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Abstract

Erythropoietin, or Epo, is a hematopoietic cytokine that promotes erythropoiesis, and recombinant human Epo has been used in the
treatment of anemia in various chronic diseases. Here, we have constructed novel Epo derivatives with prolonged half-lives by adding
peptides to the carboxy terminus of Epo without using linkers. The fused peptides were selected from the carboxy terminal region of
human chorionic gonadotropin (hCG) or human thrombopoietin (hTpo), which promote the proper folding, secretion, and stabilization
of bioactive glycoproteins. Addition of these peptides did not interfere with secretion or receptor binding, and significantly increased the
in vivo half-life of human Epo, as measured by intravenous administration in rats. The plasma half-life of the Epo constructs was longest
when the carboxy terminal 28 aa of the § subunit of hCG was added (Epo—CGC), a half-life that was slightly longer than NESP (Ara-
nesp), which is the most effective Epo product in current clinical use. The transformation of four Ser glycosylation sites to Ala on the
CGC sequence also lengthened the plasma half-life of Epo, indicating that the in vivo stabilizing effect of the hCG peptide was due to
both structures within the peptide itself and its O-glycosylations. The application of the carboxy terminal half of hTpo also resulted in
remarkably reduced elimination of the Epo chimera (Epo-TpC), possibly due to protection by the TpC sequence. The in vivo hemato-
poietic activity of Epo derivatives in mice was consistent with their pharmacokinetic profiles. Therefore, these derivatives with prolonged
half-lives may provide opportunities for developing new Epo therapeutics with less frequent administration.
© 2005 Elsevier Inc. All rights reserved.
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Erythropoietin (Epo) is a hematopoietic factor that pro-  tions followed by rapid decreases. Subcutaneous

motes the generation and differentiation of erythroid pre-
cursor cells [1,2]. Recombinant human Epo (rEpo) has
been used in the treatment of anemia associated with acute
renal failure, cancer chemotherapy, etc., with increasing
clinical use in recent years [3-5]. However, the current ther-
apeutic use of rEpo mandates three intravenous injections
per week because of its short half-life, and this administra-
tion paradigm results in extremely high plasma concentra-
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administration results in slightly better maintenance of
plasma concentrations, but the Epo treatment must also
be given with the equal frequency a week for therapeutic
purposes [6,7]. Thus, increasing the drug half-life would
significantly improve its therapeutic potential.

Much of the research to extend the Epo half-life has
focused on amino acid substitutions or chemical modifica-
tions, including the development of NESP (darbepoetin
alfa, Aranesp) [8,9] and the Epo dimer [10]. Active Epo
contains three Asn-linked carbohydrate chains and one
Ser-linked oligosaccharide [11,12], and the sugar moieties
have been thought to be fairly relevant to the in vivo activ-
ity of Epo [13,14]. Two additional N-glycosylation sites
were added to NESP via point mutations. A recombinant
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dimer protein, consisting of two complete Epo sequences in
tandem, separated by a 17-amino acid linker, has also been
constructed [10,15]. All of these modified Epo variants
manifest longer half-lives in vivo than rEpo and would
require only a single injection per week.

In this study, we have developed new Epo derivatives
with a prolonged half-life via peptide addition at the car-
boxy terminus of Epo. These peptides were derived from
the carboxy terminal region of human chorionic gonado-
tropin (hCG) and human thrombopoietin (hTpo). The car-
boxy terminal peptide of the B subunit of hCG (CGC),
which contains four Ser-linked oligosaccharides, has been
reported to increase the plasma half-life and consequently
to improve the potency of bioactive glycoproteins in vivo.
The examples of this are a longer-acting thyrotropin, which
harbors a 25 aa CGC peptide, and the hCG dimer, which
itself contains the alpha subunit chimera with a CGC at
the carboxy terminus [16,17]. The CGC sequence is also
essential for N-glycosylation and the proper folding of
the B subunit of hCG itself, and promotes assembly of
the functional hCG heterodimer [18].

