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The development of small interfering RNA (siRNA) for the
treatment of human disorders has been often hampered
by their low transfection efficiency in vivo. In order to over-
come this major drawback, various in vivo siRNA trans-
fection methods have been developed. However, their
capacity to transfect immune or insulin-producing B-cells
within the pancreas for the treatment of autoimmune
diabetes remains undetermined. We found that lipid- or
polyethylenimine-based delivery agents were efficient
to address siRNA molecules within pancreas-associated
antigen-presenting cells (APCs) (but not B-cells) and
particularly a CD11b* cell population comprising both
CD11b*CD11c¢™9 macrophages and CD11b*tCD11ct
dendritic cells. However, the route of administration and
the carrier composition greatly affected the transfection
efficacy. Therapeutically, we showed that early (starting
at 6-week-old) short-course treatment with lipid/Alox15-
specific siRNA complex promoted long-term protection
from type 1 diabetes (T1D) in wild-type (WT) non-
obese diabetic (NOD) mice. Alox15 downregulation in
pancreas-associated CD11b™* cells significantly upregu-
lated a variety of costimulatory molecules and particu-
larly the programmed death 1 ligand 1 (PD-L1) pathway
involved in tolerance induction. Concomitantly, we found
that regulatory T cells were increased in the pancreas of
lipid/Alox15 siRNA-treated NOD mice. Collectively, our
data provide new insights into the development of siR-
NA-based therapeutics for T1D.
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INTRODUCTION

Type 1 diabetes (T1D) is a multifactorial autoimmune disease for
which susceptibility is determined by genetic, environmental, and
immunologic factors."? Throughout the course of the disease, the
body’s immune system destroys its own insulin-producing pan-
creatic B-cells with a kinetic that can vary from one individual
to another.® T1D is usually diagnosed when ~80-90% of the ini-
tial B-cell mass has been destroyed leading to an elevation of the

blood glucose level. To restore normoglycemia in T1D patients,
long-term immune tolerance needs to be restored to stop B-cell
death and provide a temporal window for B-cell regeneration or
islet transplantation.* From a therapeutic standpoint, a preventive
strategy aiming at restoring tolerance before onset would be more
effective and less invasive because it would preclude the need of
[B-cell replacement for maintaining normoglycemia. Since T1D is
mostly afflicting children and young individuals, any preventive
therapy would need to be associated with minimal side effects.

In vivo administration of antibody showed many successes in
the prevention/treatment of graft rejection, cancer or autoimmune
diseases. However, antibody-based therapies are often accom-
panied with systemic side effects since they are “active” compo-
nents of the immune system and can mediate cytotoxic activities
(antibody-dependent cell-mediated cytotoxicity, complement-
dependent cytotoxicity or cytokines storm syndrome). RNA
interference is a mechanism for RNA-guided regulation of gene
expression in which double-stranded RNA of 21-25 base pairs
inhibits the expression of genes with complementary nucleotide
sequences using small interfering RNA (siRNA).” Such molecules
are already under clinical evaluation and do not lead to any major
adverse events.® Therefore, they have attracted a lot of attention
and constitute a great hope for future targeted therapies which
could avoid systemic side effects if they are being delivered site-
specifically and without off-target silencing.” Moreover, the use of
siRNA sequences avoids the long and difficult process of monoclo-
nal antibody production. Based on these characteristics, nonviral
in vivo delivery of siRNA could be part of an immune intervention
aiming at preventing autoimmune diabetes. Unfortunately, their
efficacy in treating human diseases has been hampered by the
low transfection efficiency of siRNA in vivo. In order to overcome
this major drawback various lipid- or or polyethylenimine-based
delivery agents have been developed to enhance the in vivo trans-
fection of eukaryotic cells. However, their capacity to transfect
immune or B-cells within the pancreas remains undetermined.

In this study, we hypothesized that siRNA/carrier complexes
can be delivered within pancreas-associated immune cells to
downregulate the expression of key proteins. Here, we provide a
straightforward protocol to transiently knockdown gene expres-
sion in antigen-presenting cells (APCs) infiltrating the pancreas
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of prediabetic nonobese diabetic (NOD) mice. This approach
allowed us to address whether both the CXCL10/CXCR3
pathway®® and the arachidonate 15-lipoxygenase (Alox15)"
expressed by pancreatic CD11b* cells play a role during T1D
pathogenesis in NOD mice. We showed that early short-course
treatment with Alox15-specific but not CXCL10/CXCR3-specific
siRNA/carrier complex promoted long-term protection from
T1D in wild-type (WT) NOD mice.

RESULTS

Efficacy of various carriers to deliver siRNA into
pancreas-associated immune cells

