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Abstract: Background: GLP-1 and its analogs have a variety of anti-diabetic effects. However, short half-life and
rapid degraded by DPP-IV limits the therapeutic potential of the native GLP-1. So, many DPP-IV-resistant and long-
acting GLP-1 analogs were developed. In this study, an antibody-like extendin-4-IgG4 fusion protein was developed.
Methods: The y4 constant region contains two amino acid substitutions relative to native y4 (S228P and L235E)
lead to affinity for FcyRI to be low and stability of the IgG4 molecular. The fusion protein was expressed in CHO cells
and assembled into an immunoglobulin-like structure with molecular weight of approximately 130 kDa. Results: The
Exendin-4-1gG4 fusion protein was found to affinity bind GLP-1R in vitro. In vivo when compared the potency and
duration of glucose-lowering effects in diabetic (db/db) mice at the same dose, exendin-4 resulted in a glucose-low-
ering effect that persisted only for 6 hours, but the extendin-4-1gG4 fusion protein for more than 168 hours. Injecting
subcutaneously with a high dose of the fusion protein led normal BALB/c mice to the lower blood glucose level but
did not cause serious hypoglycemia. Especially, the half-life time of the fusion protein in cynomolgus monkeys was
about 180 hours, almost the longest half-life time among the developed GPL-1 analogues, which suggested a longer
half-life time in human. Conclusions: The intact antibody-like fusion protein has more advantages than the Fc fusion
protein including the intent of prolonging the half-life. These results also suggested the fusion protein was a safe and
long-acting potential anti-diabetic agent.
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Introduction

Diabetes is a metabolic disorder characterized
by chronic hyperglycemia. On May 16, 2012, a
World Health Statistics report was released in
Geneva indicating that one-tenth of the adult
population worldwide suffers from diabetes
(http://www.cmt.com.cn/). Diabetes is usually
classified as type 1 or type 2. Type 2 diabetes,
also termed non-insulin-dependent mellitus
diabetes, accounts for about 90% of the total
number of diabetic patients. The treatment for
type 2 diabetes is aimed at improving insulin
resistance and protecting pancreatic islet beta
cell function. In addition to insulin, commonly
used drugs in the clinic include biguanides, sul-
fonylurea, glinides, thiazolidinediones, and
alpha-glucosidase inhibitors. These drugs have
good efficacy in lowering blood glucose levels,

but the most significant problems are that
these drugs lack specificity in reducing the
function of alpha and beta cells and have sig-
nificant adverse affects. Approximately 25% of
patients with type 2 diabetes switch from oral
hypoglycemic agents to insulin or combination
insulin therapy. However, the occurrence of
insulin resistance desensitizes patients to insu-
lin. Increased doses of insulin and its long-term
use may produce hyperinsulinemia, which
increases the risk of cardiovascular diseases
[1-5].

Incretins have attracted widespread attention
because of their unique role in the treatment of
type 2 diabetes. These agents include gluca-
gon-like peptide-1 (GLP-1) and glucose-depen-
dent insulin releasing polypeptide (GIP), among
which GLP-1 plays a more important role. There



Long-acting anti-diabetic agent

ori
SV40 SalI Bgl I
poly At

G M  Exendin-4-1gG4 Exendin-4-19G4

135

90
66

Exendin-

Exendin-

&

% \ //\\/}!\f din-4

£€HO

Exendin-4-1gG4 M

220
135
90
66
45
35
29
20
14.4

Figure 1. Construction of Exendin-4-1gG4 fusion protein. A. Schematic diagram of the Exendin-4-1gG4 fusion protein
expression vector. B. Schematic diagram of the Exendin-4-IgG4 fusion protein. The amino acid sequence of Exen-
din-4 including the linker is as follows: HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPSGGGGSGGGGSGGGGS.
The y4 constant region contains two amino acid substitutions relative to native y4 (S228P and L235E). C. Non-
reducing SDS-PAGE electrophoresis of proteins purified supernatant. D. Reducing SDS-PAGE electrophoresis of puri-
fied proteins. Exendin-4-1gG4, Exendin-4-1gG4 fusion protein; M, molecular weight protein markers. The position of
the band corresponding to Exendin-4-Igy4 and Exendin-4-Ck was shown (arrow).

are two biologically active forms of GLP-1,
GLP-1 (7-37) and GLP-1 (7-36) amide, which dif-
fer in sequence in only one amino acid [6].
GLP-1 receptor is widely expressed in various
types of cells, including the beta cells of the
pancreas, gastric pits, the small intestine, the
heart and lung, and the central nervous sys-
tem. Glucose and fatty acid can stimulate the
secretion of GLP-1, which interacts with a spe-
cific GLP-1 receptor to exert its effect. Soon
after release into the blood, GLP-1 is degraded
by dipeptidyl peptidase-IV (DPP-IV) and cleared
by the liver and kidney, with a half life of only
1-2 min, therefore limiting the clinical applica-
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tion of native GLP-1 [7]. Exendin-4 is a GLP-1
analogue, which is almost identical to GLP-1 in
biological effects. Exendin-4 contains 39 amino
acids, with a relative molecular mass of
4186.57 [8]. The amino acid sequence of
Exendin-4 has 53% similarity with human GLP-
1. Both Exendin-4 and GLP-1 bind to the GLP-1
receptor [9]. Exendin-4 can induce beta cell
regeneration, promote beta cell proliferation
[10-14], and inhibit beta cell apoptosis [15-23],
thereby improving the function and increasing
the quality of beta islet cells [24, 25]. After
binding to the GLP-1 receptor, Exendin-4
increases the intracellular cAMP concentration,
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Figure 2. Binding activity of Exendin-4-gG4 fusion
protein with recombinant human glucagon-like pep-
tide 1 receptor (GLP-1R). LogCfp was the logarithmic
concentration values of Exendin-4-1gG4 fusion pro-
tein, OD was the optical density measured. The 50%
effective dose value of Exendin-4-IgG4 fusion protein
in vitro binding with recombinant human GLP-1R was
determined from this dose-response curve.

