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to Endogenous (3-Cells Prevents the Onset

of Diabetes in NOD Mice
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We have demonstrated the ability to deliver and express
genes specifically in B-cells for at least 6 months, using
a murine insulin promoter (mlIP) in a double-stranded,
self-complementary AAV vector (dsAAV8-mIP). In this
study, we evaluated the effects of dsAAV8-mIP-medi-
ated delivery of interleukin 4 (mlIL-4) to endogenous
B-cells in nonobese diabetic (NOD) mice. In 4-week-old
NOD mice, the extent of gene transfer and expression
in endogenous f-cells after ip delivery of dsAAV8-mIP-
enhanced green fluorescent protein (eGFP) was compa-
rable to normal BALB/c mice. Further, after IP delivery
of dsAAV8-mIP-IL4, expression of mlL-4 was detected
in islets isolated from the treated mice and cultured.
AAV8-mIP-mediated gene expression of mIL-4 in endog-
enous p-cells of 4- and 8-week-old NOD mice prevented
the onset of hyperglycemia in NOD mice and reduced
the severity of insulitis. Moreover, expression of miL-4
also maintained the level of CD4tCD25%FoxP3* cells,
and adoptive transfer of splenocytes from nondiabetic
dsAAV8-mIP-IL-4 mice to NODscid mice was able to
block the diabetes induced by splenocytes co-adoptively
transferred from nondiabetic dsAAV-mIP-eGFP mice.
Taken together, these results demonstrate that local
expression of miL-4 in islets prevents islet destruction
and blocks autoimmunity, partly through regulation of
T-cell function.
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INTRODUCTION

Autoimmune type 1 diabetes (T1D) is an organ-specific disease,
characterized by infiltration of autoreactive T cells into the
pancreas and leading to destruction of pancreatic islet B-cells.
Approximately 5-10% of those with diabetes in North America
have the type 1 disease. It is prominently found among young
children (~40 in every 10,000 children), the peak age of onset
being 11-12 years. Insulin replacement can ameliorate the symp-
toms of the disease but has no effect on the autoimmune process;

eventually complications set in, such as nephropathy, micro-vascu-
lar disease, blindness, and atherosclerosis. In order to prevent the
progression of T1D in its early stages, therefore, the autoimmune
component of the disease has to be controlled. A murine model
for human T1D is the nonobese diabetic (NOD) mouse which
spontaneously develops insulitis at ~4 weeks of age (depending
on housing conditions and type of food), followed by the onset of
hyperglycemia between 12 and 18 weeks of age.’

T1D is mediated by T cells; this is shown by the fact that it
can be prevented by treatment with anti-T-cell antibodies*® and
can be transferred to prediabetic animals by transfer of T cells
from diabetic mice.** T1D develops, in part, from a deficiency in
the function of regulatory T (T-reg) cells, resulting in their fail-
ure to control pathogenesis.® TH1 cells appear to be responsible
for mediating autoimmunity in NOD mice, whereas endoge-
nous TH2 and T-reg cells have the ability to prevent the devel-
opment of diabetes in the mice.*” The inflammatory process
in early diabetes is initiated and propagated by TH1-secreted
cytokines such as interferon and suppressed by TH2-secreted
anti-inflammatory cytokines such as interleukin-4 (IL-4) and
IL-10. Numerous studies suggest that the intrinsic TH1/TH2
balance in NOD mice is tilted toward TH1, and manipulations
that correct this balance result in protection from destructive
insulitis and diabetes.®®

Delivery of TH2 cytokines prevents the onset of diabetes
in NOD mice,*” low-dose streptozotocin-treated mice,"” and
BioBreeding rats." IL-4 and IL-10, in particular, have been deliv-
ered therapeutically as recombinant proteins,* by gene transfer
of expression plasmids,”>™* by transplantation of genetically
modified dendritic cells,*' or by gene transfer using recombinant
adeno-associated virus (AAV) vectors.'*!” Additionally, transgenic
NOD mice expressing IL-4 specifically in p-cells have been used
to demonstrate that pancreas-specific expression of these TH2
cytokines was sufficient to block the development of hyperglyce-
mia.'®”” These results suggest that the TH2 cytokines IL-10 and,
even more so IL-4, may play therapeutic roles by preventing or
reversing T1D.