The use of siRNA-based therapeutics has drawn much atten-
tion because of their high specificity, high efficiency, and low
toxicity."! However, the effective in vivo delivery of siRNA remains
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a challenging task. In a first series of experiments, we studied
the ability of two liposomes-based (PEG-liposomes (PEG) and
invivofectamine2.0 (IVF2.0)) and one polyethylenimine-based
(in vivo-JetPEI (JetPEI)) in vivo transfection reagents to deliver
siRNA into -cells or pancreas-associated immune cells.A solu-
tion of each carrier complexed with Alexa Fluor 647-labeled
siRNA (5mg/kg body weight) was injected either intravenously
(i.v.) or intraperitoneally (i.p.) into prediabetic (10-week-old)
NOD mice. The frequency of siRNA™ cells in total cells from the
pancreas, pancreatic or mesenteric lymph nodes (PLN or MLN),
and spleen of treated mice was evaluated ex vivo. As shown
Figure 1a, only i.p. injections using JetPEI or IVF2.0 were able
to transfect siRNA into pancreas-associated cells (13.4 + 0.7 or
21.4 £ 3.3% respectively). Both i.v. and i.p. were effective in deliv-
ering IVF2.0-complexed siRNA into splenocytes (30.6 * 3.5 and
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Figure 1 Efficacy of various liposome-based transfection reagents to deliver siRNA into pancreas-associated immune cells. Alexa Fluor 647-
labeled siRNA (5mg/kg of body weight) complexed with one of the three liposomes-based in vivo transfection reagents (in vivo-JetPEl (JetPEl),
PEG-liposomes (PEG), and invivofectamine2.0 (IVF2.0)) was injected either intraperitoneally (i.p.) or intravenously (i.v.) into 9-week-old prediabetic
NOD mice. (a) The spleen, pancreatic lymph nodes (PLN), mesenteric lymph nodes (MLN), and pancreas were collected 24 hours post-treatment
and the frequency of total siRNA-transfected immune cells is given for each organ and transfection modality (n = 3 per group in three independent
experiments). (b) After i.p. treatment with liposomes-complexed Alexa Fluor 647-labeled siRNA, single cell suspensions were obtained for each organ,
stained with cell surface markers (CD4, CD8, CD45RB220, CD11c, and CD11b) and subsequently acquired by flow cytometry. (c) Pancreas- and
PLN-derived immune cells were collected post-treatment with JetPEI- or IVF2.0-complexed Alexa Fluor 647-labeled siRNA. The frequency of siRNA*
cells within a specificimmune cell subset is given as a mean + SD (n = 3 per group in three independent experiments). NOD, nonobese diabetic; PEG,

polyethylene glycol; siRNA, small interfering RNA.
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28.4 + 15.8% respectively). In contrast, cells derived from both
PLN and MLN were poorly transfected by the different protocols
tested.

We next identified the immune cell subsets transfected by
the carriers/siRNA complexes. APCs but not T cells were carry-
ing fluorescently labeled siRNA after a single i.p. injection with
either JetPEI- or IVF2.0-complexed siRNA (Figure 1b,c). Among
the different cell subsets, CD11b" cells were primarily transfected
with the highest frequency of siRNA™ cells being observed in the
pancreas when IVF2.0 was used (62.7+7.4% siRNATCD11b™ cells
within the total CD11b* cells). A vast majority of these CD11b*
cells were coexpressing the CD11c marker (Figure 1c and data
not shown), consequently CD11ct*CD11b* dendritic cells within
the pancreas are the major target for the carrier/siRNA complexes.
However, pancreatic CD45RB220% B cells were also highly trans-
fected by siRNA molecules (53.4 + 6.2% siRNATCD45RB220"
cells within the total CD45RB220% cells) when IVE2.0 but not
JetPEI was used (Figure 1b,c). In addition, IVF2.0 was the only

a Intravenous
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carrier to transfect siRNA into PLN-associated APCs with a fre-
quency of siRNA™ cells within the different APC subsets between
~20 and 40% (Figure 1c); however, since APCs represent only
a minor population in PLN (<15% of total cells, Figure 1b) the
absolute number of siRNA™ cells in PLN remains low (Figure 1a).
To conclude, the carrier composition and the route of administra-
tion are key to address siRNA within different immune cell sub-
sets in various organs.

The presence of siRNA into pancreas-associated

APCs is maintained

To evaluate whether insulin-producing B-cells were also trans-
fected by carrier/siRNA complexes, pancreatic sections from
prediabetic NOD mice treated with either JetPEI- or IVF2.0-
complexed Dy547-siRNA were probed with an anti-insulin anti-
body (Figure 2a). None of the modalities examined resulted in a
significant transfection of B-cells by Dy547-labeled siRNA there-
fore only APCs can be transfected by siRNA after i.p. administration
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Figure 2 In vivo delivery of liposome-complexed siRNA does not transfect pancreatic B-cells but survives in pancreas-associated immune
cells. (a) Histological staining of pancreata from 8-week-old NOD mice. Pancreata were harvested 24 hours after intraperitoneal treatment with
either JetPEl- or IVF2.0-complexed DY547-labeled scrambled control siRNA. Eight-um tissue sections were cut and collected for immunohistochem-
istry. Sections were stained for insulin (green) and the DY547-labeled siRNA signal was collected in the Cy3 channel (red). (b) Ten-week-old NOD
mice were subjected to a single intraperitoneal injection with control scrambled Dy547-labeled siRNA (100ug) combined with either JetPEl or
IVF2.0 reagents (day 0). The pancreata were collected at different time points after injection to evaluate the percentage of CD4*, CD8%, CD11c™,
CD11b%, and CD45RB2207 cells carrying the fluorescent siRNA molecules. The data represent the mean + SD, n = 4. NOD, nonobese diabetic; PEG,
polyethylene glycol; siRNA, small interfering RNA.
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of carrier/siRNA complexes. We next determined whether the
presence of siRNA within pancreas-infiltrating immune cells was
long lasting. After a single i.p. injection with Dy547-siRNA, our
kinetic study revealed that a fluorescent signal was detected in
APCs for up to 5 days (Figure 2b). It is worth mentioning that (i)
the control-scrambled siRNA injected does not target any known
sequences and (ii) APCs infiltrating the pancreas are not rapidly
dividing, explaining why the signal remains relatively constant
throughout the 5-day study period. Importantly, our results sug-
gest that in vivo-delivered siRNA can be stably retained inside
non-dividing cells for at least 5 days which is similar to the half-
life observed for an antibody-based treatment.'?

