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Abstract In recent years, therapeutic peptides have garnered
great interest in the pharmaceutical industry for the treatment
of diabetes. Lactic acid bacteria (LAB) are an appealing vehi-
cle for safe and convenient oral delivery of bioactive peptide
and protein drugs. Exendin-4 (Exd4) is a glucagon-like pro-
tein-1 (GLP-1) receptor agonist that is considered an excellent
therapeutic peptide drug for type 2 diabetes due to its longer-
lasting bioactivity, resulting from resistance to dipeptidyl pep-
tidase 4. We explored Lactococcus lactis with the nisin-
controlled gene expression (NICE) system as an oral delivery
system for recombinant (r) Exd4 peptide in situ. Heterologous
expression and secretion of rExd4 by L. lactis NZ9000/
pNZ8048-rExd4 were successful and efficient under the
NICE system. In vitro treatment with rExd4 significantly en-
hanced insulin secretion of INS-1 cells and activated the PI3-
K/AKT signal pathway with protein levels of AKT and p-
AKT increasing 1.6- to 1.8-fold compared to negative con-
trols, similar to the positive GLP-1 controls. INS-1 cells treat-
ed with rExd4 also showed enhanced proliferation and
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inhibited apoptosis, corresponding with the effects of the stan-
dard Exd4 and GLP-1 treatments. Our data suggest that the
rExd4 secreted by L. lactis is a bioactive insulinotropic pep-
tide and functional GLP-1 receptor agonist that enhances
glucose-dependent insulin secretion and activates the PI3-K/
AKT signal pathway; furthermore, it may be involved in im-
proving proliferation and inhibiting apoptosis of INS-1 cells in
in vitro treatments. Therefore, L. lactis producing rExd4 may
potentially serve as a novel strategy for oral treatment of
diabetes.

Keywords Lactococcus lactis - Exendin-4 - Secretory
expression - Type-2 diabetes

Introduction

Diabetes is a prevalent chronic metabolic disorder. According
to the International Diabetes Federation (www.diabetesatlas.
org), it affected about 415 million people worldwide in 2015
and is expected to affect 642 million by 2040. Type 2 diabetes
accounts for 90-95% of the diabetic population (Engelgau
et al. 2000). In the last decades, the peptidic incretin
glucagon-like peptide-1 (GLP-1), which can stimulate
glucose-dependent insulin secretion, promote beta-cell prolif-
eration, and inhibit beta-cell apoptosis, has been considered a
promising therapy for the management of type 2 diabetes
(Holst 2007; Wang et al. 2004). However, the native GLP-1
is unsuitable for therapeutic use because of its extremely short
half-life in vivo (~1-2 min), due to its rapid degradation by the
ubiquitous dipeptidyl peptidase 4 (DPP-4) (Mentlein 2005).
GLP-1 receptor agonists (GLP-1RAs) are structurally homol-
ogous to GLP-1 and can bind to GLP-1 receptors; they there-
fore share the same biological functions as GLP-1, but they
are naturally resistant to DPP-4 degradation, giving them a
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longer half-life. They have thus garnered attention as potential
therapeutic drugs for use in humans. Exenatide was the first
GLP-1RA approved by the US Food and Drug Administration
in 2005. It is the synthetic form of exendin-4 (Exd4), a 39
amino-acid peptide with 53% homology to human GLP-1
found in the salivary secretions of the Gila monster
Heloderma suspectum (Eng et al. 1992). Exenatide has a lon-
ger half-life (2.4 h) and is injected either twice daily as an
immediate-release formulation (Byetta, 2014) or once weekly
as an extended-release suspension (Bydureon, 2014).
However, its administration via subcutaneous injection is in-
convenient, largely affecting patient compliance. Therefore,
development of a new, more convenient and efficient delivery
route and formulation of exenatide for type 2 diabetes treat-
ment are warranted.

