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Abstract: Many previous studies demonstrate that hepatocytes can be reprogrammed into insulin-producing cells
(IPCs) utilizing viral vector-mediated delivery of pancreatic transcription factors (PTFs). However, whether these
liver-derived IPCs are susceptible to autoimmune attack in animal models of type 1 diabetes remains unclear, in
part due to the immunogenicity of the viral vectors used to introduce PTF genes. Adeno-associated virus serotype
2 vector-expressing Pdx1-VP16 (Pdx1) and Ngn3 were prepared and injected into the portal vein of streptozotocin
(Stz)/diabetic NOD/SCID mice. The presence of glucose-responsive liver-IPCs and their susceptibility to anti-beta
cell autoimmunity were assessed by blood glucose levels, insulin content, IPC cell distribution, and intraperitoneal
glucose tolerance test following subtotal pancreatectomy (Px) and passive transfer of diabetogenic splenocytes
isolated from diabetic female NOD mice. A combination of two PTF genes (Pdx1/Ngn3) effectively reprogrammed
liver cells into glucose-responsive IPCs. These IPCs corrected hyperglycemia in Stz/diabetic NOD/SCID mice and
maintained normoglycemia following subtotal Px, indicating that liver-derived IPCs could maintain glucose homeo-
stasis. Importantly, we also demonstrated that the glucose-responsive liver-derived IPCs were susceptible to auto-
immune destruction by diabetogenic splenocytes, as indicated by progressive elevation in blood glucose levels as
well as mixed T-, and B-lymphocytic infiltrates surrounding liver-IPCs 2~3 weeks following transferring of diabeto-
genic splenocytes into NOD/SCID mice, and confirmed by immunohistochemical studies. In conclusion, genetically
reprogrammed liver-IPCs, like pancreatic islet beta-cells, are susceptible to autoimmune attack, suggesting that for
cell-replacement therapy of treating type 1 diabetes, beta-cell surrogates may require concomitant immunotherapy
to avoid autoimmune destruction.

Keywords: Reprogram, hepatocytes, insulin-producing beta cells, autoimmunity, type 1 diabetes, gene therapy

Introduction Growing evidence, both in vitro [1-6] and in

vivo, [7-11] indicates that the introduction of
Because current methods for treating type 1 key pancreatic transcription factor (PTF) gene(s)
diabetes (T1D) are ineffective in preventing into liver cells using viral vectors can reprogram
long-term complications, researchers have hepatocytes into IPCs that produce insulin at
sought to identify alternative therapies that levels sufficient for maintaining glucose homeo-
regenerate pancreatic beta cells, differentiate stasis in diabetic animals. Even so, in vivo stud-
pluripotent/progenitor stem cells, and/or repro- ies using adenovirus to deliver PTF genes such
gram autologous non-pancreatic somatic cells, as Pdx1 [7, 8], Pdx1/NeuroD [9, 11], Pdx1/neu-
such as liver cells, into insulin-producing cells rogenin 3 (Ngn3) [10-12], have shown variable

(IPCs) for restoring glucose homeostasis. degrees of success in terms of reprogramming


http://www.ajtr.org

Autoimmunity of reprogrammed liver beta-like cells

liver cells into functional IPCs. While these
studies have provided proof-of-principle evi-
dence that liver cells can be genetically repro-
grammed into glucose-sensitive IPCs, they do
not address the critical question of whether
liver-derived IPCs are susceptible to an autoim-
mune attack observed in settings of T1D thera-
py. Most in vivo liver-reprogramming studies
have employed adenovirus (AD) to introduce
PTF genes into the liver cells. Adenoviral vec-
tors can potently transduce liver cells, but AD
infection can stimulate a strong immune
response [13, 14] and these AD-reprogrammed
liver-IPCs are often short-lived, being quickly
eliminated by the immune response [11].
Therefore it is impossible to determine whether
these AD-treated liver-reprogrammed IPCs can
resist autoimmune attack mounted by diabeto-
genic immune cells in TAD animal models.

Recombinant adeno-associated virus (AAV) is a
more promising vector for test autoimmunity of
the liver-IPCs, given its ability to mediate effi-
cient gene transfer with stable gene expression
and low immunogenicity [15]. Derived from a
nonpathogenic human parvovirus, AAV vectors
have gained popularity during the last decade
in the treatment of a variety of genetic and
inherited diseases [16]. AAV vectors can trans-
duce both dividing and nondividing cells, allow-
ing differentiated tissues to be used as targets
and permitting long-term expression of the
therapeutic gene product in animal models [15,
17]. In this study, we used Stz-induced diabetic
mice and achieved AAV-mediated transgene
expression of Pdx1-VP16 (a super active form
of Pdx1, hereafter abbreviated as Pdx1) and
Ngn3 in the NOD/SCID mouse livers by the one-
time portal vein injection to produce liver IPCs.
We addressed two important questions: 1) Can
the genetically reprogrammed liver-IPCs alone
restore and maintain euglycemia in Stz/diabet-
ic mice? And 2) can the liver-IPCs escape auto-
immune-mediated destruction as occurs in
pancreatic islets of mice with TAD? We demon-
strate that, while genetically-reprogrammed
liver-IPCs alone can maintain normoglycemia
following subtotal (~90%) pancreatectomy (Px),
these IPCs are susceptible to attack and
destruction by diabetogenic immune cells. Our
results suggest that non-pancreatic IPCs may
share a similar surface autoantigen profile with
pancreatic beta-cells. Thus, beta-cell replace-
ment and regeneration therapies via a genetic
reprogramming may require concomitantly an
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immunologic approach to suppress the elimina-
tion of reprogrammed IPCs by pre-existing auto-
reactive lymphocytes.

