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Abstract—The aim of this work was to compare biological activities of three variants of bacterially expressed human recom-
binant erythropoietin (EPO) with additional protein domains: 6His-s-tag-EPO protein carrying the s-tag (15-a.a. oligopep-
tide from bovine pancreatic ribonuclease A) at the N-terminus and HBD-EPO and EPO-HBD proteins containing
heparin-binding protein domains (HBD) of the bone morphogenetic protein 2 from Danio rerio at the N- and C-termini,
respectively. The commercial preparation Epostim (LLC Pharmapark, Russia) produced by synthesis in Chinese hamster
ovary cells was used for comparison. The EPO variant with the C-terminal HBD domain connected by a rigid linker (EPO-
HBD) possesses the best properties as compared to HBD-EPO with the reverse domain arrangement. It was ~13 times more
active in vitro (i.e., promoted proliferation of human erythroleukemia TF-1 cells) and demonstrated a higher rate of associ-
ation with the erythropoietin receptor. EPO-HBD also exhibited the greatest binding to the demineralized bone matrix
(DBM) and more prolonged release from the DBM among the four proteins studied. Subcutaneous administration of EPO-
HBD immobilized on DBM resulted in significantly more pronounced vascularization of surrounding tissues in compari-
son with the other proteins and DBM alone. Therefore, EPO-HBD displayed better performance with regard to all the
investigated parameters than other examined EPO variants, and it seems promising to study the possibility of its medical use.
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The main function of erythropoietin (EPO) is stim-  Recently, EPO involvement in bone tissue remodeling has
ulation of erythropoiesis — differentiation of erythrocyte  been reported [2-4]. All the studies on the effects of EPO
precursors in the bone marrow [1]. EPO also affects on bone tissue regeneration in mammals have been con-
wound healing and restoration of damaged neuronal cells.  ducted using recombinant EPO synthesized in eukaryotic

Abbreviations: a.a., amino acid residue; BMP-2, bone morphogenetic protein-2; DBM, demineralized bone matrix; DTT, dithio-
threitol; EPO(R), erythropoietin (receptor); HBD, heparin-binding domain; 6His, six histidine amino acid residues; s-tag, 15-a.a.
oligopeptide from bovine pancreatic ribonuclease A.
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cells [5-12]. At the same time, active human EPO can be
synthesized in Escherichia coli expression system [13-18].
Bacterially expressed EPO variants can be produced in
large quantities; they are more standardized, and their
production is cost-effective and less labor-intensive.
However, EPO variants produced by microbial synthesis
are not glycosylated and, as a consequence, less soluble
and prone to aggregation. The molecular mass of these
proteins is approximately 1.5-fold lower than that of the
glycosylated protein. This results in faster clearance of the
bacterially synthesized proteins from the systemic blood
circulation. Nevertheless, these problems could be solved
in one way or another [13, 14, 16-18]. Since proteins pro-
duced in E. coli cells demonstrate biological activity [13-
18], it seems promising to develop novel approaches for
their practical application, in particular, their usage in
bone tissue regeneration.

In the majority of studies on the bone tissue repair,
EPO was administered systemically by multiple injec-
tions; however, local administration demonstrated very
good results as well [12]. Systemic administration of large
doses of EPO can cause increased hematocrit and blood
viscosity in patients, which could lead to the emergence
or aggravation of cardiovascular diseases [19] and throm-
boembolism [20]. Because local administration of EPO
involves significantly lower doses of the protein, it might
decrease the probability of adverse side effects and is
much less labor-intensive and, therefore, seems a very
promising approach to the treatment of bone pathologies.

In order to ensure prolonged action of EPO at the site
of administration, its local concentration should be suffi-
cient for the manifestation of biological activity. In the case
of protein preparations, this can be achieved by introduc-
ing additional protein domains to provide protein binding
to the corresponding carrier and its gradual release into
surrounding tissues. Heparin-binding domain (HBD) from
the bone morphogenetic protein 2 (BMP-2) of Danio rerio
is one of such domains. This positively charged domain is
located in the N-terminal part of BMP-2. Its elimination
or mutation results in the inability of BMP-2 to bind
heparin; and its dissociation constant for heparin is 20 nM,
as determined with the BIAcore™2000 biosensor
(Pharmacia Biosensor AB, Sweden) [21]. This domain is
used for BMP-2 purification on heparin-Sepharose [21,
22]. HBD retains BMP-2 in the bone tissue via non-spe-
cific ionic interactions. It is capable of strong binding to
the demineralized bone matrix (DBM) that is produced
from the bone tissue [21, 23] and widely used as an implant
material containing negatively charged glucosamine gly-
cans. HBD from BMP-2 can be fused to EPO thereby
forming the two-domain bifunctional protein that exhibits
biological functions of EPO, as well as ability to interact
with DBM and other heparin-containing matrices. New
recombinant variants of EPO can be obtained using genet-
ic and protein engineering methods by cloning and expres-
sion of the corresponding synthetic genes in E. coli cells.
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In our previous studies, we cloned EPO variants
modified with additional protein domains and synthe-
sized the corresponding recombinant proteins in E. coli
cells [17, 18]. In particular, one of these variants carried
the s-tag (15-a.a. oligopeptide from bovine pancreatic
ribonuclease A) at the N-terminus [17]. This protein
exhibited the in vitro activity in the proliferation test with
human erythroleukemia TF-1 cells that was only one
order of magnitude lower than the activity of the recom-
binant epoetin beta (Epostim; LLC Pharmapark,
Russia), a glycosylated form of EPO produced in Chinese
hamster ovary cells. In another study, HBD-EPO protein
was obtained that carried the HBD from BMP-2 at the N-
terminus [18]. This protein demonstrated in vitro activity
in the cell test and in vivo activity by increasing of num-
ber of reticulocytes in the rat blood after subcutaneous
injection. Both activities were approximately two orders
of magnitude lower than those observed for Epostim.
However, HBD-EPO exhibited more pronounced local
activity than Epostim by inducing tissue vascularization,
when DBM discs loaded with the same doses of these two
proteins were implanted subcutaneously, which could be
explained by the fact that, unlike Epostim, HBD-EPO
was retained by the DBM ensuring its prolonged action at
the implantation site [18]. The reduced in vitro activity of
HBD-EPO was likely due to the destabilization of the
EPO domain by the N-terminal HBD domain. We sug-
gested that the in vitro activity and, as a consequence,
other types of biological activity of this EPO variant can
be improved using protein engineering methods, such as
domain rearrangement and spatial separation of domains
by longer and more rigid linkers [24].

