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Gene transfer of active Akt1
by an infectivity-enhanced adenovirus impacts
B-cell survival and proliferation differentially

in vitro and in vivo
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Type 1 diabetes is characterized by an absolute insulin deficiency due to the autoimmune destruction of insulin
producing B-cells in the pancreatic islets. Akt1/Protein Kinase B is the direct downstream target of PI3 Kinase activation,
and has shown potent anti-apoptotic and proliferation-inducing activities. This study was designed to explore whether
gene transfer of constitutively active Akt1 (CA-Akt1) would promote B-cell survival and proliferation, thus be protective
against experimental diabetes. In the study, a fiber-modified infectivity-enhanced adenoviral vector, AD5RGDpK7, was
used to deliver rat insulin promoter (RIP)-driven CA-Akt1 into B-cells. Our data showed this vector efficiently delivered
CA-Akt1 into freshly isolated pancreatic islets, and promoted islet cell survival and B-cell proliferation in vitro. The
therapeutic effect of the vector in vivo was assessed using streptozotocin (STZ)-induced diabetes mice. Two means of
vector administration were explored: intravenous and intra-bile ductal injections. While direct vector administration into
pancreas via bile-ductal injection resulted in local adverse effect, intravenous injection of the vectors offered therapeutic
benefits. Further analysis suggests systemic vector administration caused endogenous Akt expression and activation
in islets, which may be responsible, at least in part, for the protective effect of the infectivity-enhanced CA-Akt1 gene
delivery vector. Taken together, our data suggest CA-Akt1 is effective in promoting B-cell survival and proliferation in
vitro, but direct in vivo use is compromised by the efficacy of transgene delivery into B-cells. Nonetheless, the vector
evoked the expression and activation of endogenous Akt in the islets, thus offering beneficial bystander effect against

STZ-induced diabetes.

Introduction

Diabetes mellitus is a common chronic disease affecting 1-2% of
the population worldwide, with a trend of increasing incidence.
Type 1 diabetes (T1D) is a condition in which the insulin-
producing B-cells in pancreatic islets are destroyed—primarily
by a cell-mediated autoimmune response on B-cells, resulting
in absolute insulin deficiency. The main treatment for T1D has
been insulin therapy since its discovery in the 1920s. Indeed,
exogenous insulin supplementation has transformed T1D from
a fatal disease to one that is highly manageable. Nonetheless,
insulin therapy is unable to effectively replicate the function of
B-cells with regard to instant responses to fluctuations in blood
glucose levels, and does not prevent the eventual development of
diabetes-related complications. On this basis, a means to promote
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B-cell survival and proliferation is expected to have therapeutic
benefits for T1D.

The serine/threonine kinase Akg, also called protein kinase B,
is the direct downstream target of PI3 kinase (PI3K) that is acti-
vated by many growth factors and insulin, thus plays a key role in
the control of cell cycle progression, cell survival and regulation
of processes that influence growth such as protein synthesis and
glucose metabolism."® Therefore, Akt is an appealing candidate
for B-cell protection. More importantly, previous studies have
shown the PI3K/Akt signaling pathway is highly relevant to T1D.
For example, transgenic mice expressing constitutively active Akt
(CA-Aktl) in B-cells show a significant increase in B-cell size and
islet mass, better glucose tolerance and are resistant to experimen-
tal diabetes.”” Mice lacking an isoform of Akt (Akt2), however,
exhibit marked hyperglycemia and loss of pancreatic 3-cells.® In
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addition, Aktl activation via various stimuli has been shown to
promote islet cell survival and proliferation."®*!" Expression of
CA-Aktl in human islets significantly improves the therapeutic
outcome of islet transplantation in diabetic mice.'? All of these
observations suggest Aktl plays critical roles in glucose metabo-
lism and maintenance of pancreatic islet tissue, and thus may
have therapeutic benefits for T1D.

Currently, three isoforms of Akt are identified, which include
Aktl (PKBa), Akt2 (PKBB), and Akt3 (PKBv). All three iso-
forms consist of a conserved domain structure: an N-terminal
pleckstrin homology (PH) domain, a central kinase domain,
and a carboxyl terminal regulatory domain. Although the three
isoforms show broad tissue distribution, Aktl is the most ubiq-
uitously expressed and thoroughly studied. Activation of PI3K
generates D3-phosphorylated phosphoinositides that bind Aktl
through the PH domain and induce the translocation of Aktl to
the plasma membrane. In the plasma membrane, Aktl is phos-
phorylated at its two residues, Thr308 and Ser473.%* Thr308
is phosphorylated by phosphoinositide-dependent kinase-1
(PDK1), and Ser473 by mTOR complex 2 (mTORC2).>!¢ There
is also evidence showing Ser473 phosphorylation precedes and
facilitates Thr308 phosphorylation by PDKI, and their phos-
phorylation leads to the activation of Aktl.>!® On this basis,
constitutively active forms of Aktl (CA-Aktl) have been devel-
oped by directly targeting Aktl to the plasma membrane, or by
mimicking phosphorylation of the two sites. When direct target-
ing to the plasma membrane method is used, presence or absence
of PH domain does not matter for the CA-Aktl. For therapeutic
purpose, CA-Aktl is advantageous because it does not require
upstream stimuli.

To fully realize the therapeutic potential of CA-Aktl for T1D,
a highly efficient and specific gene delivery vector is critical. Both
viral and nonviral vectors have been employed to deliver trans-
genes into islet cells ex vivo. These include adenoviral vectors
(Ad), adeno-associated vectors (AAV), liposomes, and a protein
transduction domain (PTD)-based strategy.’>"** Among them,
human adenovirus serotype 5 (Ad5)-based vectors have been of
high interest, attributable to their ability to infect islet cells with
a relatively high level of efficiency. Previous studies and our own
data have suggested a multiplicity of infection (MOI) of up to
500 viral particles per cell (VPs/cell) can be tolerated by islet
cells.”'” Nonetheless, we have also observed a reverse correla-
tion between the amount of viruses used and the functionality
of islets.?? On this basis, it is clear that methods to increase the
gene delivery efficacy of Ad5 to its target tissue will be beneficial.