Methods

Construction and generation of AAV serotype
2 vectors

A fused CMV-chicken beta-actin (CB) promoter
was used to drive the expression of GFP
(Invitrogen), mouse Pdx1-VP16 (kindly provided
by Marko Horb), and mouse Ngn3 (kindly pro-
vided by Michael German) by cloning them into
recombinant AAV2 vector (UF11), hereafter
called AAV. In brief, PCR-amplified cDNAs of
Pdx1-VP16, Ngn3 and GFP were inserted into
AAVs. Pdx1-VP16 was constructed by fusing the
activation domain of VP16 (80 amino acids) to
the mouse COOH-terminus of Pdx1 as previ-
ously described [18]. AAV2 viruses were made
as previously described [19, 20]. Briefly, HEK
293 cells were co-transfected by the AAV plas-
mid and the helper plasmid pDG for 48-60 h.
Cells were harvested, and the crude lysate was
purified through an iodixanol step gradient fol-
lowed by heparin affinity chromatography.
Titers of total AAV viral particles were deter-
mined by Quantitative competitive polymerase
chain reaction (QC-PCR) and AAV2 Titration
ELISA (American Research Products, Inc. MA
USA), respectively. The vectors were 99% pure
as illustrated by silver-stained SDS-PAGE. Two
AAV products contained viral particles of
3.11x10*? (Pdx1-VP16, hereafter abbreviated
as Pdx1) and 6.74 x10*2(Ngn3) in a volume of
~300 ul.

Hyperglycemic animal model

All mice were housed in an SPF environment
and handled according to institutional guide-
lines of the University of Florida. Six to eight-
week-old  NOD/SCID mice (NOD.CB17-
Prkdcscid/J) were purchased from the Jackson
Laboratory and injected with Stz at 50 mg/g
body weight i.p. daily for five consecutive days
to induce diabetes according to our previously
published procedures [5, 18, 21]. Fasting blood
glucose levels were measured using an
AccuChek Advantage glucose detector (TYP
033304510, Roche Diagnostics, IN) after the
mice were fasted for 6 h. The upper limit of this
glucose meter was 600 mg/dL, and values
above that gave a reading of “high”. Animals
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with fasting blood glucose levels of > 250 mg/
dL for two consecutive readings within a period
of 24 hours were defined as diabetic and
received a portal vein injection of AAVs.

Portal vein injection of AAV vectors

Eight to ten-week-old adult male or female mice
were anesthetized with isoflurane. Mice were
injected with 106, 108, or 10 AAV viral parti-
cles in PBS via the portal vein using a 0.5 ml
syringe with 30-gauge needle. Liver cells
expressing GFP protein were evaluated at day
10 post-injection. All procedures were per-
formed under anesthesia and all experiments
were carried out in compliance with the guide-
lines on the IACUC, University of Florida. Blood
glucose levels were measured from a tail vein
snipping using a glucose meter every three
days.

Subtotal pancreatectomy (Px)

Mice were anesthetized by administration of
isoflurane. The abdomen was opened through
a left lateral incision. The entire splenic portion
and most of the duodenum portion of the pan-
creas was surgically removed. The removed
pancreas was weighed and subjected to immu-
nohistochemistry (IHC), RT-PCR, and ELISA for
tissue insulin content measurement. A pilot
study was carried out in five mice undergoing
subtotal Px (~90%), revealing that there was no
spontaneous recovery of normoglycemia due to
insufficient pancreatic beta cell regeneration.
All five mice had persistent hyperglycemia (glu-
cose >450 mg/dL) for 3 weeks before they
were sacrificed. Intraperitoneal glucose toler-
ance test (IPGTT) was performed three days
after Px to allow animals to recover from
surgery.

IHC and immunofluorescence (IF)

The harvested tissues were fixed in 10% forma-
lin/PBS and embedded in paraffin. The 5-um
paraffin sections from the liver and pancreas
tissues were double immunostained with poly-
clonal antibodies against Pdx1 generated in
our laboratory (1:500 dilution) [21] and insulin
(Dako, 1:1000); or insulin and glucagon (Dako,
1:2000) according to our previously published
procedures [21]. Immunihistochemistry (IHC)
for CD3 (SeriTec, 1:1000), B220 (BD, 1:500),
anti-F4/80 (CAT-TAT, 1:50) and Ki67 (Dako,
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1:50) was performed by Pathology Core
Laboratory, University of Florida. Staining of
antibody-specific cells was photographed using
Zeiss Axioskop 2 Plus camera and visualized
either in brown (DAB) or Liquid Permanent Red
(LPR) chromagens. For detection of GFP expres-
sion, the liver tissues were fixed in 4% parafor-
maldehyde for 12 hours, then transferred into
30% sucrose solution for overnight, embedded
in TissueTek OCT compound, quickly frozen in
liquid nitrogen, and cut into 6-um sections with
the Microtome HM505E cryostat (Carl Zeiss Co,
Jena, Germany). The frozen sections were cov-
ered with coverslips using mounting medium
containing DAPI (Vector Lab.) to highlight cell
nuclei. Three sections at different levels were
used for morphologic quantification of the per-
centage of fluorescent cells (GFP) or immunore-
active cells by counting 10 fields under the 40X
lens in representative areas. In all cases, over
500 positive cells were counted. Pancreatic
and liver sections were incubated with guinea
pig anti-insulin (Dako, 1:500) and rabbit anti-
glucagon (Dako, 1:500) antibodies for 10 hrs at
4°C, followed by washing five times. Staining
was visualized using anti-guinea pig-AF488
(Green, Invitrogen) and goat-anti-rabbit-AF555
(Red, Invitrogen) for 2 hours at room tempera-
ture under a fluorescence microscope and pho-
tographed using Zeiss Axioskop 2 Plus
camera.