Oral administration is the most attractive option for
drug delivery due to convenience of administration, pa-
tient acceptance, and long-term compliance (Rekha and
Sharma 2013). However, this strategy is not feasible for
peptide or protein drugs, due to poor biochemical stability
(degradation and denaturation) in the harsh gastrointesti-
nal environment (Morishita and Peppas 2006) and low
epithelial permeability (Bouttefeux et al. 2016). Several
strategies for oral peptide delivery have been extensively
explored to improve peptide stability and its absorption
through the intestinal epithelium (Chen et al. 2015), for
example, using enzyme inhibitors to reduce peptide deg-
radation, enhancing intestinal absorption by opening tight
junctions and physicochemical modification of the pep-
tides (Bouttefeux et al. 2016).

Lactococcus lactis, part of the human body’s normal
flora, is a generally regarded as safe (GRAS) lactic acid
bacterium (LAB) that has been proposed for use as
probiotics (Balca’zar et al., 2007). This model LAB spe-
cies is widely used for fermented products in the food
industry and can be found in various traditional fermented
foods. Compared to lactobacilli, it is the best studied LAB
and many useful genetic tools have been developed for
use in L. lactis (Peterbauer et al. 2011). In the past two
decades, L. lactis has been demonstrated as a promising
candidate for the oral delivery of heterologous proteins
with therapeutic or prophylactic effects (Wyszynska
et al. 2015; Cano-Garrido et al. 2015; Wang et al.
2016). Recombinant L. lactis-mediated delivery is more
attractive than other oral-delivery systems such as nano-
particles, liposomes, and microspheres involving different
strategies (Chen et al. 2015; Bouttefeux et al. 2016).
L. lactis can survive transit through the human gastroin-
testinal tract (Klijn et al. 1995), which facilitates mucosal
targeting of therapeutic molecules, particularly for chronic
diseases, and has a specific cell-physiological role in the
opening of tight junctions of the intestinal epithelium and
enhancing the absorption of peptides (Kaushal et al.
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2006). A study on the use of transformed L. lactis to
secrete interleukin (IL)-10 to treat Crohn’s disease has
recently passed phase I clinical trials, demonstrating that
L. lactis is indeed an effective oral-delivery platform for
heterologous protein delivery. Some articles exploring the
potential of transformed L. /actis for the treatment of di-
abetes have also been published, including its use to de-
liver insulin analog (Ng and Sarkar 2011; Mao et al.
2017), GLP-1 (Agarwal et al. 2014), and heat shock pro-
tein (HSP) 60 (Ma et al. 2014), as well as the combined
expression of glutamic acid decarboxylase (GAD65) and
IL-10 (Robert et al. 2014).

In this study, genetic engineering of an L. lactis strain
harboring a nisin-controlled expression (NICE) system for
expression and secretion of bioactive recombinant (r)
Exd4 was explored as a potential live bacterial vector
for oral delivery of Exd4. The primary bioactivities of
the L. lactis-produced rExd4 were assessed for the
insulinotropic ability of GLP-1RAs and relative cell-
pathway regulatory effects with the in vitro pancreatic
beta-cell line INS-1 as a model.

Materials and methods
Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed
in Table 1. Escherichia coli strains were incubated in Luria-
Bertani (LB) medium at 37 °C with shaking at 220 rpm.
L. lactis NZ9000 was propagated statically in M17 (Difco)
medium containing 0.5% (w/v) glucose (GM17) at 30 °C. To
select for and to grow the recombinant L. /actis strains, chlor-
amphenicol (Cm) was added at 10 pg mL™".

DNA manipulation and transformation

rTaqg DNA polymerase, restriction endonuclease, and T4
DNA ligase were purchased from Takara (Dalian, China).
The complementary DNA (cDNA) sequence of exendin-4
was obtained from GenBank (accession number
DI206426.1) and was codon-optimized for L. lactis using
the Codon Adaptation Tool (JCAT). An oligonucleotide car-
rying a fusion of signal peptide Usp45 and LEISSTCDA
propeptide sequences (Zhang et al. 2016), codon-optimized
exendin-4, and Sac 1 and Hin dIII cDNA restriction sites be-
tween Usp4S and exendin-4 were synthesized by GENEWIZ
Biological Technology Co. Ltd. (Suzhou, China) and then
incorporated into pNZ8048, the NICE vector (plasmid cour-
tesy of Dr. Oscar P. Kuipers, University of Groningen), to
yield pNZ8048-rExd4. The plasmids pNZ8048-rExd4 and
empty pNZ8048 were transformed into competent L. lactis
NZ9000 by electroporation.
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Table 1  Bacterial strains and plasmids used in this study