Previous studies have shown genetic incorporation of extra
targeting motifs into the capsid protein fiber can significantly
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improve Ad5 gene delivery efficacy.”?* Two targeting motifs,
RGD and polylysine (pK7), are of particular interest because
their receptors, integrins for RGD epitope, and cell-surface pro-
teins containing polyanion motifs such as heparin sulfate for the
positively charged pK7 epitope, are widely expressed. We have
shown incorporation of the RGD and pK7 motifs into Ad5
fiber significantly improves gene delivery efficiency into isolated
human islets, which allows us to use fewer viral vectors for trans-

gene delivery.?>2¢
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This study was aimed to explore whether employment of
this infectivity-enhanced vector, namely AdSRGDpK7, could
improve CA-Aktl gene delivery into B-cells, and thus offer thera-
peutic benefits for T1D.

Results

Generation of infectivity-enhanced CA-Aktl gene delivery
vectors for pancreatic (-cells. Genetic modification of Ad5
fiber with two extra targeting motifs RGD and polylysine (pK7)
has been shown to improve gene delivery efficacy for many cell
types including pancreatic islet cells.?>** We thus employed this
infectivity-enhanced vector, AdJSRGDpK7, to deliver CA-Aktl
into B-cells. CA-Aktl was obtained by constitutively targeting
Akt1 to plasma membrane via N-terminal addition of a s7c myris-
toylation site. GFP was fused to the C-terminal end of Aktl to
facilitate the detection of transgene expression. To achieve 3-cell
specific gene delivery, the rat insulin promoter (RIP), was used
to drive CA-Aktl expression. The expression cassette RIP-CA-
Aktl-GFP was incorporated into the deleted E1 (AEI) region of
AdSRGDpK7 genome. Since El region is essential for the ini-
tiation of Ad5 replication, the viral vector was replication defi-
cient. The viral vector was subsequently rescued in 293 cells that
stably express Ad-El genes, and the resultant vector was named
AdSRGDpK7.RIP-CA-Aktl (Fig. 1A). As negative targeting
control, the CA-Aktl expression cassette was incorporated into
an El-deleted unmodified Ad5 vector, resulting in the formation
of Ad5.RIP-CA-Aktl vector (Fig. 1A). Other control vectors
encoding RIP-driven reporters such as Ad5.RIP-Luc (for firefly
luciferase) and Ad5.RIP-GFP were also constructed in a similar
way (Fig. 1A).

Next we examined the gene delivery efficiency mediated by
the vectors using freshly isolated human islets. The islets were
infected with the viruses at an MOI of 250 VDPs/cell. Two
days later, the islets were either lysed for western blotting assay
(Fig. 1B) or processed for immunofluorescence staining (Fig. 1C)
to detect Aktl gene expression. As shown in Figure 1B, CA-Aktl
was successfully delivered into human islets by both Ad5 and
AdSRGDpK7, while the latter showed higher gene delivery effi-
ciency. Staining with antibodies recognizing the phosphorylated
Aktl at either Ser473 or Thr308 showed that the transgene was
active. Of note, endogenous Akt appeared to be induced by Ad5
vector infection alone, which was phosphorylated at site Ser473,
and to a less degree at Thr308, consistent with our previous
observation.® Of note, it has been shown phosphorylation of
Ser473 precedes and facilitates that of Thr308.'° The observation
that P-Ser473 staining showed stronger signal than P-Thr308
staining indicates endogenous Akt might not be fully activated
by Ad5 infection.

Immunofluorescence staining of the human islets with GFP
confirmed CA-Aktl expression and higher gene delivery effi-
cacy that was mediated by the infectivity-enhanced vector
(Fig. 1C). Nonetheless, both vectors showed more gene delivery
in the peripheral area of human islets, suggesting their penetra-
tion into the islet core was limited when applied in culture. Of
note, in human islets, B-cells and non-B-cells are intermingled.
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Therefore, B-cell specific expres-
sion of GFP could be detected in
the periphery of the islets.
CA-Aktl expression improved
the survival of islet cells in vitro.
Previous studies have shown
CA-Aktl has strong protective
effect on islet cells.>”!? To examine
whether CA-Aktl delivered by the
vectors was functional in islet cells,
we performed a WST-1 based via-
bility assay (Fig. 2). WST-1 is a tet-
razolium salt, and it can be cleaved
by mitochondrial dehydrogenase
that results in the production of
formazan, a dye whose inten-
sity can be measured at OD440.
Increased activity of mitochondrial
dehydrogenase represents more
viable cells. As shown in Figure 2,
CA-Aktl expression in rat islets
increased cell viability compared
with control Ad5.RIP-Luc infec-
tion. More efficient CA-Aktl gene
delivery mediated by AdSRGDpK7
showed better cell protection than
unmodified Ad5, but the differ-
ence did not appear to be very sig-
nificant (p = 0.0548). Compared
with uninfected islets, Ad5.RIP-
CA-Aktl did not show significant
cell protection (p = 0.108), while
AdSRGDpK7.RIP-CA-Akel  did
(p = 0.019), although it is not as
significant as compared with Ad5.
RIP-Luc (p = 0.0007). All of these
may be explained by the nega-
tive effect of Ad5 infection on cell
viability. Indeed, Ad5.RIP-Luc-
infected islets showed lower viabil-
ity than uninfected islets, although
the difference was not significant
(p = 0.388). Therefore, the cell
viability measured here is the col-
lective effect of CA-Aktl-mediated
survival minus toxic effect of
viral infection. More infectivity
mediated by Ad5RGDpK7.RIP-
CA-Aktl might have resulted in
more toxicity. Similar results were
obtained for both rat and human