promoting insulin secretion from pancreatic
beta cells [26]. Exendin-4 can reduce the glu-
cagon level [27] and inhibit glycogenolysis and
gluconeogenesis, thus significantly reducing
blood glucose levels [28]. Unlike other hypogly-
cemic agents, Exendin-4 stimulates insulin
secretion only under the conditions of normal
or high blood glucose, but is non-functional in
the case of low blood glucose, which reduces
the associated risk of hypoglycemia in patients
[29]. Therefore, Exendin-4 is more effective
than the existing drugs in restoring the ratio of
insulin and glucagon in the portal vein. In
patients with type 2 diabetes, Exendin-4 can
retard gastric emptying, which may occur
directly through the regulation of gastrointesti-
nal motility via GLP-1 receptors on the central
nervous system, or indirectly through the delay
of gastric emptying via the afferent pathway of
the vagus nerve [30]. As a new anti-diabetes
agent, Exendin-4 (Exenatide, approved by
USFDA, 2005, trade name Byetta), jointly devel-
oped by Eli Lilly and Company and Amylin
Pharmaceuticals, is a fully chemically synthe-
sized therapeutic drug for type 2 diabetes. The
half-life of Exenatide is only 2.4 hours and need
to be injected twice a day for the treatment of
type 2 diabetes. Currently available GLP-1 ana-
logs were also Liraglutide (approved by EU,
Japan, 2009, USFDA, 2010) and Exenatide LAR
(approved by USFDA, 2011). Now many GLP-
lanalogs were developing, for example
Taspogutide, Lixisenatide, Albiglutide, Du-
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laglutide (LY2189265), etc. But almost of them
were the half-life of no more than 7 days [31].

The aim of this study was tried to create an effi-
cacious, safe and the longest acting potential
anti-diabetic agent, like 1gG4. Firstly, the
Exendin-4-encoding gene was linked to the
human antibody heavy-chain constant region
(y4) and a light chain constant region Ck encod-
ing gene by the (G,S), linker respectively. Then
the expression vector was transfected into CHO
cells. Finally, a molecular weight of approxi-
mately 130 kDa IgG4-like structure fusion pro-
tein was assembled in CHO cell and then
excreted into the culture medium, which we
refer to as the “Exendin-4-1gG4 fusion protein”.
Our results suggest that this fusion protein can
be easily purified and has improved efficacy
over Exendin-4 in terms of the longevity of its
effects.

Material and methods
Construction of an expression vector encoding

The gene encoding Exendin-4-Igy4 and Exendin-
4-Ck were synthesized by Shanghai General
Biological Engineering Co., Ltd. (Shanghai,
China) and cloned into a double expression
cassettes glutamine synthetase (GS) express-
ion p327.7 vector by Xho I-EcoR | and Xba I-Sal
| (Figure 1A) respectively. Exendin-4 was linked
to Igy4 and Ck by the (G,S), linker respectively.
The y4 constant region contains two amino
acid substitutions relative to native vy4.
Substitution of glutamic acid for leucine at
residue 235 in the CH2 region reduces residual
FcyRI binding, and substitution of proline for
serine at residue 228 in the hinge region,
stabilizes disulfide bond interactions between
the heavy chains of the mAb [32].

Expression and purification

The stable cell lines were developed by
Edmonds MC’s method [33]. Briefly, CHO cells
were adapted and cultured adherently in CD
OptiCHO medium (Invitrogen) supplemented
with 10% fetal bovine serum and 4 mM gluta-
mine. The cells were then planted into a T75
flask. After cultured for 24 hours, cells were
transfected using Lipofectin 2000 reagent
according the manufacturer’'s instructions
(Invitrogen). Forty eight hours after transfected
cells were trypsinized and seeded into 96-well
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Table 1. The binding activity of Exendin-4-1gG4 fusion protein at different concentrations (mean + SD)

C,(mg/ml) 50 25 12.5

6.25 3.13 1.56 0.78

oD 1.223+0.065 1.072+0.076 0.865+0.045 0.609 +0.046 0.428 + 0.026 0.311 + 0.034 0.237 + 0.036

C,p indicates concentration of Exendin-4-1gG4 fusion protein.

plates at cell density 1.0x10* cells/well.
Meanwhile, the medium was replaced with CD
OptiCHO selection medium containing 50 uM
L-Methionine sulfoximine (Sigma, USA) but with-
out glutamine. Wells containing single colonies
were expanded from the 96-well plates into
24-well plates and then subsequently into
6-well plates. The higher producing transfec-
tants were expanded into T75 flasks in final
serum free selection medium and then suspen-
sion adapted into 500-mL vented shake flasks.
Supernatants were collected from the 24-well
plates, 6-well well plates, T75 flasks, 250-mL
and 500-mL vented shake flask for initial titer
ranking by monoclonal enzyme-linked immuno-
sorbent assay (ELISA) or Protein A HPLC.

The serum-free culture supernatants were har-
vested. Firstly, a HiTrap MabSelect Sure col-
umn (GE Healthcare Life Sciences, USA) was
equilibrated with PBS, pH 7.4 solution by add-
ing 10 column-bed volumes. The culture super-
natants were filtered using a 0.45 ym mem-
brane and then loaded onto the column. The
column was washed with an additional 5-10
column-bed volumes of PBS solution (pH 7.4),
and then proteins were eluted in 100 mM citric
acid buffer solution (pH 3.6). Then multistep
purification process has been developed to
optimize the level of purity and pathogen safe-
ty. Chromatography resins and filters used are
SP Sepharose FF®, Q Sepharose FF®, and
ultrafiltration. The denaturing and non-denatur-
ing SDS-PAGE electrophoresis of purified fusion
proteins were performed according to the con-
ventional method.