Given the short half-life of anti-inflammatory mediators
such as recombinant cytokines, systemic administration of these
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molecules requires repeated administration, which can result in
nonspecific side effects. Sustained, systemic expression of cytok-
ines has been achieved by gene transfer to different tissues such
as muscle, but there is a concern that the systemic cytokine
levels may have adverse effects on normal immune function.
Against this background, approaches involving delivery of anti-
inflammatory or anti-apoptotic agents to endogenous islets have
been investigated. Adenoviral vectors are effective for the trans-
duction of both human and rodent islets in culture, resulting in
gene transfer of the P-cells within the intact islet without inter-
fering with B-cell function.”*** Adenoviral vectors are also able
to transduce endogenous islets in vivo, albeit at a low efficiency.
The disadvantage of adenoviral vectors is that gene expression
is transient, partly because of the inherent immunogenicity of
first-generation adenoviral vectors. AAV-based vectors can infect
both dividing and nondividing cells resulting in long-term effi-
cient transgene expression in animal models with limited immu-
nogenicity.”»> The use of self-complementary (double stranded)
AAV vectors partially overcomes the need for high multiplicity
of infection of single-stranded AAVs, thereby conferring rapid
and efficient transduction. Also, the efficiency of AAV infection
has been improved through the use of certain serotypes of AAV
that have different tropisms in vivo. We have earlier demonstrated
the efficient transduction of both rodent and human islets with
dsAAV vectors packaged in AAV2, 6, and 8 capsids in culture.”
We have also demonstrated that intravenous, intraperitoneal (IP),
or intraductal injection of AAV6 and, to an even greater degree
AAVS, results in efficient transduction of endogenous murine
islets.** Further, we have demonstrated that the use of a murine
insulin promoter (mIP) with the AAV vector results in {-cell-
specific transgene expression for >6 months without producing
any apparent side effects.?*

In this study, we have investigated the therapeutic effects of
dsAAVS gene transfer of murine IL-4 into endogenous B-cells of
4- and 8-week-old NOD mice. Expression of IL-4, but not IL-10
or IkB, in B-cells reduced insulitis, maintained the number of
CD41tCD25%FoxP3t cells, and prevented the onset of hyper-
glycemia in NOD mice. Adoptive transfer of splenocytes from
the nondiabetic dsSAAV8-mIP-IL-4 mice to NODscid mice was
able to block the diabetes induced by splenocytes co-adoptively
transferred from nondiabetic dsAAV-mIP-eGFP mice. Taken
together, these results demonstrate that local expression of
IL-4 in islets prevents islet destruction by blocking autoimmu-
nity. The mechanism for blocking of autoimmunity is through
regulation of diabetogenic T-cells, partly by the maintenance
of CD41CD25%FoxP3" cells. These results also demonstrate
that dsAAV8-mIP-mediated gene transfer to endogenous NOD
B-cells can be used for examining the role of specific agents that
could enhance or prevent T1D.

RESULTS

IP delivery of dsAAVS8 transduces pancreatic islets,
and specifically p-cells

Wehave demonstrated earlier that IP, systemic (intravenous), or intra-
ductal administration of dsAAV8-CMV-GFP results in significant
transduction of both exocrine and endocrine cells of the pancreas
along with other organs in both C57BL/6 and BALB/c mice.** The
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murine insulin promoter (mIP), shown to be B-cell-specific in the
dsAAV vector, was effective in limiting enhanced green fluorescent
protein (eGFP) expression exclusively to the pancreatic B-cells.?**
The ability to produce gene expression specifically in endogenous
B-cells at certain time points makes it possible to examine the efficacy
of specific gene products in regulating the progression of diabetes in
NOD mice. Initially, we investigated the ability of dsAAVS carry-
ing the mIP-eGFP cassette to transduce pancreatic B-cells in young
(4 week old) female NOD mice as compared to normal BALB/C
mice. As shown in Figure 1, dsAAV8-mIP-eGFP transduction and
expression of eGFP in pancreatic isolated islets in young female
NOD mice (Figure 1c) was as efficient as in normal BALB/C mice
(Figure 1b), and was specifically expressed in B-cells (Figure 1d-f).
Moreover, the GFP expression was absent in exocrine pancreatic
tissue, liver, and spleen (Figure 1g-i), and no eGFP expression was
seen in vehicle control (Figure 1a), which is in agreement with our
earlier results.”*

Expression of murine IL-4 (mIL-4) in islets after
transduction with dsAAV8-mIP-IL-4 in culture

In order to determine whether local expression of IL-4 in the
endogenous B-cells in NOD mice could block the progression of
diabetes, we generated a dsAAV vector carrying the mIL-4 cDNA
under the regulation of the mIP. The ability of the dsAAV8-mIP-
IL-4 to express IL-4 after infection of P-cells was tested ini-
tially by infecting a group of 100 islet equivalents, isolated from
BALB/C mice, with 10,000v.g. of AAV-mIP-IL-4 per islet cell