hTpo is a hematopoietic cytokine that stimulates
megakaryocyte development and platelet production, act-
ing in a manner analogous to the hematopoietic activity
of Epo in the erythropoiesis [19-21]. In addition, the amino
terminal half of hTpo is highly homologous to the full-
length of Epo, with the two essential Cys residues con-
served in similar positions in both proteins. The carboxy
terminal half of hTpo (TpC) consists of mostly hydrophilic
residues and six potential N-glycosylation sites, and it has
been proposed that the heavily glycosylated TpC may be
necessary to stabilize hTpo [22,23]. In addition, two inde-
pendent mutational analyses clearly showed that the TpC
sequence was necessary for the effective secretion of hTpo,
and that its N-glycosylations, particularly two sugar chains
linked to Asn213 and Asn234, were the main factor in
improving the secretion of the protein, whereas the carboxy
terminal peptide itself interfered with the in vitro hemato-
poietic activity of hTpo, possibly due to an unfavorable
interaction with the Tpo receptor [24,25]. These secretion-
promoting and stabilizing properties of the carboxy
terminal regions of hCG and hTpo suggest that adding
sugar-rich peptide tails to Epo might improve the secretion
and plasma half-life.

In fact, the addition of CGC and TpC to human Epo in
the present study resulted in a significant increase in in vivo
half-life. Therefore, we attempted to determine the glyco-
sylation effects of the fusion Epo, via comparisons of the
glycosylated peptides with deglycosylated varieties, in
order to determine whether the stabilizing effect of the pep-
tide addition is, in fact, the result of the additional glycosyl-
ation, or of the structure of the peptide itself.

Materials and methods

Construction of the Epo fusion expression vector. Epo and hTpo cDNAs
were obtained by PCR amplification from a human fetal liver cDNA

library (Invitrogen). The sequences for CGC, the carboxy terminal peptide
(aa 118-145) of the hCG P subunit, and CGA, a deglycosylated mutant of
CGC with four Ser residues mutated to Ala (aa 121, 127, 132, and 138 of
hCG), were generated using overlapping PCR. Epo-CGC and Epo-CGA,
chimeric forms of Epo ligated to the normal or mutated sequences of
hCG, were cloned. Epo-TpC is a fusion protein of Epo and the carboxy
terminal half of hTpo (aa 155-332), and was cloned by blunt ligation of
PCR-amplified sequences of Epo and TpC. Epo-TpS contains only the
last 17 amino acids of the carboxy terminus of hTpo (aa 316-332). Every
Epo derivative lacks its carboxy terminal Arg residue, and no linking
peptide was used.

Transfection and expression in CHO cells. Epo fusion expression vec-
tors were transfected into CHO DG44 cells using FuGENEG transfection
reagents (Roche). The pLTRdhfr26 (ATCC) vector carrying the dhfr gene
was co-transfected [26]. After transfection, the culture was continued for
7-14 days in DMEM (Gibco) containing 10% fetal calf serum and colonies
resistant to G418 were selected. These cell lines were pooled and assayed
using an ELISA kit (StemCell Technologies). Amplification of the trans-
fected gene was performed using methotrexate to increase the expression
of Epo derivatives.

Purification of Epo derivatives. Immunoaffinity resin for purification
was prepared by coupling an anti-Epo monoclonal antibody (R&D Sys-
tems) to CNBr-activated Sepharose-4B (Pharmacia). The cells were grown
to confluence in DMEM containing 10% fetal calf serum, and the medium
was replaced with serum free medium, CHO-A SFM (Gibco). The con-
ditioned medium was concentrated 5-fold using Centriprep (Millipore,
cutoff 10,000). The concentrate was loaded to the immunoaffinity column,
washed with PBS, and eluted with 0.1 M glycine.

Analysis of glycosylation. The purified Epo derivatives were dialyzed
and suspended in the reaction buffer (20 mM sodium phosphate, S mM
EDTA, and 0.1% SDS, pH 7.2). rEpo (Roche) was run in parallel as a
control. Samples adjusted to 1000 U/100 ul were boiled for 10 min, and
then 0.5 pl Triton X-100 and 1 U N-glycosidase F (Roche) were added
[27]. After incubating at 37 °C for various intervals (1, 2, 4, and 15 h), the
reaction was stopped by boiling for 10 min and analyzed by Western blot
using an anti-Epo polyclonal antibody (R&D Systems).

In vivo half-life determination. The purified fusion protein was intrave-
nously administered to male Sprague-Dawley rats (SLC, Japan) at a dosage
of 200 U/rat (n = 5). Recormon (Roche) and Aranesp (Amgen) were also
used. To evaluate the concentration in blood, blood was gathered via the
femoral artery using PE-50 polyethylene cannula and treated with heparin at
specified times, 10, 30, 60, 180, 300, and 480 min after administration. The
plasma samples were prepared by centrifugation from heparinized blood.
The plasma concentration was determined using ELISA.