islets. Taken together, these data
suggest CA-Aktl delivered by the

vectors was functional in promoting cell survival.
CA-Aktl expression promoted islet cell proliferation in vitro.
Another feature of CA-Aktl is promoting cell proliferation. To
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Figure 1. Generation and verification of CA-Akt1 gene delivery vectors. (A) Diagram of the vectors used
in this study. Luc, firefly luciferase; RIP, rat insulin promoter. GFP was fused to CA-Akt1 at its C-terminal
end. The infectivity-enhanced vector contained two targeting motifs, RGD and pK7, in the capsid protein
fiber. All transgenes were incorporated into the deleted E1 (AE1) region of Ad5-based vectors. (B) Western
blotting analysis confirmed CA-Akt1 gene delivery in human islets in vitro. Anti-B-actin staining was
included to indicate equal sample loading. C-20 detected total Akt expression, and P-Ser473 and P-Thr308
detected phosphorylated Akt at corresponding sites. The arrow marks CA-Akt1 that was fused to GFP, and
the asterisk (*) marks endogenous Akt. The lower bands (# marked) appear to be degraded fusion protein
since they were only detected in Ad5.RIP-CA-Akt1 and Ad5RGDpK7.RIP-CA-Akt1 infected islets. (C) Immu-
nofluorescence staining showing CA-Akt1 expression in islet cells. The human islets infected with CA-Akt1
expressing vectors were stained with anti-GFP antibody, followed by corresponding FITC-conjugated
secondary antibody.

examine whether this was true for our vectors, freshly isolated
human islets were infected with the vectors, and BrdU incorpo-
ration assays were performed. BrdU, a thymidine analog, can
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Figure 2. CA-Akt1 expression improved islet cell survival in vitro. In the
experiments, freshly isolated rat islets were infected with the vectors
at a MOl of 250 VPs/cell. Three days later, islet cell viability was assessed
using a WST-1 based assay kit. Higher OD440 readings mean more
viable cells. *p < 0.05; **p < 0.005. The error bars represent standard
deviation (n = 5). Note: Ad5.RIP-Luc infected cells showed decreased
survival compared with uninfected controls, indicating there was
some toxicity related to Ad5 infection, although the difference was not
significant.

be incorporated into the genome during DNA replication, thus
is widely used as a proliferation marker. Following viral infec-
tion, the islets were cultured in BrdU-containing media for 4 d.
The islets were then processed to measure BrdU incorporation
using an immunochemical assay kit (Fig. 3A). The human islets
infected with CA-Aktl expressing vectors showed significantly
more BrdU incorporation than control Ad5.RIP-Luc infected
ones, and the infectivity-enhanced vector AdSRGDpK7.RIP-
CA-Aktl resulted in significantly more BrdU incorporation than
Ad5.RIP-CA-Aktl (Fig. 3A), suggesting CA-Aktl expression
promoted islet cell proliferation.

The immunochemical assay measures total BrdU incorpora-
tion in each sample. It did not distinguish whether BrdU was
incorporated into B-cells, other islet cell types, or non-islet cells
that were co-purified with islets in the samples. To confirm
whether CA-Aktl expression promoted BrdU incorporation
in the target cells, immunofluorescence staining of the human
islets was performed. Anti-BrdU, anti-GFP, and nuclei staining
were used to co-stain the islet samples. Since GFP was fused to
CA-Aktl and was driven by B-cell specific promoter RIP, GFP*
cells represented B-cells expressing the transgene CA-Aktl. As
shown in Figure 3B, we clearly detected BrdU*/GFP* cells in
islets infected with CA-Aktl expressing vectors. More such cells
were detected in AASRGDpK7.RIP-CA-Aktl group than in Ad5.
RIP-CA-Akel group (Fig. 3B). Of note, BrdU* cells could also
be detected in control Ad5.RIP-Luc infected islets, although at
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much less frequency. This is in agreement with the activation
of endogenous Akt by Ad5 infection observed in this study
(Fig. 1B) and previous work.® Taken together, these data demon-
strated CA-Aktl expression in 3-cells promoted its proliferation,
and more efficient CA-Aktl expression resulted in more signifi-
cant [3-cell proliferation.

Assessment of the therapeutic effect of CA-Aktl following
direct vector administration into pancreas. After the vectors
were validated in vitro, we then examined whether CA-Aktl gene
delivery in vivo had any therapeutic effect for experimental T1D.
In order to maximize vector administration to pancreatic islets,
we directly injected the vectors into pancreas through the com-
mon bile duct of diabetic mice. Previous studies have shown such
technique can allow Ad5 vectors to efficiently infect pancreatic
tissue.?” In this study, mouse T1D models were established with
multiple-low doses (MLD) of STZ, and the vectors were injected
into the pancreas through the common bile duct toward the pan-
creas. Three days later, the pancreas were fixed and examined for
CA-Aktl gene expression. As shown in Figure 4A, GFP* 3-cells
were detectable, suggesting CA-Aktl was delivered into B-cells.
Nonetheless, we would like to point out that such cells were not
prominent, and most islets (> 90%) did not contain GFP* cells.
This is not unexpected because CA-Aktl was driven by RIP
promoter, thus could only be expressed in cells with active insu-
lin promoter such as B-cells, and it was difficult for the vectors
to penetrate into the islets. Indeed, Taniguchi et al. has shown
bile ductal administration of Ad5 vectors mediates efficient gene
expression mainly in exocrine and peripheral ductal cells in the
pancreas.”’

To examine whether the vectors had any therapeutic benefits,
we performed glucose tolerance test to evaluate the blood glu-
cose control of the T1D mice at weekly intervals. Surprisingly,
one week after treatment, the mice that received AASRGDpK?7.
RIP-CA-Aktl showed worse glucose tolerance than the control
groups (media, Ad5.RIP-GFP and Ad5.RIP-CA-Aktl) (Fig. 4B).
At 6 weeks, however, these mice had similar glucose tolerance, if
not better (difference not significant), compared with the other
groups (Fig. 4C), suggesting the mice recovered from T1D. The
reason of the early adverse effect of the infectivity-enhanced vec-
tor is not clear, but may be attributable to the more severe toxic-
ity due to its higher infectivity. Indeed, transgene expression was
detected in pancreatic lymph nodes (Fig. S1), suggesting immune
cells were involved in the action of CA-Aktl expressing vectors in
pancreas following bile-ductal injection.

