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Autoimmune destruction of pancreatic beta cells is the charac-
teristic feature of type 1 diabetes mellitus. Consequently, both
short- and intermediate-acting insulin analogs are under devel-
opment to compensate for the lack of endogenous insulin gene
expression. Basal insulin is continuously released at low levels
in response to hepatic glucose output, while post-prandial insu-
lin is secreted in response to hyperglycemia following a meal.
As an alternative to multiple daily injections of insulin,
glucose-regulated insulin gene expression by gene therapy is
under development to better endure postprandial glucose
excursions. Controlled transcription and translation of proin-
sulin, presence of glucose-sensing machinery, prohormone
convertase expression, and a regulated secretory pathway are
the key features unique to pancreatic beta cells. To take advan-
tage of these hallmarks, we generated a new lentiviral vector
(LentiINS) with an insulin promoter driving expression of
the proinsulin encoding cDNA to sustain pancreatic beta-
cell-specific insulin gene expression. Intraperitoneal delivery
of HIV-based LentiINS resulted in the lowering of fasting
plasma glucose, improved glucose tolerance and prevented
weight loss in streptozoticin (STZ)-induced diabetic Wistar
rats. However, the combinatorial use of LentiINS and anti-in-
flammatory lentiviral vector (LentiVIP) gene therapy was
required to increase serum insulin to a level sufficient to sup-
press non-fasting plasma glucose and diabetes-related inflam-
mation.
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INTRODUCTION
Insulin deficiency manifested following the loss of pancreatic beta cell
function is a common feature of both type 1 (T1DM) and type 2
diabetes mellitus (T2DM).1 T1DM patients require daily insulin in-
jections because of the destruction of pancreatic beta cells by autor-
eactive T cells.2 Moreover, glucose intolerance and a decrease in
pancreatic islet cell mass also cause hypoinsulinemia as observed in
T2DM. For these reasons, both T1DM and T2DM patients eventually
require insulin therapy to compensate for the reduced/loss of insulin
production.3 Exogenous insulin therapy postpones the macrovascular
Molecular Therapy Vol. 29 No 1 Januar
(coronary artery disease, peripheral artery disease, and stroke) and
microvascular (diabetic nephropathy, neuropathy, and retinopathy)
complications of diabetes, but there is a lack in clinical consensus
on how to start and continue insulin regimens in diabetic patients.4,5

The basal insulin secretion profile cannot be preserved using high
dose administration of insulin analogs because of the risk of hypogly-
cemia.6 Alternatively, hyperglycemia is inevitable when these agents
are used at doses inadequate for 24 h insulin coverage.7 Adding meta-
bolic variability into the equation, it becomes even harder to manage
postprandial glucose excursions using commercial insulin prepara-
tions.8 Despite the long-term benefit of intensive insulin therapy,
there is still a risk of developing severe hypoglycemia in T1DM
patients.9

It is noteworthy to mention that exogenous insulin administration
cannot mimic the endogenous insulin secretion profile of pancreatic
beta-cells,10 largely because the insulin released from the pancreas
travels directly to the liver through the portal vein. By doing so, the
liver receives 60% of the pancreatic insulin discharge. Conversely,
subcutaneously injected insulin is distributed throughout the body
before it reaches the liver. In this case, the liver remains under insuli-
nized. Because physiologic insulin secretion consists of basal insulin
production in addition to postprandial bursts in output, a combina-
tion of the rapid-acting insulin needed with each meal and basal in-
sulin (basal-bolus therapy) seems to be the preferred choice for the
treatment of T1DM patients.11 Even with numerous fast/long-acting
insulin analogs, it remains difficult to achieve optimal glycemic con-
trol in T1DM patients which increases the danger of developing dia-
betes-related complications over time. Furthermore, C-peptide—a
by-product of proinsulin processing—has exhibited some beneficial
effects in diabetic patients,12 but regular human insulin and insulin
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analogs do not contain the C-peptide. Consequently, there is an
ongoing discussion on whether the C-peptide should be included in
insulin regimens and the fact that T2DM patients unpredictably ex-
hibited high levels of C-peptide in their blood further heated the
debate.13 The C-peptide is now considered to be more than an insulin
indicator and a therapeutic agent with the potential to improve kid-
ney function, nerve function, and blood flow to vital organs.14 Addi-
tionally, C-peptide is involved in the activation of the GLUT1 trans-
porter leading to glucose clearance via ATP release from red blood
cells.15

Considering all these circumstances, insulin gene therapy is a viable
alternative to exogenous insulin administration and has the potential
to compensate for insulin deficiency and C-peptide levels by a single
injection in diabetic patients.16,17 In this scenario, recombinant insulin
expressed from the gene therapy vector must be released quickly from
pancreatic beta cells upon stimulation to manage postprandial glucose
levels. Insulin must also be stored in secretory granules until their
release since the physiologically controlled insulin production necessi-
tates the regulation of insulin secretion. Insulin is normally released
within minutes after beta-cell stimulation through the discharge of
secretory granules already present in the cytoplasm. Thus, target cell
choice is essential for the success of insulin gene therapy in diabetes.

Pancreatic beta cells possess unique insulin synthesis and secretion fea-
tures compared to other cell types, including the ability for controlled
transcription and translation of proinsulin, presence of a regulated
secretory pathway, and inductive secretion.18 Interestingly, hepatocytes
are one of the few cell types with glucose sensors (Glucokinase [GK]
and GLUT2), but they lack a regulated secretory pathway. Because he-
patocytes constitutively secrete proteins, an instant release of insulin
from the liver is not achievable to manage meal-related hyperglyce-
mia.19 Despite having a regulated secretory pathway and insulin secre-
tory granules, neuroendocrine cells lack glucose-sensing machinery.20

