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KEYWORDS Abstract Daily insulin injection is necessary for the treatment of the insulin-dependent dia-
Diabetes; betes. However, the process is painful and inconvenient. Accordingly, we have made explor-
Gene therapy; atory efforts to establish an alternative method for continuous insulin supply via
Intramuscular intramuscular injection of a designed plasmid encoding the single-strand insulin analogue
injection; (SIA), which provides safe, effective and prolonged control of insulin-dependent diabetes.
Plasmid; To generate a SIA, a short flexible peptide was alternatively introduced into the natural pro-
Single-strand insulin insulin to replace its original long and rigid C-peptide. Then, the synthetic promoter SP301
analogue (SIA); was used to drive potent and specific expression of SIA in skeletal muscle cells. By combining
Synthetic promoter the Pluronic L64 and low-voltage electropulse (L/E), the specialized gene delivery technique

was applied to efficiently transfer the constructed plasmid into skeletal muscle cells via intra-
muscular injection. Through these efforts, a plasmid-based intramuscular gene expression sys-
tem was established and improved, making it applicable for gene therapy. The plasmid-
expressed SIA showed biological functions that were similar to that of natural insulin. A single
L/E-pSP301-SIA administration provided sustained SIA expression in vivo for about 1.5 months.
In addition, the diabetic mice treated with L/E-pSP301-SIA were much healthier than those
with other treatments. This plasmid-based system was safe for the treatment of diabetes
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and did not cause immune responses or pathological damage. The results confirmed that, in a
mouse model, long-term positive effects were achieved by a single intramuscular L/E-pSP301-
SIA injection, which consequently provided reliable experimental basis for its clinical applica-
tion for the treatment of diabetes mellitus with promising prospects.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Diabetes mellitus is a type of endocrine dysfunction
involving various metabolic disorders.” In type 1 diabetes
mellitus (T1DM), the dysfunction is largely caused by
excessive autoimmune reaction to pancreatic B cells.?
Recent studies have shown that several therapeutic
methods for T1DM, including pancreatic islet trans-
plantation, cell reprogramming, and gene therapy, have
brought a glimmer of hope to the long-term control of
diabetes without the trouble of daily insulin injections.® °
However, pancreatic islet transplantation and cell reprog-
ramming may trigger immune system attack after treat-
ment, and have limitations, such as high expenses, limited
sources and complicated operational processes.®” In
contrast, gene therapy has the advantages of simple oper-
ation, low cost, abundant sources, and a wide applicability
among patients, thereby having potential for clinical ap-
plications, especially for the treatment of diabetes and
cancer.t7 10

For gene therapy, efficient delivery of the functional
gene into target cells is critical. At present, there are a
number of viral and non-viral vectors for gene delivery,
including adenovirus, adeno-associated virus,'' retrovirus,
lentivirus, and plasmids.'” Virus-derived vectors have
outstanding advantages in gene delivery/expression effi-
ciency, but may cause risks such as triggering immune re-
sponses or even oncogenesis.’®> For example, AAV vectors
have been considered safer than other viral vectors and
have been used in clinical trials. Unfortunately, a decade-
long study revealed integration events in genomic DNA,
with the possibility of developing cancer.’® Plasmids can
overcome the above-mentioned safety issues, but they still
have a major shortcoming of low gene transfer efficiency in
vivo.

To increase the gene expression level in skeletal muscle
cells and avoid the risk of ectopic expression, we con-
structed a synthetic promoter SP301,'# which has a signifi-
cantly higher activity than that of the traditional strong
cytomegalovirus (CMV) promoter. Meanwhile, SP301 can
drive target gene expression in a muscle-specific manner.
To improve the in situ gene transfer efficiency into skeletal
muscle cells, we established a safe and efficient gene de-
livery technique by combining Pluronic L64 and low-voltage
electropulse (abbreviated as L/E technique), which
increased the gene delivery/expression level 11-fold." In
this technique, Pluronic L64, an electroneutralized amphi-
philic triblock copolymer with a cell membrane-disturbing

action,'®"” was applied to increase the membrane perme-

ability after which the plasmid DNA was subsequently
pushed into the cells under the low-voltage electropulse. In
addition, to maintain the activity and enhance the syn-
thesis efficiency of insulin in non- cells, a flexible peptide
was introduced to replace the original long and rigid C-
peptide in the proinsulin, generating the single-strand in-
sulin analogue (SIA).

Herein, we aim to investigate whether a combination of
the L/E delivery technique and the SP301 promoter can
continuously produce functional SIA that is sufficient to
control diabetes via intramuscular injection of the SIA-
encoding plasmid.