In vitro characterization

To evaluate the binding activity of Exendin-4-
IgG4 fusion protein with GLP-1R, a sandwich
enzyme-linked immunosorbent assay (ELISA)
was used. The extracellular domains of recom-
binant human GLP-1 receptors (MyBioSource)
were coated onto 96-well EIA/RIA plates to cap-
ture Exendin-4-1gG4 fusion protein. Exendin-4-
IgG4 fusion proteins diluted into 50, 25, 12.5,
6.25, 3.13, 1.56 and 0.78 yg/ml, each concen-
tration was repeatedly measured for 3 times.
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Then HRP-labeled goat anti-human IgG (Beijing
Zhongshan Biotech Co., Ltd., China) was added.
50% effective dose of Exendin-4-1gG4 fusion
protein was calculated using a four-parameter
algorithm with Graphad Prism software.

In vivo studies in mice

The Jiangsu Institutional Animal Care and Use
Committee approved this research (Approval
Number: ACU13-627). For all in vivo studies,
the treatments of animals conformed to nation-
al guidelines for ethical animal of China. In our
studies, all animals only were collected a small
amount of blood samples without suffering
anesthesia, operation and euthanasia.

All animals were raised in stainless steel cages
in the common room (db/db mice in Suzhou
Airmite Experimental Animal Center, BALB/c
mice in Yangzhou University Medical Academy,
and cynomolgus monkeys in JOINN Laborato-
ries, China) feeding fodders twice a day in the
morning and afternoon. The cynomolgus mon-
keys were fed fruits and vegetables once a day.
Animals free drank tap water in Chinese Nat-
ional City Drinking Water Sanitation Standard.
Animal room temperature was set at 16 to
26°C, humidity 40% to 70%, 12 hours of light
and shade alternate. The cages were cleaned
once a day and the floor and walls of the room
were disinfected with 0.1% Benzalkonium bro-
mide disinfectant or 0.5% of Sodium hypochlo-
rite disinfectant once a week.After the study, all
animals were still raised in the provide institu-
tions and not put to death.

To compare effects of Exendin-4-1gG4 fusion
protein with Exendin-4, twelve six-week-old
male db/db mice (Suzhou Airmite Experimental
Animal Center, China) were randomly divided
into two groups (n = 6) and acclimatized for one
week. The basal levels of blood glucose were
measured after 3 h fasting using a Accu-Chek
Performa Nano Blood glucose meter (Roche
Excellence Tiny). The mice were injected subcu-
taneously with Exenatide/Byetta (Baxter Pha-
rmaceutical Solutions LLC, USA) 8 nmol/Kg, or
Exendin-4-1gG4 fusion protein 8 nmol/Kg. At 1,

Int J Clin Exp Med 2015;8(3):3607-3618
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Figure 3. Extended effects of Exendin-4-1gG4 fusion protein in lowering blood glucose levels in normal BALB/c mice
and in db/db diabetic mice. Purified Exendin-4-IgG4 fusion protein was injected into db/db diabetic mice (A) or
normal BALB/c mice (C), and blood glucose levels were examined over a time course following the injection. These
results suggest that is equally effective in reducing blood glucose levels as Exendin-4 shortly after injection, and that
the blood-glucose-reducing effect for the fusion protein also has more long-lived effects than Exendin-4. (B) Exendin-
4-1gG4 fusion protein administrated once weekly for more than 21 days can still remain the significant blood-glucose-
reducing effect.
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Table 2. The blood glucose levels of db/db diabetic mice at per time point after administration (mM) (mean * SD)

Time (h) 0 1 3 6 9 24 48 72 96 120 144 168 H P

Exendin 199440 582+051 6.23+0.79 475+0.71 58+0.86 7.77+1.40 10.47+0.97 7.67+118 9.23+1.07 10.02+207 11.17+0.83 12.7+1.81 61207 0.0000
-4-1gG4

Exendin-4 15.8+4.14 817 +226 7.07+1.74 890+220 14.05+5.23 194+461 2195+5.09 16.73+558 18.82+6.05 19.75+594 17.3+5.18 1812+3.25 43.371 0.0000

Kruskal-Wallis rank test for comparison among groups.

Table 3. The long-term effects of Exendin-4-1gG4 fusion protein on db/db diabetic mice with once-weekly dosing (mM) (mean * SD)

Time (d) 0 3 7 10 13 16 19 22
Exendin-4-1gG4 19.4 + 4.02 82+19 125+ 1.73 13.03+4.11 10.32 £ 4.47 1215+ 4.6 15.2 + 6.69 12.68 + 6.85
citrate buffer 16.3 £ 3.97 17.2 + 4.3 17.92 + 3.45 18.98 + 6.08 15.65 + 4.78 17.8 + 6.07 20.43 £ 6.89 19.18 + 8.65

Table 4. The blood glucose levels of normal BALB/c mice at per time point after administration (mM) (mean * SD)

Time (h) 0 1 2 3 4 6 F P
Exendin-4-1gG4 9.45 + 1.08 5.23+£0.71* 4.43 £ 0.70* 3.95+0.71* 3.18 + 0.39% 2 3.33+0.46%2 64.821 0.0000
citrate buffer 7.0 £ 0.94 6.3 +1.03 6.1+1.03 5.67 £ 0.90 5.47 + 1.10 5.82+1.18 0.1690 0.1674

*P <0.01, compared with Time O (fasted blood glucose level); 2P < 0.05, compared with Time 3 (blood glucose level at 3 h after administration).

Table 5. The plasma concentrations of Exendin-4-1gG4 fusion protein in cynomolgus monkeys after a single SC administration (mean + SD)

Time (h) 0.5 1 6 24 48 72 120 168 240 336 408 504 576 672
C. (ng/mi) 261.20 + 709.44 + 342537+ 495823+  3302.04 207752 + 1400.86 + 1219.82+ 1250.01+ 1076.54+ 270.82 274.87+ 262.68 255.48
e 73.85 26.25 493.11 1693.81 1587.19 360.93 195.94 85.82 114.35 131.10 +15.89 1.63 +10.10 +14.38

Cm indicates plasma concentration of Exendin-4-IgG4 fusion protein.
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Figure 4. Pharmacokinetics of Exendin-4-IgG4 fusion protein in cynomolgus tration was determined

monkeys. The plasma concentrations of Exendin-4-1gG4 fusion protein in cyno-
molgus monkeys after a single SC administration at the dose of 0.72 mg/kg.