Hence, neither neuroendocrine cells nor hepatocytes can function as
beta-cell surrogates. K cells of duodenum and jejunum express GK,
GLUT2, and prohormone convertase, just like pancreatic beta cells,21

suggesting them as ideal targets for glucose-controlled insulin gene
expression and secretion.22,23 Considering the rapid turnover of the in-
testinal epithelial cells and the scarcity of enteroendocrine cells, the po-
tential of the K cell-targeted gene therapy remains limited.24 In addition
to all the requirements mentioned above, the expression of glucagon-
like peptide 1 (GLP-1) receptors essential to control postprandial insu-
lin release is needed in a beta cell surrogate.25,26 Neuronal inputs from
pituitary adenylate cyclase-activating polypeptide (PACAP) and vaso-
active intestinal peptide (VIP) might be required to control glucose
metabolism under metabolic stress.27

Insulin gene therapy requires a vector for effective gene delivery to the
appropriate target cell population. While both viral and non-viral vec-
tors have been tested for the treatment of T1DM and T2DM,28 viral
vectors are undoubtedly superior compared to non-viral vectors in
delivering genes to target cells.29,30 Among the viral vectors used, len-
tiviral vectors are becoming popular gene delivery vehicles used in clin-
150 Molecular Therapy Vol. 29 No 1 January 2021
ical trials.31–34 Currently, lentiviral vector-mediated therapeutic gene
delivery is already underway for the treatments of both T1DM35,36

and T2DM.37,38 Recent studies concerning liver-directed gene therapy
revealed that basal insulin requirements for T1DM could be met using
lentivirus-mediated furin-cleavable insulin gene delivery to hepato-
cytes.39,40 This approach was aimed at obviating the need for long-
acting insulin analogs in diabetic patients. However, the use of
constitutive promoters (e.g., CMV) to drive insulin gene expression
in targeted tissues would make the construct unresponsive to the fluc-
tuations in blood glucose levels and predispose the host to developing
hypoglycemia. Considering the facts listed above, we chose to test the
feasibility of targeting pancreatic beta cells via lentiviral vectors car-
rying an insulin promotor driving the proinsulin gene sequence to
manage daily blood glucose levels and decrease the need for exoge-
nously delivered insulin. Interestingly, we found it necessary to include
anti-inflammatory and insulinotropic supplementary gene therapy to
deal with diabetes-related inflammation. Our data is described herein,
and the clinical implications of our approach are discussed.

RESULTS
The Generation of the LentiINS Vector to Drive Insulin Gene

Expression Exclusively in Pancreatic Beta Cells

The transfer plasmid carrying insulin promoter connected to the insu-
lin gene (pLentiINS) was generated using Invitrogen’s MultiSite
Gateway Technology as described inMaterials andMethods. The insu-
lin promoter was synthesized as a linear double-stranded DNA
(gBlocks) by Integrated DNA Technologies (Iowa City, IA, USA),
then cloned into an entry vector (pENTR50Ip) using pENTR 50-
TOPO-TA Cloning Kit. A MultiSite Gateway LR recombination
reaction was carried out using the promoter entry vector (pENTR50Ip),
insulin entry vector (pENTRIns), and a destination vector (pLENT_I6.4/
R4R2/V5-DEST) in combination. pLentiINS expression clone was
generated using Virapower Hiperform Promoterless Gateway Expres-
sion Kit (Figure 1A). pLentiINS plasmid possessed an insulin promoter
fused to the insulin gene in addition to the lentiviral vector backbone.
AflII andXhoI restriction enzyme analysis were performed for the diag-
nostic purposes to pick up the right clones as shown in Figure 1B.
Orientation and the sequence identity were confirmed by DNA
sequencing (data not shown). Three packaging plasmids (gag/pol
[pMDLg/pRRE (HIV-1 pGag-Pol 12251), rev (pRSV-Rev 12253) and
vesicular stomatitis virus G glycoprotein (VSV-G; pMD2.G [pVSV-G
12259])]) were obtained from the Addgene plasmid repository (Figures
1C and 1D) and used in transient calcium phosphate transfection with
pLentiINS plasmid in 293T cells to produce lentiviral vectors carrying
insulin gene (LentiINS) as described previously.41

LentiINS Gene Therapy Vector Directed Insulin Gene Expression

Exclusively in Pancreatic Beta Cells but not in 293T Cells

One objective of this study was to produce a gene therapy vector in
which insulin gene expression could be restricted to pancreatic beta
cells. Using the methodology described, we engineered the LentiINS
vector, after which the vector was titered by qPCR following CsCl
concentration and purification using ion-exchange chromatog-
raphy.37,41,42 To confirm insulin gene expression from the newly



Figure 1. Construction of the pLentiINS Transfer Vector

(A) The insulin promoter was cloned into an entry vector using pENTR 50-TOPO-TA Cloning Kit generating pENTR50 Ip. Both the insulin gene from pENTRIns plasmid and the

insulin promoter from the pENTR50 Ip vector were translocated into the destination vector (pLenti6.4/R4R2/V5-DEST) in a MultiSite Gateway LR recombination reaction to

yield pLentiINS. (B) AfIII and XhoI restriction enzyme analysis of pLentiINS vector. LanesM,MWmarker; 1, XhoI linearized; 2, pLentiINS vector cut with XhoI and AflII enzymes.

(C) Maps of packaging plasmids (gag/pol [pMDLg/pRRE (HIV-1 pGag-Pol 12251), rev (pRSV-Rev 12253) and VSV-G (pMD2.G [pVSV-G 12259])]) used in the transfection to

generate lentivirus vector. (D) Restriction enzyme analysis of packaging constructs for confirmation before the transfection. LanesM,MWmarker; 1,AflII Linearized pGag-Pol;

2, pGag-Pol cut with EcoRI; 3, XhoI Linearized pRSV-Rev; 4, pRSV-Rev cut with XhoI and AflII; 5, NotI Linearized pVSV-G; 6, pVSV-G cut with EcoRI.
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generated LentiINS vector, we transduced NIT-1 and 293T cells with
increasing doses of LentiINS (Figure 2). We observed a dose-depen-
dent increase in insulin protein in the culture medium of NIT-1 cells
72 h after LentiINS vector transduction (Figure 2A). In contrast, no
insulin protein was detected in the culture medium of 293T cells in-
fected with LentiINS (Figure 2B). The fact that the LentiINS vector
provided insulin expression in the NIT-1 pancreatic beta-cell line,
but not in the human embryonic kidney 293T cells, revealed cell
line-restricted gene expression properties of the LentiINS vector.
Furthermore, glucose responsiveness of LentiINS vector was tested
in MIN6 pancreatic cell line (Figure 2C). LentiINS-infected pancre-
atic beta cell line yielded significant levels of insulin secretion only
at high glucose concentration compared to LentiLacZ-infected cells.