Materials and methods
Plasmid construction and structure analysis

The structure of SIA is the B chain-(GGGGS) .3-A chain. The
sequence of the insulin gene was obtained from NCBI
(GenBank ID: NM_008386.4). The coding sequence of SIA
was synthesized by Tsingke Company (Chengdu, China) and
was cloned into plasmids pSP301' and pCMV within BamH
I/EcoR | sites respectively to generate plasmids pSP301-SIA
and pCMV-SIA. Enzymes and other reagents for plasmid
construction were from TaKaRa (Shiga, Japan). Softwares
including the SWISS-MODEL for protein structure prediction
and the VMD for protein structure visualization were used in
the study.

Cell culture and transfection

C2C12 (mouse muscle myoblasts, ATCC No. CRL-1772),
NIH3T3 (mouse embryo fibroblasts, ATCC No. CRL-1658),
and HEK293 (human embryonic kidney cells, ATCC No. CRL-
1573) cell strains were purchased from the China Center for
Type Culture Collection (CCTCC, Wuhan, China) and
cultured according to the ATCC’s recommendation. Cells
were seeded into 6-well plates and cultured overnight to
achieve 90% confluence. Experiments were performed in
triplicate. Before transfection, the medium was changed
with Opti-MEM (Invitrogen, without FBS and penicillin-
streptomycin). Next, cells were transfected with 2 g
plasmid/well using lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA). After 4 h, the culture medium was replaced
with Dulbecco’s Modified Eagle’s Medium (DMEM) (high
glucose) containing 10% FBS and 1% penicillin-streptomycin.
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ELISA test of insulin

C2C12, NIH3T3 and HEK293 cells were transiently trans-
fected with pCMV-SIA or pSP301-SIA plasmids, respectively.
The supernatant was collected and cells were lysed 48 h
later. The SIA concentration in the supernatant and in the
cells was detected using an ELISA kit purchased from MLBIO
Co., Ltd. (#ML001983, Shanghai, China). The OD value at
450 nm was measured with a microplate analyzer (BIOTEK,
Santa Clara, CA, USA).

Cell uptake test of the glucose analogue

HEK293 cells were transfected with a pCMV-Control plasmid
(pCMV-Ctrl group) or the pCMV-SIA plasmid (pCMV-SIA
group), respectively. After 24 h, the supernatant was
collected and mixed with an auto-fluorescent glucose
analogue 2-NBDG, then added to C2C12 cells. Measurement
of the cellular uptake of 2-NBDG was carried out using the
Screen Quest™ Fluorometric Glucose Uptake Assay Kit (AAT
Bioquest, Sunnyvale, CA, USA) following the kit in-
structions. Fluorescence intensity was measured by a fluo-
rescent spectrometer (BIOTEK, Santa Clara, CA, USA) at an
excitation of 488 nm and an emission of 520 nm.

Competitive binding of insulin antibody by SIA and
insulin

A 6-well plate was coated with 0.05 mg/mL of insulin
overnight at 4 °C. HEK293 cells were transiently transfected
with the plasmid pCMV-SIA and the supernatant was
collected 24 h later. A horseradish-peroxidase (HRP)-
labeled insulin antibody was diluted with either 2% (w/v)
BSA or the supernatant, added to the insulin-coated plate,
respectively, and then incubated for 1 h at 37 °C. Then,
medium was discarded and cells were rinsed 3 times with
PBST, then 100 uL TMB one-component color solution was
added and incubated for 10 min at 37 °C. The reaction was
terminated by adding sulfuric acid and the OD value at
450 nm was measured with a microplate analyzer (BIOTEK,
Santa Clara, CA, USA).

Type 1 diabetic mouse model construction and
local gene delivery

Animal care and experimental operations were conducted
according to national and local animal experimental guide-
lines. In brief, six-week-old male C57BL/6 J mice with an
average body weight of 20—22 g were purchased from the
Experimental Animal Center of Sichuan Province (approval
No. KS2019070). Streptozotocin (STZ, Sigma, Saint Louis,
MO, USA, #S0130) was dissolved in citrate buffer (pH
4.2—4.5). For establishing the type 1 diabetic mouse model,
mice were administered STZ by a single intraperitoneal in-
jection (200—220 mg/kg body weight).'®' Mice in the
control group received an equal volume of citrate buffer
only. After 3 days of STZ induction, the blood glucose level
was detected from the vein of mouse tail using the Roche
blood glucose instrument (ACCU-CHEK, Mannheim, Ger-
many). When the blood glucose level was over 16.8 mmol/L
and maintained for 12 days, the mouse was considered

diabetic.'®'® Mice with blood glucose levels between 20 and
28 mmol/L were selected for further experiments.