Previously, we developed a rather simple in vivo test
that allows us to evaluate the ability of recombinant EPO
variants to cause tissue vascularization upon local
implantation [18]. It is our opinion that at the very begin-
ning of protein characterization, this test could replace
labor-intensive and lengthy experiments studying the
effects of various EPO variants on regeneration of bone
tissue defects and should be investigated in a separate
study. The possibility of such replacement is determined
by a number of features listed below.

In addition to its main erythropoietic function, EPO
causes pleiotropic non-hematopoietic effects; in particular,
it affects osteogenesis, angiogenesis, and tissue vasculariza-
tion. These properties of EPO are mediated by its interac-
tion with the heterodimeric EPOR/CD131 receptors on the
surface of non-hematopoietic cells [25, 26]. Both angio-
genic and osteogenic activities of EPO are realized via the
mTOR, JAK2, and PI3K signaling pathways [26, 27].

EPO increases the number of endothelial cell pre-
cursors by recruiting them to the site of damage [28]. In
addition, EPO positively affects expression of VEGF (the
most important angiogenic factor) [29] and BMP-2 (the
most important factor of bone growth and regeneration)
[2]. Sun et al. demonstrated significant suppression of
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angiogenesis induced by EPO following osteoclastogene-
sis inhibition by bisphosphonates or osteoprotegerin
(OPG) [9], which indicated close relations between these
processes. Another mechanism of EPO participation in
the bone tissue formation is its influence on the
EphrinB2/EphB4 signaling pathway responsible for the
interaction of osteoblasts and osteoclasts that plays a key
role in the remodeling processes, as well as in the late
stages of bone tissue restoration [30].

Hence, the processes of regulation of angiogenesis
and osteogenesis mediated by EPO are closely related to
each other; moreover, both these processes are essential
for regeneration of bone tissue. Formation of vessels in
the newly formed bone is necessary for its correct devel-
opment and functioning. The relationship between the
EPO-mediated osteogenesis and angiogenesis accompa-
nied by the upregulated expression of VEGF induced by
EPO was demonstrated in the work of Holstein et al. [29].
Characterization of angiogenic activity of the EPO vari-
ants is important because it (i) provides experimental
confirmation that the recombinant EPO variants possess
one of the in vivo non-hematopoietic activities of EPO
and (ii) proves that the studied proteins exhibit activity
essential for the bone tissue regeneration.

The aim of our study was to obtain a new recombi-
nant HBD-containing EPO variant by synthesis in E. coli
cells and to carry out the comparative characteristics of
the newly developed human recombinant EPO variant
with those of previously produced variants.

MATERIALS AND METHODS

Strain and plasmid. Escherichia coli strain M15
[PREP4] (F~ ®80AlacM 135, thi, lac™, mtl~, recA*, KmF)
and plasmid vector pQE6 (Qiagen, USA) were used.

Generation of gene construct encoding EPO-HBD.
Fully synthesized EPO-HBD gene (Evrogen, Russia)
encoding human EPO and HBD from Danio rerio BMP-2
connected by a linker was flanked by the Ncol and Kpn2I
sites at the 5'- and 3'-ends, respectively. Optimization of
the synthetic gene codon composition, correction of the
transcribed RNA secondary structure, and calculation of
the molecular mass and theoretical isoelectric point (p/) of
the encoded polypeptide were carried out using standard
approaches as described by Karyagina et al. [31]. The
FEPO-HBD gene was inserted into the pQE6 plasmid by the
Ncol and Kpn2l sites; the resulting plasmid was used for
the transformation of E. coli M-15 [pREP4] cells to gener-
ate a producer strain for the synthesis of EPO-HBD carry-
ing HBD at the C-terminus (Table 1). The calculated
molecular weight and p/ of EPO-HBD protein were
21,736.55 Da and 10.07, respectively.