Strains/plasmids Relevant characteristics

Source or reference

Lactococcus lactis NZ9000

L. lactis NZ9000/pNZ8048

L. lactis NZ9000/pNZ8048-rExd4
pNZ8048

pNZ8048-rExd4

MG1363 pepN::nisRK

L. lactis NZ9000 harboring empty vector pNZ8048
L. lactis NZ9000 harboring pNZ8048-rExd4
Cm", inducible expression vector containing the nisA promoter

pNZ8048 carrying recombinant exendin-4 gene

Kuipers et al. (1998)
This study

This study

de Ruyter et al. (1996)
This study

Inducible expression and secretion of rExd4 by L. lactis
NZ9000

For inducible expression, recombinant L. lactis NZ9000/
pNZ8048-rExd4 and blank control (NZ9000/pNZ8048)
transformants were grown overnight in GM17 medium con-
taining 10 ug mL™" Cm. A 2% (v/v) inoculum of the L. lactis
strains was transferred to fresh GM17 broth and propagated
statically at 30 °C to mid-log phase with ODggo ~0.4—0.6 and
induced with 10 ng mL ! nisin (50 TU mL~, Sigma) for an-
other 3 h. For long-term expression experiments, the recom-
binant NZ9000/pNZ8048-rExd4 was first induced with
10 ng mL " nisin at ODgy ~0.4-0.6 for 1 h and then centri-
fuged. The cell pellet was washed three times with PBS, re-
suspended in the same volume of GM17 medium, and incu-
bated for another 2 h.

To prepare rExd4 (NZ9000/pNZ8048-rExd4)-conditioned
medium for INS-1 cell experiments, RPMI 1640 medium was
used for rExd4 secretion (RPMI 1640-rExd4 medium).
Overnight cultures of L. lactis NZ9000/pNZ8048-rExd4 and
NZ9000/pNZ8048 cells were transferred to fresh GM 17 broth
at 2% inoculum, incubated statically at 30 °C to mid-log phase
with ODggg ~0.4-0.6, and induced with 10 ng mL " nisin for
1 h. Cells were centrifuged, washed three times with PBS,
resuspended in the same volume of RPMI 1640 medium,
and incubated for another 2 h. The culture was centrifuged
at 8000xg for 10 min at4 °C. The supernatants were collected,
adjusted to pH 7.4 with sodium hydroxide, and sterilized by
filtration through a 0.22-pum membrane as pulse nisin-induced
L. lactis cell-conditioned RPMI 1640 media.

Western blot analysis and ELISA quantification of rExd4

Soluble cytoplasmic and secreted protein fractions were pre-
pared separately. The induced recombinant L. lactis was cen-
trifuged at 6000xg for 10 min at 4 °C. The cell pellets were
washed three times with PBS, then resuspended in PBS
(pH 7.4) and ultrasonically disrupted. The supernatant sam-
ples were subjected to precipitation with trichloroacetic acid
(10% w/v) for 2 h at 4 °C followed by centrifugation at
12,000xg for 10 min at 4 °C. The pellet was washed four times
with ice-cold acetone and dissolved in PBS. Both cytoplasm

and supernatant samples were mixed with 4x SDS loading
buffer (12% w/v SDS, 6% v/v 3-mercaptoethanol, 30% w/v
glycerol, 0.05% w/v Coomassie blue G-250, 150 mM Tris—
HCI pH 7.0) for analysis by tricine SDS-PAGE as described
previously (Schiagger 2006) to separate the target protein.
Proteins were then transferred to a PVDF membrane and de-
tected by polyclonal rat anti-Exd4 antibody. The concentration
of the secreted rExd4 was determined by ELISA kit (Xinyu
Biotech Co. Ltd.).