The mice were divided into an NC group (normal mice
without treatment) and diabetic groups: L/E-SP301 group
(pSP301-control plasmid transferred by L/E technique), L/
E-CMV-SIA group (pCMV-SIA transferred by L/E technique),
L/E-SP301-SIA group (pSP301-SIA transferred by L/E tech-
nique), SP301-SIA group (pSP301-SIA injection) and CMV-SIA
group (pCMV-SIA injection). For local gene delivery, 100 pg
plasmid in 30 pL TE buffer (pH 7.0) was mixed with 30 uL of
0.2% (w/v, in saline) Pluronic L64 (L64; Sigma—Aldrich, St.
Louis, MO, USA). The compound was incubated for 5 min at
room temperature and injected equally into both sides of
tibialis anterior (TA) muscles. An hour later, the electro-
pluse was applied as described using a clinical SDZ-V Nerve
and Muscle Stimulator.°

Intraperitoneal glucose tolerance tests (IPGTT)

Intraperitoneal glucose tolerance tests (IPGTT) tests were
performed on the day 12, 36, and 60 after the intramus-
cular injection, respectively. After a night of fasting, mice
were injected intraperitoneally with a 25% glucose solution
at 2 g/kg body weight. In each mouse, the blood glucose
level was measured every 30 min for 3 h.

Muscle SIA and insulin measurement

For the collection of tissue samples, experiments were
repeated at least independently in triplicate to acquire
solid confirmation of the data. In brief, mice were anes-
thetized by inhalation of isoflurane and sacrificed by cer-
vical dislocation, and washed with PBS. The TA muscles
acquired plasmid injection were harvested and muscle tis-
sues were homogenized and lysed with lysate buffer. After
diluting the sample solution into a certain proportion,
levels of SIA and insulin were determined using an ELISA kit.
The total protein concentration was measured with a
Pierce™ BCA Protein Assay Kit (Thermo Fisher) using the
Varioskan Flash Spectral Scanning Multimode Reader
(Thermo Fisher).

Gene expression analysis

The SIA concentration in blood was determined using an
ELISA kit from MLBIO Co., Ltd (#SU-B1163, Shanghai, China).
For SIA mRNA analysis, total RNA was extracted from the
injected TA muscles using Trizol Reagent (Thermo, Carlsbad,
CA, USA) and reverse transcription was performed using
RevertAid First Strand cDNA Synthesis kit (Thermo, Carlsbad,
CA, USA). Quantitative PCR (qPCR) was designed based on
the MIQE guidelines?’ and conducted in triplicate using
EvaGreen Master Mix (Bio-rad, Hercules, CA, USA) on a CFX96
machine (BioRad, Hercules, CA, USA). The expression of SIA
mRNA was normalized to the expression of B-actin mRNA and
calculated using the Pfaffl method.?""?? Data are expressed
as the fold change compared with the CMV-SIA group.
Primers used for gPCR were as follows: mouse B-actin-F: 5'-
GGCTGTATTCCCCTCCATCG-3' and R: 5-CCAGTTGGTAA-
CAATGCCATGT-3’; human B-actin-F: 5'-CATGTACGTTGC-
TATCCAGGC-3" and R: 5'-CTCCTTAATGTCACGCACGAT-3’; SIA-
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F: 5-CACTTCCTACCCCTGCTGG-3" and SIA-R: 5'-ACCACAAA-
GATGCTGTTTGACA-3’.

Body weight, food intake, water intake, and
survival rate

Body weight, food intake, and water intake were measured
at designated time points over 72 days. The food intake or
water intake was the amount difference between the start
and end point during each measurement duration (24 h). At
the start of the experiment, there were 12 mice per group,
and the survival rates were calculated at the end of the
experiment.

GHb and glycogen detection

The concentration of mouse glycated hemoglobin (GHb)
was determined on the day 0, 45, and 60, respectively,
using an ELISA kit purchased from Shanghai Zhuo Cai
Technology Co. Ltd (ZC-38711, Shanghai, China). For
glycogen determination, 200 mg of muscle or liver was
separated from each mouse (3 mice per group) and washed
with PBS buffer, then the glycogen concentration was
measured following the instructions of the glycogen
detection kit (#BC0345, Solarbio) on day 12, 36, and 60,
respectively.

Histological analysis

At the end of treatment, mice were euthanized, and their
heart, liver, spleen, lungs, kidneys, pancreas, and TA
muscles were harvested. The tissues were fixed by 4% fresh
neutral paraformaldehyde solution, and embedded in
paraffin for section preparation. Sections were stained with
hematoxylin and eosin. Images were taken by a microscope
at 100xmagnification (Leica DMI 4000 B, Weztlar,
Germany).

