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Pax4 Gene Delivery Improves Islet
Transplantation Efficacy by Promoting β
Cell Survival and a-to-β Cell
Transdifferentiation
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Hongjun Wang2 , Vivian A. Fonseca1, and Hongju Wu1

Abstract
The transcription factor Pax4 plays an essential role in the development of insulin-producing b cells in pancreatic islets. Ectopic
Pax4 expression not only promotes b cell survival but also induces a-to-b cell transdifferentiation. This dual functionality of
Pax4 makes it an appealing therapeutic target for the treatment of insulin-deficient type 1 diabetes (T1D). In this study, we
demonstrated that Pax4 gene delivery by an adenoviral vector, Ad5.Pax4, improved b cell function of mouse and human islets
by promoting islet cell survival and a-to-b cell transdifferentiation, as assessed by multiple viability assays and lineage-tracing
analysis. We then explored the therapeutic benefits of Pax4 gene delivery in the context of islet transplantation using T1D
mouse models. Both mouse-to-mouse and human-to-mouse islet transplantation, via either kidney capsule or portal vein,
were examined. In all settings, Ad5.Pax4-treated donor islets (mouse or human) showed substantially better therapeutic
outcomes. These results suggest that Pax4 gene delivery into donor islets may be considered as an adjunct therapy for islet
transplantation, which can either improve the therapeutic outcome of islet transplantation using the same amount of donor
islets or allow the use of fewer donor islets to achieve normoglycemia.
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Introduction

Type 1 diabetes (T1D) is caused by the lack of insulin-

producing b cells that leads to insulin deficiency and hyper-

glycemia. The ultimate treatment for T1D requires the ability

to replace the lost b cells, not just the hormone insulin. Indeed,

replenishing the lost b cells in T1D patients via islet transplan-

tation has been remarkably successful in stabilizing glucose

control, to a degree that is superior to intensive insulin ther-

apy1–4. Specifically, glycemic control appears to be smoother

and hypoglycemia less prevalent in the islet recipients, even

though they might not have achieved insulin indepen-

dence1,4,5. To date, islet transplantation via portal vein infu-

sion is used in the clinic not only for selected T1D patients2,4,6

but also for preventing surgical diabetes after near-total or total

pancreatectomy in the treatment of severe chronic pancreatitis.

In fact, total pancreatectomy with islet auto-transplantation

(TP-IAT), in which the islets are isolated from the patient’s

pancreas and transplanted back via portal vein infusion, has

become a standard practice for severe chronic pancreatitis7,8.

Despite these progresses, challenges remain. These

include the following. (1) A limited supply of human islets.

A large number of islets are required to achieve insulin-

independence, but the number of pancreatic donors is lim-

ited. For TP-IAT, the amount of functional islets recovered

from the pancreatitis patients is often not sufficient—a major

reason for the inability to achieve 100% insulin-

independence in all patients. (2) Inefficient islet survival and
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engraftment—only a fraction of the infused islets survive

and engraft following islet transplantation via the portal

vein9–13. These obstacles have significantly limited the use

of islet transplantation for a broader patient range. Therefore,

strategies promoting islet survival and b cell function are

vital for enhancing the efficacy of islet transplantation.

The transcription factor Pax4 plays a critical role in the

determination of b cell lineage during embryonic develop-

ment and is important for b cell expansion and survival14–16.

Genetic knockout of Pax4 from mice results in the absence

of mature b cells, concomitant with a significant increase in

the number of glucagon-producing a cells17,18. In contrast,

genetic knock-in and lineage-tracing studies in mice have

shown that ectopic Pax4 expression in a cells results in the

restoration of functional b cells by converting a cells into b
cells19,20. Other studies have shown that Pax4 promotes b
cell survival and proliferation by regulating cell cycle pro-

teins and maintaining endoplasmic reticulum (ER) integrity

in response to stress21–24. In humans, Pax4 mutations are

found to be associated with maturity-onset diabetes of the

young and early onset of type 2 diabetes (T2D)25–32, con-

firming that Pax4 plays important role in maintaining b cell

mass and b cell function in humans. The ability of Pax4 to

induce a-to-b cell conversion and its ability to promote b cell

survival make it an attractive therapeutic target for diabetes

treatment33.

In this study, we explored the therapeutic benefits of Pax4

gene delivery in the context of islet transplantation. We exam-

ined the effects of Pax4 gene delivery into the primary mouse

and human islets on islet cell survival and a-to-b cell conver-

sion and evaluated the therapeutic outcome of islet transplan-

tation with Ad5.Pax4-treated donor islets in various settings.

Materials and Methods

Animals

The a-yellow fluorescence protein (aYFP) mice (males and

females) were generated and genotyped in-house as

described34. Briefly, the glucagon-cre mice, B6.Cg-

Tg(Gcg-cre)1Herr/Mmnc (Identification# 358-UNC, the

Mutant Mouse Regional Resource Centers), were bred with

Rosa26-YFP-LoxP mice (The Jackson Laboratory, Bar Har-

bor, ME, USA). The mice containing glucagon-cre and

homozygous YFP genes designated as aYFP mice. Male

NOD-SCID mice, 8 weeks old, were purchased from the

Jackson Laboratory and used to establish diabetes models.