Reversal of T1D in these MLD STZ-treated mice argued for
B-cell regeneration. To investigate whether this was the case, we
added BrdU into the mice’s drinking water following bile ductal
injection of the vectors. As shown in Figure 5A, BrdU labeled
B-cells were readily detectable in all MLD STZ-treated mice
regardless of subsequent viral vector or media injections, sug-
gesting B-cell proliferation occurred in response to MLD STZ-
mediated B-cell injury in these mice. Ad5.RIP-CA-Aktl and
AdSRGDpK7.RIP-CA-Aktl treated mice showed higher percent-
ages of BrdU* B-cells than media or Ad5.RIP-GFP-treated mice,
although the differences were not very significant (Fig. 5B and C).
Nonetheless, the trend indicates CA-Aktl promoted {-cell
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proliferation, although marginally,
and this could explain AdSRGDpK?7.
RIP-CA-Aktl treated mice recovered
at a faster speed than media or Ad5.
RIP-GFP groups (Fig. 4B and C).
Normal mice also showed BrdU
incorporation in B-cells, but with
significantly less frequency, and that
is consistent with physiological 3-cell
turnover.”®

Taken together, these data suggest
regeneration of B-cells was signifi-
cantly induced by MLD-STZ medi-
ated B-cell injury, which allowed
the mice to recover after STZ was
cleared. CA-Aktl expression deliv-
ered by either Ad5 or AdSRGDpK7
further promoted P-cell prolifera-
tion. However, Ad5RGDpK7.RIP-
CA-Aktl treatment did not show
beneficial effect during the early days
following direct injection into the
pancreas, which is probably because
the higher infectivity resulted in more
severe toxicity.

Systemic CA-Aktl gene deliv-
ery provided therapeutic benefits
for the treatment of experimental
T1D. Since direct injection of Ad5
vectors into pancreas had undesirable
effect, we next examined whether
systemic vector administration had
any benefits for TID treatment. It
is well known that intravenously
injected unmodified Ad5 vectors are
mainly taken up by liver, with little
gene expression in other organs. Our
data suggest AdSRGDpK7 had much
less liver infection than unmodified
Ad5, while infection in other organs
including pancreas did not change
(Fig. S2). Therefore, to examine
whether low level of CA-Aktl gene
delivery had any effect on the pro-
tection of T1D, we injected PBS or
10'° VPs of Ad5.RIP-GFP, Ad5.RIP-
CA-Aktl, or AdSRGDpK7.RIP-CA-
Aktl into each mouse via intravenous
injection. A single high dose of STZ
was used to induce T1D. As shown
in Figure 6, the mice that received
AdSRGDpK7.RIP-CA-Aktl  treat-
ment showed better blood glucose
control than the other treatment
groups, especially in the first 7 d after
STZ induction, while the mice that
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Figure 3. CA-Akt1 expression promoted B-cell proliferation in human islets in vitro. Human islets were
infected with the specified vectors, and cultured in BrdU-containing media for 4 d. (A) Total BrdU incor-
poration in each group of islets as assessed with a cell-based ELISA kit (n = 5). The error bars represent
standard deviation. (B) BrdU incorporation at cellular level was assessed by co-staining the islets with
anti-GFP (green) and anti-BrdU (red) antibodies. Nuclei were stained with Hoechst. The arrows mark
the BrdU*/GFP* cells. More significant BrdU incorporation was detected in Ad5RGDpK7.RIP-CA-Akt1

infected islets.
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Figure 4. Effect of CA-Akt1 gene delivery on MLD STZ-induced T1D following intra-bile ductal injection. The CA-Akt1 expressing vectors and controls
were injected into the pancreas of diabetic mice via common bile duct. Seven mice were used in each group. (A) Detection of CA-Akt1 gene expres-
sion in pancreatic islets using anti-GFP and anti-insulin co-staining. GFP*/insulin* cells were detected, although in very few islets (less than 10%) and
often in small clusters close to ducts. (B and C) Glucose tolerance test at 1 week (B) and 6 weeks (C) after vector administration. Following overnight
fasting, 19/kg bodyweight of glucose was administered into the peritoneal cavity of the mice, and their blood glucose levels were monitored for 2 h.
At 1 week post injection, AA5SRGDpK7.RIP-CA-Akt1 treated mice showed the worst glucose tolerance, but they recovered to a level similar to normal

mice by 6 weeks.

were not treated by any vectors (PBS group) developed hyper-
glycemia after 2 d (blood glucose > 300 mg/dL) (Fig. 6A). In
agreement with this, the mice that received AdSRGDpK7.RIP-
CA-Aktl showed better glucose tolerance than other groups (Fig.
6B). The unmodified Ad5.RIP-CA-Aktl vector did not show dif-
ference from non-therapeutic control vector Ad5.RIP-GFP with
regard to random blood glucose levels and glucose tolerance, but
both groups showed some beneficial effect compared with PBS.
After the mice were sacrificed and pancreatic islets assessed
by anti-insulin fluorescence staining, we found treatment with
CA-Aktl expressing vectors allowed more islets remaining after
STZ injection (Fig. 7). In normal pancreatic slices, we could eas-
ily detect 6-7 islets/mm?, and all of them showed predominant
insulin-producing B-cells. For STZ-induced diabetic mice, very
few islets were identifiable by insulin staining after PBS or Ad5.

www.landesbioscience.com Islets

RIP-GFP treatment. In contrast, AdSRGDpK7.RIP-CA-Aktl
treated mice showed more identifiable islets (Fig. 7B). Taken
together, systemic CA-Aktl gene delivery mediated by the infec-
tivity-enhanced vector appeared to have protective effect for the
pancreatic islets in vivo.