3,6,9,24,48,72,96, 120, 144 and 168 hours
after injection, blood samples were taken from
mouse tails and the blood glucose levels were
measured. Mice were fasted 9 h after injection
but had free access to water.

To examine the long-term effects of Exendin-4-
IgG4 fusion protein in controlling the blood glu-
cose levels, twelve six-week-old male db/db
mice were randomly divided into two groups (n
= 6) and acclimatized for one week. The mice
were injected subcutaneously with Exendin-4-
IgG4 fusion protein 8 nmol/Kg or equal volume
of citrate buffer once weekly for 4 times. Fasted
blood glucose was measured at O (pre-adminis-
tration), 3, 7, 10, 13, 16, 19 and 22 day as
above.

Twelve six-week-old male BALB/c mice (Yang-
zhou University Medical Academy, China) were
randomly divided into experimental and control
groups (n = 6) and acclimatized for one week.
Basic blood glucose levels were measured
after 3 h fasting. Exendin-4-1gG4 fusion protein
was injected subcutaneously at a high dose of
80 nmol/Kg in 100 L citrate buffer, the con-
trols were injected with equal volume of citrate
buffer. At 1 h, 2 h, 3 h, 4 h, 6 h after injection,
blood samples were taken from mouse tails to
measure the blood glucose levels. Mice were
fasted throughout the experiment, but had free
access to water.

Pharmacokinetics in cynomolgus monkeys

Adult male cynomolgus monkeys (JOINN
Laboratories, China) (n = 3/group) received
Exendin-4-1gG4 fusion protein at a single sub-
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using Exendin-4 Fluorescent
EIA Kit (Phoenix Pharma-
ceuticals, Inc., USA). The
standard curves were prepared for Exendin-4-
IgG4 fusion protein in monkey plasma and the
concentrations of Exendin-4-1gG4 fusion pro-
tein were detected according to the Kit instruc-
tions. The pharmacokinetic parameters, tl/z,
Traw Crae AUC,,» AUC, , Vd, Cl and MRT, were
calculated using a non-compartment model
with WinNonlin V6.2 software. During the
experiment, the cynomolgus monkeys were
observed mortality, morbidity, respiration,
secretion, feces, nausea, vomit, diet and drink-
ing twice a day (morning and afternoon).

Statistical analysis

Homogeneity test of variance was carried out,
and then two-way ANOVA was used for blood
glucose levels of mice, Kruskal-Wallis rank test
for comparing multiple samples with the
unequal variances otherwise noted below the
table. Mean value, standard deviation and
coefficient of variation were calculated by using
the Microsoft Office EXCEL. All statistical tests
were two tailed with P < 0.05 set as significant.
SAS software (SAS institute Inc., Cary, North
Carolina) was used for statistical analysis.

Results
Expression and purification

In 3 weeks, colonies appeared then chose 168
single colonies from the 96-well plates into
24-well plates.

Step by step, the highest-producing colony was
chosen among the 168 single colonies. Once a
high-producer was identified, fed-batch studies

Int J Clin Exp Med 2015;8(3):3607-3618



Long-acting anti-diabetic agent

Table 6. Pharmacokinetic parameters of Exendin-4-1gG4 fusion protein in cynomolgus monkeys

(mean £ SD)

Monkeys t ,(h) T_ (h) C_ (ug/ml) AUC_ (h mg/ml) AUC,_(h mg/ml) Vd(ml/kg) Cl(mi/h/kg) MRT (h)
1 184.24 24 6.77 0.78 0.85 22511 0.85 168.29
2 169.39 24 4.69 0.72 0.78 225.07 0.92 186.88
3 169.78 6 3.89 0.64 0.71 249.01 1.02 190.75
Mean 174.47 18.00 5.12 0.72 0.78 233.07 0.93 181.97
SD 8.46 10.39 1.49 0.07 0.07 13.81 0.09 12.01
cv 4.85 57.74 29.10 9.49 9.10 5.93 9.17 6.60

Pharmacokinetic parameters were determined from the mean plasma concentration data from three animals per time point.

C__indicates maximal observed plasma concentration; T

max max

indicates time of maximal observed plasma concentration; AUC

last

indicates area under the plasma concentration curve from zero to last observed time ; AUC _indicates area under the plasma

concentration curve from zero to infinity; t,,

inf

indicates elimination half-life; Cl indicates clearance as a function of bioavailabil-

ity; Vd indicates apparent volume of distribution at steady state as a function of bioavailability; MRT indicates mean residence

time.

were carried out in 7.5-L bioreactors to demon-
strate if the high growth and titers obtained in
batch cultures led to further improved produc-
tivity with nutrient feeding and scale up. Specific
productivities could reach 350 mg/L.

Like 1gG, Exendin-4-1gy4 and the Exendin-4-Ck
were shown to become assembled via disulfide
linkage to compose an (Exendin-4-lgy4) 2
(Exendin-4-Ck4) 2 fusion protein with tetramer
structure (Figure 1B) and a molecular weigh of
130 kDa. Non-reducing SDS-PAGE electropho-
resis and reducing SDS-PAGE electrophoresis
ofthe purified Exendin-4-1gG4 fusion protein we-
re performed to verify expression and to deter-
mine the apparent molecular weight of the
expressed protein. The Exendin-4-IgG4 fusion
protein was approximately 150 kDa as deter-
mined by non-reducing SDS-PAGE electropho-
resis (Figure 1C). The reducing SDS-PAGE elec-
trophoresis showed a 50 kDa band indicative
of the expression of Exendin-4-Igy4 and a 15
kDa band indicative of Exendin-4-Ck (Figure
1D), suggesting the formation of a higher level
structure of Exendin-4-1gG4 fusion under native
conditions, consistent with theoretical pre-
dictions.

In vitro characterization

We used a sandwich enzyme-linked immuno-
sorbent assay to evaluate the binding activity of
Exendin-4-1gG4 fusion protein with GLP-1R. The
fusion protein can bind with the extracellular
domain of recombinant human GLP-1R, the
binding activity was increased with the increas-
ing Exendin-4-1gG4 fusion proteins with a 50%
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effective dose of 10.23 yg/ml (Figure 2; Table
1).