EPO-HBD purification. Cultivation of transformed
E. coli cells, their disruption, isolation of inclusion bod-
ies, chromatographic purification of the recombinant
protein on WorkBeads 40 S (Bio-Works, Sweden), protein
refolding, and column chromatography on heparin-
Sepharose CL-6B (Amersham Pharmacia Biotech,
Sweden) have been described in detail earlier [18].

EPO-HBD was purified as described below. Washed
inclusion bodies (0.18 g) were dissolved in 8 M urea solu-
tion in 20 mM Tris-HCI (pH 8.0) and centrifuged at
9000g for 30 min. The supernatant was loaded on a col-
umn with WorkBeads 40 S resin (5 ml) equilibrated with
8 M urea in 20 mM Tris-HCI (pH 8.0) at a rate of 1 ml/
min. The column was washed at a rate of 2 ml/min until
the absorption plateau was reached; the proteins were
eluted with a linear 0-1 M NaCl concentration gradient
in the same buffer (total volume, 50 ml) at the same rate.
Protein fractions (2 ml) were collected; fractions corre-
sponding to the maximal absorption at 280 nm were

Table 1. Erythropoietin variants used in the study: protein molecule structure and in vitro and in vivo activities in var-

ious tests

Protein Structure/protein Activity in Affinity to | Parameters of associa- | Vessel surface area, um?

molecule features vitro, ng/ml EPOR, ranks | tion and disassocia- | (lower — upper quartiles,
tion with DBM, ranks median)

Epostim glycosylated EPO 0.68 1 2 220-952 (401)
6His-s-tag-EPO | 6His-s-tag-DDDDK-EPO 4.34 2 4 419-1264 (744)
EPO-HBD EPO-(AP);-HBD 24.15 3 1 876-4410 (2217)
HBD-EPO HBD-(GS);-EPO 319.40 4 3 643-1859 (1098)

Note: DDDDK, enterokinase hydrolysis site; (AP)g, alanine-proline linker; (GS);, glycine-serine linker; EPOR, erythropoietin receptor. Activity
in vitro was determined in the proliferation assay with human erythroleukemia TF-1 cell line; affinity to EPOR was determined using the bio-
layer interferometry method; parameters of association and dissociation with DBM were examined in the experiments on the dissociation
kinetics of the EPO variants from DBM; degree of vascularization was estimated from the vessels surface area in histological sections in the
experiments on the local angiogenic activity of EPO variants after subcutaneous implantation of DBM discs with applied proteins (see
“Materials and Methods” section) into rats. Lower/upper quartiles and median of the vessel surface area in the DBM (control) group were
209-742 and 459 um?, respectively. In the comparative tests, protein demonstrating the highest activity were assigned the rank 1, and the low-

est — rank 4.
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assayed for the protein concentration and analyzed by
PAGE.

Protein fractions after chromatography on
WorkBeads 40 S were diluted with 20 mM Tris-HCI (pH
8.0) containing 6 M guanidine hydrochloride and 0.1 M
dithiothreitol (DTT) to a final protein concentration
~0.1 mg/ml and incubated for 24 h at 4°C to initiate
refolding. Next, the denatured protein solution was dia-
lyzed against 10 volumes of 20 mM Tris-HCI (pH 8.0)
containing 1 M guanidine hydrochloride for 24 h (the
dialysis buffer was changed three times) and then cen-
trifuged for 30 min at 9000g. The supernatant was diluted
with the refolding buffer containing 1 M L-arginine in
20 mM Tris-HCI (pH 8.5) at a 1 : 1 ratio (final protein
concentration, ~0.05 mg/ml) and incubated for 24 h at
4°C. The refolded protein was dialyzed against 10 vol-
umes of 20 mM Tris-HCI (pH 6.8) containing 4 M urea
for 24 h and then centrifuged for 30 min at 9000g.

After dialysis, the obtained protein solution was
applied on a column with 5 ml of heparin-Sepharose CL-
6B equilibrated with 4 M urea in 20 mM Tris-HCI (pH
6.8); the column was washed with the same buffer; all
operations were conducted at a flow rate of 1 ml/min.
Proteins were eluted with 50 ml of 0-1 M NaCl concen-
tration gradient in 4 M urea solution in 20 mM Tris-HCI
(pH 6.8) at a rate of 1 ml/min. Four 2-ml fractions were
collected and analyzed by PAGE under nonreducing
conditions to estimate the degree of protein aggregation.
The protein monomer was detected in the first three frac-
tions; the last fraction contained a small amount of aggre-
gates, as can be seen in the electrophoregrams. The three
fractions with a total volume of 6 ml were combined and
dialyzed against 10 volumes of 20 mM ammonium
acetate (pH 4.5) for 24 h at 4°C with three buffer changes.
The concentration of the obtained EPO-HBD was
0.141 mg/ml. The protein was lyophilized and used for
further investigations (dried protein preparations were
highly soluble in physiological saline).

Evaluation of in vitro biological activity of proteins in
proliferation assay with human erythroleukemia TF-1
cells. Biological activity of the EPO preparations was
examined in vitro in the proliferation assay with the
human erythroleukemia TF-1 cell line (ATCC CRL-
2003) according to the protocol described in European
Pharmacopoeia, 9th edition, as described in the paper of
Grunina et al. [17].