B-cell regeneration following systemic vector administra-
tion. We next examined whether B-cell regeneration in STZ-
induced diabetic mice was improved by intravenous injection of
the CA-Aktl expressing vectors. Using BrdU in vivo labeling, we
found very few BrdU* B-cells in PBS, Ad5.RIP-GFP, or Ad5.RIP-
CA-Aktl treated diabetic mice, which were significantly less than
normal mice in which spontaneous (-cell proliferation occurred
under normal physiological condition (Fig. 8). AASRGDpK?7.
RIP-CA-Aktl treated mice showed significantly more B-cell
proliferation than normal and all of the other treatment groups
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Figure 5. BrdU incorporation showed -cell regeneration in MLD STZ-induced mice following intra-bile ductal injection of viral vectors. Following bile
ductal injection of the vectors, BrdU-containing drinking water was provided to the mice. Six weeks later, the mice were sacrificed, and their pancreas
were sectioned and processed for immunofluorescence staining using anti-insulin (red) and anti-BrdU (green) antibodies. (A) Representative images
for each group. BrdU* 3-cells were detected in all groups, suggesting 3-cell regeneration/proliferation played a role in the recovery of MLD STZ-in-
duced diabetes. (B) The percentages of BrdU* 3-cells in each treatment group. (C) The differences in the percentage of BrdU* 3-cells between different
groups were evaluated. p < 0.05 is defined as statistically significant. The p values were obtained using two-tail t-test between the compared groups.

*p < 0.05; **p < 0.005; ***p < 0.001.

(Fig. 8B and C). These data support the beneficial effect of
AdSRGDpK7.RIP-CA-Aktl when administered systemically
through intravenous injection into the single high-dose of STZ-
induced diabetic mouse models. Of note, most of the BrdU* cells
in the islets of diabetic mice were non-f cells (Fig. 8A), which
is consistent with our previous studies showing treatment with a
single high dose of STZ leads to rapid a-cell and 8-cell regenera-
tion in adult mice.”” Regeneration of B-cells, in contrast, seemed
to be overwhelmed by the B-cell destruction induced by high-
dose of STZ and subsequent severe hyperglycemia.

Activation of endogenous Akt in pancreatic islets. Because
our data showed that exogenous delivery of CA-Aktl with
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AdSRGDpK7 in vivo had beneficial effect for STZ-induced
T1D, and also because our previous studies have shown Ad5
infection of isolated islets activates endogenous Akt,® we inves-
tigated whether endogenous Akt was activated in the in vivo
experimental settings above. Following intravenous injection of
the vectors and STZ-mediated diabetes induction, the pancre-
atic tissues were processed for immunofluorescence staining with
Aktl antibodies. We discovered that both C-20 and P-Ser473
showed positive staining in the mouse islet cells (Fig. 9, and
data not shown), suggesting endogenous Akt was induced and
activated. Of note, since all three Akt isoforms (Aktl, Akt2 and
Akt3) are highly homologous, we could not rule out antibody
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Figure 6. Intravenous injection of AA5RGDpK7.RIP-CA-Akt1 improved
blood glucose control of T1D mice. Six to seven mice were used in each
group. (A) Random blood glucose levels of T1D mice that were treated
with CA-Akt1 expressing vectors and controls. (B) Glucose tolerance test
for the mice treated with different vectors one week after the vector
administration. Ad5RGDpK7.RIP-CA-Akt1 treated mice showed better
glucose tolerance than other groups although it was not as good as
normal.

cross-reactivity. So to be precise, Akt was used here instead of
Aktl.

Interestingly, normal islets showed constitutive expression of
endogenous Akt as well, but exclusively in non-B-cells. In STZ-
injected mice, with PBS, Ad5.RIP-GFP, and Ad5.RIP-CA-Aktl
treatment, endogenous Akt expression and activation expanded in
the islets, but remained in non-B-cells. In contrast, Akt activation
appeared in B-cells after AASRGDpK7.RIP-CA-Aktl treatment
(Fig. 9). The active Akt did not appear to be exogenous transgene
CA-Aktl because GFP-staining was negative in these islets (data
not shown). Therefore, these data suggest the protective effect of
AdSRGDpK7.RIP-CA-Aktl was attributable to its activation of
endogenous Akt in B-cells which promoted B-cell proliferation
and survival following STZ-induced B-cell destruction.

Discussion
In this study, we explored the therapeutic utility of CA-Aktl for

the treatment of T1D. In order to deliver CA-Aktl into B-cells,
we generated an infectivity-enhanced adenoviral vector that
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mediated B-cell specific CA-Aktl gene expression, AdSRGDpK?7.
RIP-CA-Akel. This vector showed enhanced gene delivery into
B-cells, and improved cell survival and proliferation in vitro as
assessed in primary islet cultures. However, the effect was more
complicated in vivo. Direct intra-pancreas injection of the vec-
tors via the common bile duct did not improve the survival and
proliferation of B-cells. In fact, the treatment had opposite effect
in the first two weeks, although it was recovered later. The early
adverse effect could be explained by the more severe toxic effect
due to higher vector infectivity. When administered systemically
(iv.), this vector showed protective effect against STZ-induced
T1D. However, the protection appeared to have resulted from
indirect effect, which was mediated by the induction of endog-
enous Akt in B-cells.

Therapeutic potential of CA-Aktl for T1D has been impli-
cated in two studies involving B-cell specific CA-Akt] transgenic
mice.”’ Islet hypertrophy, hyperplasia and hyperinsulinaemia are
the major phenotypes of the mice. As a result, the mice were resis-
tant to STZ-induced diabetes. In contrast to CA-Aktl transgenic
expression in prostate or T lymphocytes where tumorigenesis is
observed,***? no malignant transformation in pancreas is found
in both pancreatic CA-Aktl transgenic lines,>”** suggesting the
activation of Aktl in pancreas alone is not sufficient to cause
transformation.” In fact, Akt appears to be expressed and active
in normal mouse islets (Fig. 9), supporting the safety of using
CA-Aktl for islet cell protection.

Gene delivery into pancreatic islets has been a very difficult
task in the gene therapy field. In order for the vectors to reach
the pancreas at high concentration, we adopted intra-bile duc-
tal injection to directly introduce the vectors to the pancreas,
which has also been employed by other investigators.?” This strat-
egy is similar to the clinical procedure, Endoscopic Retrograde
Cholangiopancreatography (ERCP), except it is more invasive—
requiring survival surgery for the mice. Using an adenoviral vec-
tor carrying CMV promoter-driven LacZ reporter, Taniquchi et
al. has shown intra-common bile ductal injection leads to robust
LacZ expression in pancreas, but mainly in the exocrine cells and
the peripheral ducts.”” In this current study, we found GFP* (that
is, CA-Aktl*) cells in pancreatic tissues were sparse, and even
fewer for GFP*/insulin® cells. The difference between our obser-
vation and Taniquchi study is apparently due to the promoters.
In our system, CA-Aktl or control GFP was driven by B-cell spe-
cific RIP promoter, so the transgene would only be expressed in
B-cells. And both studies suggest penetration of the vectors into
the islets was not efficient following bile ductal injection.