A single-dose of streptozotocin (STZ) at 130 mg/kg body

weight was injected into each mouse via intraperitoneal

injection to induce diabetes as described previously35. All

animal procedures were approved by the Institutional Ani-

mal Care and Use Committee at Tulane University.

Antibodies

The Guinea Pig anti-insulin antibody (#ab7842) was pur-

chased from Abcam (Cambridge, MA, USA), the mouse

anti-GFP antibody (#A11120) from Thermo Fisher Scien-

tific (Waltham, MA, USA), the mouse antiglucagon anti-

body (#G2654), and the rabbit anti-Pax4 antibody

(HPA006806) from Sigma-Aldrich (St. Louis, MO, USA).

All of the secondary antibodies were purchased from Jack-

son ImmunoResearch Laboratories (West Grove, PA, USA).

Cell Survival Assays

Three types of cell survival assays were used in this study:

propidium iodide (PI) staining, adenosine triphosphate

(ATP)-based cell viability assay, and apoptotic

nucleosome-based cell death assay. All assays were per-

formed at *48 h after Ad5.Pax4 or control treatments of

isolated islets. For PI staining, the islets were incubated with

freshly prepared fluorescein diacetate and PI solution, at a

final concentration of 5 mg/ml each. After washing with

phosphate-buffered saline (PBS), they were imaged under

a fluorescence microscope (Nikon Instruments Inc. Melville,

NY, USA). The ATP-based cell viability assay was per-

formed using the CellTiter-Glo Luminescent Cell Viability

Assay kit (Promega Corp, Fitchburg, WI, USA) according to

the manufacturer’s protocol. The raw data are normalized

with insulin content and then converted to relative cell via-

bility in comparison to the untreated islet group. Apoptosis

assay was performed using the Cell Death Detection ELISA

kit (Roche Diagnostics Corporation, Indianapolis, IN, USA)

according to the manufacturer’s instructions.

Glucose-Stimulated Insulin Secretion (GSIS) Assay

Mouse or human islets were cultured in 24-well plates,

8 wells per group, following Ad5.Pax4 or control treatments.

4 to 5 days later, GSIS assay was performed essentially as

described36. Briefly, the islets were preincubated in Krebs-

Ringer Bicarbonate (KRB) solutions containing 2.5 mM glu-

cose (KRB-low) for 30 min at 37�C in a 5% carbon dioxide

(CO2) humidified incubator. Then, the supernatants were

replaced with either a fresh KRB-low solution (4 wells per

group) or with KRB containing 16.5 mM glucose (KRB-

high; 4 wells per group) and incubated for 1 h at 37�C. After

centrifugation, the supernatants and islets were both col-

lected. The islets were subsequently lysed in radioimmuno-

precipitation assay (RIPA) buffer and used to determine

insulin content. Insulin concentration in the supernatants and

islet lysates was measured with ELISA kits from ALPCO

Diagnostics (Salem, NH, USA). Insulin concentration in the

supernatant (insulin secretion) was normalized by the insulin

content of the corresponding sample. The data were

expressed as mean + SD.

Hormone Measurement

Hormones, including insulin, glucagon, and human

C-peptide, were measured using corresponding ELISA kits

from ALPCO. Specifically, mouse insulin was measured
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with the mouse insulin kit 80-INSMS-E01, human insulin

with the kit 80-INSHU-E01.1, human C-peptide with the kit

80-CPTHU-E01.1, and glucagon with the kit 48-GLUHU-

E01. All assays followed the manufacturer’s protocols. Note

the glucagon kit can be used to measure both human and

mouse glucagon according to the manufacturer’s instruction.

Islet Culture and Virus Infection

Freshly isolated human islets were obtained from the Inte-

grated Islet Distribution Program (IIDP) and cultured in

CMRL-1066 media supplemented with 0.1 g/L L-glutamine,

10% fetal bovine serum (FBS), 10 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), and 0.2% sodium

bicarbonate37. Mouse islets were isolated from aYFP mice

following standard protocols and cultured in Roswell Park

Memorial Institute (RPMI) media supplemented with 10%
FBS and 10 mM HEPES. All islets were cultured at 37�C in

a 5% CO2 humidified incubator, with media refreshing every

other day. For adenoviral vector infection, the vectors were

added to the culture media at a multiplicity of infection

(MOI) of 250 viral particles per cell (VPs/cell), using an

estimate of 2000 cells/islet equivalent quantity (IEQ). The

media was refreshed after overnight culturing.

Immunofluorescence Staining

Immunostaining of paraffin-embedded tissue slices was per-

formed as described previously38. To stain cultured islets,

the day after adenoviral vector infection, the islets were

treated with trypsin for 5 minutes and plated in 24-well

plates. The trypsin treatment resulted in mild disruption of

the islets, facilitating the attachment of islet cells to the

culture plate. After 4 to 5 days in culture, the cells were fixed

and processed for immunofluorescence staining as

described36.

