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PAX4 Gene Transfer Induces a-to-f Cell Phenotypic
Conversion and Confers Therapeutic Benefits for

Diabetes Treatment
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The transcription factor Pax4 plays a critical role in the
determination of a- versus B-cell lineage during endo-
crine pancreas development. In this study, we explored
whether Pax4 gene transfer into o-cells could convert
them into functional B-cells and thus provide therapeu-
tic benefits for insulin-deficient diabetes. We found that
Pax4 delivered by adenoviral vector, Ad5.Pax4, induced
insulin expression and reduced glucagon expression in
oTC1.9 cells. More importantly, these cells exhibited glu-
cose-stimulated insulin secretion, a key feature of func-
tional B-cells. When injected into streptozotocin-induced
diabetic mice, Pax4-treated aTC1.9 cells significantly
reduced blood glucose, and the mice showed better
glucose tolerance, supporting that Pax4 gene transfer
into oTC1.9 cells resulted in the formation of functional
B-cells. Furthermore, treatment of primary human islets
with Ad5.Pax4 resulted in significantly improved f-cell
function. Detection of glucagon®/Pax4*/Insulint cells
argued for Pax4-induced o-to-f cell transitioning. This
was further supported by quantification of glucagon
and insulin bi-hormonal cells, which was significantly
higher in Pax4-treated islets than in controls. Finally,
direct administration of Ad5.Pax4 into the pancreas of
insulin-deficient mice ameliorated hyperglycemia. Taken
together, our data demonstrate that manipulating Pax4
gene expression represents a viable therapeutic strategy
for the treatment of insulin deficient diabetes.
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INTRODUCTION

Reprogramming of one specialized cell type into another without
reversion to pluripotent cells—that is, transdifferentiation—is a
promising and challenging strategy for -cell replacement therapy
in the treatment of insulin-deficient diabetes."? Thus far, the cell
types that have been explored for transdifferentiating into -cells
include liver cells and pancreatic exocrine cells.*” In this study, we
explored the possibility to convert glucagon-producing o.-cells into
insulin-producing B-cells. This strategy is particularly attractive
because the two pancreatic endocrine cell types are closely related

developmentally, spatially, and functionally. Both o.-cells and B-cells
are pancreatic endocrine cells residing in the islets of Langerhans
and sensitive to blood glucose changes. They share a long devel-
opmental pathway before the two cell types finally diverge, which
is mainly controlled by differential expression of transcription fac-
tors.'*!! In addition, it has been commonly observed that in dia-
betic conditions, there is not only B-cell/insulin deficit but also
o-cell/glucagon excess.’*** Moreover, it has been shown that fol-
lowing extreme B-cell loss, new B-cells can be formed by transdif-
ferentiation of oi-cells,' suggesting it is possible to convert o.-cells
into B-cells. Therefore, strategies that induce a-to-f cell transdif-
ferentiation would offer therapeutic benefits for diabetes treatment.
The transcription factor Pax4 consists of a paired domain and
a homeodomain, either of which confers its DNA-binding activ-
ity."”!® Predominantly expressed in pancreatic islets, Pax4 plays an
essential role in the generation of islet cell progenitors and sub-
sequent differentiation of insulin-producing B-cells and soma-
tostatin-producing d-cells during embryonic development.'*-** In
addition, Pax4 has been shown to play a critical role in 3-cell expan-
sion and survival."* Several Pax4 mutations have been identified
to be associated with early onset of type 2 diabetes and maturity-
onset diabetes of the young in humans.**-** Gene knockout studies
have shown that Pax4-deficient mice do not have mature -cells
or d-cells but have considerably more o.-cells.? Interestingly, stud-
ies using conditional Pax4 knock-in mice have shown that ectopic
Pax4 expression can restore B-cells, probably by converting pro-
genitor cells into oi-cells and then subsequently into 3-cells.>*
Nonetheless, ectopic expression of Pax4 in o-cells via con-
ditional knock-in can cause continuous conversion of the o-cells
into PB-cells, resulting in an unwanted adverse effect—glucagon
deficiency and islet hypertrophy.®>* For therapeutic purpose, a
more manageable strategy is thus needed. In this study, we explored
whether adenovirus-mediated Pax4 gene therapy strategy could
allow the conversion of ai-cells into B-cells using various model sys-
tems, and thus providing therapeutic benefits for diabetes treatment.

RESULTS

Ad5-mediated efficient Pax4 gene delivery into
oTC1.9 cells

To efficiently deliver Pax4 into o.-cells, we developed an adeno-
viral vector carrying cytomegalovirus (CMV)-promoter-driven
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human Pax4, namely Ad5.Pax4 vector. Then, we verified Pax4
gene delivery in the o-cell line, o'TC1 clone 9 (0TC1.9) cells,
using both western blotting and immunohistochemistry assays.
As shown in Figure 1, Ad5.Pax4 infection of aTC1.9 cells at
the multiplicity of infection of 500 viral particles (VPs) per cell
resulted in robust Pax4 gene expression without noticeable tox-
icity. Western blotting with Pax4 antibody showed a major band
corresponding to the molecular weight of Pax4 (~38 KDa) in Ad5.
Pax4-treated cells, but not in uninfected TC1.9 cells (Figure 1a).
Immunofluorescence staining confirmed that Pax4 was efficiently
delivered into oTC1.9 cells, and it was localized in the nuclei,
which is consistent with the distribution pattern of transcription
factors (Figure 1b).