Figure 1 Expression of enhanced green fluorescent protein (eGFP)
in pancreatic islets transduced with dsAAV8 in vivo. 4 x 10" vector
genome of dsAAV8 expressing eGFP under mIP was injected intraperito-
neally (IP), into BALB/c and nonobese diabetic (NOD) mice. Two weeks
later the islets were isolated as described in Materials and Methods.
Expression of eGFP in isolated islets was visualized using two-photon
laser scanning confocal microscopy. (a) eGFP expression was similar in
(b—-c) dsAAV8-treated islets from both BALB/c and NOD mice, whereas
the islets from the mice that had received vehicle control showed no
eGFP. Further, the eGFP expression was specifically present in p-cells as
shown by (d) double immunofluorescence staining of GFP, (e) similar
staining of insulin, or (f) a merged image of both. Moreover, the GFP
expression was completely absent in (g-i) exocrine pancreatic tissue,
liver, and spleen. The photographs are representative of two indepen-
dent experiments, each performed in duplicate. Magnification a—c and
g-i, x100; d—f, x1,000. AAV, adeno-associated virus.
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in vitro in triplicate in a 12-well plate. At 4 and 6 days after infec-
tion, the level of IL-4 secreted into the medium was determined
using enzyme-linked immunosorbent assay. As shown in Figure
2a, the levels of IL-4 secreted by the p-cells increased with time,
whereas only negligible amounts of IL-4 were detected in islets
transduced with AAV expressing GFP, and in mock-infected
(control) islets. Similarly, significant amounts of IL-4 were
detected in islet homogenates infected with dsAAV expressing
IL-4 as compared to mock (control) and GFP-transduced islets
(Figure 2b).

Subsequently, in order to demonstrate expression of IL-4 after
transduction of endogenous islets, 4-week-old female NOD mice
were injected IP with dsAAV8-mIP-IL-4. The islets (100) from
five mice were isolated 2 weeks after injection and cultured in a
12-well plate. As shown in Figure 2c, significant expression of IL-4
(Figure 2c) was detected in NOD islets infected with dsAAV8-
mIP-IL-4 as compared to eGFP (control). Although it is possible
that some of the IL-4 expression could have been from endoge-
nous cells, the major part of the IL-4 expression is exogenous IL-4
from the AAV-transduced B-cells. Also, it is important to note that
no expression of IL-4 was detected in the sera of mice in any of the
three groups (data not shown).
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Figure 2 Murine interleukin-4 (miL-4) secretion in media from
dsAAV8mIP-eGFP- and miL-4-transduced islets. Groups of 100 isolated
islets each were transduced with double-stranded adeno-associated virus
type 8 (dsAAV8) expressing either GFP or mlIL-4 under mIP, and subse-
quently cultured in Roswell Park Memorial Institute (RPMI) medium for
6 days. The mlL-4 secreted into the medium was assayed using enzyme-
linked immunosorbent assay. The miL-4 released into the medium
by (a) enhanced green fluorescent protein (eGFP)- and AAV8-mlL-4-
transduced islets on days 4 and 6 of culture, and (b) in the islet lysate on
day 6 respectively post-transduction and culture. The secretion of miL-4
from dsAAV8mIP-eGFP and mlL-4 in vivo-transduced nonobese diabetic
(NOD) islets. 4 x 10" vector genome of dsAAV8-mIP expressing either
eGFP or mlL-4 was injected intraperitoneally into the mice. The animals
were killed, and the islets were subsequently isolated as described in
Materials and Methods. A group of 100 isolated islets was cultured
in RPMI medium for 48 hours and the levels of mIL-4 in the medium
were determined as above. (¢) miL-4 released by eGFP (control)- and
miL-4-transduced islets into 48-hour culture media. The data represent
the mean + SEM of two independent experiments, each carried out in
triplicate (*P < 0.001).
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Figure 3 Murine interleukin-4 (miL-4) expression in pancreatic islet
B-cells of female nonobese diabetic (NOD) mice reduced the onset
of hyperglycemia. Four-week-old female NOD mice received dsAAV8
expressing vehicle (n = 35), green fluorescent protein (GFP) (n = 24), mIL-4
(n=29), mIL-10 (n = 20), or mlxB super-repressor (n = 13), while 8-week-
old NOD mice received dsAAV-mIL-4 (n = 10). The onset of diabetes was
monitored as described in Materials and Methods. A significant higher
number of (a) 4-week-old and (b) 8-week-old mice treated with dsAAV8-
mIP-IL-4 were normal as compared to those that had received enhanced
GFP and vehicle control. There was no difference in the incidence of diabe-
tes in (€) mIL-10- and (d) mlxB-sr-treated mice as compared to controls. A
P value of <0.05 by log rank test analysis was used to indicate a statistically
significant percentage of normo-glycemic animals. *P < 0.001, *nonsignifi-
cant. dsAAV, double-stranded adeno-associated virus.
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Figure 4 Histochemical analysis of infiltrating leukocytes in 20-week-old
normoglycemic mice. Photomicrographs of hematoxylin and eosin for
infiltrating leukocytes in 8-week normoglycemic female nonobese diabetic
mice showed mild mononuclear cell infiltration in and around the islets in
saline- and green fluorescent protein (GFP)-treated mice (a,b), whereas
there was no mononuclear cell infiltration in the dsAAV8-mIPIL- 4-treated
mice (c). However, in 21-week-old female nonobese diabetic mice showed
mild to severe mononuclear cell infiltration in and around the islets in
saline- and green fluorescent protein (GFP)-treated mice (d,e), whereas
() the dsAAV8-mIPIL-4-treated mice showed limited peri-islet mononu-
clear cell infiltration in significantly fewer number of islets. (g) The insulitis
score was determined as described in Materials and Methods. Original
magnification x100. AAV, adeno-associated virus; IL, interleukin.
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Figure 5 CD4*CD25*FoxP3* T cells from spleens of 8-week-old female nonobese diabetic (NOD) mice treated with dsAAV8-mIP-IL-4. Four-
week-old NOD mice received dsAAV8-mIP expressing either mIL-4 or enhanced green fluorescent protein (eGFP). Four weeks after the injection, the
animals were killed, the spleens were collected, and the CD4TCD25%FoxP3* T cells were analyzed by fluorescence-activated cell sorting. Splenocytes
were stained for CD4*CD25% and isotype control for FoxP3 (top panel); and splenocytes were stained for CD4TCD25%FoxP3" (bottom panel). The
bar diagram shows the percentage of CD4tCD25%FoxP3™ cells in splenocytes of control, AAV-GFP-, and AAV-IL4-injected mice. The data are mean +
SD of two independent experiments, each carried out in triplicate. (*P < 0.04). AAV, adeno-associated virus; IL, interleukin; mlIL, murine IL.