Intraperitoneal glucose tolerance test (IPGTT)

Following a 6h fast, the mice were injected with
glucose (2 g/kg body weight i.p.). Blood glucose
levels were determined at O, 5, 15, 30, 60, and
120 min post-injection via the tail vein snipping
[18, 21].

Tissue insulin measurement by ELISA

For tissue insulin, whole livers and whole pan-
creas from at least three mice per group were
harvested, weighed, and immediately placed in
acid-ethanol solution (180mM HCI in 70% etha-
nol) on ice along with 1 ml buffer/0.1¢g liver or 1
ml/0.05 g pancreas as described previously
[24]. Insulin levels were measured using an
ultrasensitive mouse insulin ELISA kit (ALPCO,
Salem, NH). Absorbance was measured imme-
diately by a BIO-RAD 3550-UV microplate read-
er, with final results converted to
ng-insulin/g-liver or ng-insulin/mg-pancreas
tissue.
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RT-PCR

Total tissue RNA was prepared from the liver
and pancreas using TRIZOL Reagent, comple-
mentary DNA (cDNA) was prepared, and insulin
and glucagon gene expression levels were
determined by RT-PCR and the forward and
reverse PCR primers were designed to be locat-
ed in different exon(s) as previously described
[6, 18].

Splenocyte adoptive transfer (SAT)

Diabetogenic splenocytes were harvested from
new-onset (within a week of hyperglycemia) dia-
betic female NOD mice according standard pro-
cedures [22-24]. The spleen was flushed with
PBS and a cell suspension was treated with
hypotonic buffer to lyse red blood cells. Total
splenocytes were transferred without further
fractionation. NOD/SCID mice were injected
with diabetogenic splenocytes (2 x107 cells/
mouse i.p., viability > 95%). Fasting blood glu-
cose levels were monitored twice weekly via
the tail vein snipping. Two consecutive mea-
surements of blood glucose levels >250 mg/dL
defined mice as diabetic. Our pilot study
showed that more than 80% of mice receiving
SAT became diabetic within 4 weeks and all
mice were diabetic at 6 weeks post-SAT.

Statistical analysis

Statistical significance was analyzed using an
independent sample t-test, requiring a P value
of less than 0.05 for the data to be considered
statistically significant.

Results

AAV2 mediates efficient gene expression in
liver via portal vein injection

To optimize the AAV vector dose, we first exam-
ined gene transduction efficiency in normal liv-
ers of non-diabetic mice injected into the portal
vein with an AAV2-GFP reporter gene. The result
of injecting 108, 108, or 10° AAV viral particles
via the portal vein and the liver cells expressing
GFP protein were evaluated at day-10 post-
injection. Control mice were injected with saline
via the portal vein. Liver sections were fixed
and stained for fluorescence microscopy.

As shown in Figure 1A, hepatocyte GFP fluores-
cence was used to indicate the presence of
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GFP protein in livers at all doses, and exhibited
a dose-dependent increase in both the intensi-
ty of staining and the proportion of hepatocytes
transduced. But GFP fluorescence varied in dif-
ferent areas. By morphologic estimation, over-
all 5-20% of liver cells expressed GFP. No GFP
fluorescence was detected in the control livers.
These results indicate that AAV2 vector can
mediate satisfactory liver gene transduction via
portal vein injection. On the basis of the GFP-
fluorescence data, we chose to use a dose of
108 viral particles per mouse for subsequent
studies (~10-20% transduction efficiency).

We next determined in vivo AAV2-mediated
liver transduction efficiency for Pdx1 expres-
sion by the portal vein injection into diabetic
mice of 108 viral particles/mouse of AAV-Pdx1.
The mice were killed at day-12 to evaluate Pdx1
expression by IHC using anti-Pdx1-antibody.
Approximately 5% of liver cells strongly
expressed Pdx1 protein in both nuclei and cyto-
plasm (Figure 1B-2) and occasional double
Pdx1-/insulin-positive cells (Figure 1B-4,
arrow); the Pdxl-expressing hepatocytes were
located mainly along the edge of central veins,
consistent with the direction of blood flow. Pdx1
or insulin expression could not be detected in
control livers (data not shown). These results
demonstrated that AAV-Pdx1 injection resulted
in Pdx1 and insulin expression in the liver cells
after 12 days. We also confirmed Ngn3 expres-
sion following AAV-Ngn3 transduction of cul-
tured rat liver stem cells by IHC (data not
shown), since antibodies against Ngn3 did not
work on paraffin-sections.

AAV-PTF-reprogrammed liver-I1PCs restore
normoglycemia in Stz/diabetic mice

First, we obtained the baseline body weight,
blood glucose levels, IPGTT, and pancreas and
liver tissue insulin content from six Stz-induced
diabetic mice at day 10 post-Stz injection, but
before the AAV injection, as shown in Figure
2A.To determine whether ectopically expressed
PTFs in the liver could control hyperglycemia,
next, Stz-induced diabetic mice were injected
with AAV-Pdx1, AAV-Ngn3, or both vectors (108
viral particles/mouse) via the portal vein. Blood
glucose levels were monitored to observe the
effect of transduced PTFs. As showed in Figure
2B, blood glucose levels gradually declined in
the mice receiving AAV-Pdx1, from over 350
mg/dl to 200 mg/dl 2-3 weeks post-injection.