Targeting the CXCL10/CXCR3 pathway with siRNA
does not prevent T1D in WT NOD mice

Next, we evaluated whether gene expression by pancreas-
associated APCs could be effectively silenced by nonviral in vivo
delivery of siRNA. The chemokine CXCL10 (also called IP-10)
and its receptor CXCR3 were described, in several reports, to
be involved in the recruitment of pathogenic T cells to the pan-
creas during pathogenesis of T1D."” In humans, an elevation of
CXCL10 was measured in the peripheral blood' but also in the
pancreas'® of T1D patients when compared with healthy sub-
jects. Therefore, one can assume that the CXCL10/CXCR3 axis
constitutes a potential target to prevent/cure T1D. To establish

© The American Society of Gene & Cell Therapy

whether both CXCR3 and CXCL10 molecules could be potential
targets for siRNA-based treatment, we investigated their expres-
sion levels in pancreas-infiltrating CD11b™ cells purified at vari-
ous time points during T1D pathogenesis in the NOD mice. As
shown Figure 3, both CXCL10 and CXCR3 genes were poorly
expressed by intrapancreatic CD11b™" cells in WT NOD mice.
However, the expression was significantly increased after 10
weeks of age in the PLN and MLN of NOD mice. Since both
MLN and PLN are refractory to lipid- or polyethylenimine-
based transfection (Figure 1), we decided to evaluate CXCR3
and CXCL10 gene expressions in the cyclophosphamide (CY)-
induced model of T1D in NOD mice. In this accelerated model
of T1D, CXCLI10 relative expression by intrapancreatic CD11b*
cells was significantly augmented while the relative level of
CXCR3 expression was approximately sixfold higher than in
WT NOD mice at the same age (Figure 3). Concomitantly, both
CXCR3 and CXCL10 relative expression levels were increased in
PLN-derived CD11b" cells. Altogether, these data suggest that
the use of the CXCL10/CXCR3 pathway is amplified during the
CY-accelerated pathogenesis of T1ID in NOD mice (NOD-CY
model). Accordingly, CXCL10 blockade using a neutralizing
antibody suppressed T1D in NOD-CY mice.'

Consequently, we decided to test the efficacy of CXCL10- and
CXCR3-specific siRNA therapy to prevent T1D in both NOD-CY
and WT NOD mice.
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Figure 3 Kinetics of CXCL10 and CXCR3 expressions by CD11b* macrophages during T1D pathogenesis in NOD mice. Changes in CXCL10
and CXCR3 genes’ expression were assessed by quantitative real-time PCR (qQRT-PCR) in the pancreas, mesenteric, and pancreatic lymph nodes (MLN
and PLN) collected either from wild-type NOD mice at different time points during T1D pathogenesis (6, 8, 10, and 12 weeks of age) or day 7 after
intraperitoneal cyclophosphamide (CY; 250 mg/kg of body weight) injection in 8-week-old NOD mice. Results are presented as percentage compared
with control. Data are representative of three independent experiments and represent the mean + SD, n = 6. NOD, nonobese diabetic;T1D, type 1

diabetes.
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As shown in Supplementary Figure S1, various siRNA
sequences targeting specifically the CXCR3 or CXCL10 mRNA
were evaluated for their capacity to downregulate CXCR3 and
CXCL10 at the protein level. Flow cytometry data using CXCL10-
and CXCR3-expressing CHO cell lines revealed that CXCR3#2
and CXCL10#3 siRNA sequences were the most efficient with 56
and 46% inhibition of their targets, respectively and were used
for subsequent experiments. We tested the efficacy of both siRNA
sequences to silence CXCR3 and CXCL10 gene expression in
pancreas-associated CD11b™ cells during the course of T1D in
the NOD-CY model (day 9 after CY injection). By 48 hours after
i.p. injection with either CXCR3#2 or CXCL10#3 siRNA com-
plexed with JetPEL, we noted a significant and specific reduction
in the CXCR3 or CXCL10 relative mRNA expression by intrapan-
creatic CD11b™ cells (Figure 4a).We also assessed CXCL10 and
CXCR3 expressions at the protein level in NOD-CY-treated mice
(Figure 4b) and evidenced that the amount of both proteins was

siRNA-mediated Prevention of Type 1 Diabetes

significantly reduced in intrapancreatic CD11b* cells between
day 2 and 6 after siRNA delivery. In addition, while CXCL10
expression level was completely abolished from day 2 to 6, CXCR3
expression was only partially downregulated (Figure 4b).

To evaluate the therapeutic efficacy of CXCR3/CXCL10 siRNA
combination therapy, WT NOD or NOD-CY mice were dosed i.p.
at 2.5 mg/kg of each siRNA in combination or 5.0 mg/kg of scram-
bled control siRNA each complexed with JetPEL. As expected,
treatment of prediabetic WT NOD mice (at 8, 9, 10, and 13 weeks
of age) did not significantly reduce diabetes incidence(Figure 4c),
although a minimal but significant delay induced by JetPEI
was observed as calculated by the Gehan-Breslow-Wilcoxon test
(P =0.0392). In the NOD-CY model (Figure 4d), T1D incidence
was significantly reduced by ~50% when the mice were treated
(on days 0, 5, and 10 after CY injection) with the CXCR3/CXCL10
combo siRNA as compared with control-scrambled siRNA
(P =0.0048) or non-treated mice (P = 0.0036).
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Figure 4 CXCL10- and CXCR3-specific siRNA treatment reduces T1D incidence in CY-induced diabetes but not wild-type NOD mice.
(a) Quantitative analysis of transcript levels of CXCR3 and CXCL10 expressed by pancreas-associated macrophages, relative to housekeeping gene,
determined by qRT-PCR after CXCL10- or CXCR3-specific siRNA treatment. Prediabetic NOD mice (9 weeks of age) were injected with cyclophosph-
amide (CY) and subsequently treated with JetPEl alone or complexed with CXCL10- or CXCR3-specific siRNA (day 9 after CY injection). CXCL10 and
CXCR3 relative mRNA levels were measured on 48 hours post-siRNA treatment. Results are presented as percentage compared with control. Error bars
indicate mean + SD, n = 3 experiments; *P < 0.05; **P < 0.01. (b) Western blot analysis to assess the kinetics of CXCR3 and CXC10 downregulation.
Total protein was extracted from pancreas-associated CD11b" cells of NOD-CY-treated mice at 1, 2, 6, and 10 days after a single intraperitoneal
injection of either CXCL10 or CXCR3 siRNA complexed with JetPEl on day 0. Fifty microgram per lane of total protein from untreated (Ctrl) and
treated NOD mice was loaded. Staining of the indicated proteins on parallel blots is shown. Equal loading of tissue extracts was controlled by B-actin
protein staining. Nonviral in vivo delivery of CXCR3/CXCL10 or scrambled control siRNA in (c) prediabetic wild-type or (d) CY-injected NOD mice.
Data represents the cumulative diabetes incidence obtained from three independent experiments, n = 12-25 mice per group. Each single injection is
shown with a black arrow on the graphs. Ctrl, control; mRNA, messenger RNA; NOD, nonobese diabetic; qRT-PCR, quantitative reverse transcription-
PCR; siRNA, small interfering RNA;T1D, type 1 diabetes.
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Early downregulation of Alox15 by siRNA treatment
prevents T1D in NOD mice