Prevention of onset of diabetes in NOD
mice treated with dsAAV-mIP-IL-4
NOD mice spontaneously develop insulitis ~4 weeks of age, fol-
lowed by the onset of hyperglycemia between 12 and 18 weeks
of age in 80-90% of the female animals.! It has been reported
that the inflammatory process in early diabetes is initiated and
propagated by the effect of TH1-secreted cytokines such as
interferon-y, and suppressed by TH2-secreted anti-inflammatory
cytokines such as IL-4 and IL-10.%7'212¢ We wanted to determine
the possible therapeutic effects of IL-4 expression from endog-
enous {3-cells on the course of T1D in NOD mice. For this pur-
pose, 4-week-old female NOD mice (at the time point of onset
of insulitis) were injected IP with 4 x 10" v.g. of the recombinant
AAV vector expressing mIL-4. Blood glucose was monitored
weekly until the experiment was terminated when the animals
were 40 weeks of age. As shown in Figure 3a, dsAAV-mediated
intrapancreatic B-cell expression of IL-4 significantly reduced
the frequency of onset of hyperglycemia as compared to GFP
and vehicle control mice. However, in the GFP control mice, the
onset of disease was only slightly delayed as compared to the
saline controls (Figure 3a). In contrast, treatment with dsAAV
vectors expressing IL-10 and IkB super-repressor appeared to
have no therapeutic effect of preventing or delaying the onset of
the disease (Figure 3c and d).

In order to determine the possible therapeutic effects of IL-4
expression in NOD mice with progressive expansion of insulitis,
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8-week-old female NOD mice were injected IP with 4 x 10" v.g.
of dsAAV-mIP-IL-4 and monitored for blood glucose. As shown
in Figure 3b, the B-cell-specific expression of mIL-4 even in
8-week-old mice significantly reduced the onset of hyperglycemia
as compared to saline and eGFP controls.

Evaluation of insulitis by histological analysis

The extent of insulitis in the 8- and 21-week-old euglycemic mice
was examined by histological analysis of pancreatic sections.
In 8-week-old mice, there was mild to severe mononuclear cell
infiltration in and around the islets in the saline- and GFP-treated
mice (Figure 4a and b) whereas the dsAAV8-IL-4-treated mice
showed limited mononuclear cell infiltration in significantly fewer
numbers of islets (Figure 4c). In the 21-week-old NOD mice there
was 50-100% of mononuclear cell infiltration in the islets in saline
and eGFP control mice (Figure 4d and e). In contrast, expression
of mIL-4 in the B-cells limited the insulitis to the periphery of the
islets (peri-insulitis; Figure 4f).

