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Abstract
Introduction: Type 1 diabetes is an autoimmune disorder characterized by the destruction of pancreatic islet beta cells
responsible for insulin production, leading to insulin deficiency. The PDX1 and NKX6-1 genes are essential to beta cell
development and maturation in the pancreas. Based on previous studies, Pdx1 is downregulated in diabetics, and higher
Nkx6.1 expression has been shown to induce high cell turnover. This proposal aims to investigate the potential therapeutic
effects of gene therapy on streptozotocin-induced non-obese diabetic/severe-combined immunodeficient mice in treating
Type 1 Diabetes. It is hypothesized that the use of gene therapy to overexpress PDX1 and NKX6-1 into the pancreas of
experimental diabetic mice will result in increased beta cell production and improved glucose metabolism.

Methods: Both male and female streptozotocin-induced non-cbese diabetic/severe-combined immunodeficient experimental
mice will receive human islets from individuals 32-55 years old. The PDX1 and NKX6-1 genes will be overexpressed in a
shuttle vector and incorporated into the gutless adenovirus vector backbone through co-transfection using the Cre293/lox P
cell line. Verification of successful vectors containing the gutless adenovirus coupled with a helper plasmid will be done
using gel electrophoresis. Incubation with beta cells will stimulate the transduction process after which beta cells will be
delivered into mice pancreas’ through endoscopic retrograde cholangiopancreatography. An intraperitoneal glucose tolerance
test, pancreatic biopsy with immunohistochemical staining, and islet calculations will be done.

Results: An intraperitoneal glucose tolerance test is expected to show improved blood glucose levels in experimental mice
post-treatment, while a pancreatic biopsy with immunohistochemical staining and subsequent islet diameter and volume
calculations are expected to depict an increase in the number of beta cells.

Discussion: The experimental mice are anticipated to show an improvement in blood glucose levels and increased production
of beta cells following treatment due to the overexpression of PDX1 and NKX6-1. The normal control mice and diabetic
untreated mice are expected to show normal and high glucose levels, as well as normal and deficient beta cells respectively.
Conclusion: This proposal may provide a better understanding of the pathophysiology in Type 1 Diabetes and pave a new
path for its treatment.

Keywords: regenerative medicine; gene therapy; type 1 diabetes; PDX1; NKX6-1; gutless adenovirus vector; helper plasmid,;
islet beta cells

Introduction

Type 1 Diabetes (T1D) is a chronic autoimmune
disease characterized by the destruction of pancreatic
insulin-producing beta cells (B-cells). As a result of insulin
deficiency, a hormone essential for the utilization and
storage of glucose, individuals diagnosed with this
condition must rely on exogenous insulin administration to
regulate their body’s blood glucose levels [1]. As effective
as this treatment is, many diabetics continue to experience
both hypo (low levels) and hyperglycemia (high levels) due
to the difficulty of maintaining normal glucose levels with
insulin injections [1]. Symptoms of critical deficiency of
insulin resulting in hyperglycemia include polyuria
(increased urination), polydipsia (increased  thirst),
weakness and fatigue [1]. In cases of very poor

Aftab et al. | URNCST Journal (2021): Volume 5, Issue 10
DOI Link: https://doi.org/10.26685/urncst.286