Ad5.Pax4 treatment induced insulin expression while
reducing glucagon expression in aTC1.9 cells

Next, we examined glucagon and insulin expression following Ad5.
Pax4 infection. Untreated (naive) a'TC1.9 cells expressed high lev-
els of glucagon, with minimal (undetectable) insulin expression
(Figure 2a). Following Ad5.Pax4 treatment, insulin became read-
ily detectable in 20-30% of infected cells while glucagon expres-
sion reduced, suggesting that Pax4 induced insulin expression
and inhibited glucagon expression in o TC1.9 cells (Figure 2a).
Several populations of cells on the basis of hormone (glucagon
versus insulin) expression were observed due to the forced Pax4
expression. These include: (i) Glucagon™/ Insulin™/ Pax4™ cells, in
which glucagon was completely turned off and insulin was turned
on; (ii) Glucagon™/ Insulin*/ Pax4* cells (bi-hormonal cells), in
which insulin expression was turned on, but glucagon was not
completely inhibited; and (iii) Glucagon™/ Insulin-/ Pax4* cells, in
which glucagon was totally inhibited and insulin was not induced,
especially in cells with high levels of Pax4 expression (represent-
ing about 10% of infected cells) (Figure 2a). Among the insulin™
cells, most (70-80%) were bi-hormonal cells, and a small percent-
age (20-30%) expressed insulin only. These populations of cells

Ad5.Pax4

& Untreated

Glucagon/Pax4/nuclei

Figure 1 Ad5-mediated Pax4 gene delivery into aTC1.9 cells. The cells
were infected with Ad5.Pax4 at MOI of 500 VPs/cell. Two days later, they
were collected for either western blotting assay or immunofluorescence
staining using a rabbit anti-Pax4 antibody (Sigma-Aldrich, St Louis, MO).
(a) Western blotting assay showing Pax4 expression in Ad5.Pax4-infected
oTC1.9 cells, not untreated control cells. (b) Immunofluorescence co-
staining of glucagon (green) and Pax4 (red). The mouse anti-glucagon
antibody from Sigma-Aldrich was used in combination with rabbit anti-
Pax4 antibody in the co-staining. Nuclei (blue) staining was included
to mark all cells. Pax4 expression was detected in >80% of Ad5.Pax4-
infected oTC1.9 cells, suggesting Ad5-mediated efficient Pax4 gene
delivery in these a-cells. MOI, multiplicity of infection.
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could represent different stages of o.-to-f3 cell phenotypic conver-
sion. Of note, although very rare, we also observed Pax™ but insu-
lin® or bi-hormonal cells in Ad5.Pax4-treated TC1.9 cells, which
may be due to very low level (below detection) of Pax4 expression.

Additionally, we examined the presence of C-peptide, a by-
product of insulin maturation from proinsulin. As shown in
Figure 2b, C-peptide was detected in Pax4-treated o'TC1.9 cells,
but not in the control cells. Similarly, we could detect many bi-
hormonal cells as well as Glucagon/C-pep™ cells, arguing for
o.-to-f cell conversion with forced Pax4 expression.

Time course of insulin versus glucagon expression in
Ad5.Pax4-treated oTC1.9 cells

We next examined the time course of insulin versus glucagon
expression in ’TC1.9 cells following Ad5.Pax4 treatment. Because
cultured aTC1.9 cells need to be passaged every 4-5 days to main-
tain their healthiness, and Ad5-based gene delivery vectors are
nonintegrative, Pax4 expression decreased with continued cul-
turing and passaging (Figure 3a). Insulin expression was readily
detectable 2 days after Ad5.Pax4 infection, continued to increase
until 7 days (first passage) postinfection and started to decline
after two passages (equivalent to 12 days postinfection), while in
the meantime, glucagon expression showed an opposite pattern
(Figure 3b). This time-dependent change confirmed induction of
insulin expression and inhibition of glucagon expression by Pax4
gene transfer. The decline of the insulin-producing cells after two
passages suggest that either Pax4-induced o.-to-3 conversion was
reversible (with the loss of Pax4) or the converted cells did not
survive/proliferate as well as the naive TC1.9 cells. Of note, early
studies indicate that Pax4 acts as a short-term trigger for -cell
lineage determination. Therefore, Pax4-induced ¢-to-f3 conver-
sion may be irreversible. Nonetheless, it is possible that the clonal
oTC1.9 cells that were not completely converted into B-cells (such
as the bi-hormonal cells) might be reversed with the loss of Pax4
expression.