Immunohistochemical and immunofluorescent
detection

Both the pancreas and TA muscles were harvested from
euthanized mice, washed three times with PBS and fixed in
4% fresh neutral paraformaldehyde solution. For immuno-
histochemical analysis, the samples were marked with anti-
mouse insulin primary antibody (#PAA448Mu01, Cloud-Clone
Corp, China) followed by goat anti-rabbit secondary anti-
body (#SP-9001, Zsbio Commerce Store, China). Images
were taken by a microscope (BA400Digital, MOTIC CHINA
GROUP CO., LTD). For immunofluorescence analysis, sec-
tions were stained with DAPI, primary CD68 antibody
(Abcam) followed by Cy3-labeled goat anti-mouse second-
ary antibody (#GB21301, ServiceBio) and FITC-CD3e (BD
Biosciences). Images were taken by a confocal laser scan-
ning microscope (Leica TCS SP5, Weztlar, Germany).

Measurement of serum IgG and IgM

Serum was collected from both diabetic mice (L/E-SP301-
SIA group) and healthy mice (NC group) before or after one

or two weeks of treatment. The serum collected from mice
before treatment was used as a control and set as week 0.
Serum was stored at —80 °C before measurement. Serum
IgG and IgM levels were measured using ELISA kits pur-
chased from Solarbio (Cat#SEKM-0098 Lot No. 20210918 for
IgG and Cat#SEKM-0102 Lot No. 20210918 for IgM).

Statistical analysis

Data were presented as the mean + SEM and were analyzed
by unpaired t-test, one-way ANOVA and two-way ANOVA
using GraphPad Prism (Version 7.0). P < 0.05 was consid-
ered significant.

Results
Characteristics of the SP301 and SIA in vitro

Before in vivo application, in vitro assays were performed
to investigate whether the functions of SIA were similar to
those of natural insulin. It has been considered that struc-
ture is the basis of function. Thus, the structures of pro-
insulin, SIA, and insulin were predicted and compared
(Fig. 1A). Proinsulin has a long and rigid C peptide chain,
while SIA contained a (GGGGS), 3 flexible peptide linker to
connect the B chain and A chain. In comparison with the
structure of proinsulin, the structure of SIA was more
similar to that of the natural insulin because the (GGGGS), 3
flexible linker could give SIA adequate space to be
stretchable, thereby contributing to the formation of di-
sulfide bonds. More importantly, the area around PheB24 is
critical for the function of insulin, especially for the binding
of insulin to its receptor.”® In SIA, there was enough space
between the linker and three a-helixes to fully expose the
PheB24 area. Therefore, the predicted structures provided
certain theoretical support for insulin-like function of SIA.

Furthermore, experiments were conducted to test
whether SIA can promote cellular uptake of glucose (the
most important function of insulin), and bind to insulin
antibodies. When SIA expressed by HEK293 was added to
cultured C2C12 cells, the uptake of glucose analogue 2-
NBDG in C2C12 cells was significantly increased (1218.6 vs
641.8 & 639.6, **P < 0.01) (Fig. 1B). If SIA could bind to the
insulin antibody, it consequently inhibited the binding of
insulin to the antibody. As predicted, when SIA was first
incubated with an insulin antibody, then mixed with insulin,
the amount of insulin-bound HRP-labeled insulin antibody
was significantly reduced (1.7 vs. 3.9 & 3.9, **P < 0.001)
(Fig. 1C), thereby indicating competitive binding of SIA to
the insulin antibody. Therefore, the results demonstrated
that SIA has structural and functional similarities to natural
insulin.

Although the promoter SP301 could drive reporter gene
expression with high efficiency and muscle specificity,'” it is
still necessary to identify if it has the same effects on the
expression of SIA. The expression levels of SIA and SIA mRNA
regulated by the promoters of SP301 and CMV were
compared among muscle-derived and non-muscle derived
cells. In muscle-derived C2C12 cells, SP301-driven SIA in
both supernatant and cell lysates was significantly increased
when compared with CMV-driven SIA (Fig. 1D, ***P < 0.001).
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Figure 1  Evaluation of the function of SP301 and single-strand insulin analogue in vitro. (A) The predicted structures of pro-
insulin, insulin, and single-strand insulin analogue (SIA). (B) Promotion of the glucose analogue uptake via expressed SIA: (i) uptake
of the glucose analogue displayed in the fluorescence field; (ii) cells in bright field; (iii) quantitative analysis of the glucose uptake
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In contrast, in non-muscle derived cells HEK293 and NIH/3T3
the opposite was found, i.e., SP301-driven SIA was signifi-
cantly lower than those of CMV-driven SIA in the superna-
tant and cell lysate (Fig. 1D, ***P < 0.001). Correspondingly,
SIA mRNA levels were consistent with the expression pat-
terns of SIA in these cell strains. That is, the expression of
SP301-driven SIA mRNA was higher in C2C12 cells (Fig. 1E,
**P < 0.01) but lower in HEK293 and NIH/3T3 cells (Fig. 1E,
***P < 0.001) when compared with the mRNA expression of
CMV-driven SIA. Thus, the results showed that while driving
SIA expression, the promoter SP301 maintained its advan-
tages of high efficiency and muscle specificity, which was
consistent with its ability to drive the expression of reporter
genes.