management commonly characterized by consistently high
blood sugar levels over a period of years, individuals
become prone to the long-term complications of diabetes
which include heart disease, stroke, kidney failure, and
blindness [1]. As a result, ongoing research is focused on
different methods of treatment that involve the re-
establishment of B-cell function and prevention of B-cell
destruction. In 2018, a study done by Xiao et al. found that
the use of an adeno-associated virus (AAV) to deliver and
express MAFA and PDX1 genes encoding MAF BZIP
Transcription Factor A (MafA) and Pancreas/Duodenum
Homeobox Protein 1 (Pdx1) respectively into mice results
in the conversion of alpha cells (a-cells) to -cells in vivo
[2]. Although both genes code for transcription factors,
MafA binds to promoter/ enhancer regions of the insulin
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gene and drives expression, while Pdx1 regulates the
expression of more than one B-cell-specific genes including
insulin and glucokinase, thereby making it essential for the
development, differentiation, and maintenance of mature -
cell function [2]. Xiao et al paired Pdx1 with MafA due to
the successful results of previous studies that have shown
the importance of both transcription factors along with a
third factor, Ngn3 (neurogenin 3) in driving the in-vivo
differentiation of pancreatic exocrine cells into B-cells [3].
A similar study conducted by Banga et al. also
demonstrated that simultaneous overexpression of the three
genes resulted in Sox9* cells reprogramming into B-cells
[4]. As a result of such findings, the gene therapy treatment
proposed by Xiao et al. used the combination of Pdx1 and
MafA to induce differentiation of acinar cells into insulin
producing cells [2]. The results of the study including
restoration of normal blood glucose levels in non-obese
diabetic/ severe combined immunodeficient (NOD/SCID)
mice suggested that this treatment may be promising in
treating T1D [2]. That said, research focusing on additional
essential genes involved in B-cell production and new
developments of viral vectors suggest a gene therapy
approach encompassing a novel combination of genes that
may provide more information about the disorder and a
potential treatment for T1D.

Homeobox protein Nkx6.1 is a transcription factor
encoded by the gene NKX6-1 that is uniquely expressed in
mature pancreatic f- cells and plays a major role in the
early and late development of B- cells [5]. Pancreas
transcription factor 1 subunit alpha (Ptfla) is a key
transcription factor involved in directing multipotent
pancreatic progenitor cells towards the acinar lineage, and
studies show that Nkx6.1 and Ptfla are essential in
specifying progenitor cells towards endocrine and acinar
lineages respectively through the repression of the
alternative lineage [6]. In addition to suppression, Nkx6.1
co-expressed with Pdx1 at this early stage induces cell
commitment to the p-cell lineage [7]. During late
development, Nkx6.1 functions in maintaining [-cell
identity and is crucial in maintaining B-cell function
including insulin production and glucose metabolism [7].
Genome wide analyses paired with functional assays have
demonstrated that B-cells lacking gene expression of
Nkx6.1 lose functional characteristics and exhibit loss of
cell identity by acquiring characteristics of delta cells (3),
thereby confirming that Nkx6.1 expression is important for
B-cell proliferation and function [8]. A similar study
focusing on the effects of point mutations in the
transactivation domain of the PDX1 gene on p-cell
development and insulin secretion emphasized the
importance of PDX1 in ensuring correct endocrine lineage
formation and maintenance of B-cell function [9]. Nkx6.1
interacts with many other transcription factors, and co-
immunoprecipitation (Co-I1P) data focusing on Nkx6.1 and
Pdx1 provided evidence of significant binding interactions
between both transcription factors [10]. In a study done by
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Tran et al., it was found that Nkx6.1 overexpression is
correlated with a higher turnover rate of p-cells [11].

As a result of the numerous findings regarding
essential interactions among Pdx1 and Nkx6.1 and their
roles in B-cell development and function , we expect that
the overexpression of the NKX6-1 gene, along with PDX1,
would promote the development, differentiation, and
maintenance of functional mature B-cells. This study aims
to outline a viral gene therapy method that may be used as a
potential treatment for T1D.

Methods
Mice Selection

All male and female non-diabetic control mice,
streptozotocin (STZ)-induced NOD/SCID untreated control
and treated experimental mice will be obtained from an
animal research lab such as Jackson lab (Bar Harbor, Me,
USA). Twenty-eight mice aged 45 weeks old belonging to
the BALB/C strain will be used in all randomized and blind
assessments [12]. Seven mice will be randomly assigned to
each group and will be kept in an animal care facility such
as Vanderbilt animal care facility while being fed a
balanced standard chow and taken care of according to the
institution’s guidelines [13]. To ensure selection of severely
NOD mice, a 6-hour fasting period followed by a blood
glucose level assessment will be done and mice displaying
fasting glucose levels greater than 300 mg/dl will be
used [13].

Collection and Use of Human Islet Cells

Human islet cells will be obtained from non-diabetic
organ donors from a facility such as the University of
Chicago Transplant Centre. Independent human islet
batches will be harvested for the genes of interest, PDX1
and NKX6-1 which will then be isolated, overexpressed in
the gutless adenovirus vector coupled to the helper plasmid
(pGLAD) and introduced into mice. The human islets will
be retrieved from both males and females aged 32-55 years
old [2].