Am J Transl Res 2013;5(2):184-199
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Figure 1. AAV mediated GFP and Pdx1 expression in liver following portal vein injection. A. Dose-dependent GFP
expression in liver. Normal mice were injected with 108, 108, or 10%° viral particles (vp)/mouse, (n=2/dose) of AAV2-
GFP via the portal vein. Expression of GFP protein in the liver cells was evaluated at day10 post-injection. Liver
sections were photographed under a fluorescence microscope. A-1 (Control liver), A-2 (10° vp), A-3 (102 vp), and
A-4 (10%*° vp). B. Pdx1 and insulin expression in liver. Normal mice (n=3) were injected with AAV-Pdx1-VP16 (108 vp/
mouse) and Pdx1 and insulin expression in the liver sections was detected with anti-Pdx1 antibody at day 12 post-
injection. B-(1): Pancreatic islet as positive control for Pdx1. B-(2): high power views of Pdx1 protein located both
in cytoplasm and nuclei of the liver cells. B-(3): Pancreatic islet as a positive control for double Pdx1 (brown) and
insulin (red) IHC. B-(4): Pdx1 and insulin protein in cytoplasm and nuclei of the liver cells. Arrow indicates double
Pdx1/insulin-positive cells.
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Figure 2. Reversal of Stz/diabetes by liver-IPCs reprogrammed by AAV-PTFs. A. Baselines of Stz/diabetic NOD/SCID
mice. NOD/SCID mice (10-12 weeks, n=6) were treated daily with Stz for five days and blood glucose levels and
body weight were monitored every other day until the onset of diabetes (two measurements 24 h apart). Mice were
sacrificed at glucose levels between 250 to 350 mg/dL and IPGTT was performed before the scarification. Tissue
insulin was extracted from the pancreata and livers and quantified by ELISA. 1. Body weights of normal and diabetic
NOD-SCID mice; 2. Blood glucose levels; 3. IPGTT; 4. Tissue insulin content of the liver and pancreas. Baseline
information (1-3) was obtained just before the mice were sacrificed. B. Effects of AAV-mediated expression of PTFs
on blood glucose levels. Stz-induced diabetic (>250 mg/dL) mice were injected via the portal vein with various AAV
viruses (108 vp/mouse) expressing GFP, Ngn3, Pdx1, or a combination of Pdx1/Ngn3. Blood glucose levels were
measured. Triangles, mice receiving AAV-Ngn3 (n=4); diamonds, mice receiving AAV-Pdx1 (n=8); squares, mice
receiving both vectors (n=8). At day 24 post-injection, at least one mouse from each group was sacrificed for IHC
(black arrows). At day 30, three mice from the AAV-GFP group (data not shown here) and AAV-Pdx1/Ngn3 groups
were Killed for tissue insulin measurements (brown arrow). Around day 40, two mice from each group underwent
subtotal Px (red arrows). C. Changes of blood glucose levels following subtotal Px. To investigate a role of pancreatic
beta-cells in normalizing the blood glucose levels, subtotal Px was performed on two mice from each group and
changes of blood glucose levels were recorded (P1 and P2). Red lines represent mice receiving Pdx1/Ngn3; Blue
lines, mice receiving Pdx1; and green lines, mice receiving Ngn3. One mouse in Ngn3 group (P2) died five days post
surgery. D. Insulin IHC in Stz/Diabetic Pancreas. Formalin-fixed and paraffin embedded pancreatic sections were in-
cubated with anti-insulin antibodies and visualized by DAB. Control (day 10) tissue was obtained after the first dose
of Stz. The area shown was the only region containing islets in the entire pancreas. The remaining photographs are
representative sections from Stz-induced diabetic mice at day-24 post-treatment via the portal vein with AAV-GFP,

AAV-Ngn3, AAV-Pdx1, and AAV-Pdx1/Ngn3.

The blood glucose levels decreased further in
mice receiving AAV-Pdx1/Ngn3, reaching near-
normal levels (120-150 mg/dL) within 2-3
weeks post-injection (normal range 80-120
mg/dL). However, the mice receiving only the
AAV-Ngn3 vector remained hyperglycemic with
glucose levels around 300 mg/dl. As expected,
the mice receiving AAV-GFP remained hypergly-
cemic with glucose levels > 400 mg/dL (data
not shown). After ~30 days, the blood glucose
levels in the Pdx1 only group reached levels
seem comparable to those in the AAV-Pdx1/
Ngn3 group (~150 mg/dl).

To investigate the possible role of pancreatic
beta-cell regeneration in normalizing the blood
glucose levels, we performed subtotal Px by
removing the entire splenic portion and most of
the duodenal portion (the “head” of the pan-
creas) of the pancreas. Two mice from each
group underwent subtotal Px and changes in
the blood glucose levels were examined two-
days post surgery (Figure 2C). Surprisingly, sub-
total Px had little or no effect on blood glucose
levels in mice receiving Pdx1/Ngn3 (solid lines),
suggesting that non-pancreatic IPCs from the
liver play a major role in maintaining the blood
glucose levels. However, the mice receiving
Ngn3 alone showed a sharp increase in blood
glucose levels after Px (dotted line).
Interestingly, mice receiving Pdx1(dotted lines)
showed a small rebound of blood glucose lev-
els in the following week, which then decreased
again, suggesting the regenerated pancreatic
beta-cells may play a minor role in maintaining
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blood glucose levels, but the liver-IPCs may
assume major responsibility for maintaining
blood glucose levels following subtotal Px.
Insulin IHC performed on the pancreatic sec-
tions (Figure 2D) confirmed the presence of
endogenous pancreatic beta cell regeneration
in all AAV-PTF-treated groups, with various
degrees of pancreatic islet abundance (Pdx1/
Ngn3 > Pdx1 >Ngn3 > GFP). As expected, the
diabetic mice treated with Pdx1 or Pdx1/Ngn3
returned to normal age-specific body weight,
even after subtotal Px, as compared to the
Ngn3-treated groups that continued to lose
body weight (data not shown).

