3 peptide linkers inserted
between the two functional domains. The receptor binding affinities of G-CSF-Tf for G-
CSFR, as well as TfR, were determined via competitive receptor binding assays on NFS-60
and Caco-2 cells, respectively. The G-CSFR binding affinity was similar among the 3 fusion
proteins, i.e., with 1Csq values of 38.0, 39.5, 31.2 nM for G-CSF-LE-Tf, G-CSF-cyclo-Tf
and G-CSF-(H4),-Tf, respectively. However, the TfR binding affinities were significantly
different (p < 0.05), with the ranking of ICsq for TfR binding: G-CSF-LE-Tf (7.5 nM) > G-
CSF-(H4),-Tf (4.5 nM) > G-CSF-cyclo-Tf (0.9 nM) (Figure 4 and Table 2). The receptor
binding affinities of free Tf and free G-CSF were also measured via competitive binding
assays. The ICgq value of free Tf was 0.3 nM, which was lower than those of all 3 G-CSF-Tf
fusion proteins. Due to the difficulty to express glycosylated G-CSF from HEK293 cells
using the same condition as the fusion proteins, a commercially available G-CSF
(Neupogen) was used for the preparation of 125]-G-CSF and for subsequent G-CSF receptor
binding assays. The ICsq value of G-CSF (Neupogen) was 113.1 nM, which was slightly
higher than those of the G-CSF-Tf fusion proteins. This difference may be due to the fact
that Neupogen is a non-glycosylated form of G-CSF. It has been reported that glycosylation
could affect the receptor binding affinity of G-CSF 14. 15, Regardless of the difference in G-
CSF receptor binding between G-CSF (Neupogen) and G-CSF-Tf fusion proteins, results
from receptor competition assays indicate that the 3 forms of fusion protein have a similar
affinity to the G-CSF receptor.

The pharmacokinetics of G-CSF-Tf fusion proteins

As shown in Figure 5 and Table 2, the plasma half-lives of the G-CSF-Tf fusion proteins
follow the ranking of G-CSF-cyclo-Tf (5.69 hrs) > G-CSF-(H4),-Tf (4.84 hrs) > G-CSF-LE-
Tf (4.15 hrs). The half-life of G-CSF-LE-Tf is significantly shorter than that of G-CSF-
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cyclo-Tf (p < 0.05). Therefore, the half-life of the dipeptide-linked G-CSF-LE-Tf was the
shortest among G-CSF-Tf fusion proteins, as opposed to that of GH-LE-Tf, which was the
longest among the GH-Tf fusion proteins (Figure 3 and Table 1). Similar to GH-Tf fusion
proteins, the half-lives of G-CSF-Tf were much longer than that of free G-CSF (1.74 hrs).

Discussion

Bifunctional GH-Tf and G-CSF-Tf fusion proteins with different linkers (as shown in
Scheme 1) were prepared. The first linker is a short dipeptide, Leu-Glu (LE), resulting from
the cloning site X#0/ between the two genes . The second linker is a thrombin-sensitive,
disulfide cyclopeptide linker 8. This linker was originally used to create a disulfide linker
that can be rapidly cleaved in vivo by reduction . The third linker is an alpha-helix forming
linker LEA(EAAAK),ALEA(EAAAK)4ALE, which can spatially separate the functional
domains 6. A fourth linker was also used to produce a GH-Tf fusion protein containing an in
vivo cleavable disulfide linker generated from the in vitro thrombin treatment of the
cyclopeptide linker, which is able to release free functional domains from the fusion proteins
in vivo 8. GH-Tf and G-CSF-Tf fusion proteins with these four linkers have previously been
shown to maintain sufficient biological activity, both 7 vitroand in vivo 8. 8-10.16.17,

The results from the competitive receptor binding assay for GH-Tf showed that the dipeptide
linker, which has the shortest length, generated the lowest binding affinities for both GHR
and TfR (Figure 1 and Table 1). We reason that this short linker may generate strong steric
hindrance or cause interference between functional domains, and therefore decreases the
receptor binding capacity. On the other hand, the cyclopeptide linker and helical peptide
linker, which have longer lengths (20 and 50 amino acids, respectively) and more rigid
structures, generated higher receptor binding affinities (Figure 1 and Table 1). It was
reported that the helical peptide linker could improve the biological activity of bifunctional
fusion proteins, probably because it can effectively separate domains and provide higher
receptor binding affinity 10. By inserting different linkers between the functional domains,
we were able to successfully alter the receptor binding affinities of bifunctional fusion
proteins.