Estimation of the protein binding efficiency with the
recombinant human EPOR using biolayer interferometry
technique. The binding kinetics of the investigated pro-
teins with human EPOR/Fc receptor (SinoBiological,
China) immobilized on the surface of a Protein A biosen-
sor was studied by the biolayer interferometry technique
in a real-time mode using an Octet K2 system
(Fortebio/Pall, USA) [32].

A 96-well interferometry plate contained human
EPOR/Fc receptor at a concentration of 0.5 pg/ml and
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aliquots of each investigated protein (20 nM) in 1x buffer
for association kinetics assay recommended by the man-
ufacturer (Fortebio, USA). The time for the receptor
immobilization was programmed with the function
threshold 0.85 nm. The duration of the association and
dissociation steps was set at 600 s. Analysis was carried
out at 30°C and mixing rate of 1000 rpm. The buffer for
association kinetics assay mentioned above was used as a
negative control. For each of the investigated samples,
individual fiber optic Protein A biosensor paired with
the control sensor were used to monitor protein associa-
tion.

Statistical processing of the obtained results was car-
ried out with the Fortebio Data Analysis 9.0 software
(Fortebio, USA).

Kinetics of the release of EPO variants from DBM.
DBM membranes (thickness, 3-4 mm) were produced
from a bovine femur bone diaphysis according to the pre-
viously developed method [33] with slight modifications
[23]. The discs (4 mm in diameter) were cut from the
membranes; discs weighing 10 £ 1 mg were used to apply
the proteins.

For protein immobilization, each disc was placed in
100 pl of solution containing 10 pg of protein in 25 mM
sodium phosphate buffer (pH 5.5) and incubated with
shaking in an orbital shaker S-3 (Elmi Ltd., Latvia) at a
speed of 10 rpm and a platform angle of 5° for 5 h under
vacuum, followed by washing with 1 ml of the same buffer
for 20 min repeated three times. Next, the discs were
frozen and lyophilized.

To examine protein release, lyophilized discs with
applied proteins were placed into polypropylene tubes
with caps; 1 ml of incubation buffer containing 25 mM
sodium phosphate (pH 5.5), 1% BSA, and 0.2% sodium
azide was added to each tube. The tubes were incubated at
room temperature with shaking at 300 rpm. The entire
sample volume was removed after 1, 5, 24, and 48 h and
3,7,14, 21, and 28 days and replaced each time with 1 ml
of the incubation buffer. The collected samples were
frozen. On completion of the experiment, protein con-
centration in the samples was measured by the previously
developed ELISA procedure [18].

Evaluation of local angiogenic activity of proteins.
Local angiogenic activity of EPO variants was estimated
using subcutaneous implantation of DBM fragments with
applied proteins followed by histological evaluation of the
degree of vascularization of adjacent tissues according to
the technique described by Karyagina et al. [18] with
minor modifications. In short, 15 Sprague—Dawley male
rats (body weight, 270-280 g) were separated into five
groups with 3 individuals in each. Two DBM discs loaded
with the same protein were implanted subcutaneously
into each rat under anesthesia into the temple regions
symmetrically on both sides of the head. Four test groups
were implanted with DBM discs loaded with 1 pg of
HBD-EPO, EPO-HBD, 6His-s-tag-EPO, or Epostim,
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and the fifth group — with empty DBM discs. One day
before the surgery, the discs were placed into 1.5-ml plas-
tic tubes with caps, and 20 pl of 25 mM phosphate buffer
(pH 5.5) containing 1 pg of the tested protein was applied
onto them followed by overnight incubation at 10°C; the
discs were then used for implantation without prior
lyophilization.

After 5 days, the animals were euthanized by carbon
dioxide inhalation, and the discs were removed together
with the adjacent tissues. Sections (4 um thick) from the
formalin-fixed and paraffin-embedded discs were stained
with hematoxylin-eosin or azan according to Heidenhain
[34] followed by histological analysis. The degree of vas-
cularization was estimated by performing quantitative
comparative analysis of the surface area of vessels in the
sections. Statistical analysis was carried out using the
Kruskal—Wallis criterion (p < 0.01) with the Statistica
12.0 software (Statsoft, USA).

RESULTS

The two-domain recombinant EPO-HBD protein
consisting of the human EPO amino acid sequence, link-
er, and the HBD from D. rerio BMP-2 was produced as
described in “Materials and Methods”. Schematic repre-
sentation of the structures of previously produced pro-
teins HBD-EPO [18] and 6His-s-tag-EPO [16] used for
comparative examination, as well as of EPO-HBD
obtained in this work, is shown in Table 1.

EPO-HBD was purified by the method very similar
to the procedure previously developed for the purification
of HBD-EPO [18]. The total amount of the purified
EPO-HBD was 0.85 mg. The data on the purification
efficiency and EPO-HBD yield are presented in Table 2.