Testing the In Vivo Therapeutic Efficacy of LentiINS Vector in a

Rat Model of STZ-Induced Diabetes

Streptozotocin (STZ; 30 mg/kg intraperitoneal [i.p.]) was injected
into Wistar rats for 5 consecutive days to destroy pancreatic beta cells
and induce hyperglycemia. Blood glucose was measured on days 3
and 5 after the last STZ injection to confirm the establishment of
Molecular Therapy Vol. 29 No 1 January 2021 151

http://www.moleculartherapy.org


Figure 2. Cell-Type-Restricted Insulin Gene-Expression Profile of the

LentiINS Vector

(A and B) Insulin gene expression levels from the LentiINS vector transduced (A) NIT-

1 or (B) 293T cell lines as revealed by ELISA (n = 4, one-way ANOVA, p < 0.0001). (C)

Glucose responsiveness of LentiINS (MOI = 5) or LentiLacZ (MOI = 5) vectors in

MIN6 cell line as determined by insulin ELISA (n = 4, two-way ANOVA, p < 0.0001).

Insulin levels in the culture supernatants were detected using the Insulin Human

ELISA kit.
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diabetes, and the rats were then divided into two groups to receive
either LentiINS or LentiLacZ (1010 TU/rat) therapy. Blood glucose
levels were then measured periodically. Neither non-fasting or fasting
blood glucose levels of LentiLacZ-injected rats returned to normal
during the subsequent 5 weeks of monitoring (Figure 3). Experiments
on LentiLacZ-injected rats had to be terminated 5 weeks after the gene
delivery to prevent animal suffering from prolonged diabetes. In
contrast to the LentiLacZ-treated rats, LentiINS injection into dia-
betic rats lowered fasting blood glucose levels 1 week after gene deliv-
ery and remained normal during the entire monitoring period. No
sign of hypoglycemia was observed in LentiINS-injected rats; howev-
er, the therapeutic efficacy of LentiINS in regard to concerning non-
fasting blood glucose levels in diabetic rats appeared to be transient
lasting only 3 weeks. Regardless, non-fasting blood glucose levels of
LentiINS injected rats were lower than that of LentiLacZ-injected dia-
betic rats.

Combinatorial Use of LentiINS and LentiVIP Vectors

(LentiINSVIP) Was More Effective in Reducing Non-Fasting

Blood Glucose than Their Individual Application Alone

We next tested the extent to which antiapoptotic/insulinotropic gene
delivery could complement the insulin gene therapy approach to
prevent pancreatic beta-cells from degradation and also further boost
insulin release from pancreatic beta cells. Antiapoptotic and insulino-
tropic functional properties of VIP have recently been demonstrated
using a lentiviral vector (LentiVIP) in the animal model of T2DM.38

To test these vectors in combination for STZ-induced diabetes, Len-
tiINS and LentiVIP gene therapy vectors (LentiINSVIP) were deliv-
ered to diabetic Wistar rats to assess the efficacy of the combinatorial
gene therapy approach in reducing blood glucose. Despite the signif-
icant reduction in non-fasting blood glucose of diabetic rats that
received LentiVIP alone (compared to LentiLacZ-injected rats), con-
current administration of LentiINS and LentiVIP vectors were more
effective than their individual injections (Figure 4A). The difference
between LentiINSVIP and LentiVIP gene delivery on blood glucose
levels become significant 2 weeks after the injections and continued
throughout the entire monitoring period lasting 5 months.

One of the characteristic features of T1DM is the weight loss observed
in diabetic patients. Similarly, as LentiLacZ-injected STZ-induced
diabetic rats continued to lose weight, LentiINS-injected rats progres-
sively gained body weight (Figure 4B). LentiVIP-injected rats also
gradually gained body weight, but the most significant weight gain
was observed in LentiINSVIP injected animals. Collectively, the
data in Figure 4 demonstrate the additional therapeutic benefit of
combining VIP gene transfer (using LentiVIP) with LentiINS to
reduce blood glucose levels and promote weight gain in STZ-induced
diabetic rats.

Improved Glucose Tolerance Correlates with Higher Levels of

Serum Insulin in LentiINSVIP Injected Rats

While it was important to show LentiINS (or LentiINSVIP) could
restore normoglycemia in STZ-induced diabetic rats, we also wanted
to see how this gene therapy approach affected the ability to respond



Figure 3. Therapeutic Efficacy of Lentivirus-Mediated Insulin Gene Delivery

in Diabetic Rats

After the confirmation of diabetes, Wistar rats were injected either with LentiINS or

LentiLacZ vectors (1010 TU i.p./rat) 5 days after the last STZ injection. Blood glucose

measurements were performed periodically (n = 8/group, two-way ANOVA, Lenti-

LacZ versus LentiINS p < 0.0001). Control rats received neither STZ nor gene de-

livery.
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to a sudden rise in glucose. Thus, a glucose tolerance test was per-
formed in diabetic rats 5 weeks after gene delivery (Figure 5A). As
LentiLacZ-injected diabetic rats failed to clear blood glucose, Len-
tiINS-injected rats displayed improved glucose tolerance. These
data suggest insulin gene delivery facilitate glucose entry into periph-
eral tissues. Similarly, LentiVIP-injected rats also displayed improved
glucose tolerance; however, no significant difference in glucose toler-
ance was observed between LentiINS- and LentiVIP-treated rats.
Furthermore, the efficacy of glucose clearance was much greater in
LentiINSVIP injected animals, suggesting LentiINSVIP-injected rats
manifested a greater degree of glucose tolerance compared to Len-
tiINS- or LentiVIP-injected rats alone.We also checked serum insulin
levels 5 weeks after the gene delivery. As expected, serum insulin
levels of LentiLacZ-injected diabetic rats were low correlating with
hyperglycemia (Figure 5B). Serum insulin levels of both LentiINS
and LentiVIP injected rats were higher compared to the LentiLacZ-
injected control rats, but the differences in LentiINS and LentiVIP
augmented insulin levels were not statistically significant from each
other. Interestingly, LentiINSVIP-injected rats displayed the highest
serum insulin levels among the groups tested. Our results suggest
serum insulin levels positively correlated with glucose clearance effi-
ciency of lentivirus vectors encoding insulin and VIP in STZ-induced
diabetes.

