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Abstract

Background: Hemolytic anemia is associated with intravascular heme release and oxidative stresses that lead to endothelial dys-
functions. Hemopexin (HPX) is a plasma heme-binding β1-glycoprotein, which plays a pivotal role in heme transfer to hepatocytes
and iron recycling. Recently, HPX administration in hemolytic patients attenuated hemolysis-driven oxidative damages and en-
dothelial disorders that led to a rise in the strategy of HPX therapy. Human HPX production using recombinant DNA technology
could provide a real alternative to plasma-derived HPX. The purpose of this study was to generate a stable Chinese hamster ovary
(CHO) cell line expressing human rHPX.
Methods: Total RNA was extracted from HepG2 cells, and HPX gene was amplified by Real Time-Polymerase Chain Reaction (RT-PCR).
Then, the HPX gene was cloned in pcDNA3.1 (+) shuttle vector. The recombinant pcDNA3.1-HPX was transformed to E. coli TOP10 strain.
Gene cloning was verified by colony PCR, restriction digestion, and DNA sequencing. The CHO cells were chemically transfected with
pcDNA3.1-HPX, and screening was performed by G418 sulfate effective concentration to develop stable single cell clones. The rHPX
expression was verified by RT-PCR and Western blot.
Results: Cloning confirmation analyses showed that HPX gene was successfully cloned in pcDNA3.1 (+) vector. Screening of trans-
fected cells with G418 sulfate enriched the population of single cell clones expressing human rHPX. The RT-PCR and Western blot
analyses confirmed rHPX expression in CHO cell line both at transcriptional and translational levels.
Conclusions: Human rHPX protein was stably expressed in CHO cells. This study was a pioneering work for the future production
of therapeutic rHPX.
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1. Background

Intravascular hemolysis with release of free
hemoglobin and heme occurs in a wide range of hemolytic
conditions such as thalassemia, sickle cell disease, autoim-
mune hemolytic anemia, etc. (1). Intravascular hemolysis
is mainly associated with endothelial and cardiovascu-
lar dysfunctions leading to oxidative stress, vasomotor
instability, proliferative vasculopathy, thrombosis (2),
stimulation of adhesion molecules on the endothelium,
high levels of circulating pro-inflammatory cytokines, and
coagulopathy (3).

The adverse effects of free heme are physiologi-
cally attenuated by a plasma β1-glycoprotein (4) called
Hemopexin (HPX) with an extraordinarily high affinity
to heme (Kd < 1 pM) (5). Mainly expressed in hepatocytes

(4), HPX is capable of scavenging free heme from blood
circulation (6) and transporting it safely to hepatocytes
via CD91 receptor. Thus, it plays a pivotal role in promot-
ing iron homeostasis (7) and suppressing heme-driven
oxidative damages (8).

Hemopexin is an acute phase plasma glycoprotein,
which is synthesized in the liver, nervous system, skeletal
muscle, retina, and kidney. As a multifunctional agent, it is
implicated in important processes such as iron homeosta-
sis, signaling pathways to promote cell survival, modula-
tion of gene expression, nerve regeneration, control of the
immune response, and pathogenesis of renal diseases (4).

The therapeutic employment and clinical importance
of HPX as a predominant heme-binding protein have been
reinforced since 2013 (9). It was demonstrated that HPX
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protects the endothelial tissue through the prevention of
heme intercalation in endothelial cell membranes and the
promotion of heme detoxification by hepatocytes through
heme oxygenase-1 (HO-1) enzymatic activity (3).

On the other hand, blood transfusion is clinically rec-
ommended in severe hemolytic conditions. However, it
further exacerbates intravascular hemolysis by intensify-
ing heme release induction (2) and contributes to heme
overload and heart failure in hemolytic patients (10). Re-
cent studies revealed that HPX infusion in mouse models
of hemolytic disorders pharmacologically alleviates heme-
induced endothelial activation, inflammation, and tissue
oxidative injury (3). Based on these findings, the strategy of
HPX therapy was developed in order to design HPX-based
medications with high binding affinity to heme (3).

