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ABSTRACT
Transforming growth factor-b1 (TGF-b1) signaling is involved in cell metabolism, growth,
differentiation, carcinoma invasion and fibrosis development, which suggests TGF-b1 can be
treated as a therapeutic target extensively. Because TGF-b1 receptor type a(TGFBR2) is the directed
and essential mediator for TGF-b1 signals, the extracellular domain of TGFBR2 (eTGFBR2), binding
partner for TGF-b1, has been produced in a series of expression systems to inhibit TGF-b1 signaling.
However, eTGFBR2 is unstable with a short half-life predominantly because of enzymatic
degradation and kidney clearance. In this study, a fusion protein consisting of human eTGFBR2
fused at the C-terminal of human serum albumin (HSA) was stably and highly expressed in Chinese
Hamster Ovary (CHO) cells. The high and stable expression sub-clones with Ig kappa signal peptide
were selected by Western blot analysis and used for suspension culture. After fed-batch culture over
8 d, the expression level of HSA-eTGFBR2 reached 180 mg/L. The fusion protein was then purified
from culture medium using a 2-step chromatographic procedure that resulted in 39% recovery rate.
The TGF-b1 binding assay revealed that HSA-eTGFBR2 could bind to TGF-b1 with the affinity
constant (KD of 1.42 £ 10¡8 M) as determined by the ForteBio Octet System. In addition, our data
suggested that HSA-eTGFBR2 exhibited a TGF-b1 neutralizing activity and maintained a long-term
activity more than eTGFBR2. It concluded that the overexpressing CHO cell line supplied sufficient
recombinant human HSA-eTGFBR2 for further research and other applications.
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Introduction

Transforming growth factor b (TGF-b) superfamily
comprises TGF-bs, activins, bone morphogenetic
proteins (BMPs) and inhibins,1-3 which regulate a
variety of biologic functions including cell growth,
development, differentiation, migration and carcino-
genesis.4,5 TGF-b1, as the prominent member, has
been extensively studied for its vital functions in
pathophysiology. The deregulation of TGF-b1 signal
is implicated in the pathogenesis of cancer, chondro-
dysplasia, pulmonary hypertension and fibrosis.6-8

TGF-b1 stimulates the proliferation of mesenchymal
cells but inhibits the cells of epithelial and endothe-
lial origin. For example, it exerts growth inhibition
and apoptosis induction of hepatocytes by a para-
crine manner.9,10 In addition, TGF-b1 involves in the

actions of extracellular matrix accumulation and
immunosuppression.11

The bioactivity of TGF-b1 is mediated by the acti-
vation of 2 cell surface receptors, type I and type II
receptor, which are classified as the members of ser-
ine/threonine kinase receptor family.12-14 The TGF-b1
type II receptor consists of a signal sequence, a cyste-
ine-rich extracellular TGF-b-binding domain, a trans-
membrane domain and cytoplasmic ser/thr kinase
domain which is capable of autophosphorylation and
constitutively active.15 TGF-b1 binds to the extracellu-
lar domain of the type II receptor, recruiting the type I
receptor, which is incapable of ligand binding in the
absence of type II receptor. Upon forming the large
ligand-receptor complex, the active serine/threonine
kinase of TbRII phosphorylates the type I receptor,
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followed by the activation of intracellular Smad signal-
ing pathway which transmits signals from cell surface
to the nucleus16-18 and non-Smad signaling pathway,
such as PI3K/AKT, Rho GTPase and MAPK
pathway.19

TGF-b signaling pathway plays crucial roles in car-
cinoma invasion and fibrosis development. Several
therapeutic strategies have been used to disrupt TGF-
b signal, including neutralizing antibodies, soluble
receptors, anti-receptor antibodies, and inhibition of

TGF-b receptor kinase or Smad signaling path-
way.20,21 The soluble extracellular domain of TGF-b1
type II receptor (eTGFBR2) has been expressed in
baculovirus-infected insect cells, murine myeloma
cells,11 bacterial system22 and Pichia pastoris. The
eTGFBR2 produced by Escherichia coli showed a
more potent anti-TGF-b1 activity than eTGFBR2 pro-
duced by P. pastoris.23 However, these proteins
expressed in bacterial systems were sensitive to pro-
teolytic degradation and usually existed in the form of
inclusion bodies.24,25 The baculovirus expression

Figure 1. Schematic map of the recombinant pMH3-HSA-eTGFBR2 expression vector. The HSA-eTGFBR2 fusion gene was inserted in
EcoRI and NotI sites of pHM3 plasmid.