Overall, the insulitis score at 21 weeks of age in dsAAV-mIP-
IL-4 recipient mice (1.365 £ 1.205) was lower than that in mice
that had received dsAAV-mIP-eGFP (2.009 £ 1.438; Figure 4g).
The percentage of total intact islets and those with mild peri-
insulitis in dsAAV-mIP-IL-4 recipient mice was 73%, which was
~37% higher than in eGFP recipient mice (36%; Figure 4g). Most
of the insulitis (33%) in AAV-mIP-IL-4 recipient mice occurred in
the range of moderate insulitis (insulitis score 1); whereas 53% of
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Figure 6 Adoptive transfer of diabetes in NODscid. Splenocytes isolated
from normal 21-week dsAAV-mIP-GFP mice or normal 21- and 40-week
mlL-4-transduced mice were injected intraperitoneally into NODscid mice,
and the blood glucose levels of these mice were monitored weekly. The
NODscid mice that received saline only did not develop disease (a).The
NODscid mice that received splenocytes from green fluorescent protein
(GFP)-treated mice became diabetic (b), whereas the splenocytes from 22-
and 40-week mlL-4-treated mice did not transfer the disease to NODscid
mice (c—d). In order to determine the suppressive effects of mlL-4-treated
nonobese diabetic (NOD) mice splenocytes, co-adoptive transfer was per-
formed as described in Materials and Methods. Three of the four mice that
received splenocytes both from miL-4-treated and from enhanced eGFP-
treated mice did not develop diabetes (e). AAV, adeno-associated virus; IL,
interleukin; mlIL, murine IL.

the islets measured in AAV-eGFP recipient mice displayed severe
insulitis (Figure 4g).

Expression of IL-4 in pancreatic p-cells modulates
CD4+tCD25%FoxP3™* T-reg cells

In order to examine the mechanism through which the sup-
pression of disease onset is mediated by IL-4 expression in the
B-cells, we initially analyzed whether there was a change in the
T-reg cell population in the spleen. As shown in Figure 5, mIL-4
expression in pancreatic 3-cells for 4 weeks resulted in normal
levels of CD4*tCD257FoxP3™ T cells (3.3% + 0.29) in the sple-
nocytes. In contrast, there was significant (P < 0.04) decrease
in the CD41CD25%FoxP3* T-cell population in the AAV-GFP
(1.83% + 0.38) and saline control (1.6% £ 0.21) mice (Figure 5).

Splenocytes from mice treated with dsAAV8-mIP-1L-4
are unable to adoptively transfer diabetes

We addressed the possibility that T-reg cells are able to confer
protection from diabetes because of modulation by IL-4. In
order to investigate this possibility, adoptive transfer experi-
ments were performed. Splenocytes were taken from normo-
glycemic 21-week-old NOD mice that had received dsAAV
expressing mlIL-4, and these splenocytes were injected into
NODscid mice. As shown in Figure 6¢ and d, the total spleno-
cytes from dsAAV8-mIP-IL-4-treated NOD mice were unable
to transfer the disease, whereas the splenocytes from dsAAV-
mIP-GFP-treated (but euglycemic) mice rapidly transferred the
disease (Figure 6b). The control, saline-injected NODscid were
also euglycemic (Figure 6a).
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In order to determine whether T cells from splenocytes of
21-week-old normal AAV-mIL-4-treated NOD mice would
inhibit transfer of disease by diabetogenic T cells from eGFP-
treated mice, an adoptive co-transfer experiment was performed.
An equal number of splenocytes from the AAV-mIL-4-treated
mice were co-administered with splenocytes from the AAV-eGFP-
treated mice. As shown in Figure 6e, three of the four NODscid
mice were protected from development of diabetes. These results
suggest that local expression of mIL-4 from the islets modulates
T-reg cell subsets. However, there may be additional mechanisms
through which localized expression of IL-4 in B-cells suppresses
onset of hyperglycemia.