INS-1 cell culture

Rat insulinoma INS-1 cells (passage 20-30) were cultured in
RPMI 1640 medium supplemented with 10% (v/v) fetal bo-
vine serum, 10 mM HEPES, 50 uM (3-mercaptoethanol,
1 mM sodium pyruvate, 100 U mL™' penicillin, and
100 pg mL™" streptomycin. Cells were maintained at 37 °C
in a humidified atmosphere with 5% CO,. The culture medi-
um was replaced every other day.

Insulin-secretion assay

INS-1 cells were seeded at a density of 10° cells per well in 24-
well plates and grown until 100% confluence. Cells were then
quickly rinsed in 1 mL HEPES balanced salt solution (HBSS)
(Hohmesier et al. 2000) with 3 mM glucose followed by a 2-h
preincubation with the same buffer. The buffer was discarded,
and L. lactis cell-conditioned RPMI 1640 media (pulse nisin-
induced NZ9000/pNZ8048-rExd4 and NZ9000/pNZ8048
cells as above), diluted 1:1 (v/v) with HBSS (600 pL per well),
were added, respectively. Standard Exd4 (100 nmol L™")
(Sigma Aldrich, St. Louis, MO) and GLP-1 (100 nmol LY
(Sigma Aldrich, St. Louis, MO) in RPMI 1640 medium were
used as positive controls. The mixture was incubated for 2 h,
and then supernatant was collected and centrifuged for 10 min
at 4000xg at 4 °C. The insulin concentration was determined
by ELISA kit (Millipore, St. Charles, MO, USA).

Cell-proliferation assay

INS-1 cells were seeded at a density of 2 x 10* cells per well in
96-well plates. After 36 h incubation, the medium was
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discarded and replaced with L. lactis cell-conditioned RPMI
1640 media (as above) diluted 1:1 (v/v) with fresh RPMI 1640
medium containing 10% fetal bovine serum (100 pL per
well). Standard Exd4 and GLP-1 in RPMI 1640 medium
(100 nmol L ') were used as positive treatment controls.
Blank control cells were cultured in pure medium with 10%
fetal bovine serum. The mixture was incubated for 24 h. Then,
the number of viable cells was determined by cell counting
kit-8 (CCK-8) assay (Biyuntian Biotech Co. Ltd., Shanghai,
China) based on the formation of formazan with sensitive
changes in ODy5, values.

Cell-apoptosis assay

INS-1 cells were seeded at a density of 10° cells per well in a
24-well plate and grown to 90% confluence. The cells were
incubated with different L. /actis-conditioned RPMI 1640 me-
dia diluted 1:1 (v/v) with fresh RPMI 1640 containing 10%
fetal bovine serum (600 puL per well) for 24 h as above.
Respective positive treatment controls consisted of
100 nmol L™" Exd4 or 100 nmol L™" GLP-1 in RPMI 1640
medium. Cells were treated with staurosporine (250 nmol L ™)
(Macklin Biochemical Co. Ltd., Shanghai, China) for 1 h and
then with Annexin V-PI (propidium iodide) cell apoptosis kit
(Biyuntian Biotech). Blank control cells were cultured as
above. Cell apoptosis was measured by flow cytometry using
a FACScan (Becton Dickinson).

Detection of AKT and phosphor-AKT (p-AKT) expression

INS-1 cells were grown in 6-well plates to 80% confluence
and treated with different conditioned RPMI 1640 media di-
luted 1:1 (v/v) with RPMI 1640 containing 10% fetal bovine
serum for 1 h as above. Positive (100 nmol L' GLP-1) and
blank controls were as above. Cells were then lysed in 200 uL
cell lysis buffer (Biyuntian Biotech) supplemented with 1 nM
PMSF for 30 min on ice and transferred to 1.5-mL Eppendorf
tubes for ultrasonic disruption (9 s, two times). Cell debris
was removed by centrifugation at 12,000xg for 10 min at
4 °C, and protein content was measured by BCA Protein
Assay Kit (Biyuntian Biotech). Equal amounts of protein
were separated by 12% SDS-PAGE for western blot anal-
ysis with anti-AKT, anti-phosphor-AKT, and anti-actin
(used as an internal control) monoclonal antibodies (Cell
Signaling Technology).