The arachidonate 12/15-lipoxygenase (or 12/15-LO), encoded by
the Alox15 gene, is an enzyme expressed by myeloid cells (mostly
macrophages) catalyzing the oxygenation of fatty acids to form lipid
inflammatory mediators.’*"” By using Alox15-deficient NOD mice,
McDuflie, M et al. '® showed that Alox15 expression plays a major
role in the pathogenesis of T1D. However, as pointed out,'*' these
data should also be interpreted with caution because the mecha-
nisms underlying the altered phenotypes of the NOD-B6.129S2-
Alox15tmIfun (Alox15-deficient NOD) mice may themselves be
multigenic due to the congenic strategy used to generate Alox15-
deficient NOD. To address this issue, we decided to use our siRNA-
based strategy and downregulate Alox15 expression in macrophages
at different time points during T1D pathogenesis. We first investi-
gated the expression levels of Alox15 in CD11b* cells purified from
different organs during the course of T1D pathogenesis in WT NOD
mice. As shown Figure 5a, CD11b* cells retrieved from the pan-
creas of NOD mice throughout the disease course highly expressed
Alox15. In contrast, Alox15 relative expression was lower in the
lymph nodes and transiently peaked at 8-10 weeks of age.

© The American Society of Gene & Cell Therapy

Next, we tested by quantitative real-time PCR the in vivo
silencing activity of three different Alox15 siRNA sequences on
pancreas-associated CD11b* in NOD mice (Supplementary
Figure S2). All three sequences led to a significant downregula-
tion of Alox15 with ~50-80% inhibition when compared with
control-scrambled siRNA treated or untreated NOD mice, respec-
tively. The Alox15 siRNA#2 was used to assay its silencing capac-
ity at the protein level. The Alox15 expression was almost entirely
suppressed in peritoneal CD11b* cells 2 days after i.p. treatment
with IVF2.0/Alox15 siRNA#2 complex (Figure 5b). Pancreatic
CD11b™ showed a delayed but sustained inhibition of the Alox15
protein (from day 4 to at least day 7 post-treatment).

Lastly, we investigated the ability of Alox15 siRNA to pre-
vent T1D in NOD mice. As shown Figure 5c, the efficacy of
IVF2.0/Alox15 siRNA treatment was highly dependent on the
timing of administration of the lipid/siRNA complex. When
treatment was initiated at 6 weeks of age, T1D was completely
prevented until at least 28 weeks of age (Figure 5c, left panel).
IVF2.0 alone or combined with scrambled siRNA delayed T1D
onset but did not significantly change the final incidence (~60%)
when compared with non-treated NOD mice. In striking contrast,
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Figure 5 Early treatment with Alox15 siRNA (siAlox15) prevents T1D in NOD mice. (a) Changes in Alox15 gene expression were assessed by
gRT-PCR in the pancreas, mesenteric, and pancreatic lymph nodes (MLN and PLN) collected either from wild-type NOD mice at different time points
during T1D pathogenesis (6, 8, 10, and 12 weeks of age) or day 7 after intraperitoneal cyclophosphamide (CY; 250 mg/kg of body weight) injection
in 8-week-old NOD mice. Results are presented as percentage compared with control. Data are representative of three independent experiments and
represent the mean + SD, n = 6. (b) Western blot analysis for treated NOD mice at different time points. Total protein was extracted from pancreas or
peritoneal CD11b" cells of NOD mice at 2, 4, and 7 days after a single intraperitoneal injection of siAlox15/IVF2.0 complex on day 0. Ten microgram
per lane of total protein from untreated (Ctrl) and treated NOD mice was loaded. The intensity of both Alox15 and B-actin (loading control) signals
is showed. (c) Diabetes incidence in NOD mice treated with IVF2.0 alone or complexed with Alox15-specific or scrambled siRNA. Short-course treat-
ments started either at 6, 9 or 11 weeks of age and each single injection is shown with a black arrow on the graphs.*P=0.0109 and ns, not significant.
Ctrl, control; NOD, nonobese diabetic; qRT-PCR, quantitative reverse transcription-PCR; siRNA, small interfering RNA; T1D, type 1 diabetes.
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if treatment is initiated later (9 or 11 weeks of age) Alox15 siRNA
is not efficacious.