Islet Transplantation

T1D was induced in NOD-SCID mice (male, 10 to 12 weeks

of age) 2 to 3 days prior to transplantation. Mouse blood

glucose was monitored daily, and islet transplantation per-

formed when blood glucose reaches >350 mg/dL, typically 2

to 3 days after STZ injection. For portal vein islet transplan-

tation, each diabetic mouse was anesthetized by intraperito-

neal (i.p.) injection of ketamine and xylazine and placed

under a dissecting microscope. After the abdomen was

opened, mouse islets (400 islets/recipient) or human islets

(2000 IEQ/recipient) suspended in 200 ml PBS were injected

into the portal vein. For islet transplantation via kidney cap-

sule, mouse islets (200 islets/recipient mouse) or human

islets (1000 IEQ/recipient mouse) were injected under the

kidney capsule of each diabetic mouse. Briefly, each mouse

under anesthesia was placed under a dissecting microscope.

Its left kidney was externalized through a small incision, and

a tiny hole was made in the renal capsule with a 271/2 G

needle. Islets suspended in PBS were picked into a gel load-

ing pipette tip (0.5 mm diameter), which was connected with

sterilized BTPE-50 polyethylene tubing (0.58 mm diameter)

on a 50 ml Hamilton syringe (Reno, NV, USA) and allowed

them to settle. The tube was inserted through the hole

beneath the kidney capsule, and islets were gently forced

out from the tube into the kidney. After the abdominal wall

was sutured, and the mouse awoke from anesthesia, the mice

were proceeded for standard postoperative care and blood

glucose monitoring.

Quantification of YFPþ Cells, Bihormonal Cells, and
TUNELþ b Cells

Following immunofluorescence staining, 20 to 30 islet

images were taken for each set of experiments. The numbers

of YFPþ Insulinþ (i.e., YFPþ b cells) cells, YFPþ cells (pre-

existing a cells), and Insulinþ (total b) cells in each islet were

manually counted. The percentage of YFPþ b cells versus the

total YFPþ cells or versus total b cells was calculated for

each islet and then averaged for the whole group. For bihor-

monal cells, the number of insulinþglucagonþ (bihormonal)

cells, insulinþ cells, and glucagonþ cells were manually

counted from >20 images in each group. The total a and b
cell numbers in each image were calculated by adding a and

b cell numbers, then subtracting the bihormonal cell number.

The percentage of bihormonal cells (vs the total a and b cells)

in each image was then calculated and averaged for each

treatment group. For TUNELþ cells, >30 images of islet

grafts in the liver from each group were counted for Insulinþ

(b) cells, glucagonþ (a) cells, TUNELþ b cells, and

TUNELþ a cells. The percentage of TUNELþ b cells was

calculated for each mouse and averaged to obtain the data for

each group. All data were expressed as mean + SD.

Statistical Analysis

GraphPad Prism 8.3.0 software was used for all statistical

analyses. When analyzing glucose levels among multiple

groups over time, a two-way analysis of variance (ANOVA)

was performed to determine the significance of their differ-

ences. For each data point, Student’s t-test was performed to

determine the significance of differences between two

groups, and one-way ANOVA was performed to compare

three or more groups. P < 0.05 was considered statistically

significant.

TUNEL Staining

TUNEL staining was performed using the In situ Cell Death

Detection kit (TMR Red) from Roche Diagnostics (Indiana-

polis, IN, USA) following the manufacturer’s instruction.

Briefly, the paraffin-embedded liver slices were deparaffi-

nized, permeabilized with 0.25% Triton X-100 in PBS,

blocked with bovine serum albumin blocking solution, and

incubated with anti-insulin and anti-glucagon primary
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antibodies similarly as described previously for immuno-

fluorescence staining38. Immediately before secondary anti-

bodies incubation, the TUNEL reaction mixture was

prepared as specified in the manufacturer’s protocol and

used to dilute the fluorescence-conjugated secondary anti-

bodies for insulin (green) and glucagon (blue). The mixture

(100 ml) was then added onto each tissue slice and incubated

for 1 h at room temperature. After washing and air drying,

the slides were mounted and processed for fluorescence

microscopy as described38.

Results

Pax4 Gene Delivery Induces a-to-b Cell
Transdifferentiation in Primary Mouse Islets

In our previous study, we developed a replication-deficient

adenoviral vector-based Pax4 gene delivery vector, namely,

Ad5.Pax4, in which human Pax4 cDNA is under the control

of cytomegalovirus (CMV) promoter36. The vector induced

a-to-b cell transdifferentiation in aTC1 cells and amelio-

rated hyperglycemia when injected directly into the pancreas

of T1D mice via intrabile ductal injection36. In the current

study, we investigated whether Pax4 gene delivery was able

to induce a-to-b cell conversion in primary islets. To accom-

plish this, we performed lineage-tracing analysis using iso-

lated islets from aYFP mice in which pancreatic a cells were

labeled by enhanced yellow fluorescence protein (YFP)34.