Therefore, either plasma-purified or recombinant HPX
(rHPX) administration could be associated with blood
transfusion (11) in patients with anemia as a specific target
therapy to enhance the efficiency of blood transfusion (3).
This therapeutic strategy is expected to improve the health
status of hemolytic patients by attenuating their endothe-
lial and cardiovascular disorders (8).

Hemopexin purification from plasma is associated
with HPX conformational and chemical modifications,
which negatively effect the quality and purity of the recov-
ered HPX (12).

Recently, human rHPX was expressed in both prokary-
otic and eukaryotic hosts such as Escherichia coli (13, 14),
Spodoptera frugiperda Sf9 insect cells (15), and Pichia pastoris
(16). Moreover, commercially available human rHPX were
reported to be expressed in Human Embryonic Kidney
(HEK293) cells and mouse myeloma cell line (NS0). Nev-
ertheless, no evidence was provided to confirm the prod-
uct’s native HPX-like post-translational modifications, in-
cluding human-like glycosylation and folding (12).

Furthermore, HPX is also a large structurally complex
glycoprotein, requiring human-like post-translational
modifications for its effective bioactivities (17). Thus,
mammalian cell lines, particularly Chinese hamster ovary
(CHO) cells (18), are generally harnessed as an efficient ex-
pression host due to the human-compatible glycosylation
machinery to efficiently fold and secrete this glycoprotein
(19).

Today, CHO cell expression system is exploited to pro-
duce therapeutic glycoproteins (20) due to their capabil-
ity of adapting to various culture conditions, less risk
of human virus contamination (21), generating human-
like bioactive post-translational modifications to recom-
binant glycoproteins (22), less immunogenicity of the re-
combinant products (23), CHO genome instability (24),
and higher yield of recombinant protein production (25).

Large-scale production of recombinant proteins de-

pends on the stable integration of recombinant DNA in the
host genome (26). This involves non-targeted DNA delivery
and antibiotic-mediated selection to establish stable and
high-producing single cell clones to express the gene of in-
terest (27, 28).

2. Objectives

The aim of this study was to generate a stable CHO cell
line that permanently expresses human rHPX. This is the
first step towards the production of therapeutic human
rHPX to be clinically administered in the future.

3. Methods

3.1. Cell Culture

HepG2 (IBRC C10096, Iran) and CHO cells (IBRC C10136,
Iran) were cultured in RPMI 1640 (Gibco, Germany), supple-
mented with 10% heat-inactivated Fetal Bovine Serum (FBS)
(Gibco, Germany) plus penicillin (100 U/mL) and strepto-
mycin (100 µg/mL) (CinnaGen, Iran) in a humidified incu-
bator at 37°C and 5% CO2. Cells were sub-cultured every 3
to 4 days by rinsing with phosphate buffered saline (PBS)
(ICN Biomedicals, USA) and detaching with 0.25% trypsin-
EDTA (Invitrogen, USA). Cell counting was performed with
hemocytometer. The sub-cultures of these cells were used
for RNA extraction.