The electrophoregram of the purified 6His-s-tag-
EPO, HBD-EPO, and EPO-HBD proteins under reduc-
ing and nonreducing conditions in 12% polyacrylamide

Table 2. EPO-HBD yield in the process of its purification

Amount HBD-EPO
Purification stage of protein, mg perg | content, %
wet biomass

Biomass (after gene 23.8 42.7
expression induction)
Inclusion bodies 18.3 90.2
Chromatography 5.4 95.3
on WorkBeads 40 S
Refolding and chromato- 0.85 99.5
graphy on heparin-
Sepharose CL-6B
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Fig. 1. Electrophoregram in 12% polyacrylamide gel of purified
6His-s-tag-EPO (lanes / and 2; calculated molecular mass
23.8 kDa), HBD-EPO (lanes 3 and 4; calculated molecular mass
20.5 kDa), and EPO-HBD (lanes 5 and 6; calculated molecular
mass 21.7 kDa); 1, 3, 5 — nonreducing conditions; 2, 4, 6 — reduc-
ing conditions; M (14-97 kDa), protein molecular weight markers
(Bio-Rad, USA). All protein preparations were treated with the
sample buffer with or without DTT prior to loading onto a gel.
Presence (+) or absence (—) of DTT in the sample buffer is shown
under the respective lanes.

gel is shown in Fig. 1. The proteins were electrophoreti-
cally homogenous; neither high molecular weight aggre-
gates, nor low molecular weight proteins were detected in
the preparations. The electrophoretic mobility of all three
proteins under nonreducing conditions (Fig. 1, lanes 1, 3,
5) was higher in comparison with the mobility under
reducing conditions (in the presence of DTT) (Fig. 1,
lanes 2, 4, 6).

The in vitro activities of the purified EPO-HBD,
6His-s-tag-EPO, HBD-EPO, and Epostim obtained by
synthesis in eukaryotic cells were measured in the test
with human erythroleukemia TF-1 cells (Fig. 2).

The ECs, value for the eukaryotic Epostim was
0.68 ng/ml (mean value from three replicates); the ECs,
values for the prokaryotic 6His-s-tag-EPO, EPO-HBD,
and HBD-EPO were 4.34, 24.15, and 319.40 ng/ml,
respectively (Table 1).

The results on in vitro activity assay with the ery-
throleukemia cells were corroborated by the biolayer
interferometry used to estimate the relative affinity of the
investigated EPO variants to EPOR (EPO receptor)
(Fig. 3).

According to the decrease in the association rate
with EPOR, the proteins were arranged in the following
order: Epostim (the highest association rate) — 6His-s-

BIOCHEMISTRY (Moscow) Vol. 84 No. 1 2019
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Fig. 2. Dependencies of the optical density in the well on the sam-
ple concentration in the in vitro activity assay of different EPO
variants with human erythroleukemia TF-1 cells: /) Epostim; 2)
6His-s-tag-EPO; 3) EPO-HBD; 4) HBD-EPO. Bars, standard
deviation (all measurements were done in triplicate).

tag-EPO — EPO-HBD — HBD-EPO. The lower speed
of the association corresponds to the lower slope of the
curve in the first part of the interferometric profile (Fig.
3). For the sake of convenience, the data on the affinity of
different EPO variants to EPOR are presented in Table 1
as ranks, with rank I assigned to Epostim demonstrating

25

the highest affinity and rank 4 assigned to HBD-EPO
exhibiting the lowest affinity.

It also seemed interesting to estimate the ability of
these proteins to bind to and to dissociate from the carri-
er (DBM), which assumingly correlates with the presence
and integrity of HBDs in these proteins. In order to eval-
uate the binding of EPO variants to the DBM, we studied
the dissociation kinetics of these proteins from the DBM
discs. Protein aliquots (10 pg) were applied onto the discs
(disk weight, 10 = 1 mg) and lyophilized as described in
“Materials and Methods”. The discs with applied pro-
teins were incubated in 1 ml of the incubation buffer, the
entire volume of which was replaced with a new portion
after 1, 5, and 24 h, and after 2, 3, 7, 14, 21, and 28 days.
The amount of the released protein was determined by
sandwich ELISA. The cumulative curves of protein
release during the first three days are presented in Fig. 4.
The protein ranking according to the efficiency of their
binding to DBM is presented in Table 1, with the most
efficient binding ranked as 1, and the least efficient bind-
ing ranked as 4.

As seen from Fig. 4, the maximum amount of protein
associated with DBM was found for EPO-HBD. The
gradual release of EPO-HBD from the carrier (on aver-
age, 30 ng protein per day) within 5 to 72 h was approxi-
mately 3-fold higher than for all other proteins, as mani-
fested by a noticeably higher slope of the EPO-HBD
curve during this time period in comparison with the
other curves. Between the days 21 and 28, EPO-HBD

0.20| Epostim _
0.18 6His-s-tag-EPO
0.16
0.14
'\
€ 0.12 EPO-HBD \\
c
> 0.10 MWMWWWMMMWM
0.08 |
0.06
aid HBD-EPO
0.02 . ] ..
Association Dissociation
0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time, s

Fig. 3. Interferometric profiles of the association/dissociation of the investigated 6His-s-tag-EPO, HBD-EPO, EPO-HBD proteins and
Epostim in solution with the human EPOR/Fc receptor immobilized on Protein A biosensor.
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Fig. 4. Cumulative dissociation curves of the investigated EPO
variants from DBM discs: /) HBD-EPO; 2) EPO-HBD; 3) 6His-
s-tag-EPO; 4) Epostim. Three DBM discs were analyzed for each
protein. Circles and upper and lower error bars correspond to
mean value and standard deviation, respectively. Protein concen-
tration in the samples was measured with the previously developed
ELISA test system [18].

could be detected by ELISA, which corresponded to the
release of 1.5 ng protein per day; the amounts of 6His-s-
tag-EPO, HBD-EPO, and Epostim were below the
ELISA detection limits. The lowest association and the
lowest release from DBM were observed for 6-His-s-tag-
EPO that lacks the HBD.