PTF-reprogrammed liver-IPCs are glucose-
responsive

To determine whether the PTF-reprogrammed
IPCs in the livers could respond to a glucose
challenge, we first performed IPGTT 12~14
days post subtotal Px. As shown in Figure 3A,
there was a marked difference in glucose toler-
ance tests between the groups treated with
Ngn3 and treated with Pdx1 or Pdx1/Ngn3. The
latter groups could respond to a glucose chal-
lenge with a clearance rate similar to that of
healthy mice. However, mice treated with Ngn3
remained hyperglycemic throughout the test.
These data indicate that the genetically repro-
grammed liver-IPCs exhibited pancreatic beta-
cell function, responding to the loaded glucose
by secreting insulin, resulting in lower blood
glucose levels in the Pdx1 or Pdx1/Ngn3-
treated mice.
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with glucose (2 mg/g body weight i.p.) and the blood glucose levels were recorded at indicated times. B. Expression of glucagon and insulin genes in the liver. Expres-
sion of glucagon and insulin mRNAs was assayed in the livers of normal mice (L1), or Stz/diabetic mice treated with GFP (L2) or Pdx1/Ngn3 (L3) by RT-PCR. Pancre-
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(as indicated) were immunostained with anti-insulin (C) or anti-insulin and glucagon (D) antibodies. Islet in the mouse pancreatic tissue serves as positive controls.
Either insulin-positive (green) or glucagon-positive (red) or both-positive liver cells are indicated by arrows. Original magnification is 40x.
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Insulin and glucagon expression in liver after
AAV-PTF treatment

To confirm pancreatic hormones were indeed
expressed and synthesized in the liver, we
examined insulin and glucagon gene and pro-
tein expression after AAV-PTF treatment. Figure
3B shows that expression of insulin and gluca-
gon genes was detectable only in the liver of
the mice treated with Pdx1/Ngn3 (lane L3),
whereas not detectable in the livers of normal
(L1) or Stz/diabetic (L2) mice. Figure 3C shows
that the Pdx1/Ngn3-treated liver cells along
the central vein or in the portal tract areas at
day-24 post-injection exhibit strong staining for
insulin by IHC, whereas relatively weak-staining
insulin-positive liver cells were seen in Pdx1-
treated liver cells and very weak staining here
but none in other sections in Ngn3-treated liver
cells. Although insulin-staining intensity is not
quantitative or representative of the tissue
insulin content, the more intense insulin-stain-
ing cells in the liver section in the combined
Pdx1/Ngn3 treatment is consistent with their
ability to more efficiently reduce blood glucose
levels.

We then examined whether there is co-expres-
sion of both insulin and glucagon positive cells
in Pdx1/Ngn3-treated liver cells at day 24-post-
portal vein injection. Following Pdx1/Ngn3
treatment the liver cells expressed either insu-
lin or glucagon, or both. Scattered rare double
insulin/glucagon-positive cells were detected
in some areas and single positive cells in other
areas in the liver as shown by double IF in
Figure 3D. The insulin and glucagon positive
cells were mainly in the proximity of central
veins. Additionally, we examined if there were
IPCs in the spleen and kidneys on the same
slide by IHC. However, none were detected
(data not shown).

Liver and pancreas insulin quantification

To confirm liver insulin production and evaluate
the relative contribution of regenerating pan-
creatic beta-cells vs. the liver-IPCs to restora-
tion of normoglycemia, the whole liver and pan-
creas insulin content was examined (ELISA).
Three mice each from the AAV-GFP and AAV-
Pdx1/Ngn3 groups were sacrificed at day 30
post-portal vein AAV injection of Stz/diabetic
mice and the liver and pancreas tissues were
collected for quantification of tissue insulin. As
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shown in Figure 4A (right panel), there was an
8.7-fold increase in insulin content from the liv-
ers of mice receiving Pdx1/Ngn3 in comparison
to control mice, which quantitatively confirms
the liver insulin production detected by other
methods. The large fraction of insulin from the
liver indicated that the liver-derived IPCs signifi-
cantly contribute to restoring normoglycemia.
In comparison, the pancreatic insulin content
(Figure 4A, left panel) in diabetic mice treated
with Pdx1/Ngn3 was ~ 50% of normal mice,
but ~ 10-times higher than AAV-GFP-treated
control mice, supporting a role of Pdx1/Ngn3-
mediated beta-cell regeneration in restoring
and maintaining of blood glucose homeostasis.
Figure 4B shows a noticeable increase in the
numbers of liver-IPCs and the formation of
small residual pancreatic islets at day 30,
whereas there were no liver-IPCs and only rare
tiny islets in the control AAV-GFP mice (data not
shown).