Phenotype of CD11b cells and frequency of
regulatory T cells after Alox15-specific siRNA
treatment

To understand why tolerance was induced when IVF2.0/Alox15
siRNA treatment was administered early during T1D pathogen-
esis, we analyzed the expression of key costimulatory molecules
on CD11b" cells upon therapy. The PD1-PDL1 pathway has been
shown to control autoimmunity by inducing tolerance in many pre-
clinical settings and animal models.”® In the pancreas, a significant
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augmentation of programmed death 1 ligand 1 (PDL1) expression
by CD11b* cells was observed after injection with IVF2.0 alone
but Alox15 downregulation after IVF2.0/Alox15 siRNA treatment
further increased this phenotype (Figure 6a). Simultaneously, the
frequency of pancreatic CD11b* cells coexpressing CD80, CD86,
and major histocompatibility complex (MHC) class II was found
significantly higher after IVF2.0/Alox15 siRNA treatment when
compared with IVF2.0 alone or non-treated mice, while the per-
centage of CD11b*CD407 cells remained unchanged (Figure 6a).
In the PLN and spleen, PDLI expression was not affected by the
treatments. However, the frequency of CD11b% cells expressing
the other costimulatory molecules (CD80, CD86, CD40, and
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Figure 6 The phenotype of pancreas-associated macrophages and the frequency of regulatory T cells are modified by Alox15 siRNA/IVF2.0
treatment of prediabetic NOD mice. (a) The expression levels of various costimulatory molecules expressed by CD11b™ cells were assessed by
flow cytometry in the spleen, pancreatic lymph nodes (PLN), and pancreas of IVF2.0 alone, Alox15-specific or scrambled siRNA/IVF2.0-treated NOD
mice. The data represent the frequencies as a mean + SD of three independent experiments, n = 6. (b) The frequency of CD4*Foxp3* regulatory
T cells (Tregs) was measured in the spleen, PLN, and pancreas of IVF2.0 alone or Alox15 siRNA/IVF2.0-treated NOD mice. Data are representative of
two independent experiments and represent the mean + SD, n = 6. *P < 0.05; **P < 0.01. MHC, major histocompatibility complex; NOD, nonobese
diabetic; NT, non-treated; siRNA, small interfering RNA.
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MHC class II) was decreased due to IVF2.0 lipid injection. These
data show that the IVF2.0 transfection reagent, and possibly other
lipids, have a direct effect on the phenotype of transfected cells
such as CD11b™ cells which consequently may delay the onset
of T1D (Figure 5c, left panel). Since regulatory T cells (Tregs)
are major players in tolerance induction, we next measured the
frequency of CD4*Foxp3*Tregs in various organs 2 weeks post-
treatment (Figure 6b). Upon IVF2.0/Alox15 siRNA therapy, the
frequency of CD41Foxp3*Tregs was significantly higher in the
spleen, PLN, and pancreas when compared with non-treated
age-matched NOD mice. A lower but significant increase in the
percentage of CD41Foxp3*Tregs was also observed after IVF2.0
treatment alone in the PLN and pancreas. Altogether these data
support the hypothesis that an early transient downregulation of
Alox15 expression can prevent T1D through the promotion of
anti-inflammatory CD11b" cells and the expansion of Tregs.

DISCUSSION

Delivery to appropriate cells and tissues in vivo remains a major
hurdle for harnessing the potent gene-silencing ability of siRNA
molecules for treating human diseases. The aim of this study
was to design a nonviral delivery method to address siRNA into
pancreas-associated immune cells with the objective to inves-
tigate the role of key proteins during the pathogenesis of T1D
and eventually prevent the disease onset. We studied the abil-
ity of three in vivo transfection reagents (carriers) to deliver
siRNA complexes into B-cells or pancreas-associated lympho-
cytes. Here, we showed that two siRNA/carrier complexes were
able to transfect APCs within the pancreas of prediabetic NOD
mice but with differential cellular specificities and efficacies. The
siRNA/carrier complexes preferentially targeted in the pancreas
a CD11b" cell population comprising both CD11b*CD11c"#
macrophages and CD11bTCD11ct dendritic cells. In the PLNs
only one compound, namely IVF2.0, transfected siRNA into
APCs. However, since PLN-derived APCs are mostly composed
of CD45RB220" B cells (Figure 1b) they constituted the main
transfected population in the PLNG.

In addition, the route of administration greatly impacted
the efficiency of the delivery agents to address the siRNA/car-
rier complex to pancreas-associated APCs. We observed that i.p.
was more effective than i.v. injection to transfect intrapancreatic
immune cells. The i.p. route of administration not only affected
APCs in the pancreas but also led to an efficient transfection of
peritoneal CD11b* macrophages (data not shown). However, by
using fluorescently labeled siRNATCD11b™ cells purified from
the peritoneal cavity of treated NOD mice and adoptively trans-
ferred i.p. into 9-week-old NOD mice, we demonstrated that
pancreas-associated siRNATCD11b™ cells did not result from the
migration of these cells into the pancreas (data not shown). Then,
i.p. treatment with siRNA/carrier complexes directly transfected
APCs within the pancreas. We also showed that a single injec-
tion of siRNA/carrier complex can downregulate its target for
at least 7 days within pancreatic CD11b* cells (Figure 5b). This
observation has important therapeutic implications for designing
effective treatment schedules to obtain sustained downregulation
of key protein involved in the pathogenesis of T1D without over
dosing to optimize the efficacy/side effect ratio.
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In a therapeutic setting, the expression of two potential tar-
gets (CXCL10/CXCR3 pathway and Alox15) was downregu-
lated by siRNA/carriers treatment for preventing T1D in NOD
mice. Several reports described the CXCL10/CXCR3 pathway as
involved in the recruitment of autoreactive T cells to the pancreas
during pathogenesis of T1D."**2* In humans, CXCL10 expres-
sion was increased in T1D patients when compared with healthy
subjects.*”® In WT NOD mice, our data clearly showed that
silencing the CXCL10/CXCR3 pathways in pancreatic CD11b*
cells between 8 and 13 weeks of age do not delay or prevent T1D
(Figure 4b).Two main reasons can account for this failure: (i) the
expression levels of both CXCL10 and CXCR3 is relatively low in
pancreatic CD11b* cells without CY treatment (Figure 3) and
(i) other cell subsets express CXCL10 and CXCR3 during T1D
pathogenesis. Indeed CXCL10 can be expressed by islet 3-cells**
and acinar cells” while CXCR3 has been observed on mouse and
human regulatory T cells.”*** In this case systemic blockade of
CXCL10 and/or CXCR3 using blocking antibodies might be more
efficacious as previously reported.’** Furthermore, the CXCR3
chemokine receptor is activated by three ligands: the CXCL9,
CXCL10, and CXCLI11chemokines.* This redundancy might com-
pensate the loss of CXCL10 signal during siRNA treatment and
explain the absence of significant prevention from T1D in NOD
mice. In addition, other chemokine/chemokine receptor pathways
have been identified as playing a key role in T1D pathogenesis***
and could also compensate for the loss of CXCL10/CXCR3 activ-
ity in siRNA-treated mice.