In vivo studies in mice

In order to examine the effects of the Exendin-
4-1gG4 fusion protein and to compare its effect
with equimolar Extendin-4, glucose levels were
measured following injection into db/db diabet-
ic mice (8 nmol/Kg). Exendin-4 and Exendin-4-
IgG4 fusion protein each showed a significant
effect in reducing blood glucose levels in db/db
diabetic mice 1-3 hours after injection (F =
100.182, P < 0.001). However, the effects of
the two forms of the proteins differed at later
time points. The average blood glucose level
reached a lowest value of 7.4 mmol/L at 3 h
after administration with Exendin-4, then grad-
ually rose to even higher than the basal levels
after 9 hours and had a rebound peak level
between 24 h and 48 h, and the effect of
Exendin-4 in lowering blood glucose levels dis-
appeared. In contrast, injection with Exendin-4-
IgG4 fusion protein cause a significantly
decreased the blood glucose level at 1 h that
reached the lowest level of 4.75 mmol/L at 6 h
and then was stably maintained under 13.0
mmol/L throughout the 168 hours time course
after injection (Figure 3A; Table 2). If once-
weekly dosing of db/db diabetic mice with 8
nmol/Kg Exendin-4-1gG4 fusion protein for
more than 3 weeks resulted in consistently low-
ered plasma glucose over the 3-week period
compared to that of controls (F = 10.811, P <
0.01) (Figure 3B; Table 3). These results sug-
gest that the Exendin-4-IgG4 fusion protein is
equally effective in reducing blood glucose lev-

Int J Clin Exp Med 2015;8(3):3607-3618
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els as Exedin-4, and that the blood-glucose-
reducing effect for the fusion protein also has
longer acting than Exendin-4.

In order to further study the effects and safety
of a high dose of Exendin-4-1gG4 fusion protein
in normal mice, BALB/c mice were injected with
a higher dose of Exendin-4-1gG4 fusion protein
(80 nmol/Kg). The blood glucose levels in the
control group (injected with citrate buffer solu-
tion) remained stable (P = 0.167), fluctuating
between 5.5-7.0 mmol/L; However, at one hour
after injection with a high dose of Exendin-4-
IgG4 fusion protein, the blood glucose levels
decreased significantly (F = 29.033, P < 0.001)
(Figure 3C; Table 4). At 4 hours after injection,
the blood glucose level dropped to 3.2 mmol/L
and then maintained a steady state (P > 0.05).
No serious hypoglycemia was observed. These
results show that the Exendin-4-1gG4 fusion
protein is very safe and does not induce serious
hypoglycemia in high subcutaneous doses.

Pharmacokinetics in cynomolgus monkeys

After a SC dose of 0.72 mg/kg Exendin-4-1gG4
fusion protein, the plasma concentrations of
Exendin-4-1gG4 fusion protein reached the
peak value between 6 h and 24 h and
disappeared slow (Figure 4; Table 5). The
pharmacokinetic profile of Exendin-4-1gG4
fusion protein in cynomolgus monkeys was
summarized in Table 6. The average values of
t o oo C,..and AUC__ were 174.47 + 8.46 h,
18.00 + 10.39 h, 5.12 + 1.49 pg/ml and 0.78
+ 0.07 h mg/ml respectively. The half-life of
Exendin-4-1gG4 fusion protein after a single
dose of 0.72 mg/kg was more than 174 hours
in three monkeys (Table 6). Throughout the
experiment, the monkeys showed no abnor-
malities in mental state and behavioral ac-
tivities, no monkey died during the expe-
riments, and Exendin-4-1gG4 fusion protein wa-
s well tolerated.

Discussion

The anti-diabetes drug Exendin-4 (Exenatide,
trade name Byetta) is a new class of injectable
type 2 diabetes drug, which was jointly devel-
oped by Eli Lilly and Company and Amylin
Pharmaceuticals. It was approved by the US
Food and Drug Administration (FDA) in 2005.
On January 27, 2012, the FDA approved a sus-
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tained-release dosage form of Exenatide, which
was the first once-a-week therapeutic drug in
the treatment of type 2 diabetes [34].
Dulaglutide (LY2189265) a GPL-1 analogue
covalently linked to a constant fragment (Fc) of
a human immunoglobulin class 4 (1gG4) has
almost completed the clinical trials [35]. Others
GPL-1 analogue were developing including
Lixisenatide, Albiglutide as well as CJC-1134-
PC. CJC-1134-PC was a recombinant human
serum albumin-exendin-4 conjugated protein
[36]. In this study, we describe the engineering
of Exendin-4-1gG4 fusion protein, a recombi-
nant fusion protein linking the Exendin-4-
encoding gene and the genes encoding the
human antibody heavy-chain constant region
(y4) and alight chain constant region Ck respec-
tively. There are four Exendin-4 functional
domains in the Exendin-4-1gG4 fusion protein.
Exendin-4-1gG4 fusion protein bound to the
recombinant human GLP-1R in vitro, and
reduced blood glucose levels in vivo. Given that
the half-life of IgG4 immunoglobulin is up to 21
days. This might explain a 174-hour half-life in
monkeys and the prolonged effect in reducing
blood glucose levels in db/db diabetic mice of
the Exendin-4-1gG4 fusion protein as compared
to non-fused Exendin-4. The fusion protein is
expressed in the CHO cell system, which may
have an advantage over prokaryotic systems
that often do not facilitate the proper folding
and modification of eukaryotic proteins. Mass
production of Exendin-4-1gG4 fusion protein
may be possible through large-scale mammali-
an cell expression technology, which could
effectively reduce the production costs, lower
the price to an acceptable level by patients,
and provide a treatment of equal or greater
effectiveness.