DISCUSSION

We have demonstrated earlier that dsAAV8-based vectors can
confer long-term, stable gene transfer and expression in pancre-
atic B-cells when delivered IP, intravenously, or intraductally into
wild-type C57BL/6 and BALB/c mice.? In this study, we demon-
strate the efficient transfer of genes to endogenous B-cells in NOD
mice using a dsAAV8-mIP-eGFP vector injected IP, the results
being similar to those in our earlier study in BALB/c mice.** The
ability to genetically modify endogenous {-cells in a stable man-
ner facilitates the analysis of the roles played by specific gene
products in regulating the progression of T1D in animal models.
Gene transfer using an mIP and ensuring expression of transgene
exclusively in endogenous -cells is more advantageous than using
transgenic mice, because gene delivery can be undertaken at dif-
ferent stages of insulitis to examine therapeutic efficacy. Also, it is
significantly easier to use AAV gene transfer to deliver transgenes
to islets than to generate and breed transgenic mice. Therefore,
we initiated experiments to examine the therapeutic efficacy of
specific immunosuppressive gene products, delivered exclusively
to endogenous P-cells, in preventing diabetes in NOD mice. We
have demonstrated that, in comparison with controls, dsAAV-
mediated delivery of the mIL-4 gene to the endogenous p-cells of
4- and 8-week old NOD mice reduces insulitis and prevents onset
of hyperglycemia.

It has been shown that TH1 cells are responsible for autoim-
munity in NOD mice, and that endogenous TH2 cells can protect
mice against the development of diabetes.®>>'®?” The inflammatory
process in early diabetes is reported to be initiated and propa-
gated, in part, by THI cytokines, and suppressed by TH2 anti-
inflammatory cytokines. For example, systemic administration of
IL-4 limits insulitis and T1D by reversing CD4 T-cell hyporespon-
siveness and potentiating TH2 cell function.>?** Systemic admin-
istration of recombinant IL-4 to young NOD mice or expression
of IL-4 within the islets of transgenic NOD mice reduced the inci-
dence of diabetes.”** The protection was attributed to a reversal
in CD4 T-cell hyporesponsiveness and the capacity to produce
IL-4.7% Tt has also been reported that IL-4 expressed in the islets
in transgenic mice does not prevent the generation of pathogenic
islet responses, but instead induces islet Ag-specific TH2 T-cells
that block the action of diabetogenic T cells in the pancreas.”

In examining the mechanism of regulation in NOD mice, we
observed that no disease developed in NODscid mice that received
splenocytes from 21- and 40-week-old dsAAV-IL-4-treated NOD
mice. Also, no disease developed after co-adoptive transfer of
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splenocytes from 21-week-old dsAAV-IL-4-treated NOD mice
mixed with diabetogenic splenocytes. This is in contrast to the
finding that NODscid mice developed diabetes after adoptive
transfer of splenocytes from disease-free AAV-mIP-eGFP mice.
These results demonstrate the presence of regulatory splenocytes,
presumably T-cells, in the AAV-IL4-treated mice. Consistent with
this result is the observation that mIL-4 expression in pancreatic
B-cells resulted in normal levels of CD4TCD25%FoxP3* T cells in
the spleen. It would appear, therefore, that B-cell-specific expres-
sion of IL-4 inhibits disease-causing lymphocytes, partly by main-
taining the number of T-reg cells.

T-reg cells arise in the thymus as a consequence of positive selec-
tion, and they play an active role in the maintenance of immune
homeostasis. Recent studies have shown that there is a reduction
in the number of CD4TCD25" T-reg cells in NOD mice as disease
progresses.”**! The regulatory activity is confined to CD62L- and/or
CD25-expressing CD4™ T-cell subsets.’>* In addition, CD4*CD25*
T cells effectively protected NODscid mice in co-transfer experi-
ments with diabetogenic CD287~ cells.* Our results demonstrate
that CD4TCD25" T-reg cells in mice are affected after 4 weeks of
IL-4 expression in P-cells, whereas a significantly smaller T-reg cell
population was found in saline and GFP control mice. Moreover,
the T-reg cells decreased more prominently with age in control
mice as compared to IL-4-recipient mice (data not shown).

Immunization with self-antigens or antigenic epitopes derived
from these P-cell products can prevent the onset of diabetes in
NOD mice and in various models of induced diabetes, by genera-
tion of autoreactive T-reg cells.**** The precise role of individual
effector molecules produced by T-reg cells appears to be a func-
tion of the experimental model system employed, the nature of
the immunizing antigen, and the presence of immunosuppressive
agents such as tumor growth factor-f, IL-10, IL-4, and cytotoxic
T-lymphocyte antigen 4.**-* We speculate that the dose and route
of administration of IL-4 also mediates the regulation of the
immune response, leading to the prevention of diabetes.

It is also possible that there is low-level exogenous IL-4 expres-
sion in the thymus of AAV-transduced mice which could be modu-
lating the immune response to islet antigens. We have examined
eGFP and insulin expression in the thymus from the INS2 promoter
in a knock-in mouse model carrying an INS2-C-emeraldGFP for
analysis of eGFP expression.” Analysis of insulin expression in the
thymus of these mice by immunohistochemical analysis clearly
showed expression as expected, but no eGFP-positive cells could be
detected in the thymus. It is nevertheless possible that a low level of
IL-4 expression in the thymus of the AAV-transduced mice could
be mediating the progression of diabetes.