Pax4 treatment upregulated the transcription factors
essential for B-cell development and B-cell function
Transcription factors play essential roles in the development and
function of islet cells. For example, Pdx1, Ngn3, Nkx6.1, and
MafA are essential for the development and functional mainte-
nance of B-cells. MafB and Arx, on the other hand, are essential
for o.-cell function. To further examine whether Pax4 expression
could induce o.-to-f3 cell phenotypic conversion, we examined the
expression of these transcription factors. Quantitative real-time
PCR (qPCR) assay revealed that, at mRNA level, 3-cell-related
transcription factors Pdx1, Ngn3, Nkx6.1, and MafA were sig-
nificantly upregulated by Pax4 treatment (P < 0.05), while MafB
and Arx did not appear to be significantly changed (P > 0.05)
(Figure 4a). At the protein level, o-cell-relevant transcription
factors Arx and MafB showed similar trend—decreasing but not
significant—as assessed by both western blotting and immuno-
fluorescence assays (Supplementary Figure S1). The [-cell-
specific transcription factors, in contrast, were hardly detectable
by either western blotting or immunofluorescence staining
(Supplementary Figure S1 and data not shown). The discrepancy
may be explained by the extremely low levels of B-cell-specific
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Figure 2 Pax4-induced insulin and C-peptide expression in oTC1.9 cells. (a) Expression of glucagon (green), Pax4 (red), and insulin (blue) in
untreated or Ad5.Pax4 treated cells. The insulin antibody was generated from guinea pig (Abcam, Cambridge, MA), and Pax4 and glucagon antibod-
ies were the same as described in Figure 1. Shown are representative images from 5 days postinfection. The star (*) marks an example of glucagon*/
Pax4*/ Insulin® (Pax4-positive bi-hormonal) cells. The open arrow marks an example of glucagon™/ Pax4™/ Insulin® cells, in which glucagon was
completely turned off and insulin expression was turned on in these cells. The block arrow marks an example of glucagon™ /Pax4™ /Insulin™ cells,
in which glucagon expression was turned off, but insulin was not induced. The # marks a bi-hormonal cell with barely detectable Pax4, and the
diamond arrow marks an insulin* cell without detectable Pax4. (b) Expression of glucagon (green) and C-peptide (red). The rabbit anti-C-peptide
antibody from Cell Signaling Technology (Danvers, MA) was used. Nuclei staining (blue) was used to mark all cells. The open arrow marks an example
of glucagon™/ C-peptide™ cells (glucagon is totally inhibited), and the star (*) marks an example of glucagon®/ C-peptide™ cells (bi-hormonal cells).

transcription factors in naive oTC1.9 cells—therefore, even after
threefold to fourfold of increase at mRNA level following Pax4
treatment, the proteins were still below the detection level using
western blotting and immunofluorescence assays.

Ad5.Pax4-treated oTC1.9 cells showed functional
glucose-stimulated insulin secretion

To investigate whether Pax4-treated o’TC1.9 cells became func-
tional P-cells, we performed glucose-stimulated insulin secre-
tion assay in static incubation. The untreated, Ad5.GFP-treated,
and Ad5.Pax4-treated oTC1.9 cells were first incubated in 5.5
mmol/l (low) glucose solution for 2 hours, and then in 25 mmol/I
(high) glucose solution for another 2 hours, followed by measure-
ment of insulin concentrations in the supernatants. As shown
in Figure 4b, in the supernatants of untreated or GFP-treated
oTC1.9 cells, insulin concentrations were very low—often hardly
detectable. However, insulin was readily detected in the superna-
tants of Ad5.Pax4-treated cells. More importantly, the data clearly
showed that there was a significant increase in insulin secretion

Molecular Therapy vol. 24 no. 2 feb. 2016

in response to high glucose in Ad5.Pax4-treated cells (Figure 4b).
These data demonstrated that Pax4 gene transfer into o TC1.9 cells
resulted in the formation of functional B-cells.

Therapeutic effect of Ad5.Pax4-treated aTC1.9 cells

in diabetic mice

To further confirm that Pax4 gene delivery promoted the forma-
tion of functional B-cells from the o’TC1.9 cells, we examined
whether these cells have therapeutic effects in diabetic mice.
The severe compromised immune deficiency (SCID) mice were
first rendered diabetic with a single high-dose (130 mg/kg body
weight) of streptozotocin (STZ), a toxin that specifically destroys
B-cells. Untreated oTC1.9 cells or cells pretreated with Ad5.
GFP (GFP-aTC1.9) or Ad5.Pax4 (Pax4-0TC1.9) were injected
into the mice intraperitoneally. As shown in Figure 5a, injec-
tion of Pax4-oTC1.9 cells significantly reduced blood glucose
of the diabetic mice (P < 0.05) compared to either GFP-a'TC1.9
(P = 0.0054) or untreated aT'C1.9 cells (P = 0.0152) within 24
hours. In the next few days, the average random blood glucose of
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Figure 3 Insulin versus glucagon expression at various time points fol-
lowing Ad5.Pax4 treatment. The aTC1.9 cells plated in multiple dishes
were infected with Ad5.Pax4 at MOI of 500 VPs/cell, and cells were either
(a) lysed or (b) fixed at 2 days postinfection. In addition, some of the
treated cells were passaged, cultured, and then collected as P1 (equiva-
lent to 7 days) and P2 (equivalent to 12 days). (a) Western blotting assays
showing Pax4 expression at various time points. -Actin was used as the
loading control. (b) Insulin (green) versus glucagon (red) expression at
different time points following Ad5.Pax4 infection as assessed by immu-
nofluorescence staining. Note the insulin signals increased from 2 to 7
days and declined at 12 days. MOI, multiplicity of infection.

