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Abstract
Extremely high doses of erythropoietin (EPO) has been used for neuroprotection in ischemia–reperfusion brain injury to deliver
sufficient amounts of EPO across the blood–brain barrier (BBB); however, harmful outcomes were observed afterward. We
aimed to test the ability of HBHAc (heparin-binding haemagglutinin adhesion c), an intracellular delivery peptide for macro-
molecules, as an EPO carrier across the BBB. The cellular internalization and transcytosis ability of HBHAc-modified EPO
(EPO-HBHAc)were evaluated in bEnd.3 cells and in the bEnd.3/CTX TNA2 co-culture BBBmodel, respectively. Subsequently,
the NMDA-induced-toxicity model and ischemia–reperfusion rat model were used to understand the neuronal protective activity
of EPO-HBHAc. The biodistribution of EPO-HBHAc was demonstrated in rats by the quantification of EPO-HBHAc in the
brain, plasma, and organs by ELISA. Our results demonstrate that EPO-HBHAc exhibited significantly higher cellular internal-
ization in dose- and time-dependent manners and better transcytosis ability than EPO. In addition, the transported EPO-HBHAc
in the co-culture transwell system maintained the neuronal protective activity when primary rat cortical neurons underwent
NMDA-induced toxicity. The calculated cerebral infarction area of rats treated with EPO-HBHAc was significantly reduced
compared to that of rats treated with EPO (29.9 ± 7.0% vs 48.9 ± 7.9%) 24 h after occlusion in 3VO rat experiments. Moreover,
the EPO amount in both CSF and damaged cortex from the EPO-HBHAc group was 4.0-fold and 3.0-fold higher than the EPO
group, respectively. These results suggest that HBHAcwould be a favorable tool for EPO brain delivery andwould further extend
the clinical applications of EPO in neuroprotection.
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Introduction

Stroke is one of the major causes of morbidity and mortality
worldwide and has also remained the leading cause of death

globally in the last 15 years [1]. Ischemic stroke is the most
common type of stroke and is also a medical emergency. In
this condition, brain neurons are deprived of the necessary
glucose and oxygen because of the restricted blood circulation
in brain tissues [2]. Most current treatment strategies for is-
chemic stroke are based on pharmacologic and mechanical
thrombolysis, but the well-known injury after reperfusion
has been clearly demonstrated in experimental studies and
clinical cases [3, 4]. Reperfusion injury plays an important
role in the prognosis of ischemic stroke [5]. Therefore, there
is an urgent unmet medical need for effective treatment for the
alleviation of ischemia–reperfusion injury in stroke patients.

Recombinant human erythropoietin (EPO) is a 165-amino
acid glycoprotein that has been clinically used, mainly for the
treatment of different types of anemia, for decades [6, 7]. After
determining the EPO and EPO receptor (EPO-R) expression in
neuronal tissues [8], the neuroprotective activity of EPO has been
investigated both in vitro and in vivo [7, 9–12]. However, the
limited permeability of the blood–brain barrier (BBB) hinders the
application of EPO in central nervous system (CNS)-related
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therapy, such as ischemic stroke. CNS-related therapy required
5000 U/kg of EPO to elicit neuronal protection in previous pre-
clinical studies [13–16]. In a small scale clinical trial, EPO dem-
onstrated a neuroprotective property in ischemia stroke patients
administered 33,000 U daily for 3 days after the onset of symp-
toms [17]. In clinical practice, the maximum dose of EPO for
anemia in chronic kidney disease should not exceed 720 U/kg or
10,000U per week [18, 19]. However, an extremely high dose of
EPO, 120,000 U, was administered to ischemic stroke patients in
a randomized, double-blind, placebo-controlled clinical trial in
2009 [20]. A significantly higher mortality rate was observed
in the EPO group compared to the placebo group (16.4% vs
9.0%), mainly attributable to intracerebral hemorrhage, brain
edema, and thromboembolic events. This trial clearly demon-
strated that an extremely high dose of EPO did not improve the
therapeutic efficacy, and even raised safety concerns [20]. Hence,
enhancing the BBB permeability of EPO might increase its po-
tency for neuroprotection and alleviate the hematopoietic adverse
effects.

The BBB hinders 98% of therapeutic small molecules and
nearly 100% of therapeutic macromolecules from entering the
CNS [21]. To overcome the barrier, numerous drug delivery
strategies have been developed [22–24]. Cell-penetrating pep-
tide (CPP) modification of a therapeutic agent is one of the
approaches for non-invasive CNS drug delivery. CPPs are
short sequences of amino acids that have been reported to
deliver various cargoes without affecting their activities [25].
HBHAc, a CPP derived from heparin-binding haemagglutinin
adhesion of Mycobacterium tuberculosis, has been used to
overcome resistance in cancer cells via the intracellular
targeted delivery of the macromolecule recombinant arginine
deiminase (rADI) [26, 27].

We aim to investigate whether HBHAc could be a potential
carrier for protein drug delivery to the CNS because infection
of the CNS byMycobacterium tuberculosis has been reported
and might be related to the function of heparin-binding
haemagglutinin adhesion [28–30]. In this study, we want to
extend the application of HBHAc in enhancing the delivery of
EPO to the CNS during ischemia–reperfusion injury.
HBHAc-modified EPO (EPO-HBHAc) fusion proteins were
generated and in vitro and in vivo studies were performed to
demonstrate the increased BBB permeability of EPO-HBHAc
compared with that of EPO. The newly designed CPP-based
delivery system improved the potency of EPO in neuroprotec-
tion in vitro and in vivo.