Figure 2. Selection of stable HSA-eTGFBR2 expressing cell clones
by Dot blot (A) and Western blot (B) analysis. Standard: HSA con-
centration of 50, 25 mg/L; 1–9 were selected cell clones.

Figure 3. Cell growth and HSA-eTGFBR2 expression of in serum-
free suspension fed-batch culture. (A) The growth curve of CHO
cells in serum-free suspension fed batch culture; (B) The SDS-
PAGE analysis of recombinant protein in fed batch culture, C: fed-
batch culture of non-transferred CHO cells.
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system has been the capable system for producing
large amounts of eTGFBR2. But a heterogeneous pop-
ulation was usually obtained due to incomplete enzy-
matic deglycosylation and proteolytic digestion in
baculovirus-infected insect cells.22

eTGFBR2 had been expressed in mammalian sys-
tems such as mouse myeloma NSO cells by transient
transfection. However, due to the low yields, it can’t
be widely used for further studies. CHO cells are
widely used for production of recombinant proteins

because they have the capacity of efficient post-trans-
lational modification, which was close to the native
proteins in biochemical properties, and easily adapt to
grow in serum free suspension culture.26 Furthermore,
CHO cells rarely secrete intrinsic proteins, facilitating
the purification of foreign proteins.

TGFBR2 is unstable with a short metabolic half-life
due to enzymatic degradation which limits its thera-
peutic application.27 A single-chain bivalent receptor
trap consisted entirely of native receptor sequences,
termed (TbRII)2, suggested that this trap had a half-
life of less than 1 h due to kidney clearance and elimi-
nation in the urine.28 In previous reports, several
methods have been attempted to prolong the half-life
of small molecule protein, such as binding to or fusion
with long-circulating serum proteins (albumin).29

With the long circulation persistence and little immu-
nological function, human serum albumin (HSA)
have been successfully used as a stabilizing agent to
improve the potential of therapeutic proteins, such as
Interleukin-2 (IL-2),30 Interferon(IFN),31,32 Vascular
endothelial growth factor (VEGF),33 and Antibody
Molecules.34,35 With a circulation half-life of approxi-
mately 19 d,36 HSA has been an ideal carrier protein
to prolong the half-life of proteins on the basis of
maintaining the bioactivity.37,38

In this study, we constructed the fusion protein
composed of eTGFBR2 fused at the C-terminal of
HSA and established a CHO cell line stable overex-
pressing HSA-eTGFBR2 fusion protein for large scale
production. The yield of HSA-eTGFBR2 reached
180 mg/L during 8 d fed-batch culture. The TGF-b1-
binding ability and biologic activities of recombinant
human HSA-eTGFBR2 fusion protein were evaluated
and compared with native eTGFBR2. Our results
showed that the HSA-eTGFBR2 retained binding
properties and antagonized growth inhibitory effects
of TGF-b1. It speculated the prospect of HSA-
eTGFBR2 fusion protein as a biologic TGF-b antago-
nist for therapy of fibrosis and cancer diseases.

Results

Construction of pMH3-HSA-eTGFBR2 expression vector

To effectively produce recombinant human HSA-
eTGFBR2 in CHO-S cells, the hsa-etgfbr2 fusion
gene with IgK signal sequence was inserted into
the pMH3 plasmid, an UCOE containing expres-
sion vector. The structure of pMH3-HSA-eTGFBR2

Figure 4. Purification of recombinant human HSA-eTGFBR2.
(A) SDS-PAGE analysis of the fractions separated by Blue
Sepharose column. M: marker; lane 1: the supernatants of
fed-batch culture; lane 2–4: flow through; lane 5: fractions
eluted by 30% buffer B; lane 6–8: fractions eluted by 100%
buffer B; lane 9–12: fractions eluted by 1M Arg. (B) SDS-PAGE
analysis of the fractions separated by Q Sepharose column.
M: marker; lane 1: loading; lane 2: flow through; lane 3:
washing fractions; lane 4–6: eluting fractions. (C) Western
blot analysis of purified HSA-eTGFBR2 fusion protein.
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expression vector was depicted in Fig. 1. It contains
3 highly GC-rich DNA structures that support the
opening of chromatin and a neo gene used as a
selection marker.