Pax4-oTC1.9-treated mice remained lower than that of control
groups, but the difference became nonsignificant. The diminish-
ing glucose-lowering effect over time may be explained by the fact
that the injected cells did not engraft in the peritoneal cavity and
gradually died in vivo.

Additionally, we performed glucose tolerance test (GTT) on
these mice 5 days after cell injection. Following overnight fasting,
glucose (1 g/kg bodyweight) was administered into each mouse via
intraperitoneal injection, and then, blood glucose was monitored
for 2 hours (Figure 5b). The dosage of 1g glucose/kg body weight
for GTT was used because the mice had severe diabetes as assessed
by their random blood glucose levels (Figure 5a). As shown in
Figure 5b, the mice that were treated with Pax4-aTC1.9 cells
showed the best tolerance to glucose administration. Analysis of
the area under the curve (AUC) of GTT showed that Pax4-oTC1.9
group had significantly lower AUC than untreated o’TC1.9 or
GFP-0TC1.9 groups, confirming that Pax4-aTC1.9 cells provided
significant glucose-lowering benefits in these mice (Figure 5c).

In summary, these data demonstrated that functional B-cells
were induced in Ad5.Pax4-treated oTC1.9 cells, which exhibited
therapeutic effects in the diabetic mice.
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Figure 4 Transcription factors and GSIS in Pax4-treated oTC1.9 cells.
(a) gPCR of key B-cell-specific transcription factors in variously treated
oTC1.9 cells. Total RNA was extracted from untreated aTC1.9 cells or
cells infected with Ad5.GFP or Ad5.Pax4 (500 VPs/cell, 5 days postin-
fection) and processed for qPCR using primers specific for transcription
factors as indicated. Three independent experiments were performed.
The data were expressed as mean + SEM. *(P < 0.05) and **(P < 0.005)
indicate significant difference between Ad5.Pax4 group and the two
control groups. (b) GSIS assay of Pax4-treated oTC1.9 cells. The cells
plated in 24-well plates were either untreated or treated with Ad5.GFP
or Ad5.Pax4 at 500 VPs/cell. Five days later, the cells were assessed for
GSIS using 5.5 mmol/I as low glucose and 25 mmol/I as high glucose, as
described in the Materials and Methods section. The experiments were
repeated three times, each time in triplicates. Shown are data from one
representative experiment. The data were expressed as mean + SEM.
**P < 0.005. GSIS, glucose-stimulated insulin secretion.

Effects of Pax4 gene delivery in primary human islets

Next, we examined whether Pax4 could induce o.-to-f§ phenotypic
conversion in primary human islets, a much more complicated sys-
tem that can also shed light on the potential effects of Pax4 manip-
ulation in humans. To accomplish that, we treated primary human
islets with Ad5.Pax4 or control Ad5.GFP. Immunofluorescence
staining revealed abundant Pax4 expression in Ad5.Pax4-treated
human islets, but not in untreated or Ad5.GFP-treated islets
(Figure 6). Interestingly, Pax4-treated human islets showed sig-
nificant improvement in -cell function as assessed by glucose-
stimulated insulin secretion (Figure 6a). The stimulation index of
Pax4-treated human islets was much higher than that of untreated
or Ad5.GFP-treated control groups (Figure 6b). Although in the
experimental settings, it was impossible to distinguish whether
any of the B-cells were preexisting or converted from o-cells,
detection of glucagon*/Insulin*/Pax4™ cells (Pax4* bi-hormonal
cells) indicated that Pax4-induced o.-to-f} cell transitioning was
occurring (Figure 6c¢). To further confirm this, we quantified
glucagon and insulin double positive (bi-hormonal) cells in each
treatment group. Our data showed that Ad5.Pax4-treated human
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Figure 5 Pax4-treated oTC1.9 cells ameliorated hyperglycemia of diabetic mice. Untreated, Ad5.GFP or Ad5.Pax4-treated oTC1.9 cells (MOI = 500
VPs/cell) were injected into the peritoneal cavity of STZ-induced diabetic SCID mice (n = 10 mice/group) at the dose of 1x 107 cells/mouse. (a) Blood
glucose (nonfasting) levels of the mice following cell injection. The * indicates the blood glucose of Pax4-oTC1.9 cells injected mice was significantly
different from both control groups at that time point (P < 0.05). (b) Glucose tolerance test (GTT) 5 days after cell injection. For the test, glucose was
administered at a dosage of 1g/kg body weight intraperitoneally. (c) Area under the curve (AUC) of the GTT in different treatment groups. *P < 0.05,
suggesting the difference between Pax4-oTC1.9 group and the two control groups was statistically significant. MOI, multiplicity of infection.
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Figure 6 Effects of Pax4 gene transfer into human islets. Freshly isolated primary human islets were either untreated or treated with Ad5.Pax4 or
Ad5.GFP at MOI of 250 VPs/cell. Three days later, the islets were processed for GSIS assay, in which the islets were first incubated in the low glucose
(2.5 mmol/l) solution for 1 hour and then high glucose (25 mmol/I) solution for another hour. (a) Insulin concentration in the supernatants of the
human islets following incubation at low and high glucose solution. The ** indicates P < 0.005 when Ad5.Pax4 group was compared with either con-
trol group (untreated or Ad5.GFP-treated) at high glucose. (b) Stimulation index (SI) of the human islets treated with Ad5.Pax4 or controls. Sl was cal-
culated as the ratio of the insulin concentration at high glucose to that at low glucose. Ad5.Pax4-treated human islets exhibited significantly higher SI
than untreated (P = 0.025) or Ad5.GFP-treated islets (P = 0.0068). *P < 0.05 between Ad5.Pax4 and the two control groups. (¢) Immunofluorescence
analysis of insulin, glucagon, and Pax4 expression in the human islets. The arrow marks a Pax4-expressing bi-hormonal cell (Glucagon*/Insulin™).
The enclosed square shows the cell at higher magnification. (d) The percentage of insulin and glucagon double-positive cells over the total o+ cells
in each treatment group. The number of total insulin® cells, glucagon™ cells, and double-positive cells were manually counted from 25 to 30 islets in
each group following immunofluorescence staining and microscopy. The percentage of double-positive cells was calculated by dividing the number
of double-positive cells by the total o (glucagon*) and B (Insulin™) cells in each islet. The results were expressed as mean + SEM. Ad5.Pax4-treated
islets showed significantly more double-positive (bi-hormonal) cells than untreated (P = 0.0004) and Ad5.GFP-treated (P = 0.0023) human islets.
**P < 0.005. GSIS, glucose-stimulated insulin secretion; MOI, multiplicity of infection.
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islets contained significantly more bi-hormonal cells than control
groups (Figure 6d), supporting that Pax4-treatment could induce
o-to-[3 cell transitioning in human iselts.