Expression of SIA in diabetic mice via different
administration of plasmids

The above-mentioned experimental results demonstrated
that plasmid-encoded SIA has important functions that are
similar to insulin (Fig. 1B, C). Furthermore, it is important
to identify if the L/E-SP301-SIA system can express enough
SIA to regulate the blood glucose level in vivo. To address
this, the levels of SIA in the serum, as well as SIA protein
and SIA mRNA in the TA muscle were continuously measured
over 60 days. As expected, the levels of serum SIA,
muscular SIA, and SIA mRNA in the L/E-SP301-SIA group
were the highest in all diabetes/treatment groups
(Fig. 2A—C). Moreover, the level of serum SIA in the L/E-
SP301-SIA group was even higher than the insulin level in
normal mice (NC group) from day 12 to day 24, and
remained at the same level thereafter (Fig. 2A) (P > 0.05).
The expression level of SIA in the L/E-CMV-SIA group was
significantly higher than that in L/E-SP301, SP301-SIA, and
CMV-SIA groups, but still lower than that in the L/E-SP301-
SIA group (Fig. 2A—C), thereby indicating that: (1) the
SP301 promoter was stronger than the CMV promoter for SIA
expression in vivo; (2) the L/E gene delivery technique was
necessary in this plasmid-based gene therapy system.

To identify the source of SIA, levels of insulin (NC group)
and SIA (L/E-CMV-SIA & L/E-SP301-SIA groups) in the
pancreas and TA muscle were measured by immunohisto-
chemistry and data were compared on day 48. Signals were
strong in the pancreases of normal mice (shown in brown,
Fig. 2D) but undetectable in the pancreases of L/E-CMV-SIA
and L/E-SP301-SIA mice, thereby indicating that pancreatic
B-cells were almost completely destroyed in diabetic model
mice (Fig. 2D). Moreover, SIA signals were clearly visible in
TA muscles of L/E-CMV-SIA and L/E-SP301-SIA mice, espe-
cially in the latter, and signals were obviously weaker in NC
mice, suggesting that the SIA was expressed in TA muscles
via the plasmids administration (Fig. 2D).

The expression level of serum SIA is the determinant
factor of physiological functions, and is a critical indicator
to evaluate the applicable potential of this plasmid-based
gene therapy system. Taken together, the data have
demonstrated the potential of the L/E-SP301-SIA system for
the treatment of diabetes in the mouse model since it can
continuously provide the highest level of SIA.

Effects of intramuscularly expressed SIA on the
syndromes of diabetes

Blood glucose is the most direct and important indicator for
diagnosis and treatment of diabetes. To determine whether
the blood glucose level is considered normal, a reference
range is needed. However, the normal reference range of
blood glucose in male C57BL/6 J mouse has been reported
to be different.”* In a previous study, the upper limit of
blood glucose in 6-week male C57BL/6 J mouse was
10 mmol/L.%* According to this value, the blood glucose was
considered normal after a single dose of L/E-SP301-SIA
treatment from day 9 to day 52. Especially, from day
15—39, blood glucose levels were identical to those of
normal mice (Fig. 3A).>* Furthermore, in L/E-CMV-SIA-
treated mice, the blood glucose level was also significantly
decreased, but in most cases, it was still higher than the
normal range. In comparison, the blood glucose level was
not reduced in L/E-SP301, SP301-SIA, and CMV-SIA groups
(Fig. 3A).

Glycated hemoglobin (GHb) is formed by slow, contin-
uous and irreversible glycation reactions via the combina-
tion of hemoglobins (in red blood cells, RBCs) and
carbohydrates (in serum). Its content depends on the con-
centration of blood glucose and the contact time between
blood glucose and hemoglobin. In general, GHb is stable
during the 120-day lifetime of RBCs.?”> Therefore, unlike
blood glucose, which may fluctuate over time, the con-
centration or percentage of GHb is constant in healthy in-
dividuals, making it a commonly-used convincing clinical
indicator to monitor the average blood glucose level within
2—3 months.?® In this study, the results showed that mice
that received either L/E-SP301-SIA or L/E-CMV-SIA treat-
ment acquired effective or even complete recovery of the
GHb concentration on day 45 and 60 (not significant, vs the
NC group) (Fig. 3B). In contrast, the GHb concentration in
mice that received either L/E-SP301 or SP301-SIA treatment
was still higher than that of mice in the NC group on day 45
(*P < 0.05, **P < 0.01). Mice in both L/E-SP301 and SP301-
SIA groups were gradually dead on the day 60 because of
uncontrolled persistent hyperglycemia (Fig. 3B). Thus,
these results showed that L/E-SP301-SIA treatment can
effectively control the GHb concentration, which is
routinely used as objective and reliable evidence for the
diagnosis and treatment of diabetes.