PTF-reprogrammed liver-IPCs elicit autoim-
mune attack

We have demonstrated that PTF-reprogrammed
mouse liver-IPCs can effectively reverse hyper-
glycemia in stz-induced diabetic mice and can
maintain euglycemia after near total Px by
releasing insulin in response to elevated blood
glucose levels. Next, we addressed whether
these liver-derived IPCs were susceptible to
autoimmune attack following T1D passive
transfer by diabetogenic splenocytes. Female
NOD mice spontaneously develop autoimmuni-
ty toward their islets of Langerhans [25]. Such
autoimmunity also destroys congenic and syn-
geneic transplanted islets. Adoptive transfer of
splenocytes from prediabetic and diabetic NOD
mice into recipient NOD/SCID mice shows that
the recipient mice develop diabetes [23, 24].

To examine whether autoimmunity toward the
liver-IPCs developed, we employed a two-step
approach using congenic NOD/SCID mice
(Figure 5A). As shown in Figure 5B, NOD/SCID
mice first were induced to become diabetic
(250 ~300 mg/dL fasting glucose) by daily i.p.
injections of Stz for 5 days, and then AAV-Pdx1/
Ngn3 was delivered into the mouse livers via
the portal vein. Following normalization of the
blood glucose levels, three mice (#1, 2, and 6)
underwent subtotal Px. Blood glucose levels
remained normal suggesting that the liver-IPCs
played a major role in maintaining glucose
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Figure 4. Tissue insulin in liver and pancreas. A. Insulin content in the livers and pancreata. Insulin was extracted
from the livers and pancreata from normal (n=4) and AAV-treated Stz/diabetic mice either with GFP (n=4) or with
Pdx1/Ngn3 (n=4) ~ 30 days post-treatment. Tissue insulin content was determined by ELISA using an ultrasensitive
kit (Aplco). **p<0.01. ***p<0.001. B. IPCs in the pancreas and livers of AAV-Pdx1/Ngn3-treated mice. Pancreas
and liver sections were incubated with anti-insulin antibody (1:500) overnight at 4°C. Small residual islets in the
pancreas (left upper panel) and liver-derived IPCs are indicated by arrows. Lower panels represent enlarged views
of areas 1 and 2.

homeostasis. Mice then received non-fraction- hyperglycemic (Figure 5B). At three time points,
ated splenocytes (2X107/mouse i.p.) harvested IPGTTs (Figure 5C) were performed before (1)
from new-onset diabetic NOD mice (14-20 and after (2) subtotal Px to confirm the vital role
weeks). Within 2-3 weeks, all mice became of the liver-IPCs in maintaining euglycemia. By
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Figure 5. Autoimmune attack of liver-derived IPCs. A. Experimental strategy. To test whether liver-derived IPCs can
escape autoimmune attack, NOD/SCID mice were given diabetes by injecting Stz. The liver-derived IPCs were ex-
pected to be reprogrammed by AAV-Pdx1/Ngn3 and these liver-derived IPCs were expected to correct hyperglyce-
mia, confirmed by performing subtotal Px. Once confirmed, diabetogenic SAT was performed to determine if the
liver-IPCs resist autoimmune attack by monitoring changes of the blood glucose levels (resistant = normal glucose
levels, susceptible = abnormally high glucose levels). B. Testing autoimmunity of the liver-IPCs. Stz-induced diabetic
(>250 mg/dL) NOD/SCID mice (n=6) received AAV-Pdx1/Ngn3 viruses (108 vp/mouse). Blood glucose levels were
monitored until the end of the experiment. Near normoglycemic mice #1, #2, and #6 underwent subtotal Px and
remained normoglycemic. Diabetogenic NOD splenocytes (2X107 cells/mouse), were transferred i.p. to all Pdx1/
Ngn3-treated mice including the three mice receiving Px at day 10 post-surgery. C. IPGTT. Mice were injected with
glucose (2 mg/g body weight i.p.) and blood glucose levels were measured at indicated time points. Three IPGTTs
were performed at various times (1. Before Px; 2. Day-8 post Px; and 3. Day 16 SAT). All mice were sacrificed after
the last IPGTT. D. Autoimmune attack of the liver-IPCs. The livers and pancreata from the above mice were har-
vested for morphologic evaluation. Liver and pancreas sections were H&E stained (left panel) or immunostained
with anti-insulin (middle panel) or anti-CD3 (right panel) antibodies. Arrows indicate infiltrating lymphocytes. E.
Mixed cellular response of liver-derived IPCs. Mice were sacrificed 2-3 weeks post-SAT. Double IHC for identification
of T-cells (CD3+), B-cells (B220+), and macrophages (F4/80+) was performed on AAV-Pdx1/Ngn3-treated mouse
liver and pancreas sections following SAT. The liver sections were sequentially immunostained for CD3, B220, and
anti-F4/80 for 1 hr, followed by appropriate secondary antibodies. Staining of T-cells, B-cells, and macrophages in
the inflammatory infiltrate was visualized either in brown (DAB) or red (LPR) as indicated. F. Proliferative lymphoid
cells attacking IPCs. Insulin (red) and Ki-67(brown) double IHC was performed on the pancreas and liver sections in
the AAV-Pdx1/Ngn3-treated mice 2-3 weeks following SAT. Photographs 1-3 represent the total residual pancreas
following subtotal Px. Black arrows indicate proliferating lymphocytes surrounding residual pancreatic insulin-pro-
ducing beta cells (White arrows, panels 4-6) and liver-IPCs (white arrows, panels 7-9).

the end of the experiment (3), all mice lost their
ability to handle a glucose challenge by secret-
ing inappropriate amount of insulin.