In order to compare the in vivo activity of the EPO
variants, we analyzed their ability to induce vasculariza-
tion of surrounding tissues after subcutaneous implanta-
tion of DBM discs loaded with the tested proteins (1 pg
protein per disc) followed by histological examination.
Empty DBM discs were used as a control. The discs were
removed together with surrounding tissues 5 days after the
implantation and stained with hematoxylin-eosin (for
histological evaluation of the image) and azan (for quan-
tification of the vessel surface) [34].

The histological pattern was found to be very similar
in all the groups. Epidermis, dermis, and their
appendages were intact in all samples. The implants were
located in the adventitia as fragments of decellularized
trabecular bone without any signs of osteoclast resorption
or perifocal osteogenesis. The space between the trabecu-
lae was filled with poorly organized fibrin with a small
number of cellular elements (leucocytes and
macrophages). Low or moderate inflammation was
detected on the periphery of the transplantation site
accompanied by formation of mature granulation tissue
from the fibroblast-like elements and macrophages and
weak or moderate infiltration of lymphocytes and plasma
cells.

The main difference between the tested proteins was
in the extent of tissue vascularization (Fig. 5 and Table 1).
Lower and upper quartiles, as well as the median values,

for the vessel surface area in pm? are presented in Table 1.
The lowest degree of vascularization was observed in the
control group (empty DBM discs) and in the case of
DBM discs with Epostim. Small erythrocyte-containing
vessels with the surface area of 209-742 pm’ (median
459 um?) (control DBM discs) and 220-952 pm? (medi-
an 401 um?) (DBM discs with Epostim) were mostly con-
centrated on the implantation site periphery along the
subcutaneous muscle layer. Similar pattern with slightly
more pronounced vascularization including a larger num-
ber of vessels with larger surface area was observed in the
case of implantation of DBM discs loaded with 6His-s-
tag-EPO (419-1264 um?, median 744 um?). The most
pronounced vascularization pattern was observed for
HBD-EPO and EPO-HBD. The vessels of various sizes,
from small to very large, with the surface area of 643-
1859 um?, median 1098 pm? in the case of HBD-EPO
and 876-4410 pum?, median 2217 um? in the case of EPO-
HBD were observed both on the periphery and in the tis-
sues located closer to the center of the implantation site.

Statistical analysis of the vessel surface area in the
histological sections of samples with implanted DBM +
HBD-EPO and DBM + EPO-HBD demonstrated statis-
tically significant differences as compared with the con-
trol group (DBM) and the DBM + Epostim group (Fig.
6). By the area of vessels, the DBM + 6His-s-tag-EPO
group showed the significant difference only with the
DBM + EPO-HBD, but not with DBM + HBD-EPO.

Most of the results obtained in the study are summa-
rized in Table 1.

DISCUSSION

In the previous study [18], we constructed a recom-
binant EPO variant containing an additional HBD
domain from D. rerio BMP-2 and synthesized it in E. coli
cells. The HBD provided binding of the recombinant
protein with heparin-containing substrates and matrices,
e.g., DBM, which is commonly used as an implantable
material for bone tissue repair. HBD-EPO exhibited in
vitro biological activity, including the ability to promote
proliferation of human erythroleukemia TF-1 cells. This
activity was by two orders of magnitude lower than the
activity of eukaryotically synthesized Epostim. At the
same time, the local in vivo activity manifested as vascu-
larization of surrounding tissues 5 days after subcutaneous
implantation of DBM with applied EPO variant (1 pg)
was significantly higher for HBD-EPO than for Epostim.
This effect might be explained by more prolonged action
of HBD-EPO: unlike Epostim, HBD-EPO possesses
HBD, which provides binding and retention of HBD-
EPO on DBM. The fact that such a low dose of HBD-
EPO (1 pg) [18] induces highly pronounced tissue vascu-
larization within a short period of time (5 days) indicates
that this EPO variant offers promise for application in
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Fig. 5. Microscopic image of the tissue samples from the sites of subcutaneous implantation of DBM discs without and with the applied pro-
teins 5 days after implantation (azan staining according to Heidenhain [34]). Magnification, 40x. Triangles, subcutaneous muscle fibers;
arrows, vessels filled with azan-stained red erythrocytes; asterisks, fragments of DBM implants representing decellularized trabecular bones.
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Fig. 6. Vessel surface area in histological sections after subcutaneous implantation of DBM disks: /) DBM; 2) DBM + Epostim; 3) DBM +
6His-s-tag-EPO; 4) DBM + HBD-EPO; 5) DBM + EPO-HBD. Small squares, median values; rectangle boundaries, lower and upper quar-
tiles, bars, value range values; dashed lines, p values for the group comparison obtained using the Kruskal—Wallis criterion.

regenerative medicine. Nevertheless, it still can be possi-
ble to improve protein properties using protein engineer-
ing.