Efficacy study. The in vitro biological activity of Epo derivatives was
determined with an Epo-dependent cell line, human leukemia F-36E
(Riken Cell Bank RCB0776, Japan) [28]. The MTT assay was performed
as described previously [29], and the laboratory standard of Epo used to
generate the standard curve was calibrated against the International
Standard (Epo ampoule coded 87/684 of NIBSC).

The in vivo activity of Epo derivatives was examined in 8-week-old
male ICR mice (SLC, Japan). Each mouse (n = 7-8/group) was subcuta-
neously administered 2000 U/kg Epo derivative weekly. On day 7 and 14,
blood was obtained from the retro-orbital venous plexus and hematocrit
was determined using a blood cell counter (ABC VET, France).

Results and discussion
Construction of Epo derivatives

The structures and characteristics of our modified Epos
(Epo—-CGC, Epo-CGA, Epo-TpC, and Epo-TpS) are
summarized in Fig. 1A. All of the cloned nucleotides were
confirmed via sequencing. Epo—CGC was designed to be a
fusion protein composed of Epo and the carboxy-terminal
peptide (aa 118-145) of the B subunit of hCG, which con-
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Fig. 1. (A) Schematic diagram of designed Epo derivatives. Full-length Epo, except the terminal Arg (165 aa), was fused to peptides from the beta subunit
of hCG and hTpo. Glycosylation sites are denoted by specific symbols. (B) SDS-PAGE of purified Epo derivatives using immunoaffinity chromatography.
Each derivative was run on 8-16% gradient SDS-PAGE and visualized with a silver staining. The estimated MW of Epo derivatives, except for Epo-TpS,
were acceptable when compared to the size of the Epo control. (C) Western blot analysis of Epo-derivatives after partial N-glycosidase F digestion.
Purified Epo proteins were subjected to a partial digestion with N-glycosidase F for 1 h at 37 °C. Each sample was run on a 4-20% gradient SDS-PAGE.
Epo-TpS contains five N-glycosylation sites. However, one or two N-glycosylations were determined not to occur in the production of Epo-TpS.

tains four O-glycosylation sites [30]. Epo—CGA is a degly-
cosylated mutant of Epo—CGC that contains Ser to Ala
substitutions (aa 121, 127, 132, and 138 of hCG B subunit)
to determine the effects of glycosylation. Epo-TpC was
designed as a fusion protein of Epo and the carboxy-termi-
nal half region of hTpo (aa 155-332). Epo-TpS is com-
posed of Epo and a short carboxy-terminal peptide of
hTpo (aa 316-332), which possesses two N-glycosylation
sites, Asn319 and Asn327, of hTpo.

The crystal structure of Epo—EpoR indicates that Epo
binds to two extracellular binding domains of the Epo
receptor, and that the residues Asnl47, Argl50, and
Glyl51, all of which are proximal to the carboxy terminus
of Epo, are involved in principal interactions with the
receptor [31]. The addition of peptides to the carboxy ter-
minus of Epo might serve to modulate the ligand-receptor
interaction and, hence, either abolish or reduce hematopoi-
etic activity [32,33]. This possibility is particularly likely for
the hTpo fusion construct, since the added hTpo fragment
is larger than Epo itself. For this reason, Sytkowski
et al.[10] constructed an Epo-dimer consisting of two com-
plete Epo sequences in tandem, separated by a 17-amino
acid linker. However, the three-dimensional structure of
Epo indicates that the carboxy terminus of Epo is at least
14 amino acid residues away from the receptor binding site
[31]. We therefore prepared constructs without linker
sequences, and expected that these additions would not
interfere with receptor binding or hematopoietic activity.

Expression of Epo derivatives and in vitro efficacies

After transfection, we acquired a set of transfected cells
expressing the Epo derivatives. Addition of the peptides
did not affect Epo expression or secretion, with at least
95% of the Epo derivatives secreted from cells (data not
shown). Although the added TpC sequence (178 aa) is larg-
er than the secretable region of Epo (165 aa), the fusion
protein (Epo-TpC) was successfully expressed and secret-
ed, possibly because the size and amino acid sequence of
Epo is highly homologous to the amino terminal half of
hTpo [19]. Therefore, the structure of Epo-TpC may be
similar to that of hTpo. The TpC sequence has been known
to be necessary for the effective secretion of hTpo, as was
revealed by the systematic truncational analysis conducted
by Muto et al. [24].