Human IgG1 Fc has been widely used as a bio-
conjugate, but exhibits shortcomings, such as
antibody- and complement-mediated cytotoxic-
ity, when applied to agonistic proteins. The
actions of GLP-1 are mediated through the
GLP-1 receptor (GLP-1R), which is a seven-
transmembrane G protein-coupled receptor
(GPCR) expressing on pancreatic B cells. It is
important to assure noncytolytic in the treat-
ment of type 2 diabetes. Here, we constructed
a non-immunogenic, noncytolytic and flexible
IgG4-like fusion protein. The rationale for
choosing 18G4 among the four subclasses of
IgG in the present study is that 1gG4 has the
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weakest binding affinity to C1q, so that activa-
tion of classical pathway of complement and
complement-dependent cytotoxicity (CDC effe-
cts) are negligible [37]. Human 1gG4 binds Fcy-
RI (high-affinity Fc receptor) with a 10-fold lower
affinity than 1gG1 [38] and does not bind to
monocytes/macrophages, which results in that
IgG4 does not mediate antibody-dependent
cellular cytotoxicity (ADCC effect) [32]. However,
the disadvantage of 1gG4 is that the dimers
that form are not entirely stable and have some
ability to bind to FcyR on effector cells (T lym-
phocytes, neutrophils and monocytes). S228P
and L235E mutations were introduced to the
amino acid residues in IgG4 hinge and CH2
constant regions (The Fc amino acid residue is
numbered according to the Kabat database),
and effectively overcome these drawbacks of
the IgG4 molecule. Leu248 was mutated to Glu
in the 1gG4 version to yield a mAb with a pre-
dicted affinity for FcyRI to be 1000-fold lower
than the IgG1l mAb. Further, Ser241 was
replaced by Pro to enhance stability of the IgG4
heavy chain dimer. Reddy MP and Parekh BS
had proved this structure was lack of binding to
complement component C1q, and inability to
mediate complement-dependent cytotoxicity
[32, 39]. Exendin-4-1gG4 fusion protein is a
noncytolytic protein to avoid damages to pan-
creatic B cells.

The interaction between therapeutic antibody
and neonatal Fc receptor (FCRn), which is one
of the critical factors in determining the circu-
lating antibody and albumin half-life [40]. FcRn
regulates pH dependent on intracellular traf-
ficking of immunoglobulin G (IgG) and albumin,
resulting in enhanced serum persistence and
transcellular permeability of these proteins
compared to other proteins of similar size.
Based on the functional roles of FcRn in regu-
lating serum persistence and transcellular per-
meability, protein engineers have sought to
exploit this receptor as a means of enhancing
the absorption, distribution, metabolism and
excretion of IgG-based therapeutics. Nearly
350 IgG-based therapeutics are approved for
clinical use or are under development for many
diseases lacking adequate treatment options.
These include molecularly engineered biologi-
cals comprising the IgG Fc-domain fused to
various effector molecules (so-called Fc-fusion
proteins) that confer the advantages of IgG,
including binding to the neonatal Fc receptor
(FcRn) to facilitate in vivo stability, and the ther-
apeutic benefits of the specific effector func-
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tions [41]. As to GLP-lanalogs, at least two
types of Fc-fusion proteins were developed.
One is Fc of 1gG4 fusion protein (Dulaglutide)
[35], the other one is Fc of IgG2 fusion protein
[42]. To reduce interactions of GLP-Fc with
high-affinity Fc receptors, Dulaglutide was also
introduced mutations F234A and L235A as we
did. But the half-life of Dulaglutide in cynomol-
gus monkeys is 51.6 + 3.2 hours and much
less than the 174.47 + 8.46 -hour half-life of
Exendin-4-1gG4 fusion protein, the half-life of
Dulaglutide in human is 90 h [31], so we sug-
gested Exendin-4-1gG4 fusion protein is maybe
longer half-life time than 180 h in human being.
Obviously, the Exendin-4-IgG4 fusion protein in
the half-life is far longer than Dulaglutide, which
is due to the size of whole immunoglobulin G
more than the fragment of Fc. Although the Fc
domains are used with the intent of prolonging
the half-lives of proteins, the half-lives tend not
to be fully prolonged to the level of IgG [43].

No experimental monkey or mouse was
observed the abnormalities in mental state and
behavioral activities. All of these results indi-
cated the potential efficacious, safety and well
tolerability of Exendin-4-1gG4 fusion protein.
Together, the long-acting Exendin-4-1gG4 fusion
protein retains native GLP-1 activities and thus
may serve as a potent GLP-1 receptor agonist.

Acknowledgements

Jie Bai, designed the study, constructed the
expression vector, wrote the manuscript.
Xiaoxia Li, constructed the expression vector.
Rungong Yang, designed the study and statisti-
cal analyzed data. Xingheng Wang, expressed
and purified proteins. Shuhong Fu, studies in
vivo in mice and monkeys. Siyi Yang, expressed
and purified proteins. Jinwei Ma, expressed and
purified proteins. Meiliang Gong, constructed
the expression vector. Hong Chen, prepared
proteins. Feng Zhou, prepared proteins. Yanbing
Chen, prepared proteins. Qian Zhou, edited the
manuscript. Pinliang Hu, designed the study,
statistical analyzed data, contributed to discus-
sion and reviewed the manuscript. All authors
have read and approve this version of the
article.

Disclosure of conflict of interest

None.

Int J Clin Exp Med 2015;8(3):3607-3618



Long-acting anti-diabetic agent

Address correspondence to: Dr. Jie Bai, Department
of Clinical Lab of Nanlou, Chinese PLA General
Hospital, Beijing 100853, China. Tel: +86-
13911013819; E-mail: jiebai6907@sina.com

References

[1] Zhou Q, Feng J. The advances of Exendin-4
used for the treatment of type 2 diabetes.
Fudan Univ J Med Sci 2010; 37: 738-741.

[2] Matthews DR, Cull CA, Stratton IM, Holman
RR, Turner RC. UKPDS 26: sulphonylurea fail-
ure in non-insulin-dependent diabetic patients
over six years. UK Prospective Diabetes Study
(UKPDS) Group. Diabet Med 1998; 15: 297-
303.