The recombinant HBD-EPO protein constructed in
[18] contains HBD domain at the N-terminus of the mol-
ecule. We have selected this placement of HBD based on
its location in the natural BMP-2 molecule in all animal
species. At the same time, the N-terminal placement of
HBD could interfere with the chromatographic separa-
tion of the full-length protein from proteins with truncat-
ed polypeptide chain if heparin-Sepharose is used for
purification [18], which could reduce the yield of the tar-
get protein due to the necessity to discard fractions con-
taining its truncated variants. Hence, we decided to place
the HBD domain at the C-terminus to generate a new
variant of recombinant EPO. In order to avoid interfer-
ence of protein domains, it is recommended to use link-
ers with enhanced rigidity that contain proline residues
alternating with other amino acids [24]. During the
design of the novel recombinant EPO-HBD protein, we

used long rigid linker NH,-GSPAPAPAPAPAPAPA-
PARS-COOH instead of the flexible NH,-GSGSGS-
COOH linker used before for connecting domains in
HBD-EPO. The structures of EPO-HBD and previously
produced HBD-EPO and 6His-s-tag-EPO are schemati-
cally shown in Table 1.

Purified 6His-s-tag-EPO, HBD-EPO, and EPO-
HBD demonstrated different electrophoretic mobilities
according to the differences in their molecular masses
(Fig. 1). Protein purification by chromatography on
WorkBeads 40 S, refolding, and following chromatogra-
phy on heparin-Sepharose CL-6B produced the oxidized
forms of these proteins (see “Materials and Methods”).
Oxidized 6His-s-tag-EPO and HBD-EPO have the struc-
ture close to the native one with two S—S-bonds formed
by four cysteine residues, as has been shown previously by
mass spectrometry [17, 18]. The electrophoretic mobility
of the oxidized forms of all three proteins (Fig. 1, lanes 1,
3, and 5) is higher than the mobility of the reduced forms
in the presence of DTT (Fig. 1, lanes 2, 4, and 6). EPO-
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HBD was purified and refolded under the same condi-
tions as HBD-EPO [18]. The oxidized and reduced forms
of EPO-HBD demonstrated mobilities that were in
between the mobilities of the respective forms of 6His-s-
tag-EPO and HBD-EPO, which is in agreement with
their molecular masses. This suggests that both intramol-
ecular disulfide bonds characteristic for EPO were also
likely present in the oxidized form of EPO-HBD.

The results of the in vitro activity assay using human
erythroleukemia TF-1 cells revealed that the specific
activities of 6His-s-tag-EPO, EPO-HBD, and HBD-EPO
comprised 15.6, 2.8, and 0.2%, respectively, of the activity
of Epostim. Hence, domain rearrangements and replace-
ment of the linker with a more rigid and longer one in
EPO-HBD increased its activity by more than one order of
magnitude (13-fold) compared to HBD-EPO. The activi-
ty of 6His-s-tag- EPO was higher than those of both HBD-
modified EPO variants and corresponded to the previous-
ly determined activity of this protein (13.4%) [17].

The biolayer interferometry method based on the
phenomenon of light interference was used to investigate
interactions of all EPO variants with EPOR. The incom-
ing beam of the white light is reflected from the surface of
a fiber optic biosensor with the applied layer of biocom-
patible protein A. Sequential high-affinity interaction of
the protein A-coated biosensor with the Fc-fragment of
the receptor, and then interaction of the receptor with the
tested EPO variants produced interferometric profiles in
real-time. Using this method, we found that Epostim
demonstrated the highest association rate with EPOR
among the four investigated proteins (Fig. 3). 6His-s-tag-
EPO also exhibited high association rate with EPOR,
although it was lower than for Epostim. Interestingly, the
dissociation rate for 6His-s-tag-EPO was lower than for
Epostim (Fig. 3). EPO-HBD and HBD-EPO demon-
strated low rates of association with EPOR in comparison
to 6His-s-tag-EPO and Epostim. The lowest association
rate was observed for HBD-EPO.

The interferometric profiles for EPO-HBD and
HBD-EPO were non-linear in the time range from 0 to
100 s (Fig. 3). This indicates that these preparations like-
ly contained a fraction with different affinity to the recep-
tor, which became clearly visible with the increase in the
protein concentration to >20 nM (data not shown). The
observed heterogeneity was probably related to the pres-
ence of certain amounts of high molecular weight aggre-
gates that could not be identified electrophoretically or
forms with incorrectly formed disulfide bonds that had
lower affinity to the receptor. We assume that the hetero-
geneity of the preparations could also affect their in vitro
activity.