We were able to obtain cell lines that highly expressed
the Epo derivatives via methotrexate selection procedures.
After 24 h of culturing in serum-free medium, we collected
the supernatants and filter-purified them to approximately
95% purity via single immunoaffinity column chromatogra-
phy, and then analyzed them via PAGE. The relative sizes
of Epo—-CGC and Epo-CGA were acceptable when com-
pared to that of Epo control, whereas Epo-TpC and
Epo-TpS were detected at smaller MW or as a hyper-de-
graded pattern (the predicted MW of each of the Epo pro-
teins, including putative glycosylations of the proteins:
rEpo, Epo-CGC, Epo-CGA, Epo-TpC, and Epo-TpS
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were 32, 37, 34, 80, and 41 kDa, respectively; Fig 1B). The
dimeric form of the Epo derivatives was not detected, or
only at negligible level. As for the Epo-TpS, we predicted
that the MW of the Epo derivative with the TpS sequence
would be larger than that of Epo—CGC, due to the N-gly-
cosylations in the short carboxy terminal peptide of hTpo.
However, the estimated size of Epo-TpS in the gel was
determined to be slightly smaller than Epo-CGC. Five
N-glycosylation sites have been supposed to exist in Epo—
TpS: three in Epo and two in TpS, respectively. However,
on the basis of partial N-glycosidase F treatment (1 h), one
or two of the five N-glycosylation sites in Epo-TpS was, in
fact, not glycosylated (Fig. 1C). The smeared band pattern
of Epo-TpC, which possesses nine putative N-glycosyla-
tions, would be also due to incomplete glycosylation of
the protein.

We confirmed the hematopoietic activity of the Epo
derivatives using an Epo-dependent cell line, human leuke-
mia F-36E [28]. We conducted an MTT assay to assess the
viability, proliferation, and activation of the Epo-depen-
dent cells. All of the Epo derivatives exhibited functional
hematopoietic activity, whereas roughly estimated efficacy
was less than that of rEpo (Recormon, Roche), possibly
due to insufficient purification of the fully glycosylated
and active Epo derivatives (data not shown). These results
indicate that our Epo fusion proteins with no linker
sequence could bind and signal through the Epo receptor
to trigger the erythropoietic proliferation.

In vivo half-lives and efficacies of Epo derivatives

We compared the pharmacokinetics of our chimeric Epo
derivatives and the current Epo products, rEpo (Recor-
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mon, Roche) and NESP (Aranesp, Amgen), in SD rats.
We measured plasma concentrations of the Epo derivatives
via ELISA, which was conducted twice at several dilutions
to exclude the possibility of a high dose hook effect from
non-specific binding to plasma proteins.

The Epo derivatives showed better pharmacokinetic
profiles than Epo itself (Fig. 2A). The half-life of the con-
trol rEpo was 141 4 15 min. The half-life of each derivative
was: Epo-CGC, Epo-CGA, Epo-TpC, Epo-TpS, and
NESP had half-lives of 440 & 52, 257 28, 388 £ 96,
218 £ 24, and 382 + 140 min, respectively. Particularly,
Epo-CGC had a longer half-life within the error range
than NESP, which is the most effective erythropoiesis stim-
ulator in clinical use [2].

We also assessed in vivo hematopoietic activity in mice
for 2 weeks and evaluated changes in the hematocrit levels
(Fig. 2B). Epo derivatives were subcutancously adminis-
tered once a week (at 0 and 7th day). As was compared
with vehicle administration, rEpo scarcely affected hemato-
crit levels, possibly due to the short half-life of rEpo. How-
ever, NESP and our Epo derivatives apparently showed
better efficacy than the control Epo. It is also important
to note that the pattern of the potency results was concor-
dant with the acquired pharmacokinetic profiles.