Control NOD/SCID mice of a similar age (n=10)
were injected with diabetogenic splenocytes
(2X107/mouse i.p.) and 100% of mice become
diabetic within 6 weeks (80% diabetic within 4
weeks, data not shown), confirming that pas-
sively transferred splenocytes indeed mount a
powerful autoimmune attack on pancreatic
islet beta-cells. These results indicated that
the PTF-reprogrammed liver-IPCs evoked an
autoimmune response that is likely responsive
for destroying the liver-IPCs.

To further investigate autoimmune attack on
liver-IPCs, mice showing elevated blood glu-
cose levels were sacrificed at day 55 post-AAV-
PTF injection or 2.5 weeks post-SAT. Patchy
lymphohistocytic infiltrates surrounding the liv-
er-IPCs were apparent in H&E stained (Figure
5D, left panel), and in insulin and CD3 immu-
nostained (Figure 5D, middle and right panels)
liver sections. Insulin staining in the liver sec-
tions revealed a high background, likely due to
dying or degenerating IPCs. However, CD3
immunostaining clearly demonstrated T-cells
infiltrating this area. Double IHC on the liver
sections confirmed a mixed infiltrate of CD3+ T
cells, B220+ B cells, and F4/80+ macrophages
(Figure  BE).  Furthermore, insulin(red)/
Ki-67(brown) double IHC of the pancreas and

195

liver in the three mice (#1, 2, and 6) that under-
went subtotal Px revealed only small fragments
of residual pancreatic tissue with a total of 1-2
small islets (Figure 5F, 1-3). These were infil-
trated by Ki-67-positive proliferating lympho-
cytes (Figure 5F, 4-6). Similarly, liver-IPCs
around the central veins and portal tracts also
were undergoing attack by Ki-67-positive prolif-
erating lymphocytes (Figure 5F, 7-9).

To verify that the lymphocytic infiltrate in the
liver was not caused by the AAV vector or for-
eign VP16 viral protein; we investigated three
Stz/diabetic NOD/SCID mice treated with AAV-
GFP via the portal vein, two weeks later fol-
lowed by SAT. These control mice were sacri-
ficed at week 2, 2.5, and 3 post-SAT and there
was no noticeable lymphocytic infiltrate around
central veins or portal tracts on histology exam-
ination (Data not shown), indicating that the
autoimmunity to the liver-IPCs was not likely to
have been caused by immunity to a foreign pro-
tein or the AAV vector. All serum samples for
Pdx1 autoantibodies from these NOD/SCID
mice were negative by ELISA for Pdx1 autoanti-
bodies before and after SAT [26], suggesting
that Pdx1 is not a major target for this autoim-
mune response to the liver-IPCs.

Discussion

Reprogramming of non-pancreatic somatic
cells into insulin-secreting cells as pancreatic
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beta-cell surrogates is regarded as one of the
most promising strategies to treat T1D. Since
most in vivo reprogramming studies utilize the
highly immunogenic adenovirus as a vehicle to
transfer genes of PTFs into target cells, it is not
feasible to ask whether these beta-cell surro-
gates are susceptible to autoimmune attack.
The major challenge to address this key ques-
tion in TAD mouse models is to be able to dis-
tinguish immunity against virally-encoded anti-
gens from autoimmunity to the IPCs. Here, we
provide direct evidence that liver-IPCs are sus-
ceptible to autoimmune attack. In the present
study, the following objectives were achieved:
1) development of a strategy to minimize the
immunogenicity of viral antigens in the host
IPCs was developed by using recombinant AAV;
2) demonstration that liver-IPCs are glucose-
responsive and can maintain glucose homeo-
stasis in diabetic mice; and 3) direct observa-
tion that liver-IPCs are susceptible to
autoimmune attack. To minimize the vector-
specific immune response, we selected AAV
serotype 2 vectors to deliver Pdx1 and Ngn3
genes into liver cells via a onetime portal vein
injection of AAV-Pdx1/AAV-Ngn3 viral particles.
Delivery of Pdx1/Ngn3 transgenes directly into
the liver using AAV can help to minimize immu-
nity to viral capsid (the protein shell of a virus)
and efficiently introduces gene products [27,
28]. AAV vectors have been widely adopted as
gene delivery vehicles because of their ability
to transduce a wide variety of tissues, mediate
long-term expression of the transgene after a
single in vivo administration [29-32] and mini-
mize immunogenicity of host cells [32, 33].
Compared to other target tissues, the liver has
several advantages as a target cell for IPC
reprogramming by gene transfer [4, 34]. In
addition to derivation from the endoderm and
sharing a common progenitor and many tran-
scription factors, hepatocytes and pancreatic
beta cells have a built-in glucose sensing sys-
tem (glucose kinase and glucose transporter-2)
[35, 36]. These biologic features make hepato-
cytes ideal target cells for IPC reprogramming.
As a target organ, stable and sustained expres-
sion of a transgene in AAV-transduced hepato-
cytes is associated with the induction of toler-
ance rather than immunity [28], perhaps due to
poor transduction efficiency of antigen present-
ing cells and up-regulation of T-regs [37]. This
conclusion comes from detailed studies of the
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hepatic administration of an AAV vector
expressing human coagulation factor Factor IX.
(F.IX) [32, 33]. In contrast to muscle-directed
delivery of human F.IX using AAV, liver-directed
delivery of the same vector results in antigen-
specific immunological unresponsiveness to
the transgene products in several strains of
mice. Tolerance can be transferred to naive
recipients by adoptive T cell transfer after
hepatic gene transfer with AAV and once estab-
lished, it is not broken by immunological chal-
lenge with F.IX in adjuvant. Further studies have
revealed that hepatic delivery of an AAV gene
therapy vector encoding ovalbumin induces
antigen-specific CD4+CD25+ regulatory T cells
[37-39]. The advantages of AAV-mediated
hepatic gene transfer have allowed us to
address the issue of whether liver-IPCs are pro-
tected from autoimmunity.