We have demonstrated that gene transfer of IkB super-
repressor and mIL-10 by AAV to endogenous NOD -cells was
unable to delay the onset of hyperglycemia. These results with
AAV gene transfer of IL-10 and IxB demonstrate the specificity of
localized mIL-4 expression in blocking the onset of hyperglyce-
mia. It is important to note that dsAAV-mIP-eGFP gene transfer
to B-cells slightly delayed the onset of the disease as compared to
the saline control. It is possible that the marginal, nonsignificant
delay in onset of diabetes in AAV8-mIP-eGFP control-treated
NOD could be attributable either to the effect of eGFP expression
or to AAV infection.
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In conclusion, in this study we have demonstrated the abil-
ity of dsAAV8 to transduce endogenous p-cells when delivered IP
into NOD mice. We have also demonstrated its ability to prevent
the onset of diabetes by local expression of mIL-4 from the islets.
That is, the delivery of anti-inflammatory cytokines, cytoprotec-
tive antioxidants, and anti-inflammatory enzymes to the islets,
along with antiapoptotic molecules or growth-promoting factors
by dsAAV, may prevent the onset of T1D and offer a promising
form of immunotherapy.

MATERIALS AND METHODS

Experimental animals. Four-week-old female NOD/LT] mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME) and housed in the
specific pathogen-free animal facility at the University of Pittsburgh.
All the studies were performed in accordance with the US Department
of Agriculture and National Institutes of Health regulations. All animal
experiments were conducted and monitored under protocols reviewed and
approved by the Institutional Animal Care and Use Committee.

Construction of AAV vector. The AAV vectors, dsAAV-CMV-GFP
were generated by triple plasmid transfection of 293 cells as described
earlier.*** The AAV vector plasmid dsAAV-mIP-GFP was made by
replacing the cytomegalovirus promoter of dsAAV-CMV-GFP with a
1.13-kilobase mouse preproinsulin gene II promoter. mIP was obtained
by PCR from plasmid Ad.Ins-C-GFP, as published earlier,” including full-
length promoter, intron 1, and noncoding sequence of exon 1 and exon
2 of mouse preproinsulin gene I1.2#**4*> The pseudotyped AAV packag-
ing plasmid contained the AAV8 serotype capsid gene coupled with the
AAV2 rep gene.** The AAVs were purified two times by CsCl gradient
ultracentrifugation,” and the titers of vector genome (v.g.) particles were
determined using a standard dot-blot assay.*’ The double-stranded AAV
vector expressing murine IL-4 (mIL-4) and IL-10 (mIL-10) was gener-
ated by replacing the GFP expression cassette with mIL-4 and mIL-10
(obtained by PCR from plasmid pAdlox-mIL-4 and IL-10).** Murine
IkB super-repressor was a kind gift from Denis Guttridge (Ohio State
University). To test the functional efficacy of the these AAVs, a group of
100 isolated islets were transduced with 10,000 v.g. per islet cell and incu-
bated at 37 °C for 48 hours. The medium was replaced with fresh medium,
and the mIL-4 levels were determined after 4 and 6 days of transduction
and culture in media and islet lysates at the end of 6 days of culture (IL-10
and IkB super-repressor data not shown).

In vivo AAV transduction of pancreatic islets, islet isolation, and culture.
AAVS8-mIP-GFP or AAV8-mIP-IL-4 at a dose of 4 x 10" viral genomes
(v.g.) per mouse, or saline was injected IP into 4-week-old female NOD/
LT] mice. Two weeks later, islets were isolated from the mouse pancreata by
intraductal collagenase digestion (Type IX, 1.75mg/ml; Sigma Chemical,
St. Louis, MO) as described.”* The isolated islets were further purified by
Ficoll density gradient centrifugation and were handpicked under a ste-
reomicroscope. The purity of the islets was determined by dithizone stain-
ing, and was found to be >95% in all the isolates. Islets of ~150um/l in
diameter, as determined by a standard algorithm, were expressed as islet
equivalents, and a group of 100 islet equivalents was handpicked, incu-
bated for 48 hours in Roswell Park Memorial Institute medium-1640 sup-
plemented with 20 mmol/l L-glutamine, 100 pg/ml streptomycin, 100 U/ml
penicillin, and 10% heat-inactivated fetal bovine serum in a humidified 5%
CO, incubator at 37°C. The level of secreted mIL-4 was determined using
standard enzyme-linked immunosorbent assay. The GFP expression was
analyzed using two-photon confocal microscopy.”*