Next, the in vivo stability of the linkers was evaluated to make sure the plasma half-life of
the fusion protein will not be altered by the cleavage of the linkers following in vivo
injection. Since the cyclopeptide linker contains a thrombin-sensitive sequence and the
helical peptide linker contains many lysine residues, it was a concern that endogenous serine
proteases may be able to cleave these linkers in vivo, which would contribute to the
disappearance of intact fusion proteins in the plasma. To rule out this possibility, GH-Tf
fusion proteins with 3 peptide linkers, as well as an in vivo cleavable disulfide linker, were
i.v. injected into CF1 mice and the plasma samples were analyzed by anti-GH Western blot.
As shown in Figure 2, for the GH-Tf with 3 peptide linkers, there is no detectable amount of
free GH present in the plasma throughout the experiment (5 minutes to 6 hours). In contrast,
free GH was released from the i.v. injected GH-S-S-Tf, which, as shown in our previous
report &, results in a significantly shortened plasma half-life of the intact fusion protein due
to the cleavability of the linker. This data suggests the 3 peptide linkers are stable in vivo,
and there is no preferential protease cleavage of the linkers. Therefore, the differences in
plasma half-life are most likely due to the elimination of the intact fusion protein rather than
the cleavability of the linker.

The pharmacokinetics of GH-TT fusion proteins was determined in CF1 mice to evaluate the
impact of receptor binding affinities on plasma half-life. GH-LE-Tf exhibited an almost 3-
fold longer plasma half-life compared to the others, while GH-cyclo-Tf and GH-(H4),-Tf
had similar half-lives (Figure 3A and Table 1). The half-life of the GH-TT fusion proteins

Mol Pharm. Author manuscript; available in PMC 2012 March 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Page 8

correlated well with GHR binding affinities, but not with TfR binding affinities (Figure 1
and Table 1). GH-LE-Tf, which had the lowest binding affinity for GHR, exhibited the
longest plasma half-life. We reason the binding of fusion protein to GHR will likely lead to
endocytosis and lysosomal degradation of the fusion proteins as reported for free GH 18, As
a result, GH-LE-TT exhibited longer half-life due to lower affinity to GHR and consequently
less degradation via receptor-mediated endocytosis. In addition, the comparable GHR
binding affinities of GH-cyclo-Tf and GH-(H4),-Tf accorded with their similar half-lives.
The PK data indicate that receptor binding affinities could greatly affect the plasma half-life
of bifunctional fusion proteins. It also suggests that GHR binding is the primary binding site
for determining the plasma half-life of the GH-Tf fusion proteins, as will be further
discussed later in this section.

To further confirm the role of GHR binding on in vivo clearance of fusion proteins, the PK
of GH-Tf was investigated through the blockage of GHR by excess free GH (Figure 3B and
Table 1). In this study, we demonstrated that the blockage of GHR with excess free GH
could significantly prolong the plasma half-life of GH-TT fusion proteins to a similar level (6
to 8 hours, not statistically significantly different from each other). This result has important
implications for other bifunctional fusion proteins in addition to GH-Tf. For most protein
drugs, the binding to their receptors will lead to the classic pathway of endocytosis and
lysosomal degradation 1°. This process is the primary factor in determining the plasma half-
life, especially for biotechnology pharmaceuticals. Our result indicates that, similar to
protein drugs, the receptor binding of a protein drug domain in a bifunctional fusion protein
also causes the degradation, and constitutes a major elimination pathway of the fusion
proteins.

Similarly, the impact of TfR binding on half-life was investigated through the competition
of excess Tf (Figure 3C and Table 1). With the blockage of TfR binding, the half-life of GH-
LE-Tf was shortened, from 4.97 to 3.00 h, suggesting that the TfR binding may help recycle
the fusion proteins through the classic Tf-TfR recycling pathway 20. This data also indicates
that the effect of TfR binding is minor compared to GHR binding, since TfR binding only
prolongs half-life of the fusion protein with the weakest GHR binding affinity (i.e. GH-LE-
Tf). Again, this result confirmed that GHR binding is the primary binding which overrides
TR binding in determining the plasma half-life. Another interesting finding is that with
excess free GH competition, the half-lives of the three GH-Tf fusion proteins correlated very
well with their TfR binding affinities. With GHR blockage, GH-cyclo-Tf, which has the
strongest TfR binding affinity, exhibited the longest half-life (Figure 1B and Table 1). This
result is presumably due to the effect of TfR binding in recycling of the fusion protein.