Materials and Methods

Materials

Opti-MEM I reduced serum media, HisPur™ Ni-NTA resin,
granulocyte-macrophage colony-stimulating factor (GM-

CSF), B-27 supplement, and Lipofectamine® 3000 reagent
were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). The Cytotoxicity Detection KitPLUS and EPO
2000 IU (Recormon®) were purchased from Roche
(Mannheim, Germany). The anti-EPO antibody and anti-
mouse IgG-HRP antibody were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). The transwell inserts and
the cell culture plates were purchased from Corning
(Tewksbury, MA, USA). The Superdex200 Increase 10/300
GL column was purchased from GE Healthcare Life Sciences
(Marlborough, MA, USA). Quantikine human erythropoietin
kit was purchased from R&D Systems (Minneapolis, MN,
USA). All other chemicals were purchased from Sigma–
Aldrich (St. Louis, MO, USA).

Cell Culture

CHO-K1 cells were a kind gift of Dr. Lih-Ching Hsu (School
of Pharmacy, National Taiwan University, Taiwan) and were
maintained in Ham’s F12 medium supplemented with 10%
FBS, 50 U/mL penicillin and 50 μg/mL streptomycin. TF-1
cells were purchased from the Bioresource Collection and
Research Center (Hsinchu, Taiwan) and were maintained in
RPMI 1640 medium supplemented with 10% FBS, 50 U/mL
penicillin, 50 μg/mL streptomycin and 2 ng/mL GM-CSF.
The brain endothelial cells (bEnd.3) and the astrocytes (CTX
TNA2) were a kind gift of Dr. Yu-Li Lo (Department and
Institute of Pharmacology, National Yang-Ming University,
Taiwan) and were cultured in high glucose DMEM supple-
mented with 10% FBS, 50 U/mL penicillin, 50 μg/mL strep-
tomycin and 1% L-glutamine. Primary embryonic rat cortical
neuron cells were prepared and maintained in neurobasal me-
dium supplemented with 2% B-27 supplement, 0.5 mM L-
glutamine, 50 U/mL penicillin and 50 μg/mL streptomycin.
All cells were maintained at 37 °C and 5% CO2 and were
subcultured according to the instructions from the American
Type Culture Collection (ATCC).

Plasmid Construction

The pUC57 EPO, pcDNA3.1(+)EpoAB and pcDNA3.1(+
)EpoAB-HBHAc plasmids were digested with SacII and
KpnI. To obtain pcDNA3.1(+)EPO and pcDNA3.1(+)EPO-
HBHAc, the digested pcDNA3.1(+)EpoAB and digested
pcDNA3.1(+)EpoAB-HBHAc, respectively, were ligated to
a digested EPO DNA fragment by T4 DNA ligase. A cleav-
able His-tag was added to the proteins to allow their purifica-
tion by Ni-NTA affinity chromatography. The DNA se-
quences of plasmids were confirmed by DNA sequencing on
an ABI 3730 xl DNA analyzer (Thermo Fisher Scientific,
MA, USA).
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Protein Expression and Purification

The correct plasmids encoding EPO and EPO-HBHAc were
transfected into CHO-K1 cells with Lipofectamine 3000 re-
agent. For the production of fusion proteins, the CHO-K1 cells
were seeded into 15-cm dishes, and the supernatant was col-
lected. The aggregates and cell pellets were removed by a
0.22-μm filter cup and concentrated by a tangential flow fil-
tration system (Millipore, MA, USA). The concentrated su-
pernatant was mixed with HisPur™ Ni-NTA Resin, and then
the mixture was transferred to a column. The resin was
washed with buffer A (20 mM sodium phosphate, 300 mM
NaCl, 30 mM imidazole, pH 7.4) and eluted with buffer B
(20 mM sodium phosphate, 300 mM NaCl, 100 mM imidaz-
ole, pH 7.4). Fractions were collected in aliquots of 1 mL/tube
during the elution step. The fractions containing target pro-
teins were collected and further purified by a Superdex200
Increase 10/300 GL column. The purified recombinant fusion
proteins were confirmed by Coomassie blue staining and
Western blotting with the EPO antibody. The purities of
EPO and EPO-HBHAc were determined by the ratio of the
target protein band to all the stained bands in a line on the
SDS-PAGE gel.

Erythropoiesis Activity Assay

To analyze the erythropoiesis activity of EPO and EPO-
HBHAc, TF-1 cells were washed three times with PBS and
suspended in medium at a density of 2 × 105 cells/mL. The
cell suspension was placed in each well of a 96-well plate
(10,000 cells/well), and medium containing EPO standards,
EPO or EPO-HBHAc fusion proteins was then added to each
well. After 72 h incubation, the cell proliferation was analyzed
by the CCK-8 assay. Briefly, the CCK-8 solution was added to
each well and incubated with cells for 3 h, and the colorimetric
readings were detected by the PARADIGM Detection
Platform (Beckman Coulter, CA, USA) [31].