Next, IPGTT assays were carried out on the day 12, 36,
and 60, respectively. In the NC group, the blood glucose
level increased to about 15 mmol/L (Fig. 3C, D), and sub-
sequently decreased to the normal level within several
hours (NC group, Fig. 3C, D). In the 5 groups of diabetic
mice, blood glucose levels rapidly increased to about
30 mmol/L half an hour after receiving a glucose injection
(Fig. 3C, D). However, blood glucose levels in L/E-SP301-SIA
treated diabetic mice quickly and significantly decreased
within 150—180 min on the day 12 and 36, and levels were
close to that of mice in the NC group (Fig. 3C, D), thereby
indicating the capability and sensitivity of SIA to regulate
the blood glucose level in a timely manner. That was
identical to the H&E staining showing the high expression
level of SIA and its effective physiological role in the
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Figure 2 In vivo single-strand insulin analogue expression within 60 days after a single administration of different plasmids in
diabetic mice. Expression of insulin in the normal control (NC) group and single-strand insulin analogue (SIA) in other treatment
groups were measured by ELISA in serum (A) and TA muscle (B) within 60 days. n = 6 mice per group per point time. (C) Relative
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utilization, catabolism, and conversion of blood glucose. On expression (Fig. 2A—C). In IPGTT assays of L/E-SP301,
the day 60, the IPGTT assays were not as effective as those SP301-SIA, and CMV-SIA groups, mice almost had no capa-
on the day 12 and 36, because of the decrease of SIA bility to deal with the highly-increased blood glucose levels
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Figure 3  Effects of expressed single-strand insulin analogue on blood glucose, GHb, IPGTT, and glycogen synthesis within 60 days

after plasmid administration. n = 6. (A) Blood glucose. (B) Glycated hemoglobin (GHb). *P < 0.05, **P < 0.01, ns, no significant vs
NC. Normal physiological blood glucose is indicated by a gray background. (C) IPGTT tests. (D) Area under curve for IPGTT tests. (E)
Hepatic glycogen and muscle glycogen. *P < 0.05, **P < 0.01, ***P < 0.001.

on the day 12, 36, and 60 (Fig. 3C, D), because of the lack of
SIA (L/E-SP301) or low expression of SIA (SP301-SIA and
CMV-SIA). In the L/E-CMV-SIA group, IPGTT results were not
as good as those of the L/E-SP301-SIA group, which was
consistent with the SIA expression levels of the two treat-
ments (Fig. 2A—C).

An important function of insulin is to promote glycogen
synthesis with redundant glucose.?’” Hence, the contents of
hepatic and muscular glycogens were measured on the day
12, 36, and 60, respectively. The results showed that the
contents of both types of glycogens in L/E-SP301-SIA-
treated mice were identical to those in NC mice (Fig. 3E).
Moreover, the contents of both glycogens in L/E-SP301-SIA
and NC groups were significantly higher than those of L/E-
SP301, CMV-SIA, and SP301-SIA groups (***P < 0.001 for
hepatic glycogen; **** for muscle glycogen. Fig. 3E). In
addition, L/E-CMV-SIA treatment increased the contents of
hepatic and muscle glycogens, but it was not as good as the

L/E-SP301-SIA treatment (Fig. 3E). Therefore, it is con-
vincible that L/E-SP301-SIA treatment significantly pro-
motes the synthesis of hepatic and muscle glycogens by SIA
expression in diabetic mice.

Certain symptoms are commonly seen in diabetes,
including increased food intake, water intake, and body
weight loss." In each group of diabetic mice after intraperi-
toneal injection of STZ, the average body weight decreased
while food and water intake increased. Only in the L/E-SP301-
SIAgroup, the average body weight gradually recovered to the
same weight as that of mice in the NC group from the day 24 to
day 42, but slowly decreased thereafter (Fig. 4A). The results
suggested that if a secondary injection was given at an
appropriate time, the therapeutic effects could be sustained
or be even better. However, food intake and water intake
were not recovered to the normal levelin any group (P < 0.05
or 0.01, vs NC group), and L/E-SP301-SIA treatment signifi-
cantly ameliorated these symptoms (P < 0.05 or 0.01, vs L/E-
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SP301, CMV-SIA or SP301-SIA group) (Fig. 4B, C). In addition,
diabetic mice in L/E-SP301, CMV-SIA and SP301-SIA groups
maintained an unhealthy status and appeared with thin and
hairless bodies and a sleepy state, whereas mice in L/E-
SP301-SIA group showed less of these symptoms and looked
more similar to the healthy mice in the NC group.