Besides GH-Tf, G-CSF-Tf fusion proteins with 3 stable linkers were also constructed to
broaden the scope of this study, and to further evaluate the importance of the secondary
binding to TfR in predicting the plasma half-life. The data showed that the G-CSFR binding
affinity was similar among the 3 fusion proteins, while their TfR binding affinity was
significantly different (Figure 4 and Table 2). When correlating the binding affinity with
plasma half-life, since the fusion proteins have similar G-CSFR binding affinity, the half-life
of G-CSF-Tf is determined by the binding to TfR. Our data demonstrate that the stronger
TfR binding results in longer plasma half-life (Figure 5 and Table 2). This finding further
supports our conclusions from GH-Tf, that the TfR binding leads to the recycling of the
fusion protein and prolongs the plasma half-life of the fusion proteins.

Based on the above results, we proposed a model for the receptor binding and intracellular
processing of the GH/G-CSF-TT fusion proteins (Scheme 2). In the presence of abundant
endogenous Tf (about 60 fold higher than the injected fusion protein), the binding of fusion
protein to TfR on the cell surface is probably negligible due to the competition from
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endogenous Tf. Therefore, the fusion proteins likely bind first to GHR/G-CSFR on the
plasma membrane of target cells. This binding is considered the primary binding site, which
enriches the fusion proteins onto the target cells for the drug action, and may also increase
the accessibility of the Tf domain to TfR. TfR binding, which likely occurs after GHR/G-
CSFR binding either on the plasma membrane or inside the endosomes, is then referred to as
secondary binding. Following the GHR/G-CSFR binding, signal transduction is initiated,
and the fusion proteins are endocytosed into the early endosome, where TR is also

present 21, With the acidification of endosome, the fusion proteins may dissociate from
GHR/G-CSFR, and bind tightly to TfR via their Tf domain due to the changes in binding
affinities at the acidic pH 22. While the binding affinity of GH/G-CSF for GHR/G-CSFR in
acidic pH is slightly lower than in neutral pH 23 24, the affinity of apo-Tf for TfR is
increased under the acidic endosomal environment 25 26, The receptor binding inside the
endosomes determines different fates for the fusion proteins: The GHR/G-CSFR binding
leads to the lysosomal degradation while the TfR binding promote the recycling of the
fusion protein. The relative strength of the binding of the two protein domains inside the
endosome will determine the impact of each receptor on the plasma half-life of the fusion
proteins.

The model for GH/G-CSF-TT fusion proteins may provide an example for many other
bifunctional fusion proteins such as Fc-fusion proteins or albumin-fusion proteins, which are
also composed of a protein drug domain and a carrier protein domain. The Fc portion of 19G
and albumin have a very similar recycling pathway to Tf. By binding to the major
histocompatibility complex-related Fc receptor (FcRn) within the endosomes at acidic pH,
these proteins are efficiently recycled back to the cell surface 27- 28, Conceivably, these
bifunctional Fc- and albumin-fusion proteins may follow similar endocytic pathway and
intracellular processing as we demonstrated here for GH/G-CSF-Tf fusion proteins.

Our study provides several implications for the design and development of bifunctional
fusion proteins. First, we demonstrated the feasibility of fine-tuning the PK profiles of
fusion proteins by linker insertion due to their impact on the receptor binding affinities.
Second, our study highlights the importance of determining the receptor binding affinities in
predicting the plasma half-life of bifunctional fusion proteins. Third, in contrast to the
conventional approach of attempting to maximize the binding affinity of the protein drug
such as GH/G-CSF for the highest potency, our study suggests that the binding affinity of
the protein drug domain may have an optimal range to achieve less intracellular degradation
and a possibly better overall therapeutic effect. When endocytic degradation is considerable,
the intracellular trafficking of the fusion protein may be a key target for enhancing plasma
half-life and in vivo potency. To our knowledge, this is the first report on a mechanistic
study of pharmacokinetic profiles of bifunctional fusion proteins in the context of individual
binding, which is vital for the future development of these types of biomolecules as
therapeutics. In the development of protein drugs, although the fusion of a carrier protein
can diminish the binding affinity to the drug receptor, the overall /n vivo bioactivity may be
improved due to the prolonged plasma half-life. In the context of G-CSF-Tf fusion proteins,
prolonged plasma half-life and improved in vivo biological activity were observed after the
fusion of Tf to G-CSF © 910, This characteristic has been frequently observed in other
fusion proteins (e.g., albumin, Fc-fusion proteins) 3 5 2930 as well as in protein conjugates
(e.g., PEGylation) 31. However, a prolonged plasma half-life may not always correlate with
superior in vivo biological activity. For example, GH-Tf displayed comparable in vivo
bioactivity as free GH despite prolonged plasma half-life 8, possibly due to the diminished
binding affinity, or altered biodistribution 32. Nevertheless, a thorough understanding of the
PK characteristics of bifunctional fusion proteins is essential in the development of these
biomolecules for therapeutic use.
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Figure 1.