Establishment of HSA-eTGFBR2 expression CHO-S
cell line

The CHO-S cell line was transformed with recombinant
pMH3-HSA-eTGFBR2 expression vector by electropora-
tion. The survival cell clones underG418were transferred
into 96-well plate and the concentration of HSA-
eTGFBR2 in supernatants were analyzed by Dot blot
(Fig. 2A). The high expression sub-clones were selected
and transferred into 24-well plate for further Western
blot analysis (Fig. 2B). Two individual selected cell clones
(number 7, 8) were performed a limited dilution method
to obtain single cell derived sub-clones. The higher
expression sub-clone was selected again as mentioned
previously and used for further suspension culture.

Production of recombinant human HSA-eTGFBR2 in
fed-batch culture

The high expression cell clone was cultured by fed-batch
suspension culture with serum-free medium B001 and
the fusion protein was accumulated in a 3 L bioreactor
with a working volume of 1 L. The feed medium F001
was added since the viable cell density reached 8 £ 106

cells/mL. The viable cell density exhibited a peak of
approximately 8.5 £ 106 cells/mL and the cell viability
exceeded 95% during whole culture process (Fig. 3A).
After 8 d fed-batch culture, the yield of recombinant
HSA-eTGFBR2 reached 180 mg/L (Fig. 3B).

Purification of recombinant human HSA-eTGFBR2

The HSA-eTGFBR2 fusion protein in the culture
supernatants was purified using Blue Sepharose Fast
Flow affinity chromatography and Q Sepharose Fast
Flow chromatography. Different fractions were

obtained and analyzed by SDS-PAGE (Fig. 4A, B) and
the purified HSA-eTGFBR2 was further confirmed by
Western blot analysis (Fig. 4C). The result of Western
blot showed a single band about 85kD that was close
to theoretical value. As shown in Table 2, the recovery
rate of HSA-eTGFBR2 reached 39% and 70 mg of
HSA-eTGFBR2 fusion protein with purity more than
90% was obtained from 1L supernatants.

ELISA assay for TGF-b1 binding activity

The TGF-b1 binding properties of recombinant
human HSA-eTGFBR2 were detected by ELISA and
compared with commercial eTGFBR2. Dose-response
curves were measured by the absorbance of the horse-
radish peroxidase substrate TMB at 450 nm (Fig. 5).
All non-coated wells and 0 nM TGF-b1 wells showed
similar OD450 from 0.042 to 0.068 and these values
have been subtracted in each point. Binding of TGF-
b1 increased with the coating concentration of
eTGFBR2 (Fig. 5A) or HSA-eTGFBR2 (Fig. 5B) in the
range of 1.25 to 50 nM. These results showed that the
recombinant human HSA-eTGFBR2 expressed in
CHO cells demonstrated a good binding affinity to
TGF-b1.

Determination of binding affinity of TGF-b1 to
HSA-eTGFBR2

The binding affinities of TGF-b1 to eTGFBR2 or HSA-
eTGFBR2 was determined by the ForteBio Octet System

Table 2. Summary of purification step for recombinant human
HSA- eTGFBR2.

Step
Total

protein(mg)
HSA-

eTGFBR2(mg)
Recovery
rate(%)

Purity
(%)

Crude supernatants 500 180 100 36
Blue Sepharose

Chromatography
200 123 68 61.5

Q Sepharose
Chromatography

77 70 38.9 >90

Estimated by BCA protein assay, ELISA and coomassie blue-stained SDS–PAGE
gel.

Table 1. Primer sequences for PCR.

Primer Sequences

Fusion forward (P1) GTTGCTGCAAGTCAAGCTGCCTTAGGCTTAGACGACGACGACAAGacgatcccaccgcacgttcagaagtcggttaa
Fusion reverse (P2) TTAACCGACTTCTGAACGTGCGGTGGGATCGTCTTGTCGTCGTCGTCTAAGCCTAAGGCAGCTTGACTTGCAGCAAC
HSA-eTGFBR2 forward

(P3)
gcGAATTCcaccatggagacagacacactcctgctatgggtactgctgctctgggttccaggttccactggtGATGCACACAAGAGTGAGGTTGCTCATCGA

TTTAAAGAT
HSA-eTGFBR2 reverse

(P4)
AtGCGGCCGCCTAGTCAGGATTGCTGGTGTTATATTCTTCTGA
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and calculated by instrument calculation software. As
shown in Fig. 6, the adsorption capacity of HSA-
eTGFBR2 to TGF-b1 rapidly increased at the beginning
and then reached equilibrium at 120 s (Fig. 6B), whereas
eTGFBR2 reached equilibrium at 40 s (Fig. 6A). The
adsorption and dissociation equilibrium of eTGFBR2
was achieved more quickly than HSA-eTGFBR2. HSA
was used as a negative control protein to confirm the
competition reaction of specific binding. No binding
affinity signal was detected to HSA because of its lack of
affinity (KD < 1.0 £ 10¡12 M). After analysis of the raw
data, the affinity (KD D 1.42 £ 10¡8 M) of HSA-
eTGFBR2 for TGF-b1 was obtained, lower than that of
eTGFBR2 for TGF-b1(KDD 9.49£ 10¡9M).