Although transient silencing of Alox15 in CD11b* cells pro-
vided complete prevention against T1D in NOD mice, the pro-
tection was only seen when the treatment was administered early
in life. In contrast to what observed with Alox15-deficient NOD
mice,' our data pinpoint a critical time point (from 6 to 9 weeks
of age) for targeting Alox15 expression in CD11b™ cells in order
to significantly impact T1D pathogenesis (Figure 5c). Two non-
mutually exclusive reasons might explain the lack of efficacy at
later time points: (i) Other cell subsets and in particular the pan-
creatic -cells can express the 12/15-LO protein in mice and in
humans.’>* In 2005, Chen M and colleagues” described that one
of the product generated by the enzymatic activity of 12/15-LO,
the 12-hydroperoxyeicosatetraenoic acid (12-HPETE), is directly
toxic to B-cells and human islets by markedly decreasing insulin
secretory function and increasing f-cell death. (ii) Early Alox15
expression by pancreas-infiltrating CD11b™ cells triggers a patho-
genic process leading to the migration of autoreactive effector T
cells (Teff) into the pancreas. Consequently, once this process is
in place the autoimmune pathogenesis can only be stopped by
directly affecting the Teff compartment.

Mechanistically, our data highlighted for the first time that
Alox15 downregulation in pancreas-associated CD11b* cells can
significantly upregulate a variety of costimulatory molecules and
MHC class II (Figure 6a). In particular, PDL1 or CD274, involved
in tolerance induction,” was significantly increased. Some studies
already described that PDL1TCD11b" cells can play a major role
in transplantation or autoimmune tolerance.*®* In addition, PDL1
signaling on APCs was shown to be critical for the conversion of
naive CD4" T cells into adaptive CD41Foxp3tTregs.** Collectively
these data argue for a role of pancreatic Alox15-deficient CD11b*
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cells, generated upon siRNA treatment, in the increase of pan-
creas-infiltrating CD4"Foxp3*Tregs (Figure 6b). It is worth
mentioning that the frequency of PDL1TCD11b* cells was not
augmented in the spleen or PLN of treated NOD mice. Therefore,
the inflammatory milieu found in the pancreas during the course
of the disease seems to be required for upregulating PDL1 as pre-
viously suggested.**!

A short-course treatment of prediabetic NOD mice with either
in vivo-JetPEI or IVF2.0 complexed with scrambled siRNA signifi-
cantly delayed T1D. The reasons behind this effect remains obscure
but JetPEI is administered in a 5% glucose solution and recent stud-
ies showed that glucose and inflammation play a role in the control
of islet vasculature and insulin content of B-cells in prediabetic NOD
mice through increased production of vascular endothelial growth
factor by pancreatic islets.”” Another study showed that IFN-o
serum levels augmented in mice treated with in vivo-JetPEL* We
confirmed that IFN-o but also other proinflammatory cytokines,
such as IL-12, were rapidly upregulated in the serum of NOD mice
after treatment with siRNA complexed with JetPEI (Supplementary
Table S1). This upregulation was observed at 6 hours post-treatment
but was completely lost at 24-48 hours (data not shown). Published
data showed that upregulation of IFN-o or IL-12 in prediabetic
NOD mice can delay and reduce T1D incidence.*** Although the
role of these cytokines in T1D pathogenesis is still debated, it pro-
vides a rational for the modest antidiabetogenic activity observed in
Figure 4c after in vivo-JetPEI treatment.

In contrast, IVF2.0 reagent demonstrated extremely low or
nondetectable cytokine production upon in vivo administration in
mice (Supplementary Table S1). Therefore, the delay in the onset
of T1D showed after treatment with IVF2.0 alone (Figure 5¢) might
be at least partially due to changes in the expression of costimula-
tory molecules, (Figure 6) thanks to a direct signaling of IVF2.0
liposomes in transfected immune cells as suggested for other lipo-
somes.* Further mechanistic studies are warranted to shed new
light on the activity of IVF2.0 liposomes on immune cells. In addi-
tion, other lipid-based siRNA delivery reagents such as DOTAPY
orTransIT-TKO*# have been shown to deliver siRNA to perito-
neal macrophages when injected i.p. Even though their ability to
target immune cells within the pancreas remains unknown, these
reagents may have potential therapeutic efficacy and should be
compared with JetPEI and IVF2.0 in future studies.

In summary, we have shown that both lipid-and polyethylen-
imine-based transfection reagents (IVF2.0 and JetPEI, respectively)
provide a tool for targeted siRNA delivery to pancreas-associated
macrophages in vivo. These findings overcome a critical barrier of
in vivo delivery, significantly enhancing the prospect of siRNA-
based therapeutics for autoimmune diabetes. Even though early
downregulation of Alox15 prevents T1D pathogenesis in NOD
mice, a combination of siRNAs to silence several inflammatory
mediators may be necessary to enhance -cell protection at a later
time point in mice and maybe in humans.