The survival rate on day 60 was 100% in NC group, and
83.3% in L/E-SP301-SIA and L/E-CMV-SIA groups. However,
for L/E-SP301, SP301-SIA, and CMV-SIA groups, the survival
rate on day 60 was only 33.3%, 50%, and 58.3%, respectively
(Fig. 4D). Two L/E-CMV-SIA-treated mice died on day 51 and
57, which should be due to an increase in the blood glucose
level (Fig. 3A) and a decrease in the expression of SIA
(Fig. 2A—C). An unexpected event was the death of two L/
E-SP301-SIA-treated mice on day 15. We noticed that just
before day 15, the blood glucose levels of these 2 mice
were slightly lower than those of NC mice (data not shown),
implying that the death might be due to hypoglycemia.
Correspondingly, the serum SIA concentration reached a
maximum on day 12 (Fig. 2A), which likely induced the
hypoglycemia.

Safety evaluation of different treatments

On day 60 after treatment, pathological evaluation was
performed by H&E staining of tissue sections on the heart,
liver, spleen, lungs, kidneys, pancreas, and TA muscle of
mice in the 4 groups. The results showed that the heart,
liver, spleen, lungs, and kidneys in mice in the L/E-SP301,
L/E-CMV-SIA, and L/E-SP301-SIA diabetic groups were
almost identical to those of mice in the NC group, without

obvious pathological changes (Fig. 5A). However, the
pancreas of mice in the 3 diabetic groups was seriously
damaged by STZ induction (Fig. 5A), which was consistent
with functional detection by immunohistochemistry
(Fig. 2D). TA muscles of L/E-SP301-treated diabetic mice
showed severe lesions, including atrophy, necrosis, and
infiltration of inflammatory cells. In contrast, from the
anatomy appearance (not shown) and H&E staining results,
diabetic mice treated with L/E-CMV-SIA and L/E-SP301-SIA
had TA muscles that were as healthy as those of NC mice
(Fig. 5A).

The immune safety of L/E-SP301-SIA treatment should be
considered more carefully and thoroughly. Firstly, the SIA is
not completely the same as natural insulin. To a certain
extent, SIA can be regarded a new protein, and it is still
possible to induce the production of antibodies and other
immune responses. Secondly, in T1DM, as pancreatic B-cells
are attacked by their immune system, it is necessary to
detect these novel insulin-producing cells in TA muscles.?® In
recent years, many studies on T1DM have focused on long-
term treatment to replace the daily insulin injection, such
as pancreatic islet transplantation and cell reprogramming.
Those studies also showed the possibility of triggering at-
tacks by the immune system after treatments.?’>" In this
study, on day 3 (the 15th day after STZ induction) and day 60
(the 72nd day after STZ induction), there were no detect-
able immunological immunofluorescent signals in TA muscle
section from NC mice and L/E-SP301-SIA-treated mice
(Fig. 5B). The immunofluorescent signal included T lym-
phocytes via CD3e-immunostaining and macrophages via
CD68-immunostaining, respectively. Moreover, the total
levels of IgM and IgG in both healthy mice (NC group) and
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Figure 5 Pathological analysis and immunological assays of mice. (A) The pathological conditions of heart, liver, spleen, lungs,
kidneys, pancreas, and muscle in four groups detected using HE stain on day 60. Scale bar: 100 um. n = 3. (B) Immunological tests
of TA muscles on the day 3 and 60, respectively. Scale bar: 50 um. CD3e for lymphocytes (green), CD68 for macrophages (red), DAPI
for nuclei (blue). n = 3. (C) Measurement of serum IgG and IgM by ELISA. Data are presented as the mean + SD (n = 5).

diabetic mice (L/E-SP301-SIA group) were stable during the another perspective, the sustained therapeutic effects in
2-week treatment period (Fig. 5C). The results confirmed diabetic mice also provided indirect but convincible evi-
the immune safety of L/E-SP301-SIA treatment. From dence regarding immune safety.
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Discussion