Neutralizing activity assays of HSA-eTGFBR2 for
growth inhibitory effects of TGF-b1

The neutralizing activity of HSA-eTGFBR2 to TGF-
b1 was tested using L-02 cells. As shown in Fig. 7,
the proliferation of L-02 cells was inhibited by TGF-
b1 at a concentration of 0.4 nM. The recombinant
human HSA-eTGFBR2, as an antagonist, was able
to partially reverse the inhibitory effects of TGF-b1
in a dose-dependent manner. A similar concentra-
tion of commercial eTGFBR2 was required for
neutralization of TGF-b1. The results showed that
recombinant human HSA-eTGFBR2 and commer-
cial eTGFBR2 exhibit comparable antagonist activity
in vitro cell proliferation inhibition experiment.

To further investigate the effects of TGF-b1 and
HSA-eTGFBR2 on L-02 cell cycle, 3 £ 105 cells/well
were inoculated in 6-well plates and divided into 4
groups: Control (RPMI-1640), 0.4 nM TGF-b1, TGF-
b1C30 nM eTGFBR2, TGF-b1C30 nM HSA-
eTGFBR2. Compared to control group (Fig. 8A),

Figure 7. Neutralization of 0.4 nM TGF-b1 growth inhibitory
activity by HSA-eTGFBR2. The values of viability% represent the
relative value of fluorescence (560Ex/590Em) compared with the
value of control group incubated without external protein.

Figure 6. Data of affinity interactions between TGF-b1 and
eTGFBR2 (A) or HSA-eTGFBR2 (B). The binding affinity of TGF-b1
was determined using 2-fold serial dilutions of eTGFBR2 and
HSA-eTGFBR2 at concentrations of 0.7813–50 nM. Both of the
TGF-b1 was in the same concentration of 1 mg/mL.

Figure 5. ELISA-type assay for affinity binding of TGF-b1 using
eTGFBR2 (A) or HSA-eTGFBR2 (B) as a capture agent. (n D 3).
Commercial eTGFBR2 or HSA-eTGFBR2 at concentrations ranging
from 0 to 50 nM was precoated onto the 96-well plates. Results
were detected by the microplate reader of OD450.
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TGF-b1 group (Fig. 8B) brought increasing cell per-
centage in G0-G1 phase (from (65.35 § 0.87)% to
(78.4% § 0.84)%) and the proliferation index (PID
(SCG2/M)/(G0/G1CSCG2/M)) reduced from (34.65
§ 0.87)% to (21.6 § 0.84)% (Table 3). Whereas TGF-
b1 in the presence of eTGFBR2 (Fig. 8C) or HSA-
eTGFBR2 (Fig. 8D) resulted in a reverse of percentage
of cells in G0-G1 phase (from (78.4% § 0.84)% to
(59.53 § 1.53)% and (64.47 § 1.39)% respectively),
comparable to the negative control. These results
further demonstrated that HSA-eTGFBR2 could

neutralize the inhibitory effects of TGF-b1 on L-02
cells.

Phosphorylation of Smad3 analysis in HSC-T6 cells

The TGF-b1/Smad3 signaling pathway plays an
important role in mediating TGF-b1 bioactivity.39 To
investigate the inhibition activity of HSA-eTGFBR2,
the levels of phosphorylated Smad3 were detected by
different incubation time of eTGFBR2 (Fig. 9A) or
HSA-eTGFBR2 (Fig. 9B). The results showed that

Figure. 8. Flow cytometry analysis of L-02 cells in the presence of TGF-b1 with or without HSA-eTGFBR2 for 24 h. (A) RPMI-1640 medium
for negative control; (B) 0.4 nM TGF-b1 for positive control; (C) TGF-b1 plus 30 nM eTGFBR2; (D) TGF-b1 plus 30 nM HSA-eTGFBR2.

Table 3. The effects of TGF-b1 with eTGFBR2 or HSA-eTGFBR2 on cell cycle progression of L-02 cells. (n D 3).