Cellular Uptake Assay

Cellular uptake of the modified EPO fusion proteins was ex-
amined using the bEnd.3 cell model. For the dose-dependent
cellular uptake study, the bEnd.3 cells were seeded on 12-well
plates at a density of 4 × 105 cells/well and incubated over-
night. Then, the cells were treated with EPO and EPO-
HBHAc at the doses of 0.5, 1 and 1.5 μg/mL for 1 h at
37 °C. For the time-dependent cellular uptake study, the cells
were treated with 1 μg/mL EPO and EPO-HBHAc for 0.5, 1,
2, or 4 h at 37 °C. After incubation, the cells were washedwith
20 mU/mL heparin in cold PBS twice, and then 50 μL of cold
lysis buffer was added to each well. The cells were detached
from the plate by a cell scraper, and the cell suspension was
transferred to tubes. The cell suspension was placed on ice for

30 min and vortexed every few minutes to dissolve materials.
Finally, the cell suspension was centrifuged at 13,000 rpm for
30 min at 4 °C. The pellet was discarded, and the supernatant
was collected and analyzed by Western blotting with EPO
antibody.

Transcytosis Assay

The process of in vitro BBB model construction is demon-
strated in Fig. 1. The CTX TNA2 cells were first seeded onto
the abluminal side of the insert and allowed to adhere over-
night. The insert was flipped back, and the CTX TNA2 cells
were cultured for an additional 2 days. Then, bEnd.3 cells
were seeded onto the luminal side of the insert and co-
cultured with CTX TNA2 cells. The measurement of the
transepithelial electrical resistance (TEER) and the analysis
of the paracellular diffusion are widely accepted quantitative
techniques to evaluate the integrity of tight junctions in cell
culture models [32]. The mediumwas changed every day, and
the TEER value of each well was measured by aMillicell ERS
Voltohmmeter (Millipore, MA, USA).

The following experiments were conducted when the
TEER value of each insert reached over 200 Ω*cm2. FITC
conjugated dextran was used as a tracer to evaluate the
paracellular diffusion of the in vitro BBB model. FITC-70K-
dextran was added to the inserts, and the basolateral medium
was collected at 3, 6, 12 and 24 h. The fluorescence intensity
in the collected medium was measured by the PARADIGM
Detection Platform (Beckman Coulter, CA, USA), and the
accumulation of FITC-70K-dextran was calculated by the

equationQn ¼ ∑
∞

n¼1
Mn−1*0:2þMn*2 (Q: accumulated fluo-

rescence intensity; M: measured fluorescence intensity; n: or-
dinal number of sampling).

To evaluate the transcytosis activity of EPO and EPO-
HBHAc, 10 μg/mL of these fusion proteins were added to
the inserts of the in vitro BBB model. Then, basolateral sam-
ples were collected at 3, 6, 12 and 24 h and analyzed by
Western blotting with the EPO antibody. Subsequently, the
conditioned basolateral medium was collected at 24 h, and
TF-1 cells and primary rat cortical neurons were incubated
with conditioned medium to evaluate the erythropoiesis activ-
ity and neuroprotective activity of EPO and EPO-HBHAc
after transcytosis, respectively. For the erythropoiesis activity
assay, the TF-1 cells were analyzed by CCK-8 assay after 72 h
incubation; the detailed process was described in the previous
section under erythropoiesis activity assay. For the neuropro-
tection assay, primary cortical neurons were obtained from rat
embryos. The cortices at embryonic day 17 were dissociated
and plated onto poly-D-lysine coated 96-well plates at 1 × 104

cells/well. The medium was changed every other day. The
neuroprotection assay was started at day 7 after seeding. The
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NMDA-induced neurotoxicity model was chosen to evaluate
the neuroprotective activity of EPO and EPO-HBHAc. The
neurons were challenged with 200 μM of NMDA for 15 min
and treated with the conditioned medium collected from the
basolateral chamber of the in vitro BBB model for an addi-
tional 24 h. The cytotoxicity and cell viability were analyzed
by the Cytotoxicity Detection KitPLUS and CCK-8 assay kits,
respectively. Briefly, for the cytotoxicity detection, the cell
supernatant was collected and incubated with the Reaction
Mixtures for 30 min, and the absorbance of the samples was
measured at 490 nm. The process of the CCK-8 assay was
described previously as the erythropoiesis activity assay.

In Vivo Distribution Study

All experimental protocols were approved by the National
Taiwan University College of Medicine and College of
Public Health Institutional Animal Care and Use Committee
(IACUC: 20150427). This institution has earned AAALAC
accreditation.MaleWistar rats (250 to 275 g) were used in this
study. We used the 3 vessels occlusion (3VO) model to pro-
vide consistent focal cortical infarction. The rats were anes-
thetized by exposure to 1 to 3% isoflurane, and the fur on the
head and neck area was shaved. The two common carotid
arteries (CCAs) were occluded by artery clips, and the right
middle cerebral artery (MCA) was tied with a 10–0 suture.
These procedures were completed within 15 min, and the rats
were placed on a thermal blanket to maintain an adequate
rectal temperature of 37 ± 0.5 °C. After an occlusion of
50 min, the artery chips and sutures were removed, and the
reflow of the right MCA and two CCAswas determined under