Immunofluorescence staining confirmed efficient and spe-

cific YFP-labeling of pre-existing a cells in the pancreas of

aYFP mice (Fig. 1A). To examine whether ectopic Pax4

expression induces a-to-b cell conversion, freshly isolated

aYFP islets were either untreated or treated with Ad5.Pax4

or control vector Ad5.Luc at MOI of 250 VPs/cell. Follow-

ing overnight culture, the islets were slightly dissociated by

trypsin treatment and then continued for in vitro culture for 4

to 5 days, with media refreshed every other day. The mild

trypsin treatment facilitated islet cell attachment to the bot-

tom of the culture plates, allowing subsequent immunofluor-

escence staining in situ. As shown in Fig. 1B, Pax4 was

efficiently delivered into the islet cells and localized to the

nuclei where a transcription factor is usually located. In

addition, insulin expression was detected in many YFPþ

cells in Ad5.Pax4-treated islets, but nearly undetectable in

Ad5.Luc-treated or untreated islets, suggesting Pax4 induced

the pre-existing a cells to express insulin. Quantification

shows that Pax4 expression induced insulin expression in

*30% of YFPþ cells (Fig. 1C). These data demonstrated

that Pax4 expression induced a-to-b cell transdifferentiation

in primary mouse islets.

Pax4 Gene Delivery Promotes Islet Cell Survival in
Primary Mouse Islets

Previous studies have shown that Pax4 is essential for b cell

survival and expansion15,21,23. We put Pax4 under the

control of CMV promoter so that it can be expressed not

only in a cells to induce a-to-b cell conversion but also in

b cells to protect existing b cells, thus, maximizing the ben-

eficial effects of Pax4 on b cell function. Here we examined

whether Pax4 gene delivery into primary mouse islets was

able to improve cell survival using three types of cell viabi-

lity tests (Fig. 2). The PI staining showed that Ad5.Pax4-

treated islets had fewer dead cells than the control groups

(Fig. 2A). The quantitative ATP-based cell viability assays

showed that Pax4 treatment significantly improved islet cell

survival (Fig. 2B). In accordance, Ad5.Pax4-treated islets

exhibited significantly less apoptosis than the control groups

in the apoptotic nucleosome-based cell death assay (Fig.

2C). Note: all of these assays measured the total islet cell

survival or apoptosis. Since b cells are the most abundant

cells in the islets, these data support the beneficial role of

Pax4 on b cell survival.

Pax4 Gene Delivery Into Mouse Islets Improves the
Therapeutic Efficacy of Islet Transplantation

We hypothesized that the dual function of Pax4 made it an

excellent target to improve b cell function of donor islets and

to enhance the therapeutic efficacy of islet transplantation.

To test the hypothesis, we first examined whether Pax4 gene

delivery improved b cell function of donor mouse islets

using GSIS assay (Fig. 3A). The Ad5.Pax4-treated islets

showed substantially more insulin secretion in response to

high glucose, with a significantly higher stimulation index

than the control groups (Fig. 3A, B). We then performed islet

transplantation studies in mouse-to-mouse allotransplanta-

tion settings via either kidney capsule (Supplemental Fig.

S1) or portal vein injection (Fig. 3 C–G). In the experiments,

freshly isolated islets from aYFP mice were treated with

Ad5.Pax4 or control vectors and then transplanted into

STZ-induced diabetic NOD-SCID mice. NOD-SCID mice

were used to minimize immune rejection of the transplanted

islets. All mice that were transplanted with islets showed

better blood glucose control than the sham-transplanted

group of mice, and mice receiving Ad5.Pax4-treated islets

showed significantly better blood glucose control than those

receiving untreated islets or control vector-treated islets (Fig.

3C; and Supplemental Fig. S1). Intraperitoneal glucose tol-

erance test (ipGTT), which was performed 1 week after islet

transplantation, confirmed that Ad5.Pax4-treated islets

improved the therapeutic outcome of islet transplantation

compared with the control groups (Fig. 3D, E). In addition,

we measured circulating glucagon levels of the mice at

*2 weeks after transplantation (Fig. 3F) and did not detect

significant differences among different groups. This is not

surprising because the loss of a cells (due to a-to-b transdif-

ferentiation) in transplanted Pax4-islets is not expected to

cause glucagon deficiency because of the presence of a cells

in the pancreas of the recipient mice. Also, it should be noted

that in STZ-induced T1D models, glucagon levels are in

general high compared with normal mice, which is largely
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contributable to the loss of paracrine insulin suppression of

glucagon secretion. Of note, in normal mice, the nonfasting

glucagon level is usually 100 to 150 pg/ml34.