G0-G1% S% G2-M% PtdIns%

Control 65.35 § 0.87 27.66 § 0.84 6.99§ 0.66 34.65 § 0.87
TGF-b1 78.40 § 0.84### 16.26 § 0.02### 5.34§ 0.84 21.6§ 0.84###

eTGFBR2CTGF-b1 59.53 § 1.53### 34.80 § 2.65### 5.67§ 1.17 40.47 § 1.53###

HSA-eTGFBR2CTGF-b1 64.47 § 1.39### 30.28 § 1.92### 5.24§ 0.66 35.53 § 1.39###

###P < 0.001 vs control group;###P < 0.001 vs TGF-b1 group.
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HSA-eTGFBR2 fusion protein had more long-term
bioactivity of inhibiting TGF-b1/Smad3 signaling
pathway.

Half-life analysis of HSA-eTGFBR2 fusion protein
in vivo

The circulating half-life of HSA-eTGFBR2 was
compared with commercial eTGFBR2. Serum con-
centrations of eTGFBR2 and HSA-eTGFBR2 after a
single intravenous dose of 3 nmol/kg in C57BL/6
mice were show in Fig. 10. After intravenous
administration, HSA-eTGFBR2 fusion protein was
cleared more slowly than eTGFBR2. The circulating
half-life of eTGFBR2 was about 41.42 min
(Fig. 10A), whereas intravenous administration of
HSA-eTGFBR2 lead to a extended half-life about
11.84 h (Fig. 10B). This result suggested that HSA
fusion remarkably improved the blood circulation
profile of eTGFBR2.

Discussion

TGF-b1, as the important member of TGF-b family, is
vital for cell growth, differentiation, apoptosis and motil-
ity. It plays important roles in normal liver and many
hepatic diseases. In normal liver, TGF-b1 has the effects
of growth inhibition40,41 associated with induction of

apoptosis on hepatocytes.42-44 Furthermore, TGF-b1 is a
master pro-fibrotic factor in chronic fibrotic diseases by
triggering the hepatic stellate cells (HSCs) differentiation
intomyofibroblasts and the accumulation of extracellular
matrices (ECMs).45 Numerous studies have indicated
that overexpression of TGF-b1 has been implicated in
the pathogenesis of many diseases,46,47 which suggests
that TGF-b1 antagonists may be potential therapeutic
agents in treatment of diseases such as keloids, glomeru-
lonephritis, autoimmune, cancer and fibrosis.48

eTGFBR2 had been expressed in baculovirus-
infected Sf9 insect cells and mouse myeloma cell lines
via transient transfection with a low yield, following
incomplete enzymatic deglycosylation and elimination
of the N-terminal 22 amino acids by protease degrada-
tion. Moreover, as a small molecular protein,
eTGFBR2 has a short half-life in vivo due to enzymatic
degradation and kidney clearance, resulting in high
doses and repeated injections on clinical utility.

Figure 9. The Smad3 activation analysis of HSC-T6 cells. Cells
were incubated with 30 nM eTGFBR2 (A) or HSA-eTGFBR2 (B) for
0, 0.5, 1, 2 h, and then exposed to 0.4 nM TGF-b1 for 30 min. -:
DMEM medium for negative control; C: 0.4 nM TGF-b1 for posi-
tive control.

Figure 10. The pharmacokinetic properties of eTGFBR2 (A) and
HSA-eTGFBR2 (B). Serum concentrations of eTGFBR2 and HSA-
eTGFBR2 at different time points were determined after
intravenous injection in C57BL/6 mice (n D 3).
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Albumin, mainly synthesized in the liver with a
molecular weight of 66.5 kD, is the most abundant
protein in blood plasma. It is highly stable with a long
circulation half-life resulting from a recycling process
mediated by the MHC-related Fc receptor for IgG
(FcRn).49 HSA fusion technology extends the circulat-
ing half-life of recombinant proteins in vivo, resulting
in enhanced pharmacodynamics of fusion proteins.
Many studies have shown that HSA fused at the N-
terminals of proteins resulted in a better activity than
it fused at the C-terminal.50 This might be due to the
steric hindrance effect or impact on the post-transla-
tional folding of HSA.