a microscope. The common dose of EPO used in previous
studies is 5000 U/kg, intraperitoneally, and EPO showed good
neuroprotective effect at this dose. The modified EPO deliv-
ered into carotid arteries could evade systemic distribution
before reaching damaged brain tissues in this study. Thus,
the intra-arterial delivery of modified EPO is conducted to
observe the brain permeation ability of HBHAc-modified
EPO with less interfered factors to prove our concept. On
the other hand, considering the greater bioavailability of
EPO in brain tissues via direct carotid artery administration,
the dose was adjusted to 1000 U/kg. The 3VO rats were ran-
domly separated into three groups and were treated with ve-
hicle, 1000 U/kg EPO or 1000 U/kg EPO-HBHAc proteins
through carotid artery infusion at the onset of post-stroke re-
perfusion. The injected volume and the infusion rate were
200 μL/rat and 12 mL/h, respectively. Cerebrospinal fluid
(CSF) and blood samples were collected 3 h after administra-
tion of respective vehicle or protein drugs, and the main or-
gans of each rat were also collected after thorough transcardial
perfusion, including the brain, heart, lung, kidney, liver,
spleen, and pancreas. The right/left cortex was collected sep-
arately. The organs were immediately immersed in liquid ni-
trogen, homogenized in ice-cold lysis buffer, and then centri-
fuged to obtain the supernatant. The target proteins in collect-
ed samples were analyzed by the Quantikine human erythro-
poietin kit.

In Vivo Neuroprotection Study

For the neuroprotection assay, the 3VO rats were treated with
vehicle, 1000 U/kg EPO, or 1000 U/kg EPO-HBHAc at the

Fig. 1 The construction process of the in vitro BBBmodel. CTX TNA2 cells were first seeded on the abluminal side of the insert, and bEnd.3 cells were
seeded on the luminal side of the insert. These two cells were co-cultured for several days
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onset of reperfusion, and brain infarct evaluations were per-
formed 24 h after the start of occlusion. The rats were eutha-
nized and the brains were removed and washed with cold
normal saline to remove blood. The brain matrix was sliced
into six consecutive coronal sections of 2 mm thickness, and
the sections were stained with 2% 2,3,5-triphenyltetrazolium
chloride (TTC) in the dark for 10 min. After staining, the
infarct volume was analyzed with ImageJ (National
Institutes of Health, MD, USA), and the data are presented
as infarct volume as a percentage of contralateral cerebral
cortex volume.

Statistics

Two-tailed Student’s t test was used to compare the results
between two groups, and one-way ANOVA followed by
Bonferroni correction was used to compare three or more
groups. Differences were regarded as significant when
p < 0.05.

Results

Design and Characteristics of Purified EPO Fusion
Proteins

To enhance BBB permeability of EPO, we designed an
HBHAc-modified EPO fusion protein. The unmodified EPO
protein served as the control. The construction design of un-
modified EPO and CPP-modified EPO proteins is shown in
Fig. 2A, and the sequences of each plasmid are given in
Figure S1 and S2. The corrected plasmids expressing EPO
and EPO-HBHAc were transfected into CHO-K1 cells, and
the corresponding proteins were generated and purified. We
have successfully constructed EPO and EPO-HBHAc, and
both proteins maintained erythropoiesis activity. The purified
proteins were analyzed by Coomassie blue staining, and the
purity was calculated. As shown in Fig. 2B and Table 1, the
purities of EPO and EPO-HBHAc were 85.0 ± 4.8% and 78.5
± 6.1%, respectively. The purified proteins were further iden-
tified by Western blotting with the EPO antibody and showed
expected molecular weights corresponding to EPO and EPO-
HBHAc, respectively (Fig. 2C). TF-1 cells were used to eval-
uate the erythropoiesis activity of purified EPO and EPO-
HBHAc, and the specific activities of EPO and EPO-
HBHAc were 56.7 ± 21.2 U/μg and 42.4 ± 11.7 U/μg, respec-
tively (Table 1).

Enhanced Cellular Uptake of Brain Endothelial Cells

EPO-HBHAc showed significantly higher cellular uptake
ability compared to EPO in the bEnd.3 cell model in a dose-
dependent manner at concentrations from 0.5 to 1.5 μg/mL at

37 °C. As shown in Fig. 3A and B, the intensities of the above
concentrations were compared to the 0.5 μg/mL EPO-treated
group. The EPO groups exhibited intensities of 1-, 2.0-, and
2.2-fold and the EPO-HBHAc groups exhibited intensities of
3.9-, 13.3-, and 21.9-fold, respectively, compared with the
0.5 μg/mL EPO-treated group at the indicated concentrations.
Subsequently, a time-dependent study of EPO-HBHAc was
performed on bEnd.3 cells. The cells were treated with the
1 μg/mL of EPO and EPO-HBHAc at the indicated time in-
tervals. The EPO-HBHAc group generally exhibited higher
cellular uptake compared to the EPO group, and the results
showed that EPO-HBHAc had higher cellular uptake ranging
from 2.5-fold to 5.8-fold compared to EPO at the indicated
time points (Fig. 3C, D). Additionally, a surge of internaliza-
tion at the beginning was observed in the EPO-HBHAc group,
and the amount of intracellular accumulated EPO-HBHAc
increased as the incubation time increased. This result indi-
cates that uptake of EPO-HBHAc by bEnd.3 cells was related
to the incubation period. Taken together, these results demon-
strate that cellular uptake of EPO-HBHAc depended on dose
and incubation time.