3.2. Hemopexin Gene Isolation and Recombinant DNA Prepara-
tion

On normal culture condition, the expression of HPX
as an acute phase protein in HepG2 cells is too low to be
detected by PCR. Therefore, HepG2 cells were treated with
20 µL interleukin-6 (IL6) (30 ng/mL) for 24 hours. Then,
total RNA was extracted using the RNX-Plus RNA Isolation
Kit (CinnaGen, Iran). The cDNA synthesis was primed with
oligo(dT) using AccuPowerTM cycle script RT PreMix Kit
(Bioneer, Korea), according to the manufacturer’s instruc-
tions. Then, PCR was performed using specific HPX primers
and Pfu DNA Polymerase (CinnaGen, Iran). Primers cov-
ering the complete coding region of HPX were designed
based on the sequence present in the GenBank (acces-
sion number NM-000613.2). The forward primer contained
HindIII restriction site and a kozak sequence, and the re-
verse primer contained XhoI restriction site downstream
the coding region (Table 1). The HPX PCR program con-
sisted of 35 cycles with a denaturation step of 30 seconds
at 94°C, an annealing step of 30 seconds at 61°C and an ex-
tension step of 1 minute and 30 seconds at 72°C. The first
denaturing step lasted for 5 minutes, and the final exten-
sion step lasted for 7 minutes. Amplification of β-actin was
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performed as an internal control usingβ-actin primers (Ta-
ble 1).

Table 1. Primer Sequences Designed for Hemopexin Gene Isolation and Real Time-
Polymerase Chain Reaction Confirmation Tests

Primer Sets Amplicon Size, bp Primer Sequence

HPX specific Fw.a

1410

5’-CTG AAG CTT ACC ATG
GCT AGG GTA CTG GGA

G-3’

HPX specific Rs.a 5’-GAA CTC GAG TCA GTG
AGT GCA GCC CAG GAG-3’

HPX Internal Fw.

184

5’-TGT CAC CGT GGA GAA
TGT CA-3’

HPX Internal Rs. 5’-CGA AGC GCA GGA ATT
GGT TA-3’

β-actin Fw.

200

5’-
TTCTACAATGAGCTGCGTGTGG-

3’

β-actin Rs. 5’-
GTGTTGAAGGTCTCAAACATGAT-

3’

aThe underlined nucleotides in specific Fw. primer represent HindIII restric-
tion site and Kozak sequence, respectively. The underlined nucleotides in spe-
cific Rs. primer represent XhoI restriction site.

In order to clone the HPX transgene, pcDNA3.1(+) plas-
mid vector (Invitrogen, USA) was used. The HPX PCR prod-
uct and pcDNA3.1(+) vector were digested by HindIII and
XhoI restriction enzymes (Fermentase, USA). The digested
PCR products and vector were purified with High Pure PCR
Product Purification Kit (Roche, Germany). The purified
DNA fragment was cloned in pcDNA3.1(+) expression vec-
tor using T4 DNA ligase (CinnaGen, Iran).

3.3. Bacterial Transformation and Cloning Confirmation

After successful ligation, competent bacterial cells
were prepared using CaCl2 and heat shock conventional
method. The engineered recombinant DNA (pcDNA3.1-
HPX) was transformed in the competent E. coli bacteria
TOP10 strain (CinnaGen, Iran). Screening was performed
through colony PCR, pcDNA3.1-HPX electrophoresis, and re-
striction digestion. Furthermore, the accuracy of rHPX se-
quence and its ligation frame in pcDNA3.1-HPX was con-
firmed with DNA sequencing.

3.4. Transfection of Chinese Hamster Ovary Cells with pcDNA3.1-
Hemopexin

For transfecting CHO cells with pcDNA3.1-HPX, 2 × 105

CHO cells were seeded in 6-well plates. Upon reaching
70% to 80% confluence, the CHO cells were transfected
with pcDNA3.1-HPX using X-tremeGENE HP DNA transfec-
tion reagent (Roche, Germany), according to the protocol

provided by the manufacturer (CHO-HPX). The rHPX tran-
sient expression was verified at different time intervals in-
cluding 24, 48, and 72 hours post-transfection by RT-PCR
and Western blot analyses.

3.5. Determination of Antibiotic (G418 Sulfate) Effective Dose

In order to determine the minimum G418 sulfate (Bio
Basic Canada Inc., USA) effective concentration to kill non-
resistant host cells, CHO cells were cultured in a 96-well
plate and treated with several concentrations of G418 rang-
ing from 50 - 700µg/mL. This procedure was performed in
triplicates. Finally, the minimum effective G418 concentra-
tion required for screening CHO-HPX cells was determined
by trypan blue staining (StemCell Technologies Inc., USA).