Statistical analysis

All experiments were performed in triplicate, and data are
presented as mean + SD. Statistical analyses were carried
out by one-way ANOVA, and significant differences
(P < 0.05) between means were identified by Duncan’s test
procedures using SPSS 20.
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Results
Cloning and expression of rExd4 in L. lactis NZ9000

The whole exendin-4 gene was obtained from GenBank
(DI206426.1). The DNA oligonucleotide carrying a fused se-
quence of Usp45 signal peptide and LEISSTCDA propeptide,
and the codon-optimized exendin-4 sequence was synthesized
and cloned into the nisin-inducible vector pNZ8048 (Fig. 1a).
The resulting recombinant plasmid pNZ8048-rExd4 and emp-
ty plasmid pNZ8048 were respectively transformed into
L. lactis NZ9000. The ability of strain L. lactis NZ9000/
pNZ8048-rExd4 to produce and secrete rExd4 was examined
by western blot and ELISA. The western blot assay revealed
the expected 4.2-kD protein product in both the cell extract
and supernatant fractions of the recombinant strain L. lactis
NZ9000/pNZ8048-rExd4 (Fig. 1b). The results suggested that
rExd4 is successfully expressed by L. lactis NZ9000/
pNZ8048-rExd4 with the NICE system. ELISA showed an
increase in rExd4 production to a maximum detectable con-
centration of 249 nmol L™ by the bacteria at a concentration
of 6 x 10% cfu mL ™" after 2.5-h nisin induction (Fig. Ic). The
secretion of rExd4 plateaued at this concentration for 4—6 h
and then decreased in the presence of nisin.

De novo production of rExd4 by L. lactis after 1-h pulse
induction with nisin

Because we wanted to construct a recombinant L. lactis
vector that secretes rExd4 in order to deliver rExd4
in vivo in the future, we evaluated this strain’s ability to
secrete rExd4 “de novo™ after nisin induction, following a
previously reported method (Bermudez-Humaran et al.
2003). Two separate batches of the recombinant strain
(A and B) were first induced with nisin for 1 h, then cells
in culture A were washed and suspended in fresh nisin-
free medium while culture B contained nisin throughout
the assay. As shown in Fig. 2, culture A produced much
more rExd4 than culture B in both the cell extract and
supernatant fractions of the transformed strain. Since the
extracellular nisin was removed from culture A at 1 h of
induction, the rExd4 secreted during the subsequent 2 h
corresponded to “de novo” protein, possibly resulting
from the operon which was “switched on” by nisin during
the first hour of induction. The pulse nisin induction of
culture A produced much more rExd4 than the continuous
nisin induction of culture B, which may be attributed to
decreased toxicity of nisin to the cells in culture A, since
neither the NZ9000 strain nor the pNZ8048 strain has
nisin-immunity genes (de Ruyter et al. 1996; Kuipers
et al., 1998). The secretion efficiency (the ratio of rExd4
secreted in the supernatant vs. cellular rExd4) in cultures
A and B was around 37 and 7.3%, respectively. Based on
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Fig. 1 Expression of recombinant exendin-4 (rExd4) by L. lactis
NZ9000. a Schematic DNA sequence of NICE system expression
cassette for rExd4 on pNZ8048. PnisA NICE nisA promoter, SPyg,4s
sequence of the Usp45 signal peptide, LEISSTCDA sequence of the
synthetic propeptide for secretion. The cDNA sequence of codon-

the results of Fig. 2, we prepared the pulse nisin-treated
strain to condition cell culture media with rExd4 for fur-
ther in vitro cell treatments and assays.