Our results demonstrate that the recombinant
human HSA-eTGFBR2 expressed by CHO cells was
capable of binding to TGF-b1, with an affinity value
KD of 1.42 £ 10¡8 M. Whereas the affinity value KD

of eTGFBR2 for TGF-b1 was 9.49 £ 10¡9 M. It sug-
gested that the fusion protein HSA-eTGFBR2 retained
binding properties and fusion of eTGFBR2 molecule
to HSA didn’t significantly impair their target binding
capacity. The difference binding affinity of HSA-
eTGFBR2 was speculated that the increase of molecu-
lar size after fusing with HSA might change the steric
hindrance and even influence the binding rates of
receptor dissociation and association, resulting in
extended interaction time between the TGF-b1 and
receptor.51 According to neutralizing activity assays,
HSA-eTGFBR2 antagonized growth inhibitory effects
of TGF-b1 in a dose-dependent manner. The ability
of the HSA-eTGFBR2 acted as an antagonist for TGF-
b1 suggested that the fusion protein bound to TGF-b1
with sufficient affinity to compete with the mem-
brane-bound form of the receptor.

The blood circulation data indicated that HSA-
eTGFBR2 had a prolonged half-life about 11.84 h. The
short half-life protein eTGFBR2 fused with HSA could
reduce the renal clearance and improve the stability char-
acteristics.52 The favorable blood circulation profile of
HSA-eTGFBR2 fusion protein will improve the clinical
applicability, which would allow less injection frequency
andmaintain amore constant circulating level.

In conclusion, we inserted the 159 amino acid residues
soluble extracellular domain of TGFBR2 fused to the C-
terminal of HSA into pMH3 plasmid for expression by
CHO-S cells, developed a fed-batch culture system with a
yield of 180 mg/L and set up a 2-step purification system
of Blue affinity chromatography and Q sepharose chro-
matography. The recombinant human HSA-eTGFBR2

exhibited affinity capacity to TGF-b1 (KD 1.42 £ 10¡8

M) and neutralized the growth inhibitory activity of
TGF-b1 by blocking its signal transduction. Besides,
HSA-eTGFBR2 had a prolonged circulating half-life
in vivo, which has promising application prospects for
therapy of diseases.

Materials and methods

Plasmid, cell line and culture medium

The plasmid pMH3 was purchased from Amprotein
(Hangzhou, Zhejiang, China). The cell line CHO-S
(Amprotein Co., Ltd, Hangzhou, China) were grown
in DMEM/F12(1:1) medium (Gibco) supplemented
with 10% (v/v) FBS (Gibco) in atmosphere of 5% CO2

at 37�C. The serum-free medium (SFM) B001 and
feed medium F001 for suspension culture of CHO-S
cells were provided by Amprotein (Hangzhou,
Zhejiang, China). Viable cell density and cell viability
were measured using trypan blue (Sigma-aldrich, St.
louis, USA) stain method.

Construction of the pMH3-HSA-eTGFBR2 expression
vectors

Eukaryotic expression vector pMH3 was used for high
efficient and stable production of recombinant pro-
teins. The pMH3 plasmid contains 3 non-coding GC-
rich DNA regions that suitable for CHO expression
system. The vector can improve the transcriptional
activity of interesting genes no matter where they inte-
grate into the chromosome.53 The encoding genes of
human hsa and etgfbr2 were preserved in our labora-
tory and used as templates for fusion PCR. The hsa
cDNA was amplified by PCR using primers P3 and
P2. The etgfbr2 cDNA was amplified by PCR using
primers P1 and P4. Then these 2 fragments were
assembled and amplified by PCR with primers P3 and
P4. Primers for this study were listed in Table 1. The
hsa-etgfbr2 fusion fragments were inserted into the
pMH3 plasmid using EcoRI and NotI sites to obtain
the expression plasmid pMH3-HSA-eTGFBR2. The
sequence in the digested plasmid pMH3-HSA-
eTGFBR2 was confirmed by DNA sequencing (Shang-
hai Sangon, China).

Establishment of HSA-eTGFBR2 expression cell line

The expression vector pMH3-HSA-eTGFBR2 was
transformed into CHO-S cells using electroporation

BIOENGINEERED 607



with 400 V, 400 mS and repeated 3 times. The electro-
poration reaction mixture contained: 4 £ 106 cells,
20 mg plasmid, 5 mg salmon sperm DNA (Invitrogen,
Carlsbad, CA, USA). The cells were dispersed into a
100 mm plate and recovered for 24h. Then the
medium was replaced with selective medium contain-
ing 2.8 mg/mL G418 (Sigma-aldrich, St. louis, USA).
Subsequently, the surviving macroscopically visible
single clones were picked and cultured in 96-well plate
for 7 d. The high expression sub-clones were selected
by Dot blot using anti-HSA antibody (Abcam, San
Francisco, USA) and Western blot using anti-TGFBR2
antibody (R&D Systems, Minneapolis, MN, USA).
Single cell derived clones were obtained by limited
dilution method and selected again as mentioned pre-
viously. The final high expression sub-clones selected
gradually from 96-well plate to 24-well plate and
finally to 6-well plate were used for suspension culture
in serum-free medium B001.