[3] Kahn SE, Haffner SM, Heise MA, Herman WH,
Holman RR, Jones NP, Kravitz BG, Lachin JM,
O’Neill MC, Zinman B, Viberti G; ADOPT Study
Group. Glycaemic durability of rosiglitazone,
metformin, or glyburide monotherapy. N Engl J
Med 2006; 355: 2427-2443.

[4] Gallwitz B. Therapies for the treatment of type
2 diabetes mellitus based on incretin action.
Minerva Endocrinol 2006; 31: 133-147.

[5] Srinivasan BT, Jarvis J, Khunti K, Davies MJ.
Recent advances in the management of type 2
diabetes mellitus: a review. Postgrad Med J
2008; 84: 524-531.

[6] Rosol TJ. On-target effects of GLP-1 receptor
agonists on thyroid C-cells in rats and mice.
Toxicol Pathol 2013; 41: 303-309.

[7] Wadden D, Cahill F, Amini P, Randell E, Vasdev
S, Yi 'Y, Church J, Sun G. Circulating glucagon-
like peptide-1 increases in response to short-
term overfeeding in men. Nutr Metab (Lond)
2013; 10: 33.

[8] Eng J, Kleinman WA., Singh L, Singh G and
Raufman JP. Isolation and characterization of
exendin-4, an exendin-3 analogue, from
Heloderma suspectum venom: further evi-
dence for an exendin receptor on dispersed
acini from guinea pig pancreas. J Biol Chem
1992; 267: 7402-7405.

[9] Goke R, Fehmann HC, Linn T, Schmidt H,
Krause M, Eng J, and Goke B. Exendin-4 is a
high potency agonist and truncated exen-
din-(9-39)-amide an antagonist at the GLP-1-
(7-36)-amide receptor of insulin- secreting b-
cells. J Biol Chem 1993; 268: 19650-19655.

[10] Song WJ, Schreiber WE, Zhong E, Liu FF,
Kornfeld BD, Wondisford FE, Hussain MA.
Exendin-4 stimulation of cyclin A2 in -cell pro-
liferation. Diabetes 2008; 57: 2371-2381.

[11] Juang JH, Kuo CH, Wu CH, Juang C. Exendin-4
treatment expands graft beta-cell mass in dia-
betic mice transplanted with a marginal num-
ber of fresh islets. Cell Transplant 2008; 17:
641-647

[12] Kwon DY, Kim YS, Ahn IS, Kim da S, Kang S,
Hong SM, Park S. Exendin-4 potentiates insuli-

3617

[15]

(16]

[17]

(18]

[20]

notropic action partly via increasing -cell pro-
liferation and neogenesis and decreasing
apoptosis in association with the attenuation
of endoplasmic reticulum stress in islets of di-
abetic rats. J Pharmacol Sci 2009; 111: 361-
371.

Xue S, Wasserfall C, Parker M, McGrail S,
McGrail K, Campbell-Thompson M, Schatz DA,
Atkinson MA, Haller MJ. Exendin-4 treatment
of nonobese diabetic mice increases beta-cell
proliferation and fractional insulin reactive
area. J Diabetes Complications 2010; 24: 163-
167.

Tschen SlI, Dhawan S, Gurlo T, Bhushan A. Age-
dependent decline in B-cell proliferation re-
stricts the capacity of beta-cell regeneration in
mice. Diabetes 2009; 58: 1312-1320.
Ferdaoussi M, Abdelli S, Yang JY, Cornu M,
Niederhauser G, Favre D, Widmann C, Regazzi
R, Thorens B, Waeber G, Abderrahmani A.
Exendin-4 protects B-cells from interleukin-1[3-
induced apoptosis by interfering with the c-Jun
NH2-terminal kinase pathway. Diabetes 2008;
57: 1205-1215.

Tews D, Lehr S, Hartwig S, Osmers A, Paslack
W, Eckel J. Anti-apoptotic action of exendin-4 in
INS-1 beta cells: comparative protein pattern
analysis of isolated mitochondria. Horm Metab
Res 2009; 41: 294-301.

Cunha DA, Ladriére L, Ortis F, Igoillo-Esteve M,
Gurzov EN, Lupi R, Marchetti P, Eizirik DL, Cnop
M. Glucagon-like peptide-1 agonists protect
pancreatic B-cells from lipotoxic endoplasmic
reticulum stress through up regulation of BiP
and JunB. Diabetes 2009; 58: 2851-2862.
Maida A, Hansotia T, Longuet C, Seino Y,
Drucker DJ. Differential importance of glucose-
dependent insulinotropic polypeptide vs gluca-
gon-like peptide 1 receptor signaling for B-cell
survival in mice. Gastroenterology 2009; 137:
2146-2157.

Natalicchio A, De Stefano F, Orlando MR, Me-
Ichiorre M, Leonardini A, Cignarelli A, Labarbuta
R, Marchetti P, Perrini S, Laviola L, Giorgino F.
Exendin-4 prevents c-Jun N-terminal protein
kinase activation by tumor necrosis factor-a
(TNFa) and inhibits TNFa-induced apoptosis in
insulin-secreting cells. Endocrinology 2010;
151: 2019-2029.

Kawasaki Y, Harashima S, Sasaki M, Mukai E,
Nakamura Y, Harada N, Toyoda K, Hamasaki A,
Yamane S, Yamada C, Yamada Y, Seino Y,
Inagaki N. Exendin-4 protects pancreatic beta
cells from the cytotoxic effect of rapamycin by
inhibiting JNK and p38 phosphorylation. Horm
Metab Res 2010; 42: 311-317.

Pérez-Arana G, Blandino-Rosano M, Prada-
Oliveira A, Aguilar-Diosdado M, Segundo C.
Decrease in B-cell proliferation precedes apop-
tosis during diabetes development in bio-
breeding/worcester rat: beneficial role of exen-
din-4. Endocrinology 2010; 151: 2538-2546.

Int J Clin Exp Med 2015;8(3):3607-3618



[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

3618

Long-acting anti-diabetic agent

Fan R, Li X, Gu X, Chan JC, Xu G. Exendin-4 pro-
tects pancreatic beta cells from human islet
amyloid polypeptide-induced cell damage: po-
tential involvement of AKT and mitochondria
biogenesis. Diabetes Obes Metab 2010; 12:
815-824.