Secreted rExd4 promotes insulin secretion by INS-1 cells

To evaluate whether rExd4 retains its biological activity, we
first tested its ability to stimulate insulin secretion from INS-1
rat pancreatic beta cells. As observed in Fig. 3, L. lactis
NZ9000/pNZ8048-rExd4-conditioned medium significantly
stimulated insulin secretion to 69.96 + 0.74 ng mL™'. This
was 10% higher than the blank control (with only RPMI
1640, 63.6 = 0.45 ng mL ") (P < 0.05); 8% higher than the

Cell extracts  Supernatants
A B A B

Nisin induction
Pulse + - + —
Persistance — + — +

Fig. 2 De novo secretion of recombinant exendin-4 (rExd4) in the
absence of nisin. Synthesis and secretion of rExd4 by the L. lactis
NZ9000/pNZ8048-rExd4 strain with nisin (10 ng mL™") induction.
Culture A, pulse induction for 1 h then nisin is washed away and
incubation for 2 h for “de novo” rExd4 expression and secretion.
Culture B, persistent nisin induction and incubation for 3 h

optimized exendin-4 is also shown. b Western blot analysis of rExd4
expressed by plasmid-transformed L. lactis NZ9000 strains. ¢ ELISA of
secreted rExd4 concentration in the culture broth with different durations
of nisin induction

negative control (L. lactis NZ9000 with empty plasmid
pNZ8048-conditioned medium, 64.52 + 0.78 ng mL™")
(P <0.05); and equivalent to secretion in the positive controls,
stimulated with 100 nM Exd4 and 100 nM GLP-1
(67.12 + 0.69 and 71.24 + 1.26 ng mL™', respectively).
Thus, it could be concluded that the L. lactis-secreted rEdx4
is functionally involved in stimulation of insulin secretion
from INS-1 cells, similar to GLP-1 and the GLP-1RA Exd4.

Secreted rEdx4 enhances INS-1 cell proliferation
and decreases staurosporine-induced cell apoptosis

Previous studies have shown that Exd4 can also increase beta
cell proliferation and decrease their apoptosis (Thum et al.
2002; Xu et al., 2006). Here, we sought to verify whether
rExd4 secreted by L. lactis is a functional GLP-1RA, showing
the same features of proliferation and apoptosis of INS-1 cells.
As shown in Fig. 4, in the treatment with rExd4-conditioned
medium, the proliferation rate of INS-1 cells increased signif-
icantly, to 104.1% that of the blank control (RPMI 1640 me-
dium) and the negative control (NZ9000/pNZ8048-condi-
tioned medium) (P < 0.01) and equivalent to that of the pos-
itive controls, 100 nmol L ™! standard Exd4 and 100 nmol L™
GLP-1 (108.9 and 108.1% of the blank control, respectively,
Fig. 4a). These results indicated that the rExd4 secreted by
L. lactis NZ9000 can moderately improve INS-1 cell
proliferation.
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Fig. 3 L. lactis-secreted
recombinant exendin-4 (rExd4)
enhances insulin secretion from
INS-1 beta cells. Data represent
means + SD of three independent
experiments, *P < 0.05

Fig. 4 L. lactis-secreted
recombinant exendin-4 (rExd4)
promotes proliferation and
inhibits staurosporine-induced
apoptosis of INS-1 cells. a rExd4
promotes INS-1 cell proliferation.
Data represent means + SD of
three independent experiments.
*#*P < 0.01; ##*P < 0.001 vs.
control cells with pure cell media.
b rExd4 inhibits staurosporine-
induced INS-1 cell apoptosis.
Data represent means + SD of
three independent experiments.
##P < 0.01 vs. control cells with
no stauroporine; #P < 0.05 vs.
cells with only staurosporine
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Staurosporine, a general kinase inhibitor, induces apo-
ptosis in a broad spectrum of cells (Chae et al. 2000;
Belmokhtar et al. 2001; Thuret et al. 2003). After treat-
ment with 250 nmol L™} staurosporine for 1 h, the num-
ber of INS-1 cells in the earliest stages of apoptosis
increased significantly to 116.4% of the control with no
staurosporine (P < 0.01), while pretreatment with rExd4-
conditioned media reduced the apoptosis rate to 96.4%
(P < 0.05) (Fig. 4b) of the control. However, pretreat-
ment with pNZ8048-conditioned medium did not reduce
the apoptosis rate of INS-1 cells, with no difference com-
pared to the staurosporine-apoptosis model group (Fig.
4b). The rExd4 inhibited INS-1 cell apoptosis to the
same extent as 100 nmol L' standard Exd4 and GLP-
1. These results showed that the rExd4 secreted by
L. lactis NZ9000 decreases staurosporine-induced beta
cell apoptosis.