Vector Production

The gutless adenovirus vector will be used as a gene
delivery apparatus due to its large packaging capacity,
versatility, and low toxicity [14]. The adenovirus will be
obtained from a manufacturer that provides proteomic and
genomic products such as Thermofisher laboratories
(Waltham, MA, USA). The virus vector will then be
coupled with a helper plasmid to eliminate any
contamination in the vector that could potentially cause
acute and chronic toxicity in host cells [15].

The process starts with the amplification of the gutless
adenovirus vector (GLAD) which will be done by infecting
the cell monolayer from the viral stock. The cells will then
be harvested and lysed to release the virus once the
cytopathic effect begins to initiate. Viral purification will
then be followed via centrifugation through cesium chloride
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gradients. When the final products are obtained, they will
be desalted, then tittered using spectrophotometry to
examine the viral particles [16]. A helper plasmid will be
made following the methodology outlined in the paper done
by Lee et al [15]. The genes of interest PDX1 and NKX6-1
will be overexpressed by sub-cloning them into the shuttle
vector, part of the helper plasmid. Then, the shuttle vector
will be incorporated into the GLAD backbone through co-
transfection using the Cre293/lox P cell line which contains
an enzyme referred to as cre recombinase [14]. This
enzyme functions to improve the recombination ability of
the vector and helper plasmid thereby reducing the amount
of helper adenovirus contaminate to approximately 0.1%
[14]. To verify and isolate the vector containing the helper
plasmid and both genes, the vector will be linearized and
subjected to agarose gel electrophoresis which separates
fragments based on molecular size [17]. The gel will
contain a kilobase pair (Kb) ladder encompassing the
known sizes of the individual components including the
vector, helper plasmid, PDX1 and NKX6-1 genes [18]. The
size of the vector containing all required components will
match up to the sum of the individual components, and this
is identified as pGLAD.

Viral Transduction into B-cells

PGLAD will be amplified using polymerase chain
reaction (PCR). B-cells will be extracted from STZ-induced
NOD/SCID experimental mice via a pancreatic biopsy.
These cells will then be isolated using glucagon-like
peptide-1 receptor (Glp-1r) which binds to fluorescent
exendin-2 (E4) through liquid affinity chromatography
[19]. Isolated B-cells will then be placed onto a petri dish
with the pGLAD vector and be incubated for 10-15 days to
allow for transduction to occur [15].

Transfer of Genes into Mice

The B-cells containing pGLAD will be incorporated
into the pancreatic duct of the STZ-induced NOD/SCID
experimental mice using a non-surgical technique called
endoscopic retrograde cholangiopancreatography (ERCP).
ERCP is a simple procedure that uses a long flexible tube
that can inject into the bile duct. It uses a contrast dye to get
an x-ray image of the digestive tract to guide the needle [2].

Aftab et al. | URNCST Journal (2021): Volume 5, Issue 10
DOI Link: https://doi.org/10.26685/urncst.286

Intraperitoneal Glucose Tolerance Test

An intraperitoneal glucose tolerance test (ipGTT) is
used to measure the body's response to glucose [13]. After 6
hours of fasting, the first blood sample will be drawn from
a tail bleed after which an intraperitoneal injection of sterile
glucose (2g/kg body weight) will be administered under
isoflurane anesthesia [13]. Blood glucose levels will be
assessed 15-, 30-, 60-, and 120-minutes following
administration. The blood draw before glucose delivery will
determine the baseline blood glucose levels and the
subsequent draws will depict the glucose levels in response
to the stimulus. These levels will be determined using a
glucometer (measured in mg/dl). Glucose levels start to
level off an hour after glucose administration, therefore
levels ranging between 100-200 mg/dl approximately
60 minutes following intraperitoneal injection are normal,
while values approaching and greater than 300 mg/dl
indicate hyperglycemia [20]. An ipGTT will be done
for both control groups before, and for experimental
groups before, 1 month and 6 months after gene therapy
treatment.