Thus, according to the results of the in vitro prolifer-
ation activity assay and analysis of the affinity to the
EPOR, the tested EPO variants can be arranged in the
following order of decreasing activity: Epostim — 6His-
s-tag-EPO — EPO-HBD — HBD-EPO (Table 1).
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The results of experimental evaluation of the ability
of the investigated proteins for association and retention
on the DBM carrier are in general agreement with the
presence and intactness of the HBD domain in them. The
highest association was demonstrated for EPO-HBD car-
rying the HBD at the C-terminus that was separated from
the EPO domain with the rigid linker, and the lowest — for
6His-s-tag-EPO lacking the HBD (Fig. 4 and Table 1).

Interestingly, Epostim, which does not have the
HBD, has nevertheless demonstrated even slightly better
binding and dissociation from the DBM than HBD-EPO
that differed from EPO-HBD (which exhibited the high-
est binding to DBM) by the domain rearrangement and
different linker. This ability of Epostim can be likely
explained by its glycosylation, which facilitates interaction
with the DBM despite the presence of negatively charged
sialic acids at the ends of the carbohydrate chains.

Hence, the placement of HBD at the C-terminus in
EPO-HBD not only improved protein in vitro prolifera-
tive action on cells and increased its association rate with
EPOR, but also significantly promoted its association
with DBM, prolonged the release time, and increased the
amount of released protein in comparison to HBD-EPO
and other proteins. Such effect was probably due to more
suitable mutual arrangement of the domains and decrease
of their interactions due to the use of more rigid linker.

The in vivo activity of the tested EPO variants mani-
fested as vascularization of the surrounding tissues was
compared. Tissue samples stained with hematoxylin-eosin
(for evaluation of general histological pattern) and azan
[34] (for quantification of vessel surface area) were studied.
Azan staining facilitates visualization of vessels containing
erythrocytes and has been used in other studies, e.g., for
estimation of tissue vascularization after combined action
of the recombinant SDF-1a and BMP-2 factors on regen-
erating bone tissue [35] instead of traditional immunohis-
tochemical approach employing CD31 antibodies as
endothelial cell markers. Earlier, we used azan staining for
quantification of vessels containing erythrocytes to evalu-
ate the degree of vascularization of surrounding tissues
after subcutaneous introduction of DBM implants loaded
with HBD-EPO and Epostim [18]. Here, we conducted an
extended experiment using the same technique, but adding
6His-s-tag-EPO and EPO-HBD to the tested proteins, as
well as using empty DBM for comparison.

The obtained data (Figs. 5 and 6) are in a good
agreement with the theoretical notion that the best abili-
ty to cause vascularization of surrounding tissues during
implantation of DBM discs should be demonstrated by
proteins retained on the discs due to the presence of HBD
(EPO-HBD and HBD-EPO) and, hence, creating high-
er local concentration of the factors inducing angiogene-
sis and vascularization at the site of implantation.

In our opinion, further evaluation of possible med-
ical applications of the produced EPO variants with addi-
tional protein domains, especially of EPO-HBD, may be
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of significant interest. Nevertheless, the question on pos-
sible immunogenicity of the two-domain protein of
prokaryotic origin upon its introduction into the human
organism remains open, since the safety of a particular
implantable material can be evaluated only in pre-clinical
and clinical trials. However, it should be mentioned that
the generated EPO variants are intended not for systemic
application but rather for local introduction into the bone
tissue. Modern surgical techniques can prevent
implantable materials from entering the blood and adja-
cent tissues, which should significantly limit the develop-
ment of adverse immune response. So far, there are no
data available on the development of immune response
during local implantation of recombinant EPO prepara-
tions of prokaryotic origin. However, numerous studies
on the immune response in patients after local introduc-
tion of the INFUSE® Bone Graft (Medtronic, USA) for
bone tissue regeneration have been published. INFUSE®
Bone Graft is a collagen sponge loaded with the recombi-
nant rhBMP-2 (lyophilized rhBMP-2 is dissolved in dis-
tilled water and applied to the sponge immediately prior
to the implantation into the bone defect site). These data
indicate low immunogenicity of thBMP-2 and the
absence of correlation between the development of com-
plications after of INFUSE®Bone Graft application and
the presence of antibodies against rhBMP-2 in the
patients’ blood [36].

In conclusion, we have demonstrated that the place-
ment of HBD domain at the C-terminus of EPO and the
use of a more rigid proline-alanine linker allows produc-
tion of active recombinant EPO-HBD via synthesis in E.
coli cells. The obtained protein demonstrates ~13-fold
higher in vitro activity in the proliferation test with human
erythroleukemia TF-1 cells than HBD-EPO. EPO-HBD
also exhibits higher association rate with EPOR in com-
parison to HBD-EPO, as has been shown in experiments
using biolayer interferometry. EPO-HBD exhibits the
best parameters for binding to DBM and gradual release
from the matrix among all other investigated proteins
(Epostim, HDB-EPO, and 6His-s-tag-EPQO). Moreover,
EPO-HBD shows the maximal ability to stimulate tissue
vascularization after subcutaneous implantation while
loaded on DBM. All the above-mentioned features sug-
gest that the newly designed recombinant EPO variant,
EPO-HBD, can be further investigated for its possible
medical application, e.g., in the experiments on bone
tissue regeneration, either by itself or in combination with
other protein factors, such as BMP-2, which will be the
subject of our future studies.
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