Furthermore, we examined islet grafts in the liver at the

end of the transplantation study. Pax4 expression was hardly

detectable in the islet grafts (data not shown), which is not

Fig. 1. Lineage tracing shows Pax4 gene delivery into primary mouse islets induces a-to-β cell transdifferentiation. (A)
Immunofluorescence staining confirmed the YFP-labeling of pre-existing a cells in aYFP mice. The pancreatic slices of aYFP mice were triply
stained for glucagon (red), insulin (blue), and YFP (green). YFP expression was detected in a cells and not in b cells. (B) Pax4 gene delivery
induces a-to-b transdifferentiation in primary mouse islets. Freshly isolated islets from aYFP mice were untreated, treated with Ad5.Luc, or
with Ad5.Pax4 at MOI of 250 viral particles/cell. Five days later, the cells were immunostained with antibodies against YFP (green), Pax4
(red), and insulin (blue). Arrows mark examples of insulin-producing cells that were pre-existing a cells. The inset shows an enlargement of
one such cell. (C) Quantification showing the percentage of YFPþInsþ cells versus total YFPþ cells. ***P < 0.001 compared with both control
groups. MOI: multiplicity of infection; ND: not detectable; YFP: yellow fluorescence protein.
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unexpected because Ad5-mediated gene expression is tran-

sient, usually peaks at 2 to 3 days, and gradually reduces to

undetectable levels after 2 weeks or so36. On the other hand,

insulin, glucagon, and YFP were readily detected in the liver

(Fig. 3G and data not shown). In agreement with the in vitro

study, Ad5.Pax4-treated islet grafts in the liver had signifi-

cantly more YFPþInsþ cells than Ad5.Luc-treated and

untreated groups (Fig. 3H), suggesting Pax4-induced a-to-

b cell transdifferentiation persisted in vivo. Further quanti-

fication shows that the YFPþInsþ cells constituted *7% of

total insulinþ (b) cells in the Ad5.Pax4-treated islet grafts,

which is substantially higher than the control groups (<1%)

(Fig. 3I). In summary, these data demonstrated that Pax4

gene expression in donor mouse islets improved b cell func-

tion and enhanced the therapeutic benefits of islet transplan-

tation in allotransplantation settings.

Effects of Pax4 Gene Delivery in Human Islets

We next investigated the effects of Pax4 gene delivery on

cell survival and a-to-b cell transdifferentiation in primary

human islets. Freshly isolated human islets were either

untreated or infected with Ad5.Pax4 or Ad5.Luc vectors at

MOI of 250 VPs/cell. Two days later, islet cell survival was

assessed. Similar to observed in primary mouse islets, Pax4

gene delivery significantly increased islet cell survival as

assessed by PI staining (Fig. 4A), ATP-based cell viability

test (Fig. 4B), and apoptotic nucleosome-based cell death

assay (Fig. 4C). Since the pre-existing a cells in primary

human islets were not labeled, we were unable to evaluate

a-to-b cell transdifferentiation by lineage-tracing analysis.

Nonetheless, we assessed potential a-to-b cell conversion by

quantifying the number of glucagonþ insulinþ bihormonal

cells because a-to-b conversion would go through a transi-

tion phase in which insulin expression is induced while glu-

cagon not completely turned off or totally degraded. As

shown in Fig. 4D, E, Ad5.Pax4-treated human islets had

substantially more glucagonþ insulinþ bihormonal cells. It

should be noted that primary islets undergo b-to-a cell ded-

ifferentiation when cultured in vitro39,40. This dedifferentia-

tion process also leads to a transition phase involving

glucagonþ insulinþ bihormonal cells, which may explain the

presence of bihormonal cells in the control groups. None-

theless, the significantly higher percentage of bihormonal

cells (vs total a and b cells) in Ad5.Pax4-treated group sup-

ports that Pax4 induced a-to-b cell transitioning in primary

Fig. 2. Ectopic Pax4 gene expression promotes islet cell survival in primary mouse islets. Freshly isolated mouse islets were
untreated, treated with Ad5.GFP, or treated with Ad5.Pax4 at multiplicity of infection (MOI) of 250 viral particles/cell. Two days later, the
islets were processed for cell viability and apoptosis assays. (A) Ad5.Pax4-treated islets appear to have fewer dead cells (red) than control
groups as assessed by propidium iodide (PI) staining. (B) Adenosine triphosphate (ATP)-based cell viability assay showing Pax4 treatment
significantly improved cell survival. The data were expressed as relative viability in comparison to the untreated islet group. (C) Apoptotic
nucleosome-based assay showing Ad5.Pax4 treatment reduced the apoptosis of the islet cells. *P < 0.05; **P < 0.01.
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Fig. 3. Pax4 gene delivery into donor mouse islets improves b cell function and enhances the therapeutic efficacy of islet transplantation via
portal vein injection. The freshly isolated islets from aYFP mice were untreated, treated with Ad5.Luc, or treated with Ad5.Pax4 at MOI of
250 viral particles/cell, and cultured in vitro for 2 to 3 days. In the meantime, NOD-SCID mice were rendered diabetic by a single dose of 130
mg/kg STZ, then transplanted with 400 islets/mouse (n¼ 7 to 8 mice per group). The sham transplanted group was included as a control. (A)
GSIS assay showing Pax4 gene delivery improved b cell function. A small aliquot of treated islets (*20 islets) from each group were
subjected for GSIS assay in which 2.5 mM glucose was used as low glucose (gray bar) and 16.5 mM glucose (black bar) as high glucose. All data
were normalized by insulin content. (B) SI of GSIS, which was calculated by dividing insulin concentrations at high glucose by that at low
glucose for each group of islets. (C) Nonfasting BG of the diabetic mice in each group following islet transplantation. Gray: sham

(to be Continued. )
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human islets. Taken together, these data demonstrated that

Pax4 gene delivery improved islet cell survival and pro-

moted a-to-b cell transdifferentiation in primary human

islets.