Interestingly, 3 d following intra-bile ductal injection, most
GEFP* cells were found in the peri- and intra-pancreatic lymph
nodes (Fig. S1). We could not find any references showing insu-
lin promoter is active in pancreatic lymph nodes. The strong
GFP expression cannot simply be explained by leaky promoter
either. One could speculate that the cells with active insulin pro-
moter (B-cells or certain precursor cells) that were infected by
the vectors (Ad5.RIP-GFP, Ad5.RIP-CA-Aktl, AdSRGDpK?7.
RIP-CA-Aktl) were marked as foreigners/intruders, and were
transferred to the lymph nodes for immune destruction. This
may also explain why there were so few GFP*/insulin® cells in the
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pancreatic tissues. However, more in-depth studies are required
to define the cause of the transgene expression in pancreatic
lymph nodes following bile-ductal vector administration.

Another intriguing discovery made in this study is the induc-
tion and activation of endogenous Akt in islet cells following
STZ and adenoviral vector injections. Akt is a critical player in
mechanisms involving cell survival and proliferation. Therefore
it is not surprising that its activation or upregulation is often
observed in response to cellular stress, which is to exert self-pro-
tection. Previous studies have demonstrated adenoviral infection
induces endogenous Akt expression and activation in different
systems including primary islet culture.®**** In this study, we
discovered that endogenous Akt in pancreatic islets could be
induced in vivo by adenoviral vector injection, and it became
more prominent with the use of the infectivity-enhanced vec-
tor, AdSRGDpK7.RIP-CA-Aktl. In addition, we found the level
of endogenous Akt activation correlated with the islet survival
and blood glucose control of each mouse (unpublished data).
Therefore, it is highly likely that this bystander effect was
responsible, at least in part, for the therapeutic benefits observed
in the systemic vector administration model. More intrigu-
ingly, the data implicate that it was the activation of endogenous
Akt, but not the delivered CA-Aktl, that appears to be mainly
responsible for the protective effect. This may be explained by
the extent of endogenous Akt activation, which was much more
than the amount of CA-Aktl that was delivered into pancreatic
B-cells, thus masked CA-Aktl effect. Indeed, we were unable to
detect CA-Aktl expression by anti-GFP staining after i.v. injec-
tions (data not shown). This also explains why Ad5.RIP-GFP
and Ad5.RIP-CA-Aktl had similar effect in vivo—they acti-
vated endogenous Akt to a similar extent. The more significant
endogenous Akt activation evoked by AdSRGDpK7.RIP-CA-
Aktl could account for its better protection for the single-dose
STZ-induced diabetes.

It should be noted that since the three Akt isoforms (Aktl,
Akt2 and Akt3) are functionally and structurally conserved,**
there could thus be antibody cross-reaction. For example, for the
phosphorylated Aktl at site Ser473, it has corresponding coun-
terparts in Akt2 and Ake3 (Ser474 and Ser472, respectively).!
Therefore, the Akt we detected in this study does not neces-
sarily represent Aktl. Indeed, it has been shown that all three
Akt isoforms can be expressed in islet cells such as a-, - and
d-cells.” The isoforms and their relative abundance in the islet
cells following STZ and adenoviral vector treatment remain to
be investigated.

Despite direct in vivo use of AdSRGDpK7.RIP-CA-Aktl
appeared to be limited, this vector showed remarkable efficacy in
vitro. The gene delivery efficiency was higher. The islets survived
better, and showed more B-cell proliferation. Therefore, it may
be used in combination with other therapies such as islet trans-
plantation. Indeed, Rao et al. has shown CA-Aktl gene delivery
into human islets in vitro with unmodified Ad5, driven by CMV
promoter—thus not B-cell specific, can improve the therapeutic
efficacy of islet transplantation.”? AdSRGDpK7.RIP-CA-Aktl is
expected to offer similar benefits in this type of settings, which
will be investigated in details in the future.
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Figure 7. Evaluation of pancreatic islets in the diabetic mice that were
treated with intravenously injected CA-Akt1 expressing vectors and
controls. (A) Representative islet images in different treatment groups.
The insulin-producing B-cells in each islet were much fewer in the
STZ-induced diabetic mice than in normal ones. (B) The number of
identifiable islets in each group of mice (n = 5). Ad5RGDpK7.RIP-CA-Akt1
treated diabetic mice had significantly more islets remaining than PBS,
Ad5.RIP-GFP, and Ad5.RIP-CA-Akt1 treated mice, but still significantly
less than normal mice. *p < 0.05; ** p < 0.005.

Materials and Methods

Antibodies. Goat polyclonal anti-human Aktl antibody C-20
(1:200) was purchased from Santa Cruz Biotechnology. Rabbit
monoclonal antibodies anti-B-actin (1:1000), and anti-phos-
phorylated Aktl at sites Thr308 (P-Thr308, 1:200) and Ser473
(P-Ser473, 1:200) were purchased from Cell Signaling Technology.
Mouse anti-green fluorescent protein (GFP) 11E5 (1:500) and 3E6
(1:500) monoclonal antibodies were purchased from Invitrogen.
Guinea pig anti-human insulin polyclonal antibody (1:100) and
mouse anti-BrdU monoclonal antibody (1:500) were purchased
from Millipore Corp. The Texas-Red (TR), FITC and horse radish
peroxidase (HRP)-conjugated secondary antibodies, which include
anti-mouse, anti-goat, anti-guinea pig, and anti-rabbit antibodies,
were purchased from Jackson ImmunoResearch Laboratories Inc.
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Figure 8. B-cell regeneration in diabetic mice that were treated with CA-Akt1 expressing or control vectors via intravenous injection. Following vector
injection and a single diabetes-inducing dose of STZ, BrdU-containing drinking water was provided to the mice. Two weeks later, the mice were sacri-
ficed, and their pancreas were sectioned and processed for immunofluorescence staining using anti-insulin (green) and anti-BrdU (red) antibodies (A).
The percentages of BrdU* B-cells in each group were quantified (B) and the differences between different groups were evaluated using two-tail t-test
(€). p < 0.05 is defined as statistically significant. *p < 0.05; **p < 0.005; ***p < 0.001.