LentiINSDirected Insulin Gene Expression Is Exclusively Limited

to Pancreatic Islets

The data showing LentiINSVIP can reduce blood glucose levels, in-
crease glucose tolerance, and generate high level of circulating insulin
led us to question role of pancreatic beta cells in this gene therapy
approach for treating T1DM. To reveal pancreatic beta-cell status,
rats were sacrificed 5 weeks after the gene delivery, and intraabdomi-
nal organs were dissected for analysis. After formalin fixation and
paraffin embedding, tissue sections were immunostained using insu-
lin antibody (Figure 6). As expected, a faint insulin signal was de-
tected in the pancreatic islets of LentiLacZ-injected rats, suggesting
these islets were destroyed following STZ injection and correlating
with higher levels of blood glucose. In contrast, pancreatic islets of
LentiINS- or LentiVIP-injected rats appeared to be protected from
destruction and/or regenerated. Stronger insulin staining and
enlarged islets were detected in LentiINSVIP-injected rats, correlating
with the higher levels of serum insulin and lower blood glucose. The
fact that insulin gene expression was only apparent in pancreatic islets
but not in other intraabdominal organs analyzed (e.g., liver, spleen,
and kidney) in LentiINS- and LentiINSVIP-injected animals sug-
gested the expression of the LentiINS transgene was restricted to
pancreatic islets.

Insulin and VIP Gene Expressions Stimulated Proliferation of

Pancreatic Islet Cells in STZ-Induced Diabetic Rats

Our data showing LentiINSVIP restoration of blood glucose levels
and glucose tolerance was the expected outcome of this gene therapy
approach; however, our histological analysis of pancreatic tissue also
revealed some unexpected finding that intrigued us further. Ki67 im-
munostaining revealed that LentiLacZ-injected diabetic rats displayed
a lower proliferation rate in islets compared to control animals (Fig-
ure 7A). Conversely, LentiINS- and LentiVIP-injected rats mani-
fested similar cellular proliferation rates in pancreatic islets compared
to PBS injected control animals, and the islet cell proliferation rate in
LentiINSVIP-injected rats was even higher than those of healthy con-
trols, LentiINS-, or LentiVIP-injected rats. To reveal the intraabdomi-
nal tissue distribution profile of our lentiviral vectors, pancreas, liver,
spleen, and kidney tissue samples were analyzed to determine the
number of integrated lentiviral vector copies. Based on our analysis,
a significant number of LentiINSVIP vectors were integrated into
the intraabdominal organs analyzed (Figure 7B). Among the tissues
analyzed, the highest amount of lentivirus vectors was found in the
liver. A similar tissue distribution profile with LentiINS and LentiVIP
vectors was detected compared to LentiINSVIP injected rats (data not
shown). Together, these data suggest pancreatic islets are maintained/
regenerated after LentiINSVIP administration and lentiviral integra-
tion occurs in multiple tissues—not just the pancreas.

Insulinotropic and Anti-Inflammatory Gene Delivery Reduces

Inflammation during STZ-Induced Diabetes

Serum C-reactive protein (CRP) levels are elevated in patients with
impaired glucose tolerance (IGT)43 or diabetes.44 To document the
influence of insulin and VIP gene delivery on inflammation, we
sacrificed STZ-treated rats 5 weeks after gene delivery and blood
sera were analyzed for CRP levels (Figure 8A). As expected, Lenti-
LacZ-injected diabetic rats displayed higher levels of serum CRP
compared to other groups. LentiINS injection lowered serum CRP
levels, but the most significant reduction in serum CRP was ob-
tained after administration of LentiVIP or LentiINSVIP vectors.
These data suggest the LentiVIP or LentiINSVIP vectors are effec-
tive in suppressing diabetes-induced inflammation. Because of
Molecular Therapy Vol. 29 No 1 January 2021 153
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Figure 4. In Vivo Efficacy of Insulin and Anti-

inflammatory/Insulinotropic Gene Delivery for

Diabetes

(A) Co-administration of LentiINS and LentiVIP (LentiINS-

VIP) is more effective in reducing non-fasting blood glucose

of diabetic animals than individual lentiviral vectors (n = 8/

group, two-way ANOVA, *p < 0.05 between LentiVIP and

LentINSVIP groups; GD, Gene Delivery). LentiINS, LentiVIP,

and LentiINSVIP injections but not LentiLacZ injection

prevented weight loss caused by STZ injections. (B) Two-

way ANOVA, *p < 0.05 between LentINSVIP and LentiINS

or LentiVIP injected groups; GD, Gene Delivery; ns, not

significant). Control rats received neither STZ nor gene

delivery.
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chronic hyperglycemia in diabetic patients, the production of oxy-
gen free radicals is increased through glucose autooxidation and
nonenzymatic glycation. A previous study conducted in young dia-
betic patients demonstrated systemic oxidative stress is present
upon the early onset of T1DM and is increased by early adult-
hood.45 In this particular study, the decreased antioxidant defense
was blamed for the increase in the susceptibility of diabetic patients
to oxidative injury. To reveal the influence of insulin and VIP gene
expression on oxidative stress, we compared serum oxidant and
antioxidant capacities. LentiLacZ-injected diabetic rats exhibited
higher levels of oxidant capacity while it was normalized in Len-
tiINS- and LentiVIP-injected rats (Figure 8B). Interestingly, the
154 Molecular Therapy Vol. 29 No 1 January 2021
reduction in oxidant levels was greatest in Len-
tiINSVIP-injected rats. Analysis of antioxidant
capacities of animals revealed LentiLacZ-in-
jected diabetic rats displayed reduced antioxi-
dant capacity while it was restored to normal
in LentiINS-, LentiVIP-, and LentiINSVIP-in-
jected rats (Figure 8C).