Pax4 Gene Delivery Into Donor Human Islets Improves
Islet Potency and Therapeutic Outcome as Assessed by
In Vivo Human Islet Potency Test in T1D Mice

Furthermore, we examined whether Pax4 gene delivery

improved human islet potency upon islet transplantation into

diabetic NOD-SCID mice. Here we focus on portal vein

transplantation because it resembles clinical islet transplan-

tation (Fig. 5), but it should be noted that kidney capsule

transplantation had a similar outcome (Supplemental Fig.

S2). GSIS assay showed that Pax4 gene delivery signifi-

cantly improved b cell function in human islets (Fig. 5A,

B). For islet transplantation, a suboptimal islet dosage of

2000 IEQ/mouse was injected into the portal vein of each

STZ-induced diabetic NOD-SCID mouse. The sham trans-

plantation was included as a control. As shown in Fig. 5C, all

diabetic mice transplanted with human islets exhibited lower

nonfasting blood glucose than the sham-transplanted group.

More importantly, the diabetic mice receiving Ad5.Pax4-

treated human islets lowered their blood glucose more effi-

ciently than mice receiving control islets, and they nearly

normalized blood glucose (<250 mg/dL) within the first

2 days after islet transplantation, whereas the mice receiving

the control islets did not. This suggests that Pax4 treatment

of donor islets could allow the use of a suboptimal islet

dosage to achieve normoglycemia. Note: the recipient mice

were not able to maintain normoglycemia after 2 days, prob-

ably due to inefficient islet engraftment and/or immune

rejection in this human-to-mouse transplantation setting.

One week after transplantation, the mice were subjected

to ipGTT following overnight fasting, and the Pax4 group of

mice showed significantly better glucose tolerance than all

the control groups (Fig. 5D, E). In addition, the Pax4 group

of mice showed substantially higher concentrations of circu-

lating human C-peptide than the control groups *2 weeks

post-transplantation (Fig. 5F), suggesting there were more

functional b cells in Ad5.Pax4-treated group than the control

groups. On the other hand, circulating glucagon levels did

not show significant differences among the treatment groups

(Fig. 5G) suggesting Pax4 pretreatment of donor islets did

not cause glucagon deficiency.

After the mice were sacrificed (2 weeks after transplanta-

tion), islet grafts in the liver were examined by immunofluor-

escence staining. Human islets were readily detected in the

liver slices of each recipient mouse (Fig. 6A). There were

significantly more bihormonal cells in Ad5.Pax4-treated group

than control groups (Fig. 6B), supporting the presence of Pax4-

induced a-to-b cell transdifferentiation. Furthermore, we

assessed islet cell death in the liver slices using a TUNEL assay

that detects apoptotic cells. TUNEL-positive b cells were

detected in the grafts of each treatment group (Fig. 6C), and

the Ad5.Pax4-treated islets showed significantly fewer apop-

totic cells than the control groups (Fig. 6D). Interestingly,

TUNEL-positive a cells were hardly detectable in all treatment

groups—among *2000 a cells that were counted in each

group, we only detected 1 to 2 TUNEL-positive a cells, sug-

gesting a cell apoptosis in the islet grafts was rare at the time

point (2 weeks after islet transplantation).

We also examined Pax4 gene expression in the islet grafts

at the end of the experiment using the liver slices. Pax4

expression was detectable but only in a few islet cells (Fig.

S3), which is in agreement with the transient nature of Ad5-

mediated gene expression. Interestingly, some islet grafts

appeared to be under attack of host immune cells (character-

ized by the dense nuclei surrounding the islets) (Fig. S4).

This explains why the recipient mice were not able to main-

tain normoglycemia in this in vivo human islet potency test

despite the use of the immune-compromised NOD-SCID

mice as the recipients. Nonetheless, these data demonstrated

that Pax4 gene delivery into donor human islets improved

islet cell function and enhanced the therapeutic efficacy of

islet transplantation.