To examine the glucose responsiveness of liver
IPCs, we chose the AAV2 vector to deliver two
key pancreatic transcription factors (mouse
Pdx1 and Ngn3) via the portal vein. Consistent
with other studies [7, 8, 10-12, 40], we found
that hepatic administration of AAV-Pdx1/Ngn3
can indeed reprogram the hepatocytes into
glucose-responsible IPCs as evidenced by the
restoration of normoglycemia in Stz/diabetic
mice and the responsiveness to glucose chal-
lenge in IPGTT before and after nearly total Px.
We further demonstrated that the liver-IPCs
play a major role in maintaining glucose homeo-
stasis by removing more than 90% of the pan-
creas. By IHC, we showed that the IPCs in treat-
ed liver are distributed mainly along the central
veins, which is consistent with the path of the
injected AAV- Pdx1/Ngn3 vectors. We found
abundant hepatic insulin in the AAV-Pdxl1l/
Ngn3-treated mice measured by several meth-
ods (insulin tissue content, insulin immuno-
chemistry, and insulin gene expression). AAV-
Pdx1/Ngn3 expression effectively
reprogrammed the hepatocytes into functional
IPCs and could maintain blood glucose homeo-
stasis. Despite subtotal Px, Pdx1/Ngn3-treated
mice remained normoglycemic for months, indi-
cating that the liver-IPCs largely compensated
the lack of pancreatic beta-cells by producing
insulin. This effect persisted until the end of the
observation period (2-4 months). Histological
studies of the residual pancreatic tissues
revealed very rare small regenerated islets,
which were insufficient to maintain normoglyce-
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mia in mice as observed in control mice follow-
ing subtotal Px. The lack of robust pancreatic
islet beta-cell regeneration probably reflects
the scarcity of residual pancreatic tissue follow-
ing Px. Based on these data, we conclude that
the AAV-Pdx1/Ngn3-reprogrammed liver-IPCs
are functional and able to independently regu-
late and restore normal blood glucose levels in
Stz/diabetic mice.

To directly demonstrate that liver-IPCs are glu-
cose-sensitive, in situ liver perfusion of low and
high glucose buffer via the inferior vena cava
(inflow) and the portal vein (outflow) in a normo-
glycemic mouse that was treated with AAV-
Pdx1/Ngn3 following subtotal Px can be
attempted in future studies to thoroughly exam-
ine the pattern and intensity of the liver-IPCs in
glucose-stimulated insulin release.

A three-step strategy was employed to address
the question of whether liver IPCs are suscep-
tible to autoimmunity; first, AAV-Pdx1/Ngn3
transgenes were expressed in hepatocytes.
Next, the pancreas was removed to see if the
mice remained normoglycemic (indicating the
liver-IPCs are functional). Finally, diabetogenic
splenocytes were adoptively transferred into
the liver-IPC-mediated normoglycemic mice to
see if they could induce autoimmune diabetes.
Our data (Figure 5) clearly indicate that the liv-
er-IPCs were functional and that they were fully
susceptible to autoimmune attack, as 6/6 mice
receiving diabetogenic splenocytes became
hyperglycemic within 3 weeks. Thus, it is likely
that after transdifferentiation, the liver-IPCs
express at least some of the beta-cell autoanti-
genic targets of diabetogenic T cells. This inter-
pretation is supported by the appearance of
dense CD3+ T cell infiltrates surrounding the
liver-IPCs along with antigen presenting B-cells
and macrophages. Unfortunately, it was diffi-
cult to show clearly insulin-positive cells due to
high background and it also was unclear wheth-
er the transfer of splenocytes from diabetic
NOD mice led to the destruction of the transdif-
ferentiated hepatic cells or just a loss of func-
tion. Additional future studies are needed to
more carefully examine the time course of this
destruction including the overall hepatic func-
tion in the mice after splenocyte transfer.

To exclude the possibility that the CD3+ T cells
were reactive with the VP16 segment attached
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to the C-terminus of Pdx1, we performed simi-
lar experiments using AAV-GFP (a foreign gene
to the mice), followed by splenocyte adoptive
transfer. The absence of a T cell infiltrate in
these mice suggests that there was not an
immune response to the products of either
transgenes or viral genes. Taken together with
evidence that the AAV capsid is low immuno-
genic and that hepatic delivery of AAV promotes
immune tolerance [33, 39, 41] and previous
observations of hepatic delivery of Pdx1 modu-
lates autoimmunity in NOD mice [26, 42], the
present data are consistent with the possibility
that liver-derived (reprogrammed) insulin-pro-
ducing/secreting cells share common antigens
with pancreatic beta-cells and suffer the same
fate as the beta-cells in the presence of diabe-
togenic (NOD-derived) splenocytes.

We have demonstrated that AAV-Pdx1/Ngn3-
reprogrammed liver-IPCs can function to main-
tain blood glucose homeostasis. However,
these liver-IPCs share immunologic markers
with native pancreatic beta-cells that make
them susceptible to the attack by the diabeto-
genic T cells from NOD mice. Therefore, cell
regeneration/cell reprogramming will likely
need to be coupled with immune modulation in
order to achieve lasting control of T1D.
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