The nuclear dye Hoechst 33342 was obtained from Sigma-Aldrich
Corp., and used at a final concentration of 2 pg/ml.

Generation of adenoviral vectors. In order to generate Ad5-
based gene delivery vectors, first a shuttle vector carrying the
transgene expression cassette was constructed. Briefly, CA-Aktl
was generated by incorporation of a s7c myristoylation site at the
N-terminus of human Aktl so that it was always targeted to
membrane and thus was constitutively active. GFP was fused to
its C-terminal end to facilitate detection of gene expression. Rat
insulin promoter (RIP) was used to drive CA-Aktl expression.
With conventional cloning procedures, the expression cassette
RIP-CA-Aktl-GFP was transferred into pShuttle vector (Agilent
Technologies) that would allow subsequent incorporation into
the deleted El region of adenoviral genome via homologous
recombination. The resultant plasmid was named pShuttle.RIP-
CA-Aktl. The shuttle vectors pShuttle. RIP-GFP and pShuttle.

RIP-Luc were constructed similarly.
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Construction of Ad5 genome containing extra targeting
motifs RGD and pK7 in fiber gene was described previously.
Plasmid containing this genome, namely pAdSRGDpK7, was
used as backbone to generate infectivity-enhanced CA-Aktl gene
delivery vector. Unmodified pAd5 was used as backbone for con-
trol vectors.

Incorporation of the transgene expression cassette into
adenoviral genome was achieved by homologous recombina-
tion between the pShuttle vectors and the backbone plasmids.
Specifically, the pShuttle vectors were linearized with Pme I
digestion, and the backbones pAd5 or pAdSRGDpK7 were lin-
earized by Pac I digestions. After the fragments were purified
by phenol extraction, they were co-transformed into bacteria
BJ5183 via electroporation with a molar ratio of 1:10 (backbone:
shuttle). Recombinants were screened using various enzyme
digestions and PCR analysis after DNA mini-prep from the
colonies. After the positive clones were identified, their DNA
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was transferred into DH10B for stable DNA
amplification and purification.

Normal

In order to rescue the resultant viruses, the
recombinant plasmids were digested with Pac
I (to release Ad5 genome from the plasmid),
purified, and transfected into 293 cells that
stably express Ad-El proteins. After the viruses
were formed, and complete CPE reached, they
were amplified in a large number of 293 cells

and purified by double CsCl gradient centrifu-

36,37

Ad5.RIP-GFP

gation as described previously.

Islet isolation and culture. Freshly isolated
human islets (= 95% viability and = 90%
purity) were obtained from the Integrated Islet
Distribution Program (IIDP) that was funded
by National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK) with support
from Juvenile Diabetes Research Foundation
(JDREF). The islets were cultured in complete
Miami media supplemented with 10% fetal
bovine serum (FBS) and 20 mg/L ciprofloxa-
cin hydrochloride, at 37°C, in a humidified
incubator containing 5% CO,.

Rat islets were isolated from Sprague-
Dawley rats (-250 g) as following. Under
anesthesia with intraperitoneal injection of Ketamine/Xylazine,
each rat underwent midline incision, and then its common
bile duct was cannulated with tubing oriented toward the
pancreas. Dissociation enzyme solution containing 0.2 mg/
ml of Liberase RI and 0.1 mg/ml of DNase I (Roche Applied
Science) in Hank’s buffered saline solution (HBSS) was
injected into the pancreas via the common bile duct at a dos-
age of 1 ml per 100 g body weight. The distended pancreas
was dissected, cut into small pieces, transferred to a 50-ml
conical tube containing 10 ml of the dissociation enzyme solu-
tion, and incubated in a 37°C waterbath with gentle agita-
tion for ~20 min. Then 5 ml of quenching buffer (10% FBS
and 0.1 mg/ml DNase I in HBSS) was added into the tube,
and the tissue suspension was filtered through a 500 pm
Netwell filter into a clean tube. To purify the islets, the tissue
suspension was first centrifuged at 1200 rpm at 4°C for 5 min.
After removal of supernatant, the tissue was washed twice with
quenching buffer, and Eurocollins solution containing 20%
FBS. Then the tissue was re-suspended in Euroficoll 1.037, and
loaded on top of Euroficoll 1.108 in a clean tube for gradient
centrifugation. The islets were separated into the interface of
the two layers after centrifugation at 1500 rpm, 4°C for 10 min
without brake. The purified islets were collected from the inter-
face, washed twice with culture media. After a small aliquot
was taken for quantification, and the remaining islets were re-
suspended in complete culture media and cultured as described
above.

Ad5 infection of islets. Freshly isolated human or rat islets
were distributed in ultra-low attachment culture flasks or plates
with a density of 500 IEQ/ml. Ad5 vectors equivalent to a mul-
tiplicity of infection (MOI) of 250 viral particles per cell (VPs/
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Figure 9. Endogenous Akt activation in pancreatic islets of diabetic mice that were treated
with different vectors via intravenous injection. Two weeks after intravenous injection, the
mice were sacrificed, and their pancreas were sectioned and processed for immunofluores-
cence staining using anti-insulin (green) and anti-P-Ser473 (red) antibodies. Note: phosphor-
ylated Akt (P-Ser473) was detected in non-B-cells in normal mice, but appeared in B-cells
following Ad5RGDpK7.RIP-CA-Akt1 treated diabetic mice (arrows).

cell) were used to infect the islets, of which 1 TEQ = 2000 cells
were used in the calculations. Uninfected islets were processed in
parallel as a control. The culture media were refreshed 24 h later,
and every other day thereafter.