DISCUSSION
The main purpose of insulin gene therapy is to
transform non-beta cells into a beta-cell-like
compartment that can synthesize, store, and
secrete insulin just like pancreatic beta cells.16

In this scenario, the use of non-beta cells is
considered to be advantageous since they are ex-
pected to be resistant to the beta-cell-specific
autoimmune attack present in patients with
T1DM.21 In addition to all these prerequisites,
the outcome of insulin gene delivery relies on
several additional features necessary for a gene
therapy approach to succeed. First, efficient
therapeutic protein synthesis requires effective
gene delivery to the target organ. Then, the sur-
rogate organ is expected to have enzymes
needed for glucose sensing (e.g., GLUT2 and
GK) and bioprocessing (e.g., prohormone con-
vertases). More importantly, the presence of a
regulated secretory pathway with some degree of storage is essential
for the release of therapeutic protein upon stimulation. Finally, in-
sulin transgene expression should be induced by hyperglycemia and
repressed by fasting hypoglycemia.

One of the goals of our study was to develop a stable and safe means of
expressing an exogenous insulin gene in vivo. Expectedly, genome-
integrating vectors have a better chance of providing stable gene
expression than non-integrating vectors. Transduction of both
dividing and non-dividing cells, the lack of immune response and
integration-induced mutagenesis upon viral entry/integration made
the lentivirus vector of choice for gene delivery.46,47 Third generation



Figure 5. Glucose Clearance Profile and Serum

Insulin Levels in Diabetic Rats Treated with Various

Gene Therapy Vectors

(A) i.p. glucose tolerance tests following LentiLacZ, Len-

tiINS, LentiVIP, and LentiINSVIP vector delivery con-

ducted 5 weeks after the gene delivery. An asterisk (*)

indicates the statistical significance of glucose clearance

profile of LentiINSVIP-injected animals compared to

LentiINS and LentiVIP injected animals at 60, 90, and

120 min after the glucose administration (n = 8/group,

two-way ANOVA; LentiINS versus LentiVIP not signifi-

cant). (B) Serum insulin profile 5 weeks after the gene

delivery (n = 8/group, ordinary one-way ANOVA, Holm-

Sidak’s multiple comparison test, control versus Lenti-

LacZ, p = 0.034; control versus LentiINS, p = 0.004;

control versus LentiVIP p = 0.034; control versus Len-

tiINSVIP p < 0.0001; ns = not significant). Control refers to

non-diabetic animals.
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lentiviral vectors48 self-inactivate themselves following insertion into
the host genome and vector mobilization is not seen even after the
infection with wild-type HIV.32 In this study, a lentiviral vector pseu-
dotyped with VSV-G was employed to increase vector tropism and
stability.49

For the reasons outlined above, pancreatic beta cells were chosen as
target cells. To accomplish this targeting, pancreatic beta-cell specific
insulin gene expression was required to prevent insulin gene expres-
sion in non-beta cells. Moreover, a glucose-responsive promoter was
desired to prevent blood glucose fluctuations leading to hypoglycemia
when fasting or hyperglycemia upon feeding. One of the favorite
glucose-controlled promoters is undoubtfully the insulin promoter
in which the expression is tightly controlled by the amount of glucose
Mole
present in the blood.50 For this reason, an insu-
lin-encoding lentiviral vector under the control
of an insulin promoter (LentiINS) was gener-
ated. LentiINS-directed insulin gene expression
was only observable in NIT-1 cells, but not in
293T human embryonic kidney cells. The pres-
ence of insulin gene expression in pancreatic
beta cells, but absence in non-beta cells, sug-
gested LentiINS vector driven insulin gene
expression exhibited some tissue preference.
Then, the therapeutic efficacy of LentiINS for
T1DMwas tested in a rat model of STZ-induced
diabetes. Both fasting and non-fasting plasma
glucose levels of LentiINS-injected rats were
reduced significantly compared to LentiLacZ-
injected diabetic rats. However, the efficacy of
the LentiINS vector-mediated reduction in
non-fasting plasma glucose levels lasted only
3 weeks. These data are in accordance with pre-
vious studies in which glucose-responsive pro-
moters were not as effective as desired in re-
sponding to blood glucose fluctuation.51–53 Nevertheless, use of a
glucose-responsive promoter prevented the manifestation of insu-
lin-related hypoglycemia in our study.

Insulin analogs cannot cure diabetes; instead, they delay the appear-
ance of diabetic complications.10 This limitation is mainly due to the
nature of insulin analogs and route of insulin delivery. Thus, a
glucose-regulated insulin gene therapy approach targeting pancreatic
beta cells is expected to better mimic endogenous insulin synthesis
and secretion profile compared to exogenously injected insulin. In re-
ality, a complete cure requires not only the compensation of insulin
deficiency, but also the suppression of the ongoing autoimmunity
observed in T1DM patients. Unfortunately, due to its cost and side-
effects, immunosuppressive drugs are not recommended to diabetic
cular Therapy Vol. 29 No 1 January 2021 155
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Figure 6. Insulin Immunostaining of Tissue Sections Obtained from Various Intraabdominal Organs following Gene Delivery (n = 6)