Pancreatic Biopsy and Immunohistochemical Staining

A pancreatic biopsy will be done to examine whether
functional B-cells are being produced. A section of
pancreatic  tissue  from  STZ-induced NOD/SCID
experimental mice will be extracted laparoscopically using
biopsy forceps, ensuring to avoid any major vessels and
cauterize any bleeds in the process [21]. The tissue sample
will be examined in closer detail in a lab. The tissue
containing the cells will be placed in staining plates and
will be fixed in zinc for 6 hours followed by 4% formalin
before immunohistochemical staining [2]. Anti- insulin
antibody  immunoperoxidase with  diaminobenzidine
reaction (DAB) and hematoxylin counterstaining will be
done to stain the B-cells and islets within which they are
contained respectively [22]. Visual staining will be
accompanied by numerical measurements of the islet
diameter and calculations for islet volume size using the
formula 4/3nr3 (r = radius) [12]. A pancreatic biopsy will be
done for all three groups before, and for NOD experimental
mice 6 months following treatment.

Page 3 of 11


https://www.urncst.com/
https://doi.org/10.26685/urncst.286

UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

Vector
production

.
.-// ‘-\\"“-._
/ ‘“—-_\‘

GLAD ;
j Human islet cells
Production and Non-diabatic

amplification

Isolation of genes of
interest
PDX1 and NKXB-1

|

Sub-clone into shuttle
vector
Helper plasmid

l Beta cell
Co-transfection into extraction
—_—r GLAD Biopsy
Cre293/1ox P cell line

1 l

. Liquid affinity
Gel electrophoresis chromatography
Verification of Isolation

successful pGLAD

l

PCR amplification
pGLAD

Beta cell integration

> Incubation «
Incorporated into
mice
ERCP
Figure 1. Depiction of experimental design, created using Smartdraw.
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Figure 2. Line graph depicting the results of an intraperitoneal glucose tolerance test illustrating the blood glucose levels of
BALB/C non-diabetic control mice, NOD untreated control mice and NOD experimental mice before, 1 month after, and 6
months after treatment over a period of 120 minutes each time [13]. This graph was created using Microsoft Excel.

Figure 3. Immunohistochemistry of islet B-cells from pancreatic tissue. Anti- insulin antibody immunoperoxidase with
diaminobenzidine reaction (DAB) and hematoxylin counterstaining is used to stain the B-cells (brown) and islets (blue),
respectively. One mouse from each sample group is randomly selected. A depicts the size of B- cell islets in non-diabetic
control mice. B represents the results of NOD control mice and NOD experimental mice prior to treatment. C illustrates the
results of the NOD experimental mice 6 months following gene therapy treatment [12]. Images adapted from Chong et al.,
reprinted with permission from American Association for the Advancement of Science [12].
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Figure 4. Bar graph produced on Microsoft Excel depicting the average measured diameter and calculated volume of B-cell
islets in all three groups before treatment and 6 months following treatment for NOD experimental mice.

We expect the results of this study to illustrate that the
non-diabetic control mice will have regular blood glucose
levels ranging between 100-150 mg/dl and NOD untreated
control mice will depict glucose levels greater than 300
mg/dl indicative of hyperglycemia (high blood sugar) 60
minutes after glucose intake, as illustrated in Figure 2 [20].
Moreover, the NOD experimental mice are expected to
show improvements in blood glucose levels following
treatment. As illustrated in Figures 3 and 4, the non-diabetic
control and NOD untreated mice are expected to show a
greater and smaller islet diameter and volume respectively.
We anticipate the NOD experimental mice to depict an
increase in the islet cell diameter and volume following
treatment. The expected results provide support for this
gene therapy treatment being successful in treating T1D.