On another note, should Pax4-induced o-to-f3 cell conversion
have occurred in human islets, one would expect fewer o.-cells—
that is, lower o:f cell ratio—in Pax4-treated islets than controls.
We thus analyzed a- and B-cell composition in these islets. Our
data showed that ouf} ratio varied widely in different donors of
human islets, which was consistent with previous studies.’*-*
Nonetheless, Ad5.Pax4-treated human islets tended to have lower
ou:B cell ratio in each donor (Supplementary Figure S2), although
the differences were not statistically significant (P > 0.05). This
could be explained by the combination of the relatively low effi-
ciency of o.-to-f cell conversion within the experimental duration
(4 days postinfection), the wide variation of o.:3 ratio among islets
even within the same donor, and the number of islets analyzed—
the sample size of 25-30 islets from each donor might not be suf-
ficient to give rise to statistical significance.

Effect of direct Pax4 gene delivery in pancreas of
diabetic mice

In order to fully explore the therapeutic utility of Pax4, we inves-
tigated effects of direct Ad5.Pax4 administration into pancreas of
diabetic mice. Gene delivery into pancreatic islets has always been

© The American Society of Gene & Cell Therapy

a difficult task in the field. To maximize the accessbility of the vec-
tors to islets in vivo, we employed intra-bile ductal injection, in
which the vectors were administered into the common bile duct
toward the pancreas so that they could reach all pancreatic areas
through the ductal system.”” In this study, we first established
mouse diabetes models by multiple low doses of STZ treatment.
One week after the last STZ injection, the mice were injected with
either basal RPMI media (saline), Ad5.Pax4, or control Ad5.GFP
vectors (5x10° VPs/mouse). Gene delivery of the control GFP
and Pax4 were examined 3 days after bile-ductal injection. As
shown in Figure 7a, GFP and Pax4 expression were detected in
pancreas, but mostly in the exocrine pancreas (outside of islets)
and ductal area. This is not unexpected because GFP and Pax4
were both driven by CMV promoter, and exocrine (acinar) and
duct cells are easier to access than islets through ductal system,
consistent with previous studies.’””*® Nonetheless, the transgenes
were also observed in islets and in -cells (Figure 7a).

To investigate whether Pax4 in vivo gene delivery offered any
therapeutic benefits, we monitored blood glucose of the mice. The
random blood glucose of Ad5.Pax4-treated mice was found to
be consistently lower than Ad5.GFP or saline-treated mice, and
the difference became statistically significant at 12 days after vec-
tor injection (P < 0.05 versus either control group) (Figure 7b).
Furthermore, GTT assay showed that Ad5.Pax4 treated mice had
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Figure 7 Direct in vivo examination of the therapeutic effect of Ad5.Pax4 on diabetic mice. Basal RPMI media (saline), Ad5.GFP, or Ad5.Pax4
were injected into the pancreas of diabetic mice via intra-bile ductal injection, at the dosage of 5x10? VPs/250 pl saline/mouse (n = 5 per group).
(a) Immunofluorescence analysis of transgene expression in pancreas 3 days following injection. The transgenes GFP and Pax4 were detected in
pancreas, but mostly outside of islets. The open arrow in Ad5.Pax4 group marks a Pax4™/Insulin™ cell. (b) Random blood glucose (nonfasting) levels
of the mice. The mice that received Ad5.Pax4 had lower blood glucose than control-treated diabetic mice, but higher than that of normal mice.
*P < 0.05, which was statistically significant, compared to saline or Ad5.GFP-treated diabetic mice at the indicated time point. (¢) GTT of the mice 15
days after bile ductal injection. Similarly, Ad5.Pax4-treated mice had better glucose tolerance than the other control groups, although not as good as
normal mice. (d) AUC of GTT for different treatment groups. AUC, area under the curve.
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slightly better tolerance to glucose administration than Ad5.GFP
or saline-treated mice (Figure 7c), although the AUC of the GTT
curves did not appear to be statistically significant (Figure 7d).

