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Abstract

A deficit in IL-4 production has been previously reported in both diabetic human patients and non-
obese diabetic (NOD) mice. In addition, re-introducing IL-4 into NOD mice systemically, or as a
transgene, led to a beneficial outcome in most studies. Here, we show that prediabetic, 12-wk old
female NOD mice have a deficit in IL-4 expression in the pancreatic lymph nodes (PLN) compared
to age-matched diabetes-resistant NOD.B10 mice. By bioluminescence imaging, we demonstrated
that the PLN was preferentially targeted by bone marrow-derived dendritic cells (DCs) following
intravenous (1V) administration. Following IV injection of DCs transduced to express IL-4 (DC/
IL-4) into 12-wk old NOD mice, it was possible to significantly delay or prevent the onset of
hyperglycemia. We then focused on the PLN to monitor, by microarray analysis, changes in gene
expression induced by DC/IL-4 and observed a rapid normalization of the expression of many genes,
that were otherwise under-expressed compared to NOD.B10 PLN. The protective effect of DC/IL-4
required both MHC and IL-4 expression by the DCs. Thus, adoptive cellular therapy, using DCs
modified to express IL-4, offers an effective, tissue-targeted cellular therapy to prevent diabetes in
NOD mice at an advanced stage of pre-diabetes, and may offer a safe approach to consider for
treatment of high risk human pre-diabetic patients.

Introduction

Type 1 diabetes (T1D) is caused by a T cell-mediated autoimmune destruction of insulin-
producing B cells in the pancreatic islets. In the non-obese diabetic (NOD) mouse model of
T1D, peri-insulitic infiltration can be detected as early as 2—-3 wks after birth, and remains in
a ‘passive’ state until about 12 wks of age, when overt destruction of  cells begins. By 30 wks
of age, > 80% of female NOD mice have developed overt diabetes (hyperglycemia) in our
colony. The mechanisms underlying the abrupt switch from passive to destructive insulitis
remain poorly understood.

The NOD model has been widely used to test many therapeutic regimens, the majority of which
have been reviewed [1]. Although many of these treatments had a successful outcome in young
NOD mice (treated before 8 wks of age), fewer were tested or found to demonstrate efficacy
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in older NOD mice with advanced insulitis or hyperglycemia. Currently, human patients with
a high risk of developing diabetes can be identified more efficiently and earlier than in the past,
however, most accurate predictions or diagnoses occur during a relatively advanced stage of
disease, in which f cell destruction is well under way [2]. Thus, more attention should be
focused on therapeutic initiatives in older NOD mice with advanced insulitis or overt
hyperglycemia to mimic therapeutic opportunities in man [3]. Successful therapies of T1D
should (i) counteract the mechanisms initiating 3 cell destruction or block ongoing f cell
destruction, (ii) restore immune tolerance, (iii) be targeted to a tissue (or antigen) of relevance
[4], (iv) be effective in individuals with imminent or overt disease, and if possible (v) stimulate
or allow B cell regeneration.

The potential role of IL-4 in NOD disease has been documented in several studies. IL-4 may
be important in the maintenance of a protective Th2 response [5], but it has also been implicated
in the stimulation of a broader T cell repertoire composed of non-pathogenic cells [6] and in
differential expression of B7.1 and B7.2 molecules by DCs, affecting the quality of CTL
responses [7]. Systemic administration of IL-4 appeared to alleviate a form of unresponsiveness
among NOD thymocytes and peripheral T cells, which correlated with disease protection [8].
Finally, IL-4 may participate in the induction de novo of peripheral Foxp3+ regulatory T cells
[9]. NKT cells are a source of IL-4 and were shown to play a beneficial role in T1D [10-13].
A deficiency of IL-4 production by NKT cell has been reported in murine models of T1D
[14,15] and in human T1D patients [16,17]. A defect in IL-4 production was also observed in
PBMCs of T1D patients [18-20]. Islet-infiltrating T cells from male NOD mice, unlike those
from their female counterparts, can sustain IL-4 production following activation, which may
help explain the relative resistance of male NOD mice to the disease [21].

While some T1D research is directed toward enhancement of NKT cell function, other
researchers have focused their attention on ways to provide protective levels of IL-4 by various
means. Systemic IL-4 administration, via regular intraperitoneal injections [5,8,22], gene gun-
or carrier- mediated DNA delivery [23,24] or IL-4-encoding adenoviral vectors [25], prevented
T1D when NOD mice were treated at a young age (up to 7 weeks). At the level of cellular gene
therapy, IL-4-expressing transduced T cells [26,27] or dendritic cells (DCs) [28] have been
used with some success. Unlike antigen-specific and/or regulatory T cells, autologous DCs are
easy to generate and have been safely used in numerous human clinical trials for therapeutic
vaccination against cancer [29] and chronic viral infections [30]. Because of their ability to
migrate to selective tissues and lymph nodes to regulate immune responses, DCs represent an
attractive cellular candidate to be used in adoptive cellular therapy of autoimmune diseases.
In the NOD model, DCs have been used to induce tolerance [31] or deliver immunoregulatory
products such as IL-4 [28] and galectin-1 [32] as transgenes.