Gene therapy vector types are given on the left side of each panel. Intraabdominal tissues used in the analysis are listed above the panels. Immunohistochemistry analysis was

performed on paraffin-embedded tissues using an anti-insulin antibody. Scale bar, 100 mm.
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patients. Therefore, we hypothesized that if we could suppress dia-
betes-related inflammation and further boosted insulin gene expres-
sion by complementary gene therapy, we would be able to increase
the therapeutic efficacy of LentiINS in a rat model of diabetes. VIP ex-
hibits anti-inflammatory and insulinotropic properties.54 However, it
was unknown whether VIP could induce pancreatic beta cell prolifer-
ation following STZ destruction of pancreatic islets.27 The therapeutic
effect of VIP either in peptide form or a plasmid has already been
tested in non-obese diabetic (NOD) mice in two similar studies.
For example, plasmid delivery of VIP encoding gene decreased the
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incidence of cyclophosphamide (CP)-accelerated diabetes (CAD) in
NOD mice by way of shifting proinflammatory cytokine profile (T
helper 1 [Th1]) to an anti-inflammatory type (Th2).55 In another
study, i.p. injection of 2.5 nmoles VIP/animal every other day reduced
the severity of insulitis and prevented development of diabetes in
NOD mice.56 The suppression of Th1 cytokines, activation of regula-
tory T cells, and increased interleukin-10 (IL-10) synthesis were all
blamed for the observed phenotype. In this study, VIP injection dras-
tically decreased the expression of T-bet (Th1 lineage-specific tran-
scription factor) and increased the expression of the GATA-3 (Th2



Figure 7. Induction of Pancreatic Islet Cell

Proliferation and In Vivo Tissue Distribution of

LentiINSVIP Vector

(A) Pancreatic islet cell proliferation rate in lentivirus in-

jected animals. Values are expressed as the median (the

interquartile range). Statistical analysis was performed

using one-way ANOVA followed byHolm-Sidak’s multiple

comparisons test (Control versus LentiLacZ *p = 0.0407,

LentiINS versus LentiINSVIP **p = 0.0012, LentiVIP

versus LentiINSVIP *p = 0.0406, ns, not significant). (B)

Genomic integrated copy number in intraabdominal or-

gans following LentiINSVIP vector delivery (copy number

� 106/ng). qPCR analysis was performed using genomic

DNA isolated from selected intraabdominal organs of

sacrificed animals (n = 6). Control represents PBS in-

jected animals.
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lineage-specific transcription factor), and the markers for regulatory
T cell function (FoxP3 and transforming growth factor b [TGF-b])
in pancreatic tissue of NOD mice. In the current study, injection of
LentiVIP had the ability to significantly reduce non-fasting blood
glucose levels in diabetic rats compared to LentiLacZ-injected diabetic
rats. However, concurrent use of LentiINS and LentiVIP vectors were
even more effective than their individual administration. Despite a
significant decrease in blood glucose, no hypoglycemia was detected
in LentiINSVIP injected animals. One of the characteristic features
of T1DM patients is the loss of body weight. Interestingly, individual
LentiINS and LentiVIP administration led to increased body weight,
which was even more pronounced in rats receiving both vectors.
Mole
We also noted that glucose tolerance was
improved after LentiINS or LentiVIP injection
compared to diabetic LentiLacZ-injected rats,
but once again LentiINSVIP-injected rats dis-
played the greatest improvement in beta-cell
tolerance to glucose. Consistent with these
data, LentiLacZ-injected diabetic rats displayed
lower levels of insulin in blood compared to
untreated controls, while LentiINS- and Lenti-
VIP-injected animals manifested higher levels
of insulin. The highest level of circulating insu-
lin was achieved with LentiINSVIP injection.
Higher levels of serum insulin translated into
better reduction in hyperglycemia, glucose
tolerance, and increase in body weight. Immu-
nohistochemical analysis of insulin expression
revealed pancreatic beta-cells were destroyed
in LentiLacZ-injected diabetic rats, while they
were protected and/or regenerated in Len-
tiINS- and LentiVIP-injected rats. LentiINS-
VIP-injected rats manifested stronger insulin
staining and larger islets compared to the other
groups. Ki67 immunostaining revealed islet
cell proliferation in LentiLaZ-injected diabetic
rats was significantly reduced compared to
control rats, suggesting these animals could not recover from
STZ-induced diabetes without intervention. In comparison, the
increased islet cell proliferation rate observed in LentiINS- and Len-
tiVIP-injected rats suggested insulin and VIP gene expression had
the ability to restore islet cell mass through an enhanced prolifera-
tion of pancreatic islet cells. It is noteworthy to mention that Len-
tiINSVIP-injected rats displayed the highest islet cell proliferation
rate. Moreover, lentiviral integration studies revealed the LentiINS-
VIP vectors were integrated into various intraabdominal organs—
particularly the liver. However, LentiINS-directed insulin gene
expression was only observable in pancreatic beta cells but not in
other tissues analyzed.
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Figure 8. LentiINS, LentiVIP, and LentiINSVIP Administrations Reduced

Serum CRP Levels in Diabetic Animals

(A) n = 8/group, ordinary one-way ANOVA, Kruskal-Wallis Test, **p = 0.0031, ****p <

0.0001. (B and C) Alterations in total (B) oxidant and (C) antioxidant capacity

following gene delivery (n = 8/group, ordinary one-way ANOVA, Tukey’s multiple

comparison test, ****p < 0.0001, **p = 0.0042). Control represents PBS injected

animals.
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Prolonged hyperglycemia correlating with elevated CRP values has
been blamed for the chronic inflammatory changes seen in both
T1DM and T2DMpatients.57 Furthermore, insulin has anti-inflamma-
tory properties and can lower serum CRP levels.58 In our study, Lenti-
LacZ-treated diabetic rats displayed higher levels of serum CRP
compared to control animals, but serum CRP levels were reduced in
158 Molecular Therapy Vol. 29 No 1 January 2021
LentiINS vector injected rats. The reduction in serum CRP levels
were more prominent, and almost indistinguishable from the controls,
in LentiVIP- or LentiINSVIP-injected rats. Moreover, the production
of reactive oxygen species (ROS) and subsequent oxidative stress has
been proposed as the root cause underlying the progression of insulin
resistance, glucose intolerance, and beta-cell loss in T2DM.59 Similarly,
the sensitivity of pancreatic beta-cells to hyperglycemia-induced oxida-
tive stress is a major role in the pathogenesis of T1DM.60 In this sce-
nario, the ROS generated as a result of oxidative stress contributed to
pancreatic beta-cell death during the development of T1DM. The
fact that T1DM patients manifest higher serum oxidant enzyme levels
but lower antioxidant enzyme repertoire further support this hypothe-
sis.61,62 As shown in our study, LentiLacZ-injected STZ-induced dia-
betic rats displayed higher serum oxidant but lower antioxidant capac-
ities. Both the insulin and VIP expressions were equally effective in
suppressing increased oxidant capacity due to hyperglycemia, and
the lower antioxidant capacity observed in diabetic rats was normalized
by LentiINS and LentiVIP injections.