Discussion

Major components of the proposed experimental
design as outlined in Figure 1 are constructed based on
successful methodologies used in multiple studies. The
study conducted by Lee et al highlighted a method for
vector production that consisted of novel construction of a
helper plasmid which was then coupled to GLAD in order
to produce a pGLAD vector [15]. The pGLAD was used to
introduce the dystrophin gene into mice models and proved
to be successful as the vector-maintained gene expression
in the target tissue for at least 4 weeks [15]. In addition, this
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vector has been shown to provide benefits that a typical
adenovirus vector (AVV) would not, including long-term
transgene expression, reduced contamination, and a much
lower immune response which is important when aiming to
treat an autoimmune disorder [15]. Moreover, the genes
PDX1 and NKX6-1 will be used in combination due to the
importance of each encoded transcription factor in p-cell
production, differentiation, and survival [7,8,9]. To
eliminate chances of toxicity within the host, the
Cre293/lox P cell line will be used as it contains cre
recombinase which ultimately functions to reduce the
chances of viral genome integration into the co-transfected
pGLAD [14]. In addition, when introducing the cells into
mice, the technique referred to as ERCP is favoured due to
its non-invasive nature allowing for a safe and efficient
delivery into the target tissues [2].

The expected results of the intraperitoneal glucose
tolerance test, immunohistochemistry and calculations of
islet cell diameter and volume before and after our
proposed gene therapy treatment should confirm the
hypothesis that the overexpression of PDX1 and NKX6-1
result in an increased production of functional pancreatic
islet B-cells. The results applicable to the non-diabetic
control mice and NOD untreated control mice should
remain consistent throughout the experiment, while the
NOD experimental mice are expected to show
improvements in all tests conducted.
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Several studies have used ipGTT for different
purposes, for example Gunawardana and Piston conducted
a study in which ipGTT was used as a test to assess if
subcutaneous transplants of brown adipose tissue
introduced into STZ-induced diabetic mice that lost adipose
tissue corrected T1D [13], while a separate study focusing
on Type 2 diabetes used ipGTT to determine the effect of
obesity on glucose metabolism [23]. Due to the common
use of this test as part of testing protocol in diabetes related
studies, we decided to use it as one of our measures for
glucose metabolism. This test would be done on all 3
groups of mice before and on NOD experimental mice 1-
month and 6-month post treatment. Blood glucose levels
between 100-150 mg/dl at any given time are deemed
normal, while values approaching, and exceeding 300mg/dl
are representative of diabetic hyperglycemia [20]. Before
gene therapy treatment, the results of the ipGTT shown in
Figure 2 illustrate that after 6 hours of fasting, the baseline
levels of non-diabetic control mice are approximately 100-
150 mg/dl, while NOD untreated control and NOD
experimental mice are between 400-500 mg/dl. Following
the intraperitoneal injection, glucose levels are measured
over a 120-minute time frame. In the figure, the initial spike
in blood glucose levels 15-30 minutes after the injection
across all 3 groups is representative of a postprandial spike
defined as plasma glucose levels greater than 140 mg/dl
approximately 1-2 hours after administration of food, in this
case glucose [24]. The levels are expected to drop around
the 1-hour mark and stabilize. After 2 hours, all three
groups of mice stabilize in the same baseline range they
begun. This result illustrates the fact that the normal control
mice are non-diabetic and therefore have sufficient -cells
regulating glucose metabolism, thereby allowing for insulin
to be released following a glucose injection and
maintaining plasma glucose levels within a normal range
[20]. Similarly, the NOD mice that lack sufficient
functional B-cells because of the bodily immune response
show glucose values indicative of hyperglycemia in
response to glucose due to impairments in insulin secretion.
One month after gene therapy treatment in NOD
experimental mice, the baseline and stabilizing plasma
glucose levels are expected to be lower, and a 6-month
follow up is expected to show further improvements
thereby providing evidence of improved insulin secretion.

Moreover, B- cells are the predominant cell type in
healthy pancreatic islets making up 50-80% of all islet cells
[25], therefore in addition to ipGTT, immunohistochemical
staining and subsequent measurement of islet diameter and
volume is expected to provide information about novel -
cell production. This means of analysis was used in a study
focusing on curing T1D through simultaneous reversal of
autoreactivity and re-establishment of B- cell function in
NOD mice [12].The results depicted in Figures 3 and 4 are
based on work done by Chong et al [12]. Figure 3 depicts
the stained sections of 3 randomly selected mice, one from
each group. Non-diabetic control mice are expected to show
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a relatively greater number of - cells within an islet which
would also result in a greater average islet diameter and
volume relative to the other 2 groups. As shown in Figure
4, the volume calculated using the formula 4/37r3 (r= radius
of islets) and diameter of normal control mice are expected
to reach approximately 3 x10° pum® and 400 pm
respectively. The NOD untreated mice and NOD
experimental mice before treatment are expected to exhibit
a significantly smaller islet size with fewer B- cells as
shown in Figure 3. The visual is accompanied by numerical
values in Figure 4 as the expected volume is less than 1
x10° pum?® and the islet diameter is shown to be 4 times
smaller than the non-diabetic mice. The NOD experimental
mice post treatment are expected to show improvements in
B- cell production and therefore an increase in the diameter
and volume of islets as depicted in Figures 3 and 4. As done
in the study, the slides will be closely examined through
microscopy to ensure that the increase in pancreatic islet
size of NOD experimental mice is not a result of
hypertrophy, but an increase in the number of B- cells
produced [12].