Enhanced Transcytosis Ability in the In Vitro BBB
Model

A suitable in vitro BBB model was established in a CTX
TNA2 cell and bEnd.3 cell co-culture model. The TEER
values of the in vitro BBB model were measured every day
to evaluate the integrity of the tight junctions. The values
continuously increased and reached a plateau at 7 days after
bEnd.3 seeding (Fig. 4A). The paracellular diffusion assay
was performed when the TEER value over 200 Ω*cm2.
Comparing the fluorescence intensity of the co-culture inserts
with the inserts without cell seeding at 24 h, the paracellular
diffusion of dextran was significantly blocked in the co-
culture inserts (Fig. 4B). It was shown that only 2.8% of
70K-dextran could move from the upper chamber to the
basolateral chamber in co-culture inserts. The restricted
paracellular diffusion of 70K-dextran and a sufficient TEER
value were clearly demonstrated, and these results indicate
that the CTX TNA2 cell and bEnd.3 cell co-culture model
had sufficient tight junction integrity to block the transcytosis
of macromolecules above a certain molecular weight. This co-
culture system would be an ideal in vitro BBB model for the
investigation of EPO-HBHAc transcytosis under normal
condition.

The transcytosis activity of EPO was only a minimally
detectable amount; in contrast, EPO-HBHAc demonstrated
much higher transcytosis activity than EPO as observed in this
in vitro model. As shown in Fig. 5, the accumulated intensity
of EPO-HBHAc group was 16.8-fold higher than the EPO
group in the basolateral chamber at 24 h. The accumulated
intensity could reflect target protein amounts at different time
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points, and this result indicates that EPO-HBHAc exhibited
better transcytosis ability in this in vitro BBB model. In addi-
tion, the level of the accumulated transported EPO-HBHAc
was also higher than that of EPO in damaged endothelium
under oxygen-glucose deprivation (OGD)/reoxygenation (R)
condition with similar values of TEER and the amount of
transported dextran in this in vitro BBB model (Figure S3).
There is no significant protective effect of EPO and EPO-
HBHAc on damaged endothelium under OGD/R in vitro
(Figure S4).

Reserved Erythropoiesis Activity and Neuroprotective
Activity after Transcytosis through the In Vitro BBB
Model

EPO-HBHAc not only showed strong transcytosis ability
from the apical side to the basolateral side in an in vitro
BBBmodel but alsomaintained better erythropoiesis and neu-
roprotective activities than EPO. The proteins were dosed in
the apical side in the in vitro BBB model for 24 h, and the
medium in the basolateral chamber was collected and used as
conditioned medium for the following erythropoiesis and

neuroprotection studies. For the erythropoiesis study, condi-
tionedmedium containing transported EPO and EPO-HBHAc
induced increases in TF-1 cell proliferation of 102.9 ± 2.2%
and 132.5 ± 1.9%, respectively (Fig. 6). For the neuroprotec-
tion study, conditioned medium containing transported EPO-
HBHAc led to statistically significantly higher viable embry-
onic cortical neurons (Fig. 7A) and reduced cytotoxicity (Fig.
7B) under the NMDA treatment compared to the control and
EPO groups (p < 0.05).

EPO-HBHAc Improved the BBB-Penetrating Ability
and Therapeutic Efficacy In Vivo

In the 3VO in vivo model, significantly higher amounts of
EPO in both CSF and cortex, as well as reduced infarct vol-
ume, were observed in the rats treated with EPO-HBHAc
compared to those treated with EPO. The rats were treated
with vehicle, EPO or EPO-HBHAc at the onset of reperfusion,
and the amount of EPO in CSF, ipsilateral cortex (damaged
side), and contralateral cortex was measured 3 h after dosing.
The rats treated with EPO-HBHAc showed a 4.0-fold higher
EPO amount in CSF than the EPO-treated rats (Fig. 8A). In
addition, the accumulated EPO in ipsilateral cortex and con-
tralateral cortexwas also quantified, and protein amounts were
13.3 ± 2.5 mU/g (ipsi lateral ) and 4.0 ± 1.9 mU/g
(contralateral) in the EPO group and were 40.0 ± 10.0 mU/g
(ipsilateral) and 10.7 ± 1.7 mU/g (contralateral) in the EPO-
HBHAc group (Fig. 8B). This result indicates that the EPO-
HBHAc showed better BBB-penetrating ability compared to
EPO in both normal and damaged cortices. The amounts of

Fig. 2 Design and characteristics of purified EPO and EPO-HBHAc. (A)
Plasmid vector encoding EPO was constructed from pUC57 EPO and
pcDNA3.1(+) EpoAB vector. Plasmid vector encoding EPO-HBHAc
was constructed from pUC57 EPO and pcDNA3.1(+) EpoAB-HBHAc
vector. His-tag was added to EPO and EPO-HBHAc for purification
purposes. The purified EPO and EPO-HBHAc were identified by (B)

Coomassie blue staining. (C) Western blot with EPO antibody. The mo-
lecular weight of EPO is approximately 35 kDa, and HBHAc modifica-
tion gives EPO-HBHAc a slightly higher molecular weight than EPO.
Both EPO and EPO-HBHAc have some impurities at approximately
63 kDa. 1: Protein ladder; 2: EPO; 3: EPO-HBHAc

Table 1 The purity and erythropoiesis activity of purified EPO and
EPO-HBHAc

EPO EPO-
HBHAc

Purity (%) 85.0 ± 4.8 78.5 ± 6.1

Erythropoiesis activity (U/μg) 56.7 ± 21.2 42.4 ± 11.7
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Fig. 3 Dose-dependent and time-dependent cellular uptake study. For the
dose-dependent study, bEnd.3 cells were treated with the indicated dose
of EPO or EPO-HBHAc. After 1 h incubation, the target proteins in the
cell lysate were detected byWestern blotting with the EPO antibody. The
same amount of EPO and EPO-HBHAc was used as a positive control.
(A) Western blot. (B) Signal intensity in different groups was quantified.