Competitive receptor binding assays for GH-Tf fusion proteins. (A): competitive GH
receptor binding assay on IM-9 cells. (B): competitive Tf receptor binding assay on Caco-2
cells. Values (n = 3) are mean * SD expressed as percentage of total surface bound tracer in
the absence of fusion protein.
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Figure 2.

In vivo stability of the linkers. Anti-GH Western blot analysis for the plasma samples from
mice injected with (A): GH-LE-Tf, (B): GH-cyclo-Tf, (C): GH-(H4),-Tf, (D): GH-S-S-Tf.
Data shown are from one representative experiment.
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PK profiles of GH-Tf fusion proteins with different linkers. (A): The GH-Tf fusion proteins
with different linkers were administered intravenously to CF1 mice via the tail vein at a dose
of 4 mg/kg. (B): Fusion proteins were co-administered with GH (1.6 mg/kg). (C): Fusion
proteins were co-administered with holo-Tf (240 mg/kg). Blood was collected at 5 min, 30
min, 1, 3 and 6 hours postdose and the plasma samples were analyzed by non-reducing SDS-
PAGE followed by quantitative anti-Tf Western blot. The half-life was calculated by SAAM
Il and the values are mean + SD from 3 to 4 mice.
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Figure4.

Competitive receptor binding assays for G-CSF-Tf fusion proteins. (A): competitive G-CSF
receptor binding assay on NFS-60 cells. (B): competitive Tf receptor binding assay on
Caco-2 cells. Values (n = 3) are mean + SD expressed as percentage of total surface bound
tracer in the absence of fusion protein.
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Figureb5.

PK profiles of G-CSF-Tf fusion proteins with different linkers. The G-CSF-Tf fusion
proteins with different linkers were administered intravenously to CF1 mice via the tail vein
at a dose of 4 mg/kg. Blood was collected at 5 min, 30 min, 1, 3, 6 and 12 hours postdose
and the plasma samples were analyzed by non-reducing SDS-PAGE followed by
quantitative anti-Tf Western blot. The half-life was calculated by SAAM Il and the values
are mean + SD from 3 to 4 mice.
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Scheme 1.

Design of linkers in GH/G-CSF-Tf fusion proteins.*
*(A): Dipeptide linker (Leu-Glu). (B): The cyclopeptide linker is based on the structure of
somatostatin modified to contain a thrombin-specific sequence, PRS. Two cysteinyl-residues

on somatostatin naturally form a disulfide bond. (C): Helical peptide linker. (D): The
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disulfide linker is formed by in vitro thrombin treatment of the cyclopeptide linker and is

cleavable in vivo 8.
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Scheme 2.

Endocytic pathway and intracellular metabolism of Tf fusion proteins.*

*a. In the presence of abundant endogenous Tf, the fusion proteins first bind to GHR/
GCSFR on the target cell membrane via GH/GCSF domain. This binding is considered the
primary binding, which enriches the fusion proteins onto the target cells. The GHR/GCSFR
binding at the cell surface brings fusion protein close to the plasma membrane surface,
which may lead to bivalent binding of the Tf-domain to TfRs, which are present in the
clathrin-coated pit regions. This binding, indicated as Secondary Binding (1), is referred to
secondary binding since it occurs after the GHR/GCSFR binding. 4. The fusion proteins are
endocytosed into the early endosome, where TfR is also present. ¢. Fusion proteins that
remain bound to GHR/GCSFR are degraded in the lysosome. With the acidification of
endosome, the fusion proteins will retain the binding affinity to TfR via their Tf domain,
indicated as Secondary Binding (2). d. The binding to TfR allows the fusion protein to be
recycled back to the cell surface. e. The fusion protein is released from TfR into the
circulation at cell surface.
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Table 2

Comparison of 1Csq values and plasma-half lives of G-CSF and G-CSF-Tf fusion proteins ™.

Protein '050‘(;3“;";3F R 1Cs TIROM) | tyo ()
G-CSE™™ 113.1 - 1.74+0.14
G-CSF -LE-Tf 38.0 75 415%0.75
G-CSF -cyclo-Tf 395 0.9 5.69 + 0.46
G-CSF -(Ha),-Tf 31.2 45 484+1.18

*
1C50 values from competitive receptor binding assays were determined by sigmoidal curve fitting using GraphPad Prism 4.0. Half-life values
represent mean + SD from 3 to 4 mice.
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