Although evidence stated throughout this paper
suggests the potential success of this gene therapy
treatment, the proposal is not without drawbacks. The
autoimmune destruction of B- cells by autoreactive T-cells
in T1D poses a risk of attack of the newly produced B- cells
resulting in the loss of insulin production [26,27]. That said,
it may be possible in the future to supplement the design
with immunosuppression to address this problem. A study
done by Wong et al demonstrated that the administration of
a subcutaneous injection of an immunosuppressive peptide,
the core peptide (CP) in non-obese mice induced with
diabetes using cyclophosphamide resulted in successful
suppression of T-cell activation [26]. The results of a
similar study done by Mahkne et al illustrated that dendritic
cells induced to produce CP in mice were able to
sufficiently suppress T-cell activation in a localized antigen
specific manner that did not affect other cells, thereby
providing evidence for the use of CP in controlling in vivo
immune responses [27]. The use of CP with gene therapy
may not only allow for novel production of - cells but also
provide protection of the islets from T-cell mediated
destruction. Furthermore, research focused on T1D has
used mice animal models to test hypotheses and draw
conclusions that may be useful in understanding disease
generation and progression in humans [28,29]. However,
researchers have identified differences in the anatomical
divisions and structure of islets in mice versus humans,
which may strain the extent to which this research can be
applied to humans [30]. Pancreatic islets consist of four
types of secretory cells; B cells, a cells, & cells, and pp cells
producing insulin, glucagon, somatostatin, and pancreatic
polypeptide respectively [7].1t was discovered that B- cells
made up 80% of the constituents of mice islets but humans
contained a lower percentage of B- cells compared to a and
& cells, making up 50-60% of the islet volume [7,31]. In
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addition, mice islets contain a - cell core with a, 6, and
pp cells in the periphery while human islets contain a
mixture of all cell types throughout the islet [7,31]. Due to
the B- cells in human islets making direct contact with others
in the islet, this distributional difference may suggest
differences in cell communication that can affect the
function of insulin producing cells [7,31]. This suggests that
human islets should be studied directly, but animal models
are still essential in providing relevant information and
should be used. Lastly, at this stage, this research proposal is
directly focused and solely applicable to the treatment of
T1D because although type 1 and type 2 diabetes share
characteristics such as significant hyperglycemia, they differ
vastly in the pathophysiology and underlying mechanisms
contributing to each disorder [26]. That said, potentially
successful mice and human trials in the future may allow for
this design to be applicable to more than just T1D.

Conclusion

This research protocol outlines a detailed viral gene
therapy in which the genes PDX1 and NKX6-1 are delivered
and overexpressed in the pancreas with the help of a gutless
adenovirus vector coupled to a helper plasmid. In the past, a
similar experimental design has shown promising results in
treating T1D with gene therapy [2]. Although the
combination of genes proposed in this design differs from
those used in the past [2], evidence surrounding the
importance of PDX1 and NKX6-1 genes in B- cell survival,
differentiation and function makes this proposal a novel and
potentially important gene therapy treatment in re-
establishing B- cell mediated insulin secretion. If the results
are as expected, this approach may provide a better
understanding of the pathophysiology of T1D and pave a
new treatment for T1D that can save millions of lives.
Future directions for this research should focus on mice
trials which may include the incorporation of additional
variables such as stress to test whether a stress-induced
immune response has an impact on the survival and
function of islet - cells.
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