For the time-dependent study, bEnd.3 cells were treated with 1 μg/mL of
EPO or EPO-HBHAc and incubated for 0.5, 1, 2 and 4 h. After incuba-
tion, the cells were lysed, and the target proteins in the cell lysate were
also detected by Western blotting. The intensity at 0 h was used as a
control. (C) Western blot. (D) Signal intensity at different time points
was quantified

Fig. 4 Evaluation of CTX TNA2 and bEnd.3 co-culture in the in vitro
BBB model. (A) TEER values were measured every day during the co-
culture period. (B) FITC-70K-dextran was added to the insert after the
cells were co-cultured for 7 days, and the medium was collected from the
basolateral chamber at 3, 6, 12, and 24 h after dosing. The fluorescence
intensities of collected samples were measured by a fluorescence micro-
plate reader. Data points marked with *** indicate p < 0.001. All values
are mean ± SD (N = 3)

Fig. 5 Transcytosis activity of EPO-HBHAc in the in vitro BBB model.
Indicated amounts of EPO and EPO-HBHAc were added to the in vitro
BBB model. The samples were collected at 3 h, 6 h, 12 h and 24 h from
the basolateral chamber, and the target proteins in collected samples were
detected by western blotting with EPO antibody. The arbitrary intensity at
0 h was used as the control. (A) Western blot. (B) The accumulated
intensity was calculated and represented the accumulated amount of tar-
get proteins
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EPO in other organs and plasmawere not statistically different
between the EPO group and the EPO-HBHAc group
(Figure S5 and S6).

Evans blue was used to assess the BBB permeability of
3VO rats, and the ratios of Evans blue in ipsilateral to contra-
lateral cortex were 3.86 ± 1.74, 5.27 ± 2.07, and 4.06 ± 2.16 in
control, EPO, and EPO-HBHAc groups, respectively
(Figure S7). This result indicates that both EPO and EPO-
HBHAc did not exacerbate the BBB permeability.

Subsequently, to evaluate cerebral infarction, the rats re-
ceived EPO or EPO-HBHAc at the onset of reperfusion. The
brains were stained with TTC reagent 24 h after 3VO; the
white color indicates the infarction region while the non-
infarct region is colored red in the brain slices (Fig. 9A). As
shown in Fig. 9B, the ratio of infarct volume was represented
as a percentage of the contralateral region of the cortex. The
infarct volumes in the control group, EPO group, and EPO-
HBHAc group were 68.0 ± 5.7%, 48.9 ± 7.9%, and 29.9 ±
7.0%, respectively. 3VO caused a consistent infarct volume
in this study within the acceptable variations between each
animal. The EPO group and EPO-HBHAc group both signif-
icantly reduced the infarct volume compared to the control
group. In addition, EPO-HBHAc elicited an even better effect
on reducing the cerebral infarction than EPO.

Discussion

The effective delivery of therapeutic molecules to the CNS is a
challenge due to low BBB permeability of these therapeutic
agents. To deliver macromolecules, such as protein drugs, the
permeability of the BBB is an even greater obstacle. EPO is a
potential drug for ischemic stroke, but unwanted

hematopoietic adverse events were reported when stroke pa-
tients were treated with high-dose EPO [33]. Numerous recent
studies were devoted to overcoming the BBB and successfully
delivering drugs into the brain, and there has been an increas-
ing interest in using CPPs for brain delivery of therapeutic
molecules [34, 35]. In addition, there are limited approaches
for EPO CNS delivery, such as intranasal delivery [36], CPP
(TAT was the earliest reported CPP) [37], monoclonal anti-
body modification of EPO [38], and BBB disruption by fo-
cused ultrasound [39]. Unlike the previous studies on CPP-
modified EPO, our study is the first to evaluate both the ther-
apeutic efficacy and biodistribution of CPP-modified EPO in
an ischemia–reperfusion model. EPO-HBHAc was generated

Fig. 7 Evaluation of neuroprotective activity of EPO fusion proteins after
penetrating through the in vitro BBB model. After the induction of
cytotoxicity by NMDA, the rat embryonic cortical neurons were treated
with conditioned medium collected from the basolateral chamber of the
in vitro BBBmodel for an additional 24 h. The viability (A) and cytotox-
icity (B) were measured by CCK-8 and Cytotoxicity Detection KitPLUS
reagents, respectively. Data points marked with * indicate p < 0.05. All
values are mean ± SD (N = 3)

Fig. 6 Evaluation of the erythropoiesis activity of EPO fusion proteins
after transcytosis through the in vitro BBB model. TF-1 cells were incu-
bated with the conditioned medium collected from the basolateral cham-
ber of the in vitro BBB model for 72 h. The cell proliferation was mea-
sured by the CCK-8 assay. Data points marked with *** indicate p <
0.001. All values are mean ± SD (N = 3)
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in this study to enhance the BBB permeability of EPO and,
consequently, showed better therapeutic efficacy than unmod-
ified EPO.