3.6. Stable Expression of Recombinant

The pcDNA3.1-HPX was linearized using BglII restric-
tion enzyme (Fermentase, USA) in order to facilitate the
integration of pcDNA3.1-HPX in the CHO cell genome.
Then, CHO cells were transfected with linearized pcDNA3.1-
HPX using the foregoing transfection protocol and were
maintained under selective pressure of G418 sulfate (200
µg/mL). Next, the culture medium was replaced with fresh
G418-containing medium every 3 days. Once a popula-
tion of G418-resistant CHO-HPX cells was obtained, the cells
were passed in a 96-well plate in order to develop sta-
ble CHO-HPX single cell colony. The selected single cell
colonies were expanded and stocked over different cellu-
lar passages. Finally, rHPX expression was verified at the
10th and 20th passage by RT-PCR and Western blot analy-
ses. Beside CHO-HPX, a group of CHO cells transfected with
empty pcDNA3.1 vector (CHO-V) was considered as the neg-
ative control in order to compare rHPX expression between
the 2 cellular groups.

3.7. Real Time-Polymerase Chain Reaction analysis

Real time-polymerase chain reaction was performed in
order to confirm the expression of rHPX at the transcrip-
tional level. Total RNA was extracted from CHO-V and CHO-
HPX cellular groups using RNX-Plus the RNA Isolation Kit,
according to the instructions of the manufacturer. Then,
cDNA synthesis and PCR with total HPX primers were per-
formed as previously reported. Furthermore, HPX PCR was
performed using HPX internal primers (Table 1) mediated
by 2X Taq PreMix Master Mix (Parstous, Iran). β-actin was
used as the internal control.

3.8. Western Blot Analysis

In order to analyze the expression of rHPX at the
protein level, the secreted proteins in the CHO-V and
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CHO-HPX supernatants were separated by Sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
on 12.5% polyacrylamide gel. After protein transfer to
Polyvinylidene Difluoride (PVDF) membrane (Roche, Ger-
many), employing semi-dry electro-blotter system (Pe-
QLab, Germany), blocking of PVDF membrane was per-
formed in 5% skim milk and PBS overnight. The membrane
was then washed 3 times by PBST and incubated in diluted
(1:50,000) primary rabbit anti-HPX antibody (Abcam, UK)
at room temperature for 1 hour and 30 minutes. It was re-
peatedly washed prior to adding the diluted (1:5,000) sec-
ondary HRP-conjugated goat anti-rabbit antibody (Cell Sig-
naling Technology, USA), and then incubated at room tem-
perature for 1 hour. The final rHPX protein band was de-
tected using ECL Western blotting substrate kit (Abcam,
UK) in ChemiDocTM XRS + system (BioRad, USA). Besides,
the CHO-V and CHO-HPX cellular lysates were prepared us-
ing Complete Lysis-M Kit (Roche, Germany) for the Western
blot analysis of β-actin protein, which was used as the in-
ternal control.

4. Results

4.1. Isolation of Hemopexin Gene from HepG2 Cells

Since HPX is an acute phase protein, its expression is
upregulated in the presence of inflammatory cytokines,
such as IL6 (29), leukemia inhibitory factor (LIF), and Tu-
mor necrosis factor α (TNFα) (30). Therefore, the HepG2
cells were stimulated with IL6 inflammatory cytokine in
order to overexpress the HPX gene. Human HPX gene was
further isolated using designed primers by RT-PCR. A spe-
cific band of 1410 bp was visualized on 1.5% agarose gel
for Pfu DNA polymerase-mediated PCR reaction (Figure 1).
The Pfu DNA polymerase is capable of proofreading the
process of DNA polymerization whose PCR product is of
higher sequence accuracy. Therefore, HPX gene isolation
from HepG2 cell line was confirmed. β-actin was used as
an internal control (Figure 1).