Fed-batch culture and purification

The high expression clone was seeded at a concentration
of 2£ 106 cells/mL in a 3L bioreactor with a working vol-
ume of 1 L in a shaking incubator at 37�C, 100 rpm for
2 d. Then feed medium F001 were added daily to main-
tain the constant glucose concentration of 2.0–3.0 g/L.
Besides, the culture temperature was shifted from 37�C
to 34�C. The samples were taken every day to observe the
cell growth, glucose concentration and protein accumula-
tion. The concentration of HSA-eTGFBR2 was deter-
mined byHuman TGF-b RII DuoSet ELISA kit (R&D).

To purify HSA-eTGFBR2 from the culture medium,
we equilibrated a Blue Sepharose 6 Fast Flow column
(GE) with buffer A (20 mM PB, 100 mM NaCl, pH7.2),
then passed the supernatants through this Blue column.
After a wash step, the target protein was eluted with
buffer B (20 mM PB, 2 MNaCl, pH7.2). Then Q Sephar-
ose Fast Flow chromatography (GE) was use for the next
purification. The desalting fractions containing target
protein was loaded to Q sepharose column pre-equili-
brated with buffer C (20 mM PB, pH7.2) and eluted with
20mMPB, 600mMNaCl, pH7.2. The collected fractions
were analyzed by SDS-PAGE and Western blot after
purification.

SDS-PAGE, Western blot and Dot blot

The samples were separated by 10% SDS-PAGE gel
under reducing conditions and stained with Coomassie

brilliant blue R-250. For Western blot analysis, the sam-
ples in gel were transferred to nitrocellulose membranes.
For Dot blot, 5mL supernatants in well plates were
dripped onto the nitrocellulose membranes. Then the
membranes were blocked by TBST (10 mM Tris,
150 mMNaCl, pH7.5) containing 5% skimmedmilk and
incubated with the anti-HSA antibody or anti-eTGFBR2
antibody for 4 h at room temperature, followed by HRP-
conjugated second antibody correspond to primary anti-
body. After washing 3 times with TBST, blots were
detected with BeyoECL Plus reagent (Beyotime Biotech-
nology, Shanghai, China).

ELISA immunoassays for TGF-b1 binding assay

Binding properties of recombinant human HSA-
eTGFBR2 to TGF-b1 were analyzed by sandwich
enzyme-linked immunosorbent assay.54,55 96-well
immunoassay plates were coated with 100 mL/well of
recombinant human HSA-eTGFBR2 or commercial
eTGFBR2 (R&D) at concentrations ranging from 0 to
50 nM overnight at 4�C. After washed 3 times with
PBST (phosphate buffered saline, pH7.4 containing
0.05% Tween 20), the wells were blocked with 3%
bovine serum albumin in PBST for 2 h at 37�C. Then
100 mL/well of TGF-b1(R&D) at different concentra-
tions of 0, 0.004, 0.04, 0.4, 4 nM were added to the
plate and incubated for 2 h at 37�C. After washing
3 times, 100 mL/well of mouse anti-TGF-b1 monoclo-
nal antibodies (500 ng/mL, R&D) was added to the
plates and incubated for 2 h at 37�C. Then the plate
was washed with PBST and 100 mL of HRP-labeled
goat anti-mouse IgG (1:2000, proteintech) was added
to each well to react with anti-TGF-b1 antibodies for
2 h at 37�C. At the end of the incubation period, the
plate was washed 3 times and 100 mL of TMB sub-
strate was added to each well. After reaction for
20 min at room temperature, the color development
was stopped with 50 mL of 2 M H2SO4. The optical
density of each well was measured at 450 nm using a
microplate reader.