In conclusion, pancreatic beta-cell specific insulin gene expression
combined with the suppression of diabetes-related inflammation man-
ifested beneficial outcomes in multiple low dose STZ-induced animal
model of T1DM. By deploying a complementary gene therapy
approach involving LentiVIP, we were able to rescue and induce pro-
liferation of pancreatic beta-cells and simultaneously increase insulin
gene expression via LentiINS transduced pancreatic beta-cells. Howev-
er, late-stage T1DM patients may not have sufficient numbers of
pancreatic beta cells for the insulin gene therapy to be successful. In
this scenario, complementary gene therapies to induce pancreatic
beta cell regeneration like the one employed in this study (LentiVIP)
might be necessary prior to insulin gene delivery. Similar to our studies,
the lentivirus vector was used as a transgene carrier for FDA-approved
Kymriah and EMA-approved Zynteglo. Lentiviral vectors are consid-
ered to be one of the safest gene therapy vectors and no integration
induced mutagenesis was observed in the clinical trials performed to
date.32 Although, we observed no increase in serum alanine amino-
transferase (ALT) levels (an indication of liver damage) in rats injected
with individual lentiviral vectors (LentiINS, LentiVIP, or LentiLacZ;
data not shown), further research is warranted to reveal any other
possible side effects of the treatment. Additionally, future studies are
needed in non-obese diabetic (NOD) mice or BioBreeding (BB)Wistar
rats to better assess the efficacy of lentivirus-mediated pancreatic beta-
cell specific insulin gene therapy before planning large animal models
(dogs, pigs, and nonhuman primates) or human clinical trials.

MATERIALS AND METHODS
Construction of Lentiviral-Based Expression Plasmid Encoding

the Minimal Insulin Promoter and Insulin Gene

The human insulin promoter (�364/+31) was obtained from Inte-
grated DNATechnologies (IDT, Iowa City, IA, USA) as synthetic dou-
ble-stranded DNA. After resuspending DNA fragments in Tris-EDTA
buffer, an adenylation reaction was set up using Taq polymerase in the
presence of dATP andMgCl2 by incubating at 70�C in 9800 Fast Ther-
mal Cycler. The insulin promoter was then cloned into an entry vector
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(pENTR50Ip) using pENTR 50-TOPO-TA Cloning Kit (_Invitrogen
K591-20). The pENTR50-TOPO TA Cloning Kit and MultiSite
Gateway Technologies are linked to simplify one-step cloning of Taq
polymerase-processed DNA fragments encoding a eukaryotic pro-
moter of interest into aMultiSite Gateway entry vector. In this protocol,
the cloned eukaryotic promoter is transferred from the pENTR50-
TOPO vector to a suitable MultiSite Gateway destination vector in a
MultiSite Gateway LR recombination reaction with the other entry
clone to generate an expression construct. The entry vector carrying
the gene encoding for the human insulin (pENTRIns; Invitrogen, Ulti-
mate ORFClone ID: IOH7334) was obtained as a bacterial stab culture.
QIAGEN Plasmid Mega Kit (QIAGEN, Cat. No: 12183) was used to
obtain purified pENTRIns and pENTR50Ip plasmids. Virapower Hi-
perform Promoterless Gateway Expression Kit (_Invitrogen, A11145)
was used to generate the expression clone (pLentiINS). To do this,
the MultiSite Gateway reaction was set up using both entry vectors
(pENTR50Ip and pENTRIns) and a destination vector (pLENT_I6.4/
R4R2/V5-DEST) in the presence of LRClonase II Plus enzyme by incu-
bating at room temperature overnight. After proteinase K digestion, the
reaction was transformed into E. coli and spread on LB agar plates with
ampicillin. Plasmid DNA was isolated using QIAGEN Plasmid Mini
Kit (QIAGEN, Cat. No. 12125) and cut with AflII versus XhoI restric-
tion enzymes to idenfity the right bacterial colonies. Plasmid sequence
identity was confirmed using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Cat. No. 4337455). QIAGEN
Plasmid Mega Kit (QIAGEN, Cat. No. 12183) was used to obtain a
large quantity of plasmid DNA needed for transfection. Construction
of LentiLacZ and LentiVIP vectors was performed as described previ-
ously.37,38 Lentivirus vectors were produced by the transient transfec-
tion of 293T cells in roller bottles and purified by anion-exchange chro-
matography as described previously.41,42

Functional Titration of Lentiviral Vectors by qPCR

Concentrated lentivirus vectors were stored at�80�C for at least 24 h
before the titration. HT1080 cells (ATCC CCL-121) were added to
24-well plates at 50,000 cells/well the day before the transduction. Af-
ter thawing of lentivirus stocks, HT1080 cells were transduced with
increasing doses of the vector (10�4, 10�2, 1, 2, 4, 8 mL) in the pres-
ence of polybrene (6 mg/mL). The cell culture medium was replaced
with 500 mL of fresh DMEM without polybrene the day after trans-
duction. Lentivirus-transduced HT1080 cells were kept at in an incu-
bator (37�C and 5% CO2) for 2 additional days. Lysis buffer was
added at 100 mL/well after removing the cell culture media. Samples
were kept at 96�C then centrifuged at 14,000 rpm for 2 min. Cell ly-
sates were held at �20�C before use. WPRE primers (Fwd: 50-
CCGTTGTCAGGCAACGTG-30; Rev: 50-AGCTGACAGGTGGTG
GCAAT-30) were used to detect integrated lentiviral vector copies
while albumin primers (Fwd: 50-GCTGTCATCTCTTGTG
GGCTGT-30; Rev: 50-ACTCATGGGAGCTGCTGGTTC-30) were
used as internal qPCR controls. Albumin plasmids obtained from
Addgene were used to establish the standard curve. Real-time PCR re-
actions were carried out using the Quantitect SYBR Green PCR Kit
(QIAGEN, Cat. No. 204143). In vivo administration of LentiINS,
LentiVIP, and LentiLacZ used a single dose of 1010 TU/rat. Combined
LentiINS and LentiVIP delivery included 5 � 109 TU of each vector
(totaling 1010 TU/rat).