BrdU-based proliferation assay. To detect cell proliferation,
immediately following adenoviral vector infection of human
islets, BrdU was added into the culture media at a final concen-
tration of 25 pg/ml. The islets were cultured for 4 d with media
(containing BrdU) refreshed every other day. BrdU incorpora-
tion was then assessed by either immunofluorescence staining
or immunochemical assays. Immunofluorescence staining was
performed as described below. Immunochemical assessment, a
cell-based ELISA assay, of BrdU incorporation was performed
using BrdU Cell Proliferation kit following the manufacturer’s
instruction (EMD Milliopore). Briefly, the islets (cultured in
96-well plates, in suspension) were spun down using a micro-
plate centrifuge, and fixed with fixing solution for 30 min. After
washing, the islets were incubated with anti-BrdU monoclonal
antibody, and then with Peroxidase-conjugated secondary anti-
body. Following washes with washing buffer and final water
wash, peroxidase substrate was added into each well. The reac-
tion was stopped 30 min later with stop solution. The plate was
read at OD using PowerWaveHT 340 plate reader (BioTek).
The higher OD reading indicates more BrdU incorporation in
the sample.

Cell viability assay. Cell viability was measured using a WST-1
based assay kit following the manufacturer’s protocol (Millipore).
Briefly, the islets infected with different viruses were cultured in
96-well plates (30 IEQ/100 wl/well, 5 wells per infection group).
Three days after viral infection, 10 pl WST-1 was added into
each well, and continued to culture for 4 h. OD,, was then
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measured with PowerWaveHT 340 plate reader (BioTek). Higher
readings mean more viable cells.

Tissue preparation and immunofluorescence staining. Both
OCT-embedded (for isolated human islets) and paraffin-embed-
ded (mouse pancreas) tissue slices were used in this study. For
isolated human islets, following infection and culture, the islets
were collected by centrifugation at 1000 rpm for 5 min, washed
with PBS twice, and then fixed in 4% formaldehyde for 1 h at
room temperature. After washing with PBS, the islets were incu-
bated in 20% sucrose overnight at 4°C. The islets were then spun
down, and re-suspended in a 1:1 mixture of 20% sucrose and
OCT. Next, the islets were transferred into specimen molds and
frozen on dry ice immediately. They were stored at -70°C until
being sectioned into 7 wm slices. Immunofluorescence staining
of the slices with anti-GFP, anti-BrdU antibodies and nuclear dye
Hoechest was performed as described previously.”

For pancreatic tissues, after the mice were sacrificed, their
pancreas were dissected and fixed in 10% buffered formalin solu-
tion overnight, and then processed for paraffin-embedding and
sectioning with standard procedures. Deparaffinization, antigen
retrieval, and immunofluorescence staining were performed as
previously described.?”’

Western blotting assays. Freshly isolated human islets were
infected with Ad5.RIP-Luc, Ad5.RIP-CA-Aktl, or AdSRGDpK?7.
RIP-CA-Aktl at MOI of 250 VPs/cell. Uninfected islets were
used as control. Two days after infection, the islets were collected,
washed with phosphate-buffered saline (PBS), and lysed in
Reporter Lysis Buffer (Promega) containing 1% SDS. Following
one freeze/thaw cycle, SDS sample buffer were added into cell
lysates, and the samples boiled for 5 min. After cooling down on
ice, the cell lysates were processed for SDS-PAGE and western
blotting assays following standard procedures.

Establishment of mouse diabetes models. C57BL/6 mice
(Jackson Labs) and NOD-SCID mice (Frederick Cancer
Research) were used in this study. All animal procedures fol-
lowed the guidelines set by the Institutional Animal Care and Use
Committee at both the University of Alabama at Birmingham
and Tulane University. The animal protocol approval numbers
are 100308682 and 4254, respectively.

To establish diabetes mouse models with multiple-low doses
of streptozotocin (STZ), 8-10 weeks old mice were treated
with 40 mg/kg bodyweight of STZ for five consecutive days via
intra-peritoneal (i.p.) injections. Four hours following each STZ
injection, 100 pl of 20% glucose were administered into each
mouse to prevent hypoglycemia caused by sudden release of large
amounts of insulin due to STZ-induced B-cell destruction. Their
blood glucose was monitored twice a week using AlphaTRAK
Blood Glucose Monitoring System (Abbott Laboratories).

Establishment of diabetes models with a single-dose of
STZ were described in our previous study.” Briefly, the mice
(810 weeks old) were fasted overnight, and then injected with
130 mg/kg bodyweight of STZ. Four hours later, the mice received
200 pl of 20% glucose via i.p. injection to prevent hypoglycemia.
Their blood glucose was monitored as described above.
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Bile ductal administration of Ad5 vectors. A survival bile-
duct injection protocol was developed by modifying what
Taniquchi et al. described before.?” Specifically, C57BL/6 mice
were under anesthesia with ketamine + xylazine. Following
a midline incision (< 2 cm long), the common bile duct was
exposed by carefully displacing intestines. For injection, a 31G
syringe containing 5 x 10° VPs diluted in 250 ul of RPMI
basal media was inserted into the bile duct toward the pan-
creas. After injection, the intestines were carefully placed back
in position. The peritoneal cavity and the skin were closed
with absorbable PDS*II sutures (Ethicon, Inc.). Then the
mice were placed on heating pads during recovery, and stan-
dard care procedures were followed. Buprenex (0.1 mg/kg
body weight) was administered subcutaneously after the mice
regained consciousness, and every 12 h thereafter as needed.

Quantification of islet cells. Quantification of BrdU* B-cells
were performed as described previously.”” Briefly, following
immunofluorescence staining, the numbers of BrdU* B-cells
and total B-cells in each islet were counted from the islet micros-
copy images stored in Adobe Photoshop. Twenty to thirty-five
representative islets from five mice were counted. Islets with
< 10 cells were excluded.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism biostatistics software (GraphPad Software,
Inc.). The data were expressed as mean, and the error bars repre-
sent standard error of the mean (SEM) unless stated otherwise.
p < 0.05 was considered statistically significant.
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