ForteBio Octet system assay for affinity of TGF-b1 to
HSA-eTGFBR2

The binding affinities of TGF-b1 to eTGFBR2 or
HSA-eTGFBR2 were tested by the ForteBio Octet
RED96 system (ForteBio Inc., CA, USA). The sensors
(Anti-Mouse IgG Fc Capture Surface, AMC) were
wetted in PBST for 10 min before detection. The
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anti-TGF-b1 antibody (20 mg/mL) was loaded onto
the AMC sensors for 10 min. After equilibrated with
PBST, the sensors were loaded with TGF-b1 at a con-
centration of 1 mg/mL. Then the processes of adsorp-
tion and desorption of the HSA-eTGFBR2 or
eTGFBR2 molecule were monitored in parallel. After
equilibrated with PBST for 5min, the sensors were
transferred into HSA-eTGFBR2 or eTGFBR2 protein
solution at the 2-fold serial dilutions concentration of
0.7813–50 nM. Then PBST was loaded to dissociate
the nonspecifically bound components. The data were
analyzed using the system software Data analysis 7.0
provided by Fortebio Instrument Co.

Antagonist ability of HSA-eTGFBR2 for growth
inhibitory effects of TGF-b1

TGF-b1 inhibited the proliferation of hepatocytes and
the bioactivity of HSA-eTGFBR2 as an antagonist of
TGF-b1 was tested using L-02 cells. The cells were
seeded in 96-well plate at a concentration of 4 £ 103

cells/well and cultured in RPMI-1640 medium with
10% FBS for 24 h. Different concentrations of HSA-
eTGFBR2 or eTGFBR2 (0, 1.56, 3.125, 6.25, 12.5, 25,
50 nM) with 0.4 nM TGF-b1 in RPMI-1640 were
added to each well. After incubation at 37�C for 48 h,
10 mL of CellTiter-blue Reagent was added to each
well. The 96-well plates were incubated for 2 h at
37�C and the viability of cells was measured with fluo-
rescence (560Ex/590Em) using a microplate reader.

3 £ 105 L-02 cells/well were inoculated in 6-well
plate and incubated for 24 h, followed by 12 h of
serum starvation. 0.4 nM TGF-b1 with or without
HSA-eTGFBR2 in RPMI-1640 were added to the plate
and incubated for 24 h, eTGFBR2 was used as the pos-
itive control. Then the cells were harvested and
washed with ice cold PBS. After fixed with ice cold
70% ethanol overnight at ¡30�C, the cells were
washed with ice cold PBS again and incubated with
50 mg/mL RNase solution for 30 min at 37�C. Finally,
samples were stained with 50 mg/mL propidium
iodide solution for 30 min at 4�C. Flow cytometry
(BD Biosciences) was used to analyze the cell cycle.
The data were analyzed with FACS Diva and ModFit
LT software.

Phosphorylation of Smad3 analysis in HSC-T6 cells

HSC-T6 cells were seeded at the density of 3 £ 105

cells/well in 6-well plate and incubated in DMEM

with 10% FBS for 24 h. After serum starvation, the
cells were incubated with 30 nM eTGFBR2 or HSA-
eTGFBR2 for 0, 0.5, 1, 2 h, and then exposed to
0.4 nM TGF-b1 for 30 min. After incubation, cells in
each plate were lysed by RIPA lysis buffer containing
1 mM PMSF (Beyotime Biotechnology). Equal
amounts of proteins were separated on 12% SDS-
PAGE gel and transferred onto nitrocellulose mem-
brane. After blocking with 5% non-fat milk, the mem-
branes were incubated with anti-p-Smad3 antibody or
anti-Smad3 antibody (Cell Signaling technology) for
4 h at room temperature. Immunoblot analysis was
performed using HRP-conjugated secondary antibody
and the BeyoECL Plus Reagent.

Pharmacokinetics study

Animal experiments were performed in accordance
with the National Institutes of Health Guide for Care
and Use of Laboratory Animals. C57BL/6 mice (male,
weight between 18 and 20 g) were obtained from
Comparative Medicine Center of Yangzhou Univer-
sity. Three mice were used for each time point. All
mice were fasted for 12 h and received intraveneous
injections of 3 nmol/kg of HSA-eTGFBR2 or
eTGFBR2. Blood samples were collected through the
eyes at 5 min, 15 min, 30 min, 60 min, 120 min
(eTGFBR2) or 5 min, 15 min, 30 min, 1 h, 2 h, 6 h,
12 h, 24 h (HSA-eTGFBR2) after dosing and centri-
fuged at 1,500 g at 4�C for 10 min. The concentrations
of HSA-eTGFBR2 or eTGFBR2 in serum at different
time points were analyzed by Human TGF-b RII Duo-
Set ELISA kit. The half-life was calculated by nonlin-
ear regression using Prism software.
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