In Vitro Gene Expression Analysis of LentiINS Vector

To confirm transgene expression from the LentiINS vector, we used
293T (ATCC CRL-3216) and NIT-1 pancreatic beta-cell lines
(ATCC CRL-2055). Briefly, cells were cultured in 24-well plates
(50,000 cells/well) and then transduced with LentiINS at increasing
MOIs (0, 5, 25, 125) in the presence of polybrene. Supernatants
were collected 72 h later to detect insulin levels using the Insulin
Human ELISA kit (Abcam, ab100578). MIN6 pancreatic beta cell
line was kindly provided by Jun-Ichi Miyazaki (Osaka University).
To assess glucose responsiveness of lentiviral vectors, we washed
LentiINS or LentiLacZ-infected MIN6 cells with PBS and then incu-
bated in Krebs Ringer Buffer (KRB) with no glucose. All cells were
exposed to KRB containing 2.8 mM glucose for 30 min at 37�C.
After washing cells with glucose-free KRB, cells were treated with
250 mL KRB supplemented with 0, 2.8, or 25 mM glucose for 1 h
at 37�C. Cell culture supernatants were collected from wells and
stored at �20�C prior to detection of secreted insulin. Serum insulin
ELISA was performed similarly using blood collected from animals
sacrificed 5 weeks after the gene delivery using Insulin ELISA Kit
(Abcam, ab100578).

Development of STZ-Induced Diabetes

4-week-old Wistar rats were attained from the Animal Care Unit of
Akdeniz University Hospitals. Rats were housed in a humidity and
temperature-controlled environment under a 12-h light/dark cycle
and received standard chow and water ad libitum. STZ was used to
induce diabetes in 6-week-old Wistar rats. STZ was dissolved in
0.01M citrate buffer (pH 4.5) just before use and injected i.p. to estab-
lish diabetes. After testing various doses and repeated administra-
tions, injection of 30 mg/kg STZ (Sigma-Aldrich; St. Louis, MO,
USA) for 5 consecutive days gave the optimum dose to induce hyper-
glycemia. Blood glucose levels and body weight of diabetic rats were
logged intermittently. Blood samples from sacrificed rats were taken
by intracardiac puncture when necessary. Serum samples were ob-
tained from the blood via centrifugation and stored at �20�C for
further analyses. The animal study was conducted under the supervi-
sion of the Institutional Animal Care and Use Committee of Akdeniz
University School of Medicine.

Blood Glucose Measurements and i.p. Glucose Tolerance Test

Glucose levels were measured using blood taken from the tail vein via
Accu-Check Compact Glucometer (Roche Diagnostics, Indianapolis,
IN, USA). The sensitivity of the Accu-Check Compact Glucometer is
between 10–600 mg/dL, and glucose values >600 mg/dL are displayed
as “HI.” Thus, “HI” displayed values on glucometer were recorded as
600 mg/dL. Blood glucose values >250 mg/dL on two consecutive
readings were considered diabetic. Blood glucose measurements
were taken in the early afternoon to prevent alterations due to differ-
ences in animal feeding behavior. Animals were refrained from food
for 8 h to obtain fasting blood glucose levels. i.p. glucose tolerance test
was performed in rats after 6 hr of fasting. To do this, gene-delivered
Molecular Therapy Vol. 29 No 1 January 2021 159
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rats received i.p. 2 g/kg of glucose. Blood glucose measurements were
taken at 0, 15, 30, 60, and 120 min using blood obtained from the tail
vein.

Immunohistochemical Studies

To demonstrate that pancreatic islets were destroyed/restored
following STZ injection and gene delivery, we sacrificed rats 5 weeks
after i.p. injections. After intracardiac perfusion with 4% paraformal-
dehyde, intraabdominal organs (pancreas, spleen, liver, and kidney)
were dissected, fixed in formalin, and embedded in paraffin. Hema-
toxylin and eosin staining were performed to reveal general cytoarch-
itecture of tissues, while immune staining was used to reveal insulin
gene expression using polyclonal rabbit anti-insulin antibody (Ab-
cam, Cat. No. ab63820). Ki-67 immunostaining (Biorbyt, St. Louis,
MO, USA, Cat. No. orb389335) was conducted to determine prolifer-
ating islet cells, and the proliferation rate in each islet (%) was esti-
mated as the number of proliferating cells/the total number of cells
� 100%.63 Sections were analyzed under an Olympus IX81 Inverted
Fluorescein Microscope and the images were processed using the Im-
ageJ program (National Institutes of Health, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij/).

Detection of Serum CRP, Total Oxidant, and Total Antioxidant

Capacities

CUSABIO ELISA kit (CSB-E07922r, Wuhan, Hubei, China) was used
for the quantitative determination of rat C-reactive protein (CRP)
concentrations in serum. Total oxidant and total antioxidant capac-
ities were measurements as described previously.64,65 Briefly, total
oxidant capacity analysis is a colorimetric method based on the
oxidation of ferrous iron (Fe+2) to the ferric iron complex (Fe+3).
The intensity of this colored compound is measured at 600 nm using
a spectrophotometer. Total antioxidant capacity relies on the antiox-
idant-induced color change in ABTS measured at 660 nm using a
spectrophotometer.
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