Secreted rEdx4 upregulates AKT and phosphor-AKT
expression of INS-1 cells

One of the main functions of GLP-1 is to activate the PI3-
K/AKT signaling pathway, enhancing beta-cell prolifera-
tion and decreasing beta-cell apoptosis (Buteau et al.
1999; Wang and Brubaker 2002; Wang et al. 2004;
Gigoux and Fourmy 2013). AKT (also called PKB) is a
serine—threonine kinase which is phosphorylated by
phosphatidylinositol-3-kinase (PI3-K) upon stimulation
(Kandel and Hay, 1999; Hajduch et al. 2001). To examine
whether L. lactis-secreted rExd4 is a functional GLP-1RA
with respect to its effect on the GLP-1R (PI3-K)/AKT
signaling pathway, AKT and p-AKT protein expression
in INS-1 cells was measured by western blot (Fig. 5).
The intensities of both AKT and p-AKT protein bands
in the cells treated with L. lactis-secreted rExd4 were
strongly increased, to the same level as those in the pos-
itive GLP-1 treatments, compared to the control groups
(Fig. 5a) (blank control and L. lactis NZ9000/pNZ8048
negative control). As shown in Fig. 5b, the relative ex-
pression levels of AKT and p-AKT in the rExd4 treatment
groups were 1.6- and 1.8-fold those of the blank and neg-
ative controls, respectively (P < 0.01). These results sug-
gested that phosphorylation of AKT in INS-1 cells is en-
hanced by the rExd4 treatment, exerting the functional
effects of GLP-1RA on INS-1 cell proliferation and
apoptosis.

Discussion
It has been widely confirmed that food-grade L. lactis is

safe as an oral vector for mucosal delivery of therapeutic
and prophylactic drugs (Wyszynska et al. 2015; Cano-

Garrido et al. 2015; Wang et al. 2016; Zhang et al.
2016). Bioactive drugs delivered by L. lactis include in-
sulin analogs SCI-57, SCI-59, and GLP-1 for diabetes;
HPV-16 E7 for cancer; and superoxide dismutase, IL-10,
IL-27, and catalase for inflammatory bowel disease
(Cano-Garrido et al. 2015; Mao et al. 2017). In this study,
we further verified L. /actis as a promising oral-delivery
vector for secretion of the bioactive rExd4 peptide, as a
functional GLP-1RA to combat diabetes.

We successfully constructed the engineered strain
L. lactis NZ9000/pNZ8048-rExd4 under control of the
NICE system. To guarantee considerable secretion of
Exd4 by the recombinant strain, the Usp45 signal pep-
tide and LEISSTCDA leading peptide were concatenated
with the Exd4 sequence. Insertion of this leading pep-
tide potentially facilitates processing of the precursor
and facilitates its translocation, thus enhancing the se-
cretion efficiency of heterologous proteins (Le Loir
et al. 1998). As shown in Fig. 1b, ¢, mature rExd4
was successfully expressed and secreted by L. lactis
NZ9000/pNZ8048-rExd4, with a maximum detectable
concentration of 249 nmol L™' after 2.5 h by
6 x 10® cfu mL™' bacterial cells in the presence of
10 ng mL™" nisin. Figure 2 shows more efficient secre-
tion of rExd4 under de novo synthesis conditions with
pulse nisin induction. Our results were consistent with a
previous report in which preinduction of L. lactis with a
1-h nisin pulse resulted in the secretion of recombinant
Nuc protein for 10 h. The study showed that the Nuc
expression level was approximately doubled at 2 h (~
60 mg L") and then maintained to 25 mg L' for even
10 h after the nisin pulse. They further suggested that
the remaining protein expression is largely due to the
continuation of transcription of Nuc, since the transcript
synthesis blocker rifampicin has a dramatic influence on
the production of Nuc (Bermudez-Humaréan et al. 2003).
In addition, the level of recombinant Nuc was higher in
the sample in which nisin was washed away than in that
in which nisin was retained, which is in accordance
with the rExd4 expression in this study. This effect
might be due to lack of toxicity of the added nisin,
since the wild-type strain NZ9000 lacks intrinsic nisin
immunity genes (Bermudez-Humaran et al. 2003; de
Ruyter et al. 1996). Genetically expressing Exd4 from
a nisin-producing strain might improve the heterologous
Exd4 expression under nisin induction. These results
demonstrated that the recombinant strain has the ability
to express and secrete rExd4 after nisin has been
washed away, which would be very meaningful for fu-
ture application of the Exd4-secreting strain as an oral-
administration vector in vivo.