Taken together, these results suggest that Pax4 gene deliv-
ery into pancreas was beneficial for B-cell function in insulin-
deficient diabetes models. Nonetheless, it should be noted that,
without lineage tracing, it is impossible to determine whether any
of the B cells were converted from o.-cells in the diabetic mice.
Due to the very few Pax4™ cells inside the pancreatic islets, we felt
that it was not reliable to use the number of Glucagon™/Insulin™*
bi-hormonal cells as an indicate of Pax4-induced o.-to-f3 cell tran-
sition in vivo. On the other hand, because previous studies have
demonstrated that Pax4 can promote -cell survival and o-to-3
cell transdifferentiation,'*?'*? it is reasonable to conclude that
the protective effect of Ad5.Pax4 in these diabetic mice was a
result of the dual actions of Pax4.

DISCUSSION

In this study, we investigated whether Pax4 could convert
o-cells into functional B-cells, and thus conferring therapeu-
tic benefits for the treatment of insulin-deficient diabetes. Our
data demonstrated that Ad5-mediated Pax4 gene delivery could
induce the o-cells to adopt B-cell phenotype in both aTC1.9
cells and in primary human islets. Furthermore, Pax4-treated
human islets showed significant improvement in B-cell func-
tion, and direct injection of Ad5.Pax4 into pancreas of diabetic
mice provided therapeutic benefits. Although the improvement
of B-cell functions in human islets and in vivo may be attrib-
utable to Pax4-mediated B-cell protection as previous studies
have shown Pax4 promotes B-cell survival and expansion,'*?
Pax4-induced B-cell regeneration from o.-cells could have con-
tributed in this matter as well.

Transdifferentiating other cell types into B-cells has been
under exploration for the treatment of insulin-deficient diabetes
for over a decade. The most notable success has been achieved
with the use of liver cells and pancreatic exocrine cells, both using
a series of transcription factors.>*~’ It has been shown that a com-
bination of three transcription factors, Ngn3, Pdx1, and MafA,
can reprogram the pancreatic exocrine cells into functional -cells
in vivo.® Even though the induced B-cells are not organized into
islet structure, which may have limited their effectiveness, they are
able to ameliorate hyperglycemia of STZ-induced diabetic mice.’
In mouse liver, the B-cell-specific transcription factor Pdx1 has
been found to induce insulin expression, which can also amelio-
rate hyperglycemia of diabetic mice.’ In human liver cells, cotreat-
ment with other transcription factors including Nkx6.1, Pax4, and
MafA appears to promote Pdx1-induced liver-to-pancreatic 3-cell
reprogramming.® Sequential treatment of the primary human
liver cells with transcription factors in the order of Pdx1, Pax4,
and MafA has resulted in significantly more mature transdif-
ferentiated B-cells, suggesting that liver-to-pancreas transdiffer-
entiation is a progressive and hierarchical process.® Our current
study of inducing o-to-B cell conversion with Pax4 represents
a major alternative to the aforementioned transdifferentiation
strategies. Although not as abundant as liver cells or pancreatic
exocrine cells, a-cells intrinsically resemble B-cells more closely
and are located within the islets. Plus, it is well known that o.-cell
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composition increases in diabetic condition in both animal mod-
els and human.'*"** Therefore, inducing o.-to-f3 cell transdifferen-
tiation has its own advantage and clinical relevance.

Pax4 was chosen as the target for our strategy because earlier
studies have demonstrated that it plays a key role in the determi-
nation of B- versus o.-cell lineage: its deletion results in the lack of
[B-cells with excessive a.-cells, and its conditional knock-in con-
verts o-cells into B-cells.??22*31*2 Our gene therapy strategy using
Ad5.Pax4 confirmed these discoveries and validated its therapeu-
tic potential for the treatment of diabetes. Our results align well
with the role of Pax4 in progressive conversion of liver cells to
pancreatic B-cells mentioned above® and in the differentiation of
unihormonal insulin-positive cells from human embryonic stem
cells as Gage et al.*® have shown recently.

It is well established that Pax4 inhibits glucagon gene expres-
sion, acting through inhibition of Pax6-mediated transactivation
to repress glucagon promoter.**? Our current study and others
have confirmed that forced Pax4 expression reduces glucagon
expression.” Effect of Pax4 on insulin expression, however, has
been quite intriguing. Although it is clear that Pax4 is essential
for B-cell development and function as assessed using various
knockout and transgenic mice,>**** biochemical studies have
shown that Pax4 is also a repressor of insulin promoter.'**#* The
reconciliation of this discrepancy is proposed to lie in the tim-
ing of Pax4 expression: Pax4 expression peaks at E13.5, gradu-
ally diminishes, and becomes undetectable in adult islets, which
allows Pax4 to suppress o-cell differentiation in early pancre-
atic development and to permit B-cell differentiation later.**
In agreement, we did not detect endogenous Pax4 expression
in B- or a-cells of untreated human islets or mouse pancreas.
Interestingly, we also noted that, following Pax4 gene transfer
into oTC1.9 cells, insulin expression was often not detected in the
cells expressing high levels of Pax4, although glucagon expression
was totally inhibited (Figure 2a). In contrast, most bi-hormonal
oTC1.9 cells expressed moderate levels of Pax4, and many insulin
uni-hormonal cells had very weak Pax4 expression (Figure 2a).
These results indicate that the expression level and/or timing of
Pax4 need to be optimized in order to fully realize its potential in
inducing a-to- cell conversion.