4.2. Hemopexin Gene Cloning and Cloning Confirmation Tests

Restriction digestion of both PCR product and
pcDNA3.1(+) and further DNA ligation led to the con-
struction of recombinant pcDNA3.1-HPX. After colony
formation of transformed TOP10 bacteria, 7 colonies were
randomly selected to perform cloning confirmation tests.
Colony PCR was performed to screen for bacterial colonies,
which were accurately transformed with pcDNA3.1-HPX.
The 1410 bp band confirmed the perfect HPX gene cloning
(Figure 2B). Then, the pcDNA3.1-HPX recombinant vectors
were extracted from the selected bacterial colonies using
YTA plasmid DNA extraction mini kit (Yekta Tajhiz Azma,

Figure 1. Polymerase Chain Reaction Amplification of Hemopexin Gene

Lane M, 100 bp DNA size marker (Takara, Japan); lane 1, PCR product of HPX gene
amplification. HPX gene (1410 bp) was isolated from HepG2 cells by RT-PCR. β-actin
was used as an internal control.

Iran). Slower movement of pcDNA3.1-HPX than that of
empty vector on the 1% agarose gel confirmed the pres-
ence of the 1410-bp HPX gene in pcDNA3.1(+) vector (Figure
2A). Furthermore, restriction digestion of pcDNA3.1-HPX
with HindIII and XhoI enzymes ensured the correctness of
the recombinant vector construction (Figure 2C). Finally,
the accuracy of HPX gene sequence in the recombinant
vector was confirmed by DNA sequencing. The BLAST
results in NCBI database confirmed 99% identities (data
not shown).

4.3. Chinese Hamster Ovary Cells Express Recombinant
Hemopexin Stably at Transcriptional and Translational Levels

The rHPX mRNA expression in CHO-HPX cells was veri-
fied by RT-PCR. In order to screen for stable CHO-HPX single
colonies and establish a stable CHO cell line, the CHO-HPX
cells were maintained in 200 µg/mL G418 sulfate. Thus,
their population was enriched in the presence of mini-
mum antibiotic effective dose and further expanded over
sequential cellular passages. Moreover, mRNA expression
of rHPX was verified at the 10th and 20th passage. Real
Time-Polymerase Chain Reaction resulted in a 184-bp band
using internal primers (Figure 3A) and 1410-bp HPX band
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Figure 2. Cloning of the Hemopexin Gene in the pcDNA3.1(+) Plasmid

A, Electrophoresis of pcDNA3.1-HPX. Plasmids extracted from colonies No. 1, 2 and 6 moves slower on %1 agarose gel that confirmed the cloning accuracy; B, colony PCR of
transformed TOP10 colonies. Only colonies No. 1, 2 and 6 were transformed with pcDNA3.1-HPX. C, restriction digestion of pcDNA3.1-HPX extracted from colony No. 1. lane M: 1
kbp DNA size marker, lane 1: restriction digestion of pcDNA3.1-HPX with HindIII and XhoI, lane 2: circular pcDNA3.1 (control). The 1410-bp band of HPX confirmed the accuracy
of HPX gene cloning.

using total primers (Figure 3B), confirming the establish-
ment of stable CHO cell line expressing human rHPX at the
transcriptional level. Furthermore, β-actin was used as an
internal control (Figure 3C).

The expression of rHPX protein in CHO-HPX cells was
verified by the Western blot method. The concentrated su-
pernatants of CHO-HPX and CHO-V (negative control) cells
were prepared as protein-containing samples. Western
blot was performed using primary rabbit anti-Hemopexin
antibody. Western blot analysis of CHO-HPX supernatants
resulted in a 60-kDa protein band as expected for human
rHPX, while no rHPX protein expression was detected in
CHO-V cells (Figure 4A). Therefore, rHPX expression in CHO-
HPX cells was confirmed at the translational level. The β-
actin was used as an internal control (Figure 4B).