Discussion

In the current study, we explored the therapeutic benefits of

Pax4 gene delivery in the context of islet transplantation. Our

data show Ad5 vector efficiently delivered Pax4 into primary

mouse and human islets and improved b cell function by

inducing a-to-b cell transdifferentiation and promoting b cell

survival. More importantly, Pax4 gene delivery into donor

islets significantly improved the therapeutic outcome of islet

transplantation via either kidney capsule or portal vein injec-

tion, in both mouse-to-mouse allotransplantation and in vivo

Fig. 3. (Continued). transplanted; black: transplanted with untreated islets; blue: transplanted with Ad5.Luc-treated islets (Luc-islets); red:
transplanted with Ad5.Pax4-treated islets (Pax4-islets). (D) ipGTT of the recipient mice at one week after islet transplantation. Following
overnight fasting (*16 h), the mice were administered with 1 g glucose/kg bodyweight via intraperitoneal injection, and their BG con-
centrations were measured at various time points. The color codes for the groups are the same as in (C). (E) AUC of the ipGTT. (F)
Nonfasting glucagon levels of the mice 2 weeks after islet transplantation. (G) Representative islet grafts in the liver of each group as
identified by immunofluorescence staining. The liver slices were stained for YFP (green), insulin (red), and nuclei (blue). The arrows mark
examples of YFPþInsþ cells. (H) Quantification of YFPþInsþ cells versus total YFPþ cells. (I) Percentage of YFPþInsþ cells versus total b cells.
*P < 0.05; **P < 0.01; ***P < 0.001. AUC: area under the curve; BG: blood glucose; GSIS: glucose-stimulated insulin secretion; ipGTT:
intraperitoneal glucose tolerance test; MOI: multiplicity of infection; SI: stimulation index; STZ: streptozotocin; YFP: yellow fluorescence
protein.
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Fig. 4. Pax4 gene delivery into human islets improves cell survival and promotes a-to-β cell transdifferentiation. Freshly
obtained human islets were infected with Ad.Pax4 or control vectors at 250 viral particles/cell. Viability tests were performed 2 days after
treatment (A–C). (A) PI staining shows fewer dead cells (red) in Ad5.Pax4-treated human islets. (B) ATP-based cell viability assay showing
Pax4 gene delivery promoted islet cell survival in human islets. The data were expressed as relative viability in comparison to the untreated
islet group. (C) Apoptotic nucleosome-based cell death assay showing Pax4 treatment reduced islet cell apoptosis in human islets. (D)
Assessment of potential a-to-b cell conversion by quantifying bihormonal cells. One day after a viral infection, the human islets were slightly
dissociated with trypsin treatment and continued to culture for 5 days before the cells were fixed for immunofluorescence staining of insulin
(blue), glucagon (green), and Pax4 (red). Arrows mark examples of bihormonal (insulinþglucagonþ) cells. (E) Quantification showing the
percentage of bihormonal cells versus total a and b cells. *P < 0.05; **P < 0.01; ***P < 0.001. ATP: adenosine triphosphate; PI: propidium
iodide.
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human islet potency test. These results demonstrate that Pax4

gene delivery into donor islets is a valuable adjunct therapy for

islet transplantation, which can either improve the therapeutic

outcome of islet transplantation using the same amount of

donor islets or allow the use of fewer donor islets to achieve

normoglycemia.

Previous studies using transgenic mouse models have

shown that ectopic Pax4 expression can improve b cell func-

tion by inducing a-to-b cell conversion19 and promoting

b cell survival24. Nonetheless, long-term Pax4 expression

has adverse effects. For instance, persistent Pax4 expression

in a cells results in glucagon deficiency and islet hypertrophy

because it induces continuous a-to-b cell conversion19,20. In

addition, it has been shown that long-term Pax4 overexpres-

sion in b cells (>4 months) promotes b cell proliferation and

reduces GSIS, which is accompanied by a decrease in MafA

expression and increase in c-Myc and Cdk4 expression, a

phenomenon associated with b cell dedifferentiation24. In

contrast, short-term (1 month) Pax4 overexpression in b cells

does not cause b cell proliferation or dedifferentiation;

instead, it improves b cell function and protects the islets

from stress-induced apoptosis24. Therefore, in order to take

advantage of the beneficial effects of Pax4 for therapeutic

purposes, its expression needs to be maintained at short term.

In our previous study, we have explored the adenovirus-

mediated Pax4 gene therapy strategy by direct administra-

tion of Ad5.Pax4 into pancreases of T1D mouse models via

intra-bile ductal injection. Although beneficial effects are

observed, the gene delivery efficiency in vivo appears to

be a major obstacle for a better outcome36. In this study,

we thus explored Pax4 gene delivery as an adjunct therapy

for islet transplantation. This strategy has several

Fig. 5. Pax4 gene delivery improves the therapeutic outcome of human-to-mouse islet transplantation via the portal vein.
Human islets were treated as described in Fig. 3 and injected into the portal vein of STZ-induced diabetic mice, at a dosage of 2000 IEQ/
mouse, n¼ 7 to 8 mice per group. (A) GSIS assay showing Pax4 gene delivery improved b cell function in donor human islets. In the assay, 2.5
mM glucose was used as low (gray bar) and 16.5 mM glucose as high glucose concentrations (black bar). (B) Stimulation index of GSIS. (C)
Nonfasting blood glucose levels of the recipient mice before and after islet transplantation via portal vein injection. Gray: sham transplanted;
black: transplanted with untreated islets; blue: transplanted with Luc-islets; and red: transplanted with Pax4-islets. (D) ipGTT of the mice,
which was performed 1 week after islet transplantation as described in Fig. 3D. The color codes are the same as in Fig. 5C. (E) AUC of the
ipGTT. (F) Human C-peptide levels in the blood of recipient mice 2 weeks after transplantation. (G) Circulating glucagon levels in the mice 2
weeks after islet transplantation. *P < 0.05; **P < 0.01; ***P < 0.001. AUC: area under the curve; GSIS: glucose-stimulated insulin secretion;
ipGTT: intraperitoneal glucose tolerance test; STZ: streptozotocin.
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advantages. First, Ad5-mediated Pax4 gene delivery into