MATERIALS AND METHODS

Mice. NOD/Lt] female mice were purchased from the Jackson Laboratories
(Bar Harbor, ME) and maintained in the La Jolla Institute for Allergy and
Immunology under pathogen-free conditions and handled in accordance
with protocols approved by the organization’s animal care committee.
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Some 7-8-week-old female NOD mice received an i.p. injection of CY at
250 mg/kg body weight to accelerate the onset of T1D.

siRNA. In vivo ready (high-performance liquid chromatography purified)
synthetic siRNA were purchased from Ambion/Life Technologies
(Carlsbad, CA) and the most efficient sequence at knocking-down their
specific targets in vitro were used in vivo. Scrambled control siRNA(sense
5-AAAGUCGACCUUCAGUAAGGA-3"), Alox15-specific siRNA (seq-
uence #2: sense 5-GGCAAGUCAUGAAUCGGUAUU-3"), CXCL10-
specific siRNA (sequence #3: sense 5-GCCCACGUGUUGAGAUCA
UUU-3"),CXCR3-specificsiRNA (sequence #2:sense 5-GGAUUUCAGCC
UGAACUUUUU-3").

siRNA/IVF2.0 complex preparation. Invivofectamine 2.0 (Invitrogen/
Life technologies, Carlsbad, CA) was used according to the manufac-
turer’s protocol. Stock siRNA solution (3mg/ml) was diluted at 1.5mg/
ml with the complexation buffer (250pl final) and subsequently com-
bined with Invivofectamine 2.0 reagent (250 ul). The mixed complex was
incubated at 50 °C for 30 minutes and dialyzed against PBS1X for 2 hours
in a Spectra/Por Float-A-Lyzer G2 8-10KD (cat. no. G235031; Spectrum
Medical Laboratories, Rancho Dominguez, CA). The siRNA concentration
is adjusted with PBS1X at 0.25 mg/ml or 0.5 mg/ml for i.p. or i.v. injections,
respectively. For the in vivo experiments, a total of 0.1 mg (~7.7nmol or
~5mg/kg) of siRNA was injected per NOD mouse.

siRNA/In vivo JET-PEI complex preparation. In vivo JET-PEI (Polyplus
transfection, Illkirch, France) was used according to the manufacturer’s
protocol. Preparation of the siRNA/in vivo JET-PEI complex (N/P ratio 8)
was performed as follows. The siRNA diluted in RNAse-free water (100 ul
at 1mg/ml) was mixed with 10% glucose (100ul) to prepare solution
A. In vivo JET-PEI (16 ul) in water (84ul) was mixed with 10% glucose
(100 ) to prepare solution B. Solution A and B were combined, vortexed,
and incubated for 15 minutes at room temperature. For the in vivo experi-
ments, 100 g of siRNA was injected per animal (~7.7 nmol or ~5mg/kg).

siRNA/PEG-liposome complex preparation. PEG-liposome (AltogenBio-
systems, Las Vegas, NV) was used according to the manufacturer’s proto-
col. One hundred microgram of siRNA was diluted in 50 ul of PBS1X and
combined with 40 ul of transfection Reagent. After 20 minutes incubation
at room temperature, the transfection reagent enhancer (10 ul) was added
(10 minutes at room temperature). PBS1X (100ul) was added to reach a
final volume of 200 ul. Each animal received 100 pug(~7.7 nmol or ~5mg/
kg) of siRNA/PEG-liposome solution (200 ul) i.v. or i.p.

Isolation of intrapancreatic immune cells. This protocol was previously
described.” Briefly, pancreata were cut into small pieces and digested for
30 minutes at 37°C in 3 ml/pancreas of Hank’s Balanced Salt Solution 1x
with Ca?™ and Mg?" complemented with collagenase P (2mg/ml). The
digestion was stopped by adding three volumes of RPMI-1640 buffer
supplemented with 10% fetal calf serum (cRPMI). Large undigested tis-
sue pieces were removed by filtration through a 500 um mesh. After cen-
trifugation (1,350 rpm, 5 minutes) the pellet was resuspended in a 40%
Percoll solution (8 ml/pancreas) and transferred into a 15-ml conical tube.
Immune cells were purified at the interphase of a 40/75% Percoll density
gradient after centrifugation (2,200 rpm, 20 minutes at room temperature
(RT)), rapidly washed in cRPMI and stored on ice until further analysis.

Antibodies and reagents for flow cytometry. We purchased the fol-
lowing antibodies from BD Biosciences (San Jose, CA): PE-conjugated
CD4-specific (RM4-5), PerCPCy5.5-conjugated CD11c-specific (HL3),
Alexa Fluor 488-conjugated CD8-specific (53-6.7), PE-Cy7-conjugated
CD45RB220-specific (RA3-6B2), FITC-conjugated MHC class II-specific
(10-3.6), PE-conjugated IFN-y (XMG1.2), FITC-conjugated TNF-specific
(MP6-XT22), and CD16/CD32-specific (FcBlock). We purchased the fol-
lowing antibodies from Biolegend (San Diego, CA): Pacific Blue- and
PerCPCy5.5-conjugated CD11b-specific (M1/70), APC-conjugated CD183
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(CXCR3)-specific (CXCR3-173), Pacific Blue-conjugated CD86-specific
(GL-1). We purchased Alexa Fluor APC-conjugated streptavidin from
Invitrogen/Life Technologies. We purchased the Foxp3 staining buffer set
and the following antibodies from eBioscience (San Diego, CA): PE-Cy7-
conjugated Foxp3-specific (FJK-16S), PE-Cy5-conjugated CD40-specific
(1C10), APC-conjugated CD80-specific (16-10A1), PE-conjugated PDL1-
specific (MIH5). Biotinylated anti-CXCL10 antibody (BAF466) was pur-
chased from R&D systems (Minneapolis, MN).