5. Discussion

Today, hemolytic anemia is mainly treated with blood
transfusion. This treatment is associated with mechani-
cal shearing forces that accelerate red blood cell rupture
(31), and lead to severe clinical complications, including
intravascular hemolysis, tissue oxidative stress, and multi-
organ dysfunctions (32).

The aim of the present study was to extend our avail-
ability to human HPX with the outlook of therapeutic em-
ployment for hemolytic patients. First, the HPX gene was
isolated through RT-PCR. Second, the pcDNA3.1-HPX recom-
binant vector was constructed, and HPX gene cloning was
confirmed with colony PCR, restriction digestion, and DNA
sequencing. Third, CHO cells were transfected with lin-
earized pcDNA3.1-HPX, and the CHO-HPX cellular popula-
tion was enriched under the selective pressure of G418 sul-
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Figure 3. Real Time-Polymerase Chain Reaction Analysis of Human rHPX Expression
in CHO-HPX Cells

A, RT-PCR analysis of rHPX expression at the 10th and 20th stable cellular passages
using internal primers; B, RT-PCR analysis of rHPX expression at the 10th and 20th
stable cellular passages using total primers. CHO-V was used as the negative con-
trol. The 184 bp and 1410 bp rHPX bands indicated that CHO-HPX cells were capable
of human rHPX stable expression at mRNA level; D,β-actin was used as internal con-
trol.

fate. Finally, RT-PCR and Western blot analyses confirmed
the stable expression of human rHPX at both transcrip-
tional and translational levels.

Since human rHPX bears extensive human-specific
glycosylation, mammalian expression systems, such as
HEK293 or CHO cell lines, could be suitable hosts to provide
sufficient post-translational modifications to afford heme
binding and expected rHPX bioactivity (15). The CHO cell
line is the premier expression host for therapeutic protein
production due to its adaptability to various culture con-
ditions, plasticity in terms of genetic alterations (18) and
human-like glycosylation (24).

In a pioneering work during the early 1990s, Satoh
et al. expressed human rHPX using different expression
systems. Their initial attempts to express human HPX
in an E. coli system produced a non-glycosylated protein
with no heme-binding ability (15). Protein expression in
prokaryotic system is associated with challenges such as
limited eukaryotic post-translational machinery function,
protein aggregation, and generation of inclusion bodies
(33). Therefore, re-solubilization and refolding of recombi-
nant polypeptide chains are required, leading to reduced
quality and unexpected biological activity of the final pro-
teins (34).

However, using baculovirus vector expression system,
Satoh et al. were able to express human rHPX with 55 kDa
molecular weight (MW) that was less than expected (60

kDa) (15). It should be noted that protein expression in
insect cells is associated with some limitations. The de-
creased molecular mass of the rHPX is probably due to the
N-glycosylation deficient system of insect cells (35). Be-
sides, it is necessary to include a signal sequence, such
as melittin peptide (15) along with the transgene in bac-
ulovirus vector, in order to render the rHPX protein secre-
tory (35). Moreover, since baculovirus-contaminated insect
cells are cultured in Serum-Free Media (SFM), the secreted
proteins are highly exposed to proteolysis (35).

Bakker et al. exploited Pichia pastoris expression sys-
tem to express human rHPX. Their research resulted in
a 85-kDa rHPX (16) that was more than plasma HPX MW.
This could be attributed to the hyper-glycosylation abil-
ity of P. pastoris expression system. Human HPX receives
O-linked oligosaccharides composed of a variety of sug-
ars including N-acetylgalactosamine, galactose, and sialic
acid. In contrast, P. pastoris only performs high mannosy-
lation. This limits the pharmaceutical use of secreted pro-
teins due to the exceeding immunogenicity of the recom-
binant drug upon intravenous administration (36).