Skeletal muscles have characteristics of absorbing exoge-
nous plasmids and keeping the intramuscular expression of
target genes for months.’**> Meanwhile, they are widely
distributed throughout the body and highly vascular-
ized,**** making them conducive to protein synthesis and
secretion.?> 3¢ Therefore, skeletal muscles are a promising
*“factory” for ectopic expression and secretion of functional
proteins.>”>*® In previous studies, the potential of intra-
muscular expression of insulin analogs for diabetes treat-
ment has been demonstrated.>*"'* However, they had
different obstacles or shortcomings. Firstly, viral vectors
were obvious obstacles for further clinical applications.*’
Secondly, applying proinsulin or preproinsulin would greatly
reduce the therapeutic effects because the activity of
proinsulin is only 3%—5% that of insulin.?’*° Skeletal muscle
cells are unable to remove the C-peptide from the proin-
sulin, which mainly depends on specific enzymes that are
only located in pancreatic B cells.”’ Thirdly, in plasmid-
based cases, direct injection of plasmids usually generated
extremely low gene transfer efficiency*’"*?; thus, gene
expression may not be sufficient to provide satisfactory
biological effects. Finally, the plasmid promoters lack tis-
sue specificity, and there may be a risk of ectopic gene
expression after intramuscular injection.*>** Herein, to
overcome the above-mentioned shortcomings and obsta-
cles, we constructed a safe, effective, economical, and
comfortable plasmid-based gene therapy method, which
provided prolonged self-supply of SIA for insulin-deficient
diabetes.

The IPGTT results of mice in the L/E-SP301-SIA group
were still not as good as those in healthy mice. Physiolog-
ically, insulin is synthesized by pancreatic B cells and
reserved in specialized vesicles within B cells. When the
blood glucose level increased, the insulin reserved in the
vesicles would be rapidly released to reduce the blood
glucose in several minutes; thus, the blood glucose level
would not increase to a very high level (about 15 mmol/L;
Fig. 3C, D). Subsequently, the blood glucose level
decreased to the normal level within several hours (NC
group; Fig. 3C, D). However, in diabetic model mice, the
synthesis of SIA started from gene transcription in skeletal
muscle cells, and then SIA was released and secreted into
the circulation. This procedure is more time-consuming
than the direct secretion of insulin from pancreatic B cells
in healthy mice. Therefore, blood glucose levels in the 5
groups of diabetic mice rapidly increased to about
30 mmol/L half an hour after receiving a glucose injection
(Fig. 3C, D). Blood glucose levels in L/E-SP301-SIA treated
diabetic mice significantly decreased within 180 min on day
12, 36, and 60, but the levels were still not as satisfied as
that of mice in the NC group (Fig. 3C, D). However, the
decrease extent of blood glucose levels in L/E-SP301-SIA
treated diabetic mice were even greater than that of mice
in the NC group, illustrating that the SIA had the ability to
efficiently decrease blood glucose levels. The unsatisfied
IPGTT results in L/E-SP301-SIA treated diabetic mice were
mainly due to the high level of blood glucose (about
30 mmol/L) caused by the delayed action of the SIA. These

results suggest that the application of rapid-acting SlAs
with less tendency of self-aggregation may result in better
IPGTT results.*>*¢

We noticed the accidental death of two L/E-SP301-SIA-
treated mice on day 15. The unexpected death exposed the
potential defect of the L/E-SP301-SIA therapeutic program,
i.e., uncontrolled and sustained production of SIA resulted
in higher level of SIA in L/E-SP301-SIA-treated mice than
that of insulin in NC mice (Fig. 2A, B), thereby bringing
lower blood glucose level on day 27 and 33 (Fig. 3A). It also
had the risk of hypoglycemia or even more severe out-
comes.*’ To acquire safer therapeutic results, a simple and
direct way is to reduce the injection amount of the
plasmid. Since we only injected the plasmid once during
the whole procedure, improvements could be made by
multiple injections of a reduced dosage of the plasmid in a
suitable time interval to maintain the normal SIA concen-
tration. It has been generally considered that recovery of
the blood glucose level is usually due to instability and
degradation of free extrachromosomal plasmids. In order to
obtain safe and stable effects on blood glucose control, the
combination of the reduced dosage of the plasmid and the
injection time interval should be optimized to sustain a safe
and functional SIA supply. More importantly, a practical and
reliable strategy is to construct a blood glucose-responsive
or glucose-regulated SIA-expressing plasmid.?**®

Conclusions

In this study, we introduced a novel plasmid-based gene
therapy system for the sustained production of a designed
SIA. The system combines the strong muscle-specific pro-
moter SP301 with an L/E in situ gene delivery technique.
The L/E-SP301-SIA system is efficient, economical, and safe
for prolonged and comprehensive control of insulin-defi-
cient diabetic mice via a single intramuscular administra-
tion. Furthermore, it is safe enough to avoid pathological
damage to skeletal muscles and immune responses to the
SIA and SIA-producing cells. Taken together, this study
provides a convincing experimental foundation for the
treatment of diabetes by this system, which has promising
prospects in more clinical applications due to its advan-
tages of biosafety, effectiveness, and low cost.
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