Selection of siRNA against CXCR3, CXCL10 or Alox15. Mouse CXCL10-
and CXCR3-expressing pVITRO2-mcs (Invivogen, San Diego, CA) plamids
were synthesized by GenScript (Piscataway, NJ). Stable CHO cell lines
expressing either mouse CXCL10 or CXCR3 were obtained by selection on
hygromycin B. WT or CXCR3-expressing CHO cells were transfected with
three single CXCR3 siRNA or a control-scrambled siRNA complexed with
the lipofectamine 2000 (Invitrogen). The efficacy of each siRNA was assessed
by measuring the surface expression of CXCR3 by flow cytometry using an
APC-conjugated CXCR3-specific antibody (2 pig/ml, 20 minutes at4°C). WT
or CXCL10-expressing CHO cells were transfected with four single CXCL10
siRNA or a control-scrambled siRNA complexed with the lipofectamine
2000. After fixation and permeabilization of the cells using the Cytofix/
Cytoperm kit (BD Biosciences), the efficacy of each siRNA was assessed by
measuring the intracellular expression of CXCL10 with a biotin-conjugated
CXCL10-specific antibody (5ug/ml at RT) and subsequent APC-labeled
streptavidin staining (5pg/ml, 20 minutes at 4°C). A FACSCalibur cytom-
eter (BD Biosciences) and CellQuest software (BD Biosciences) were used
for flow cytometry, and data were analyzed using Flow]Jo 7.2.2 software.

Immunohistofluorescence. Snap-frozen sections of pancreas were fixed in
4% paraformaldehyde for 15 minutes at RT and washed three times in phos-
phate-buffered saline-3% bovine serum albumin (PBS-BSA). Subsequently
insulin was detected by incubating a guinea pig anti-swine insulin
(DakoCytomation, Glostrup, Denmark) at 3 pg/ml (1 hour 30 minutes, RT)
and followed by incubation with Alexa Fluor 488-conjugated donkey anti-
guinea-pig (Jackson ImmunoResearch, West Grove, PA) at 2 ug/ml (1 hour,
RT). The DY547-labeled siRNA signal was collected in the Cy3 channel.

Quantitative real-time PCR. CD11b™ cells were purified by positive selec-
tion using CD11b*microbeads (#130-049-601; Miltenyi Biotec, Auburn,
CA). mRNA was extracted from CD11b" purified macrophages using the
RNeasy kit (QIAGEN, Valencia, CA) and 2 ug of pure RNA was subjected
to reverse transcription using the high capacity RNA-to-cDNA kit (cat. no.
4387406; Applied Biosystems, Carlsbad, CA). Quantitative real-time PCR
was performed on 4pl of cDNA with TagMan fast universal PCR mas-
ter mix (2x) (Applied Biosystems) and Roche LightCycler 480Real-Time
PCR System (Roche Applied Science, Indianapolis, IN) according to the
manufacturer’s instructions. Amplification conditions were as follows:
45 cycles of denaturation at 95°C for 10 seconds, annealing at 60°C for
30 seconds, and extension at 72°C for 1 second. TagMan primers used
were purchased from Applied Biosystems and were identified as follows:
mouse Alox15 (assay ID: Mm00772337_m1), mouse CXCL10 (assay ID:
MmO00445235_m1), mouse CXCR3 (assay ID: Mm00438259_m1), and
mouse Gusb (assay ID: Mm00446953_m1). Relative CXCL10, CXCR3,
and Alox15 quantification were determined by normalizing the expression
for each gene to the Gusb gene following the 2724 method.

Western blotting. Total proteins were extracted from purified CD11b™ cells
using the M-PER mammalian protein extraction reagent (Pierce, Rockford,
IL). Protein concentrations were measured usinga BCA Protein Assay Reagent
kit (Pierce) and 50 ug (for CXCR3/CXCL10) or 10 ug (for Alox15) subjected
to 10% SDS-PAGE separation. Samples are transferred onto a nitrocellulose
membrane by semi-dry electrophoresis subsequently blocked using 5% non-
fat dry milk in PBS1X. The presence of CXCL10 or CXCR3 were detected
using a goat anti-mouse CXCL10 (AF-466-NA; R&D Systems) or CXCR3
(clone C-20, sc-6226; Santa Cruz Biotechnology, Santa Cruz, CA) polyclonal
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antibodies and revealed with a horseradish peroxidase (HRP)-conjugated
donkey anti-goat antibody (sc-2033; Santa Cruz Biotechnology). Alox15
protein was detected using a rabbit polyclonal anti-Alox15 antibody (clone
DO01P; Abnova, Taipei, Taiwan) and revealed by a HRP-conjugated donkey
anti-rabbit IgG (product number 31458; Thermo Scientific, Rockford, IL).
We used B-actin as a loading control detected with HRP-conjugated B-actin
antibody (Santa Cruz Biotechnology; sc-47778 HRP).

Statistical analysis. Data analysis was performed using GraphPad Prism 4.00
(GraphPad Software, La Jolla, CA). Survival curves were computed using the
log-rank method. For some analyses, the Gehan-Breslow-Wilcoxon method
was used when more weight to deaths at early time points was required. For
other in vivo data the significance was evaluated using a two-way analysis of
variance test. Statistical significance for other data was measured using an
unpaired two-tailed Mann-Whitney U-test. *P < 0.05; **P < 0.01.

SUPPLEMENTARY MATERIAL

Figure S1. Selection of CXCL10- and CXCR3-specific siRNA.
Figure S2. Selection of Alox15-specific siRNA.

Table $1. Serum proinflammatory cytokines.
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