Although different studies reported various molecu-
lar weights for human rHPX due to different levels of
glycosylation, the results of this research are consistent
with human HPX being the molecule involved. This does
not mean, however, that CHO expression system neces-
sarily produced an identical isoform of HPX as compared
with plasma-derived HPX. This needs further investiga-
tions with regards to rHPX structural and functional prop-
erties.

In contrast to the previous studies, the primers used
in this study were designed in such a way that the forward
primer contained the kozak sequence (5’-A/GNNATGG-3’) in
order to promote rHPX translation efficiency in CHO cells,
which is considered as an advantage of this research.

Additionally, in this research, the rHPX PCR product
was cloned in the pcDNA3.1(+) shuttle vector, which con-
tains both the ampicillin and neomycin resistant genes
along with strong CMV promoter (37). Thus, it could elim-
inate the sub-cloning step leading to cost-effectiveness of
the procedure and saving of time. However, in Bakker’s
study, the rHPX PCR product was first cloned in pCRII-TOPO
cloning vector, and then, sub-cloned in pPICZaA expression
vector (16) with AOX-1 promoter and zeocin resistant gene
(38).

Furthermore, successful transfection is influenced by
the type of transfection reagent and the duration of
transfection. Satoh et al. used Lipofectin transfec-
tion reagent based on cationic liposomes (15), while in
Bakker’s study, P. pastoris strain GS115 was transfected with
hemopexin/pPICZaA construct using electroporation (16).
Herein, the CHO cells were transfected using x-tremeGENE
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Figure 4. Western Blot Analysis of Human rHPX Expression in Chinese Hamster Ovary- Hemopexin Cells

A, Western blotting of un-transfected CHO-V (negative control) and CHO-HPX cells (P10 and P20) concentrated supernatants. The 60 kDa protein band confirmed that CHO-HPX
was capable of rHPX stable expression at the protein level; B, β-actin was used as the internal control protein for both CHO-V and CHO-HPX (P10 and P20) cellular lysates.

HP DNA transfection reagent that is highly compatible
with mammalian cell line and suitable for both transient
and stable transfection. It produces the least cytotoxicity
or change in cellular morphology after transfection (39).
Although recent studies have shown that the condensation
of DNA in cationic liposomes and/or the overall positive
charges of the cationic liposome/DNA complex enhance
gene delivery, their mechanism of action still remains to
be elucidated (40). Other factors, such as the health and vi-
ability of the cells, the quality of the nucleic acid used and
the presence or absence of serum could also play a part.

Expression of functional, recombinant human glyco-
proteins often requires mammalian expression systems.
In order to frequently express a recombinant protein, it
will be best to generate a stable cell line instead of per-
forming repeated transient transfections in mammalian

cells (41). It is noteworthy that stable cell lines often lose
their protein expression with time, due to the heterogene-
ity of the transfected cell population (41). Therefore, in
this research, screening for CHO-HPX and picking up sin-
gle colonies of G418-resistant cells led to obtaining an even
more homogenous population of successfully-transfected
CHO cells, which was further expanded.

It is expected for a large-scale stable expression of rHPX
in an efficient mammalian cell line to provide an increased
source of rHPX to be clinically employed upon blood trans-
fusion in order to supplement the depleted level of HPX in
hemolytic patients and reduce their heme-related compli-
cations.

To date, little has been done regarding rHPX expres-
sion, in particular the human type. In this study, a stable
CHO cell line capable of expressing human rHPX was es-
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tablished, which raises many questions and perspectives
for further investigations. Undoubtedly, future research is
recommended in terms of increasing rHPX expression rate
in CHO cells using vectors containing matrix attachment
regions (MAR) or ubiquitous chromatin opening element
(UCOE) (25), rHPX purification by chromatography, protein
characterization, and in vivo studies in murine models to
further improve the understanding of rHPX biological ac-
tivities and therapeutic roles for future clinical settings.
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