We would like to note that, while we were revising our manu-
script, Chen et al.** published their study examining Pax4 effects
on pancreatic o-cells using an adeno-associated virus vector. In
contrast to our study, Chen et al. did not observe pax4-induced
insulin expression, glucagon suppression, or protection of STZ-
induced diabetes. Several factors may explain the discrepancies.
First is the Pax4-expression cassette. In order to avoid any inter-
ference with the functionality of Pax4 protein, we did not include
any tags in either end of Pax4 protein. The adeno-associated virus-
Pax4 vector generated by Chen et al., on the other hand, carries
mouse Pax4 that is linked to downstream GFP via 2A peptide.®
Theoretically, the 2A peptide can lead to the cleavage between
Pax4 and GFP proteins, leaving the majority of 2A sequences
(>20 amino acid residues) at the C-terminal end of Pax4. It is also
known the efficiency of 2A-mediated cleavage varies significantly
for different proteins,***” and it is unclear how efficient Pax4 was
cleaved from the fusion protein in this study. Uncleaved GFP
or even the remaining 2A sequences might have interfered with
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Pax4 functionality. Another reason for the discrepancies may be
the diabetes models that were used in examining the therapeutic
effects of Pax4 via bile ductal injection. Chen et al. used a single
high dose of STZ model, which is a more severe diabetes model
than the multiple low doses of STZ model that we used and thus
was more difficult to be overcome by Pax4 treatment. In fact, their
quantification data revealed over 20% increase in pancreatic insu-
lin content in Pax4-treated mice compared to controls, although
the data were not statistically significant.*® Taken together, it is
likely that the negative data obtained by Chen et al. are due to a
nonoptimal study design.

In summary, our data demonstrated that Pax4 gene transfer
into a-cells was a viable strategy to regenerate functional 3-cells.
In combination with previous discoveries on Pax4-mediated
B-cell protection and Pax4-induced [-cell regeneration from
oi-cells, #3132 our study suggests manipulating Pax4 expression is
a promising avenue toward the development of B-cell replacement
therapy for insulin deficient diabetes.

MATERIALS AND METHODS

Animals and diabetes models. Female C57BL/6 (Charles River Laboratory,
Wilmington, MA) and SCID (Frederick Cancer Research, Hartford, CT)
mice were used in the study to establish diabetes models using STZ. Both
single high dose (130 mg/kg body weight) and multiple low doses of STZ
(50 mg/kg body weight for 5 consecutive days) models were used in this
study, and they were established in the same way as we described previ-
ously.”” All animal procedures were approved by the Institutional Animal
Care and Use Committee in Tulane University.

Cell culture and viral infection. The mouse pancreatic o.-cell line, TC1
clone 9 (0TC1.9), was purchased from ATCC (Manassas, VA). The cells
were cultured in Dulbeccos Modified Eagle’s Medium containing 16.5
mmol/l glucose supplemented with 10% dialyzed fetal bovine serum in a
humidified incubator with 5% CO,, with media refreshing every other day.
For adenoviral vector infection, 2 days after plating, the «TC1.9 cells were
infected with the vectors at a multiplicity of infection of 500 VPs per cell.
The cells were cultured for various days until subsequent assays.

Generation of Ad5.Pax4 vector. Human Pax4 cDNA was purchased from
OriGene (Rockville, MD). The full-length Pax4 coding region was first
cloned into pShuttle-CMV vector and then transferred into human adeno-
virus serotype 5 (Ad5)-based pAdeasy-1 vector by homologous recombi-
nation as described by the manufacturer’s protocol (Agilent Technologies,
Santa Clara, CA). The resultant plasmid, namely pAd5.Pax4, thus con-
tained CMV promoter-driven human Pax4 in the EI region of Ad5
genome. The adenoviral vector Ad5.Pax4 was rescued, amplified, purified,
and titrated as we have described previously.””*

Immunofluorescence staining. Immunofluorescence staining was per-
formed essentially as we have described previously.’>” Briefly, the cultured

Table 1 Primers used in qPCR analysis of transcription factors
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oTC1.9 cells were first fixed with 4% paraformaldehyde in phosphate-
buffered saline, permeabilized with 0.25% Triton-X, and blocked in block-
ing solution (2% glycine, 2% bovine serum albumin, and 5% fetal bovine
serum, 50 mmol/l NH 4Cl in phosphate-buffered saline) for 1 hour. Then,
the cells were incubated with primary antibodies for 2 hours, and then with
corresponding secondary antibodies conjugated to various fluorescent
agents (all obtained from Jackson ImmunoResearch Laboratories, West
Grove, PA). For nuclear staining, 4’,6-diamidino-2-phenylindole (from
Fisher Scientific, Waltham, MA) was added to the cells and incubated for
10 minutes at room temperature. Following extensive washing, the cover-
slips were air-dried, mounted, and processed for fluorescence microscopy.
Images were taken with a Nikon Eclipse Ti-S inverted microscope that was
equipped with NIS-BR Microscope Imaging Software (Nikon Instruments,
Melville, NY).