IP injection of AAV-mIP-IL-4, IL-10, IxB super-repressor, or eGFP in female
NOD mice. 4 x 10" vg of AAV8-mIP-GFP or mIL-4 vector genomes were
injected in 1ml of saline IP into 4- and 8-week-old female NOD/LT]
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mice. Similarly, 4-week-old female NOD received either AAV8-mIL-10 or
AAVS8-IkB super-repressor IP. The controls received 1ml of vehicle buffer
(saline). The blood glucose levels of the animals were monitored in blood
drawn from the tail vein, and only mice with blood glucose >300mg/dl
(Ascensia BREEZE; Bayer) on at least two different days were considered
as being hyperglycemic.

Flow cytometric analysis of T-reg cells in miIL-4-treated NOD mice.
Groups of 4-week-old female NOD/LT] mice were injected IP with buf-
fer or 4 x 10" v.g. of AAV expressing either GFP or mIL-4. Eight weeks
after IP delivery of dsAAV expressing eGFP or mIL-4, the mice were
killed and their spleens were removed. Splenocytes were extracted and
were immunostained for surface expression of CD4 and CD25, using
appropriate concentrations of fluorescein isothiocyanate-conjugated
anti-mouse CD4 and allophycocyanin-conjugated anti-mouse CD25
antibodies, as described in the manufacturer’s protocol (eBioscience,
San Diego, CA). The staining was performed at 4°C for 30 minutes,
with antibodies suspended in staining buffer. After washing to remove
unbound antibodies, intracellular detection of FoxP3 was performed
by incubating a cross-reactive, directly conjugated murine FoxP3 anti-
body at 4°C for 30 minutes [phycoerythrin-conjugated, anti-mouse/rat
FoxP3, clone FJK-16s and the permeabilization and fix/perm buffers
that accompany the antibody (FoxP3 Staining Set; eBioscience)]. A
phycoerythrin-conjugated rat IgG2a antibody was used as the isotype
control. Following two additional washes in permeabilization buffer, the
cells were resuspended in fluorescence-activated cell sorting buffer and
maintained at 4 °C before analysis. The percentage of T-reg cells was cal-
culated in terms of the percentage of CD4TCD257FoxP3* cells within
the overall cell population.

Adoptive transfer of splenocytes. Groups of six normo-glycemic female
NOD/LT] mice each, 21 and 40 (mIL-4 recipients) weeks old, pretreated
with an IP injection of AAV expressing either GFP or mIL-4, were
used as donor mice. The mice were killed, their spleens were removed,
and equal numbers of splenocytes (20 x 10%mouse, six donors per six
recipients) were infused IP into recipient NODscid mice. In order to
study the suppressive effects of T-reg cells on disease-transferring T
cells, co-adoptive transfer experiments were performed. Ten million
splenocytes from dsAAV-IL-4- and eGFP-treated mice were injected IP
into NODscid mice. It has been reported in the literature that 10 mil-
lion splenocytes injected systemically are sufficient to transfer disease
into NODscid mice.” The blood glucose levels of all the animals were
monitored in blood drawn from the tail vein, and only mice with blood
glucose levels >300 mg/dl (Ascensia BREEZE; Bayer) on at least two dif-
ferent days were considered to be hyperglycemic.

Histochemistry. Eight- and twenty-one-week euglycemic NOD mice were
killed, and the pancreata were collected for immunohistochemistry, and
5-um sections were prepared. The 5-pum sections were deparaffinized, and
histological analysis of infiltrating mononuclear cells was performed by
routine hematoxylin and eosin staining followed by examination under a
light microscope for determining insulitis scores. The mice were assigned
insulitis scores by investigators who were blinded as to the treatment
groups, and 20-40 islets were examined for each group. Instead of scoring
intraislet insulitis merely as present or not present, we adopted a classifica-
tion scheme for a more accurate statistical analysis: 0 = no lymphocytic
infiltration; 1 = peri-insulitis; 2 = intrainsulitis affecting less than one-
third of the islet area; 3 = insulitis comprising one-third to two-third of
the islet; 4 = insulitis comprising more than two-third of the islet. The
histology score index was calculated by dividing the sum of all individual
islet scores by the total number of islets evaluated.*!

Statistical analysis. Statistical analysis was performed using the Stata 8.2
(STATA, College Station, TX) software package, and the data collected
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were expressed as mean + SEM. The percentage of nondiabetic mice was
calculated by Kaplan-Meier survival analysis. A P value of <0.05, arrived
at using analysis of variance and log rank test, was considered to indicate
statistically significant difference.
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