HBHAc is a short cationic peptide with the ability to trans-
port macromolecules into cells without affecting the bioactiv-
ity of therapeutic cargos in our previous research [26, 40].
This is the first study to demonstrate that HBHAc can be used
as a therapeutic protein carrier across the BBB. EPO-HBHAc
showed a dose- and time-dependent cellular uptake in the

brain endothelial cell model (Fig. 3), and elicited better
transcytosis activity than unmodified EPO in the in vitro
BBB model under both normal and damaged conditions, re-
spectively (Fig. 5 and S3). Transcytosis is a unique phenom-
enon, and it exists in a different kind of cell, such as intestinal
cells, osteoclasts, and endothelial cells. Endocytosis, intracel-
lular vesicular trafficking, and exocytosis are the three typical
steps of transcytosis. The first step might involve adsorptive-
(charge dependent) or receptor-mediated internalization [41].
Compared to native bovine albumin, cationized albumin
showed better uptake in brain capillaries in vitro and in vivo.
The distribution of anionic sites on brain endothelia might
provide a good binding motif for the cationized proteins or
peptides to bind through electrostatic interaction [42, 43].
EPO-HBHAc would undergo absorptive-mediated
transcytosis, which is triggered by electrostatic interaction be-
tween poly-cations on HBHAc and anionic motifs on brain
capillary endothelial cells [44–46]. Although the mechanism
of transcytosis is still unclear, Rab GTPases might play an
important role in targeting vesicles to the correct location
and enabling exocytosis [47, 48]. Importantly, the intact
EPO-HBHAc was detected by Western blotting, with the cor-
rectmolecular weight, in the basolateral chamber of the in vitro
BBB model (Fig. 5A), and this result indicates that EPO-
HBHAc could bypass endosomal degradation during
transcytosis across the bEnd.3 monolayer.

In addition, the significantly higher erythropoiesis activity
and neuroprotective activity in the EPO-HBHAc group com-
pared with the EPO group (Figs. 6 and 7) could be related to
the enhanced transcytosis ability of EPO-HBHAc in an in vitro
BBB model. The higher amount of transported EPO-HBHAc
was detected in the basolateral chamber than EPO (Fig. 5).
Our in vitro results clearly illustrate that HBHAc modification
could enhance the transcytosis ability EPO but not affect the
erythropoiesis and neuroprotection bioactivities of EPO.
Compared with EPO, EPO-HBHAc showed better efficacy
in reducing infarct volume (Fig. 9). Thrombolysis and
endovascular revascularization are the two common treat-
ments for patients under ischemic stroke [49], and the

Fig. 8 Quantitation of EPO amount in CSF, ipsilateral cortex and
contralateral cortex in the ischemia–reperfusion model. EPO and EPO-
HBHAc were administered through carotid artery infusion at the onset of
reperfusion. The CSF (A) and cortex (B) samples were collected 3 h after
dosing, and the amount of EPO was measured by a human EPO ELISA
kit. Data points marked with *, **, and *** indicate p < 0.05, p < 0.01,
and p < 0.001, respectively. All values are mean ± SD (N = 5)

Fig. 9 The infarct volume
evaluation in the ischemia–
reperfusion rat model. The brains
were removed and stained with
TTC reagent at 24 h after 3VO.
(A) The images of brain slices.
(B) Infarct volumes (% of contra-
lateral side) were quantified. Data
points marked with * and ** in-
dicate p < 0.05 and p < 0.01, re-
spectively. All values are mean ±
SD. (Control: N = 6; EPO: N = 5;
EPO-HBHAc: N = 5)
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restoration of blood flow as soon as possible is important.
However, the restoration of blood flow carries the risk of
leading to reperfusion injury [50, 51], and to administer a
neuroprotective agent at the onset of reperfusion may be a
potential way to reduce reperfusion injury. Both EPO and
EPO-HBHAc could significantly reduce the infarct volume
by being administered at the onset of reperfusion, and these
results are consistent with previous studies of EPO in neuro-
protection [15]. Moreover, it has been reported that dysfunc-
tion of BBB occurred under ischemia–reperfusion conditions
[52], and the unmodified EPO elicitation of the neuroprotec-
tive effect in vivo might be related to the disruption of BBB.

Evans blue dye is used to determine the time course of
BBB permeability in the ischemia–reperfusion rat model.
Evans blue could be detected within 1–2 h after reperfusion,
and limited permeability of Evans blue was observed 22–24 h
after reperfusion [53]. This previous research demonstrated
that the disruption of BBB occurs within 2 h after reperfusion,
and the disruption is then gradually alleviated. In our study,
the 3VO rats were dosed at the onset of reperfusion, and the
BBB may be disrupted at this time point. Herein, we sug-
gested that the unmodified EPO might only cross via
paracellular diffusion under leaky BBB conditions; in con-
trast, EPO-HBHAc could penetrate BBB not only through
paracellular diffusion but also through the transcytosis path-
way. The dual potential penetrating pathways mean that a
higher EPO amount was detected in both CSF and cortex of
the EPO-HBHAc group than of the unmodified EPO group in
the ischemia–reperfusion model (Fig. 8). There was no detect-
able amount of EPO in the CSF and brain tissues in the control
group, indicating that the human EPO ELISA kit did not show
cross-reactivity with rat EPO. These results suggest that
HBHAc could enhance delivery of EPO to the CNS in an
ischemia–reperfusion model. Moreover, both EPO and EPO-
HBHAc did not worsen the BBB permeability in vitro and
in vivo (Fig. 4 and Figure S7).