isolated islets is highly efficient and thus maximizes the

beneficial effects of Pax4 on b cell function. The dosage

used in the study (250 VPs/cell) shows sufficient gene deliv-

ery and is well tolerated by primary islets, as evidenced

when comparing the control Ad5.Luc-treated or Ad5.GFP-

treated islets with untreated islets in all assays. Second, Ad5-

mediated Pax4 gene expression is transient (*2 weeks or

so), but it is long enough for Pax4 to exert the protective

effects because the most critical time for islet survival is the

peri-transplantation period. Third, Ad5.Pax4 treatment of

donor islets minimizes host immune responses against Ad5

vectors because the viral vectors are taken up by the islet

cells, and thus not directly exposed to the host immune sys-

tem in vivo. In addition, the vector is nonreplicative because

the E1 region of Ad5, which is essential for initiating viral

gene expression, is deleted. Therefore, viral gene expression

is minimal in the transduced donor cells, which minimizes

the possibility of eliciting an immune response against Ad5.

Moreover, islet transplantation is performed in the presence

of immunosuppression in the clinic, further diminishing

Ad5-evoked immune responses.

Fig. 6. In situ assessment of islet grafts in the liver of recipient mice following human islets-to-mouse transplantation via the portal vein. (A)
Immunofluorescence staining of insulin and glucagon showing islet grafts in the livers of the mice 2 weeks after transplantation. (B)
Quantification of insulinþglucagonþ bihormonal cells in the islet grafts in the liver. (C) In situ cell death detection using TUNEL assay. The
liver slices were co-stained for insulin (green), glucagon (blue), and TUNEL (red). The arrows mark examples of TUNELþ b cells. The inset in
each picture shows the enlargement of the marked area. (D) Quantification of TUNELþ b cells in each treatment group. *P < 0.05.
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Pax4 has been shown to reprogram a cells into b cells in

genetic knock-in studies using in vivo lineage-tracing tech-

niques19,20. In this study, we demonstrated that Pax4 deliv-

ered by the adenoviral vector, Ad5.Pax4, was able to induce

a-to-b cell conversion in primary aYFP mouse islets using

lineage-tracing techniques in vitro. One interesting question

is whether the Pax4-induced a-to-b cell conversion is per-

manent. Early studies indicate that Pax4 acts as a short-term

trigger for b-cell lineage determination19,20. Therefore,

Pax4-induced lineage determination is expected to be per-

manent. Indeed, in the islet transplantation studies (Fig. 3

and Fig. S1), we were able to detect YFPþ b cells 2 weeks

after islet transplantation when Pax4 expression became

hardly detectable, supporting the concept that Pax4-

induced a-to-b cell conversion is permanent.

In addition, our data show that Pax4 gene delivery into

primary islets provides striking cytoprotective effects in in

vitro culturing. This is in agreement with previous discov-

eries that Pax4 plays essential roles in b cell survival, espe-

cially in stressful conditions such as hyperglycemia and

inflammation because Pax4 expression in mature b cells

helps to preserve ER integrity15,22,24. In addition, Pax4 is

upregulated in pancreatic b cells of high-fat diet-fed mice,

and together with another transcription factor SREBP1c,

mediates b cell compensatory responses upon metabolic

stress23. It should be noted that in the current experimental

setting, we were unable to distinguish the relative contribu-

tions of a-to-b cell conversion versus b cell survival to the

improved b cell function and therapeutic benefits. Consid-

ering the small portion of a cells (15% to 20%) in mouse

islets41 and the substantial improvement of b cell function, it

is plausible that Pax4-mediated survival contributes more to

the beneficial effects than transdifferentiation does in mouse

islets. In human islets, because of higher a cell composition

(*40%)41, the contribution of Pax4-induced transdifferen-

tiation may be more significant compared to that in mouse

islets. On another note, Pax4 has also been shown to induce

d-to-b reprogramming42, which is beneficial for improving

b cell function as well, and should have also been capitalized

by the use of CMV promoter in our Ad5.Pax4 vector. In

order to distinguish the contributions of each Pax4 function

in our system, cell-specific Pax4 expression vectors are

needed, which can be accomplished by using a glucagon

promoter (for a cells), insulin promoter (for b cells), or

somatostatin promoter (for d cells). These specific contribu-

tions will be studied in the future.
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