Exd4 has been shown to exert its therapeutic effect
by promoting glucose-dependent insulin secretion and
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Fig. 5 L. lactis-secreted recombinant exendin-4 (rExd4) increases AKT
and p-AKT protein expression. a Western blot assays. b Relative AKT
and p-AKT protein abundances show increased AKT pathway activation
and capacity. GLP-1 group: positive treatment; blank control group: pure

increasing beta-cell mass by enhancing beta cells’ pro-
liferation and decreasing their apoptosis in vitro and
in vivo (Edwards et al. 2001; Wang and Brubaker,
2002; Xu et al., 2006). We therefore tested whether
our rExd4 peptide had such bioactivity. Our results con-
firmed that the rExd4 secreted by the engineered
L. lactis NZ9000/pNZ8048-rExd4 is biologically active
and can significantly stimulate insulin secretion from
beta cells and enhance beta-cell proliferation and inhibit
apoptosis. Furthermore, previous studies have reported
that Exd4 exerts these latter proliferative and inhibitory
actions via activation of AKT (Wang et al. 2004). Thus,
we also explored the effects of the secreted rExd4 on
AKT protein expression. The L. lactis-secreted rExd4
significantly increased the targeted cellular p-AKT/
AKT ratio, further confirming that rExd4 is a physio-
logically functional GLP-1RA.

Peptide drugs such as insulin with high molecular
weight and low lipophilicity are usually poorly perme-
able across the intestinal wall (Gundogdu and
Yurdasiper, 2014). Therefore, penetrating the gastrointes-
tinal barrier remains a big challenge for oral-peptide
delivery. L. lactis has the ability to survive passage
through the human gastrointestinal tract (Klijn et al.
1995) and temporarily colonize the epithelial cells,
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100 nM  Blank control L. lactis NZ9000 L. lactis NZ9000
GLP-1 /pNZ8048  /pNZ8048-rExd4

cultures; negative control group: L. lactis NZ9000/pNZ8048-conditioned
medium treatment; rExd4 experimental group: L. lactis NZ9000/
pNZ8048-rExd4-conditioned medium treatment. Data represent
means + SD of three independent experiments, **P < (.01

leading to sustainable secretion of the recombinant pro-
teins and a high substrate concentration effect that ac-
celerates the transport. Previous studies have reported
that the transport rate of (3-lactamase is doubled and
GLP-1 increases 8-fold when delivered by L. lactis
(Shao and Kaushal, 2004; Agarwal et al. 2014). In this
study, rExd4 delivery by L. lactis NZ9000/pNZ8048-
rExd4 was 5.5-fold the rate of in situ delivery of the
control free Exd4 solution using the Caco-2 cell mono-
layer model (Supplemental Fig. S1). In this respect, it is
also a good strategy to use the engineered L. lactis
NZ9000/pNZ8048-rExd4 toward improved intestinal
permeability for Exd4.

In summary, the anti-diabetic drug Exd4 was success-
fully expressed and secreted by L. lactis. The secreted
rExd4 retained the biological activity of a GLP-1RA,
significantly stimulating insulin secretion, promoting
proliferation, and inhibiting apoptosis of beta cells via
activation of the AKT signaling pathway. Our study
suggests the feasibility of expression and secretion of
bioactive rExd4 by the food-grade microorganism
L. lactis under the NICE system. This strategy opens
up the possibility of using L. lactis as a system to
orally deliver Exd4 for diabetes treatment, and further
improvements and an in vivo assay are warranted.
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