Wang LX, Wang YP, Chen Z, Liu XY, Liu XH, Liu
L, Chen WJ, Liu LB. Exendin-4 protects murine
pancreatic B-cells from dexamethasone-in-
duced apoptosis through PKA and PI-3K sig-
naling. Diabetes Res Clin Pract 2010; 90: 297-
304.

Stoffers DA, Desai BM, DeLeon DD, Simmons
RA. Simmons. Neonatal exendin-4 prevents
the development of diabetes in the intrauter-
ine growth retarded rat. Diabetes 2003; 52:
734-740.

Chen J, Couto FM, Minn AH, Shalev A. Exenatide
inhibits B-cell apoptosis by decreasing thiore-
doxin-interacting protein. Biochem Biophys
Res Commun 2006; 346: 1067-1074.

Alarcon C, Wicksteed B, Rhodes CJ. Exendin 4
controls insulin production in rat islet beta
cells predominantly by potentiation of glucose-
stimulated proinsulin biosynthesis at the
translational level. Diabetologia 2006; 49:
2920-2929.

Kolterman OG, Buse JB, Fineman MS, Gaines
E, Heintz S, Bicsak TA, Taylor K, Kim D, Aisporna
M, Wang Y, Baron AD. Synthetic exendin-4
(Exenatide) significantly reduces postprandial
and fasting plasma glucose in subjects with
type 2 diabetes. J Clin Endocrinol Metab 2003;
88: 3082-3089.

Silvestre RA, Rodriguez-Gallardo J, Egido EM,
Marco J. Interrelationship among insulin, glu-
cagon and somatostatin secretory responses
to exendin-4 in the perfused rat pancreas. Eur
J Pharmacol 2003; 469: 195-200.

D’Alessio DA, Kahn SE, Leusner CR, Ensinck
JW. Glucagon-like peptide 1 enhances glucose
tolerance both by stimulation of insulin release
and by increasing insulin-independent glucose
disposal. J Clin Invest 1994; 93: 2263-2266.
ImeryGz N, Yegen BC, Bozkurt A, Coskun T,
Villanueva-Penacarrillo ML, Ulusoy NB. Glucag-
on-like peptide-1 inhibits gastric emptying via
vagal afferent-mediated central mechanisms.
Am J Physiol Gastrointest Liver Physiol 1997;
273: G920-G927.

Gupta V. Glucagon-like peptide-1 analogues:
An overview. Indian J Endocrinol Metab 2013;
17: 413-421.

Reddy MP, Kinney CA, Chaikin MA, Payne A,
Fishman-Lobell J, Tsui P, Dal Monte PR, Doyle
ML, Brigham-Burke MR, Anderson D, Reff M,
Newman R, Hanna N, Sweet RW, Truneh A.
Elimination of Fc receptor-dependent effector
functions of a modified 1gG4 monoclonal anti-
body to human CD4. J Immunol 2000; 164:
1925-1933.

(33]

(34]

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

de la Cruz Edmonds MC, Tellers M, Chan C, Sa-
Imon P, Robinson DK, Markusen J. Development
of transfection and high-producer screening
protocols for the CHOK1SV cell system. Mol
Biotechnol 2006; 34: 179-190.

Murphy CE. Review of the safety and efficacy of
exenatide once weekly for the treatment of
type 2 diabetes mellitus. Ann Pharmacother
2012; 46: 812-821.

Glaesner W, Vick AM, Millican R, Ellis B,
Tschang SH, Tian Y, Bokvist K, Brenner M,
Koester A, Porksen N, Etgen G, Bumol T.
Engineering and characterization of the long-
acting glucagon-like peptide-1 analogue
LY2189265, an Fc fusion protein. Diabetes
Metab Res Rev 2010; 26: 287-296.

Baggio LL, Huang Q, Cao X, Drucker DJ. An al-
bumin-exendin-4 conjugate engages central
and peripheral circuits regulating murine en-
ergy and glucose homeostasis Gastroenter-
ology 2008; 134: 1137-1147.

Brekke OH, Thommesen JE. Tailoring natural
effector functions: antibody engineering be-
yond humanization. Methods Mol Biol 2003;
207: 383-391.

Canfield SM, Morrison SL. The binding affinity
of human IgG for its high affinity Fc receptor is
determined by multiple amino acids in the CH2
domain and is modulated by the hinge region.
J Exp Med 1991; 173: 1483-1491.

Parekh BS, Berger E, Sibley S, Cahya S, Xiao L,
LaCerte MA, Vaillancourt P, Wooden S, Gately
D. Development and validation of an antibody-
dependent cell-mediated cytotoxicity-reporter
gene assay. MAbs 2012; 4: 310-318.

Kuo TT and Aveson VG. Neonatal Fc receptor
and IgG-based therapeutics. MAbs 2011; 3:
422-430.

Rath T, Baker K, Dumont JA, Peters RT, Jiang H,
Qiao SW, Lencer WI, Pierce GF, Blumberg RS.
Fc-fusion proteins and FcRn: structural in-
sights for longer-lasting and more effective
therapeutics. Crit Rev Biotechnol 2013; [Epub
ahead of print].

Wang Q, Chen K, Liu R, Zhao F, Gupta S, Zhang
N and Prud’homme GJ. Novel GLP-1 fusion chi-
mera as potent long acting GLP-1 receptor ag-
onist. PLoS One 2010; 5: €12734.

Suzuki T, Ishii-Watabe A, Tada M, Kobayashi T,
Kanayasu-Toyoda T, Kawanishi T, Yamaguchi T.
Importance of neonatal FcR in regulating the
serum half-life of therapeutic proteins contain-
ing the Fc domain of human IgG1: a compara-
tive study of the affinity of monoclonal antibod-
ies and Fc-fusion proteins to human neonatal
FcR. J Immunol 2010; 184: 1968-1976.

Int J Clin Exp Med 2015;8(3):3607-3618