Other strategies for improving Epo pharmacokinetics
assumed that a linker sequence between Epo and the fusion
partners would be unnecessary for in vivo biological activ-
ity of the Epo derivatives, apart from the employment of a
17 amino acid linker to construct the Epo dimer [10,32]. As
was expected, our Epo derivatives exhibited significant
hematopoietic activity, suggesting that adding peptides
without a linker sequence did not interfere with receptor
binding or hematopoietic activities of the Epo derivatives,
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Fig. 2. (A) Pharmacokinetic profiles of Epo derivatives. Male SD rats (n = 5/group) were administered Epo derivatives at 200 U/rat via the femoral vein.
Blood was collected at relevant time points and plasma concentrations were determined by ELISA. The half-lives of rEpo (Recormon, open circle), NESP
(Aranesp, dark diamond), Epo-CGC (dark box), Epo-CGA (open box), Epo-TpC (dark triangle), and Epo-TpS (open triangle) were 141 + 15,
382 + 140, 440 + 52, 257 428, 388 + 96, and 218 + 24 min, respectively. Each point represents mean 4 SD. (B) In vivo efficacy of Epo derivatives in mice.
Each mouse (n = 7-8/group) was subcutaneously administered 2000 U/kg of Epo derivatives once a week (0 and 7th day). Then mice were sacrificed and
the hematocrit change was measured at day 7 and 14. Values are expressed as means + SD.
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and hence that no linker interpolation would be necessary
to construct bioactive Epo derivatives. Therefore, our Epo
derivatives may be useful tools for evaluating the in vivo
activity of different peptide and glycosylation species.

The addition of the normal carboxy-terminal peptide of
the beta subunit of hCG resulted in the highest enhance-
ment of the in vivo half-life of human Epo (Fig. 2A, dark
square), even slightly better than NESP (dark diamond).
Epo-CGC also induced the highest hematocrit level of all
Epo recombinants (Fig. 2B). As described previously, the
CGC sequence contains four O-glycosylation sites, and
CGC chimeras showed longer half-lives for other glycopro-
teins, such as FSH, thyrotropin, and the alpha subunit of
hCG itself [16,17]. And, it is well known that the in vivo
stability of Epo depends on its glycosylation, and a degly-
cosylated Epo variant exhibited no in vivo activity due to
its inherent instability [14]. However, it was unclear
whether this extension of half-life required additional gly-
cosylation at the CGC fusion sequence, which possesses
four O-glycosylation sites. The Epo—-CGA derivative, a
deglycosylated mutant of CGC, also had a longer half-life
than rEpo (Fig. 2A, open box compared with open circle).
Although this increase in half-life was lower than Epo-
CGC and NESP, the result indicated that the stabilizing
effect of CGC resulted not only from the O-glycosylated
constitution of the sequence, but also from the structure
of the CGC peptide itself.

The delayed elimination of Epo-TpC (Fig. 2A, dark tri-
angle) could result from protection by the carboxy-termi-
nal region of hTpo, suggesting that the TpC sequence
mediates functions besides the secretion of cytokines [24].
The amino terminal half region of hTpo retains its func-
tional activity and is susceptible to proteolytic processing
[34]. Therefore, it has been proposed that the carboxy ter-
minal half of hTpo, which is profoundly glycosylated, may
be responsible for the stability of hTpo [22,23]. Contrary to
this idea, however, mutational analysis of the murine Tpo
showed that truncation of the carboxy terminal half did
not affect the in vitro stability of the protein in MTT pro-
liferation assays [25]. Our data suggest that the TpC
sequence can stabilize a circulatory protein in vivo, and
therefore that the sequence may actually account for the
natural stabilization of hTpo itself. In addition, it is also
noteworthy that the addition of the TpC sequence
increased the hematopoietic activity of Epo (Fig. 2B), in
contrast to the inhibitory effect of the sequence on the in vi-
tro hematopoietic activity of hTpo [24]. These results sug-
gest that the carboxy terminal sequence of hTpo may be
a useful tool for improving plasma stability and potency
of proteins in vivo.

Epo-TpS contains only a small portion of the carboxy ter-
minal region of hTpo (17 aa) and two N-glycosylation sites.
Because sequence truncation and elimination of glycosyla-
tion did not dramatically affect hTpo secretion, the TpS pep-
tide has been regarded not to be required for proper folding
or secretion of hTpo [24]. Epo-TpS exhibited a longer half-
life than rEpo (Fig. 2A open triangle), but a much shorter

one than other derivatives, probably because of its shorter
sequence and loss of at least one glycosylation (Fig. 1C).

The current rEpo should ideally be administered
approximately three times a week, even with subcutaneous
injection, because of its short half-life [6]. Aranesp (NESP),
the recently approved erythropoietic product, requires only
once-weekly treatment, is more convenient, and has lower
overall clinical costs [2]. Our Epo derivatives, Epo—-CGC
and Epo-TpC, which were constructed by fusion with the
carboxy terminal peptides of hCG or hTpo, exhibited sim-
ilar or enhanced half-lives compared to Aranesp. These
Epo derivatives may therefore be worth developing for
clinical use.
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