Quantitative RT-PCR. Total RNA was extracted from variously treated
oTC1.9 cells using Qiagen RNeasy mini kit (Valencia, CA). The con-
centrations and purities of the extracted total RNA were determined
by A, and A, /A,  measurement, respectively, on a NanoDrop 2000
Spectrophotometers (Thermo Scientific, Wilmington, DE). Real-time
quantitative RT-PCR for various genes, in triplicates, were performed
with corresponding PCR primers (Table 1) using the Mx3000p qPCR
system (Agilent Technologies). The assays were repeated multiple times
to validate the results. The data were expressed as the mean of the nor-
malized fold expression + SEM, in which B-actin was used as the refer-
ence gene.

Glucose-stimulated insulin secretion. Human islets cultured in 24-well
plates, 4 wells per group, were preincubated in Krebs-Ringer bicarbonate
(KRB) solution containing 2.5 mmol/l glucose (KRB-low) for 30 min-
utes at 37 °C. Then, the supernatant was replaced with 400 pl of fresh
KRB-low solution and incubated for 1 hour at 37 °C. Following plate
centrifugation (1,000rpm, 5 minutes), the supernatants were collected
(marked as low glucose). Next, fresh KRB solution containing 25 mmol/l
glucose (KRB-high) was added at 400 ul per well. Following another
hour of incubation at 37 °C, the supernatants were collected (marked as
high glucose). Insulin concentrations in the supernatants were measured
using human insulin ELISA kits following the manufacturer’s instruction
(ALPCO Diagnostics, Salem, NH). The data were expressed as mean +
SEM.

For aTC1.9 cells, glucose-stimulated insulin secretion was performed
using the same procedure but with several modifications because of
the very low levels of insulin in the culture. These include: the KRB-
low solution contained 5.5 mmol/l glucose instead of 2.5 mmol/l; the
incubation time was 2 hours at both KRB-low and KRB-high conditions.
Finally, the insulin concentrations were measured using ultrasensitive
mouse, not human, insulin ELISA kit (ALPCO Diagnostics, Salem, NH).

Glucose tolerance test. This was performed essentially as described
before.* Briefly, following overnight fasting (>15 hours), the mice were
first weighed and then injected intraperitoneally with sterile glucose solu-
tion at the dose of 1g/kg body weight. Their blood glucose was measured

Target Forward primer Reverse primer

Pdx1 5’AGCTCCCTTTCCCGTGGATG3’ 5"TAAGCACCTCCTGCCCACTG3’
Ngn3 5"CCGGATGACGCCAAACTTAC3’ 5"TCTGAGTCAGTGCCCAGATG3’
Nkx6.1 5’GCACGCTTGGCCTATTCTC3’ 5’ACTTGGTCCTGCGGTTCTG3’
MafA 5"GGCGCACGCTCAAGAACC3 5’ ATGTGCCGCTGCTGCACC3’

MafB 5"GCCCAGTCGTGCAGGTATAAAC3 5"CTGAATGAGCTGCGTCTTCTCG3’
Arx 5"GCACCACGTTCACCAGTTACC3’ 5"GGTAGTGCGTCTTCTGGAAAGC3’
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with the AlphaTrak glucose meter (Abbott Laboratories, Chicago, IL) at
different time points, including 0 (prior to injection), 15, 30, 45, 60, 90,
and 120 minutes postinjection. AUC was calculated using GraphPad Prism
statistical software (GraphPad Software, La Jolla, CA).

Intra-bile ductal injection. C57BL/6 mice (n = 5 for each group) were first
subjected to multiple low doses of STZ treatment (50 mg/kg body weight
for 5 consecutive days). One week later, they were injected with Ad5.Pax4
or Ad5.GFP at the dosage of 5x 10° VPs (diluted in 250 pl of basal RPMI
media) per mouse, essentially the same as we described previously.”

Treatment of diabetic mice with Ad5.Pax4-treated aTC1.9 cells. The
oTC1.9 cells (sufficient to treat 10 mice per group) were treated with Ad5.
GFP or Ad5.Pax4 at multiplicity of infection of 500 VPs/cell. Untreated
cells were included as control. Two days later, the immune compromised
SCID mice were injected with STZ at a dose of 130 mg/kg body weight.
After 3 days, most mice became diabetic (random blood glucose >350 mg/
dl). Then, the treated or untreated o'TC1.9 cells were collected, resus-
pended in basal culture media, and injected into each mouse via intra-
peritoneal injection, at the dosage of 1 x 107 cells in 500 pl basal media. The
mice were monitored for their random blood glucose for the next 2 weeks,
and GTT was performed 5 days after cell injection.

SUPPLEMENTARY MATERIAL

Figure $1. Expression of o- or B-cell specific transcription factors fol-
lowing Ad5.Pax4 infection of oTC1.9 cells.

Figure S2. Analysis of o:f cell ratio in human islets treated with Ad5.
Pax4.
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