For the clinical application of EPO in stroke, EPOmight be
administered not only at the onset of reperfusion but also in
the days following the ischemic insult. EPO-HBHAc elicited
better penetrating ability not only in the damaged cortex (ip-
silateral side) but also in the non-damaged cortex (contralat-
eral side) as compared to EPO. Thus, we suggest that HBHAc
modification might have the potential to deliver EPO to the
CNS even as the BBB integrity is recovered after stroke. Due
to the enhanced brain delivery effect of EPO-HBHAc, a lower
dose might be administered to achieve its protective effect.

EPO is a low extravascular distribution protein [54], and
HBHAc modification of EPO may enhance its tissue distribu-
tion. A statistically significant difference in the biodistribution
of EPO and EPO-HBHAc in various organs was only found in
the cortex, although there was a similar tendency in other
tissues (Figure S6). This tissue-specific delivery phenomenon
might be due to the following reasons. The carotid artery

administration of EPO-HBHAcmay increase the bioavailabil-
ity of EPO in brain tissues. Besides, HBHAc with more pos-
itive charges in acidic conditions could enhance the penetrat-
ing ability [55]. Acidification of brain tissues under ischemic
damage has been reported [56]. The pH value of the brain
under normal condition is 7.24 ± 0.07, 6.43 ± 0.13 under is-
chemic condition [57]. Therefore, in the acidic brain region,
EPO-HBHAc may be concentrated. This acid-induced en-
hancement of the penetrating ability did not occur in other
organs under physiological pH conditions. Based on our pub-
lished results of HBHAc, we did not find any specific receptor
for HBHAc on the membrane of endothelium cells [55].
However, the mechanism that affects the distribution of
EPO-HBHAc needs to be further studied.

To develop nonhematopoietic EPO mimetics is another
approach to overcome the limitations of EPO therapy in
CNS. Carbamylated EPO, asialo-erythropoietin, and EPO mi-
metic peptides showed neuroprotective effects while reducing
the blood-stimulating side effects [58]. However, the multiple
injections of not only EPO but also these derivatives might be
used in further clinical applications of ischemic stroke and
other CNS-related diseases. Thus, increasing the BBB-
penetrating ability of these therapies is an effective and safe
approach for EPO and EPO mimetics in further clinical use.
HBHAc modifications could reduce the therapeutic dose and
dosing frequency by improving the BBB permeability of EPO
and these EPO derivatives.

This is the first proof-of-concept study to demonstrate
that HBHAc modification could enhance the BBB pene-
tration of EPO and improve the therapeutic effect, but it
has potential limitations. First, it was difficult to differen-
tiate whether the transported drugs passed through
paracellular, damaged endothelium or intact endothelium
both in vitro and in vivo, because the BBB disruption after
ischemia–reperfusion is progressive. Both damaged and
intact endothelia are presented during this situation.
Second, to explore the alternative administration route of
modified EPO, the intravenous administration of modified
EPO should be considered. However, the intra-carotid ar-
terial delivery of modified EPO is able to prove our con-
cept that HBHAc modification could enhance the BBB
permeability of EPO. Third, the dose-response relation-
ship and the long-term efficacy studies of modified EPO
are not thoroughly addressed in this study. Last, although
the 3VO rat model could not completely mimic the com-
plicated clinical condition of patients with ischemic
stroke, it is able to demonstrate the concept that modified
EPO could not only show better CNS delivery but also
elicit better therapeutic efficacy. Moreover, in comparison
with MCA occlusion only, the 3VO technique using the
MCA and bilateral CCAs produces a consistent cortical
injury [59]. Thus, the 3VO rat model was selected to
investigate the in vivo efficacy and distribution in this
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study. Together, to explore the flexible clinical applica-
tions of modified EPO, the studies of the possibilities of
intravenous route for administration, long-term efficacy,
and dose–response relationship, as well as the investiga-
tion of therapeutic efficacy using other ischemia–
reperfusion models of modified EPO are crucial for fur-
ther investigation of EPO-HBHAc in the future.

Conclusion

In summary, we successfully produced recombinant EPO and
EPO-HBHAc with high purity and erythropoiesis activity
from a mammalian cell culture model. EPO-HBHAc elicited
higher cellular uptake ability than EPO and showed time- and
dose-dependent cellular uptake in brain endothelial cells.
Moreover, EPO-HBHAc also had a greater ability to penetrate
an in vitro BBB model, and erythropoiesis activity and neuro-
protective activity were both maintained. EPO-HBHAc also
demonstrated effectively enhanced BBB-penetrating ability
and therapeutic efficacy in vivo in an ischemia–reperfusion
rat model. Therefore, EPO-HBHAc could be a potential ther-
apeutic agent for the well-known reperfusion injury in patients
undergoing ischemic stroke and could improve the therapeutic
outcome. Furthermore, HBHAc may be a potential carrier for
brain delivery, and it might have promising further applica-
tions in other CNS-related diseases.
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