In this report, we demonstrate a relative defect in 114 gene expression in pancreatic lymph node
(PLN) cells of 12-wk old prediabetic NOD mice, and by modifying bone marrow-derived DCs
by lentiviral transduction to express IL-4 (DC/IL-4), explored their potential to restore I1L-4
expression in the PLN, and prevent or delay disease progression. We observed that transduced
DCs preferentially homed to the PLN after intravenous (IV) injection. Following a single
injection of DC/IL-4, the onset of disease was delayed and long-term protection was conferred
to the majority of treated mice, while the control DC/GFP had little effect. In addition to
correcting the deficiency in IL-4 expression in the PLN, IV treatment with DC/IL-4 also
normalized the expression of the great majority of genes that were over- or under-expressed
in the PLN of 12-wk old NOD mice, compared to disease-free NOD.B10 PLN. The observed
protection against T1D induced by DC/IL-4 required concomitant expression of MHC
molecules on the therapeutic DCs, suggesting a possible role for cognate interaction between
IL-4-expressing DCs and PLN-resident T cells.
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Materials and methods

Mice

Female NOD, NOD.B10 (NOD.B10Sn-H2P/J) and MHC ™/~ NOD (NOD.129(B6)-
B2mtmiUnccotatmlCeum/BhsJ) mice were purchased from the Jackson Laboratories, and kept
or bred in our animal facility under SPF conditions. Bone marrow donors for the generation
of DCs were 8-10 wks old, while recipient mice were used at 12 wks of age, unless otherwise
specified. All manipulations were approved by the Stanford Administrative Panel on
Laboratory Animal Care.

Quantitative real-time PCR

PLN was extracted from 12-wk old NOD and NOD.B10 mice, homogenized in 0.5 ml TRIzol
reagent (Sigma) and frozen at —80°C until analysis. After addition of 100 ul chloroform,
samples were centrifuged for 10 min at 8000 rpm. The aqueous phase was mixed with an equal
volume of 70% ethanol and applied to an RNeasy Mini column (Qiagen). Total RNA isolation
was then conducted according to the manufacturer’s instructions. 1 ug RNA was used as
template to generate cDNA using QuantiTect Reverse Transcription kit (Qiagen). Real-time
PCR was done using QuantiTect SYBR Green PCR kit (Qiagen) on an Mx4000 device
(Stratagene). Primers used for RT-PCR were CAGGCATTGCTGACAGGATGCA (Beta-
actin forward), GGCCAGGATGGAGCCACCGATC (Beta-actin reverse),
AGCCATATCCACGGATGCGACAAA (IL-4 forward),
AATATGCGAAGCACCTTGGAAGCC (IL-4 reverse),
GGCCATCAGCAACAACATAAGCGT (IFN-y forward) and
TGGGTTGTTGACCTCAAACTTGGC (IFN-y reverse).

Lentivirus generation

The lentiviral vector pHR-1G was made by Dr Yoshitaka Akagi in our lab by replacement of
eGFP in pHR-G (pHR’tripCMV-GFP-SIN) [33] by IRES-eGFP from pIRES2-eGFP
(Promega). The IL-4 gene was cloned upstream of the IRES to generate pHR-1L4IG. pHR2
was made by replacement of eGFP in pHR-G by a multiple cloning site. The GFP-firefly
luciferase fusion (GLF) gene was subcloned from pJW.GFP-yLuc (kindly provided by Dr MH
Bachmann) into pHR2 to generate pHR2-GLF. Lentiviral particles expressing GFP, IL-4/GFP
or GLF were prepared as described before [33]. Briefly, 293T cells plated in 175 cm? flasks,
and the next day, near-confluent cells were co-transfected with 45 pg lentiviral vector together
with packaging and VSV-G-expressing vectors (3:2:1 ratio) in presence of 25 uM chloroquine
(Sigma). The medium was changed after 8-12 hours, and then harvested after 24-36 hours.
Supernatant was filtered through 0.45 micron PES filter and ultracentrifuged for 2 hours 20
min at 19,500 rpm at 4°C. Pelleted virus was resuspended in plain IMDM medium (Invitrogen)
and frozen at —80°C. The titer was determined by infection of 293T cells with several dilutions
of the virus and analysis of GFP* cells by flow cytometry 36 hours later.

Dendritic cell culture, transduction and treatment

Bone marrow was harvested from the femurs and tibias of female mice. The bone marrow cells
were depleted of CD3*, B220* and Gr-1* cells on AutoMACS (Miltenyi) using biotinylated
antibodies (eBioscience) and anti-biotin microbeads (Miltenyi), and then cultured in complete
RPMI medium (10% FCS, 2mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin,
0.1 mM non-essential amino acids, 1 mM sodium pyruvate, 14.3 uM B-mercaptoethanol) in
presence of recombinant mouse GM-CSF and IL-4 (Peprotech) at 10 ng/ml each. On day 4,
cells were infected with lentiviral particles (MOI=15) in presence of 10 ug/ml protamine sulfate
(Sigma). After 16—24 hours incubation with virus, the medium was changed. DCs were
collected on day 6 and analyzed on LSR flow cytometer (conjugated antibodies against CD11b,
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CD11c and I-AK (also stains 1-A97) were from BD Pharmingen: those against CD40, CD80
and CD86 were from Caltag). For the treatment experiments, DC/GFP cells were diluted with
untransduced DCs so that both DC/GFP and DC/IL-4 have the same percentage of GFP™ cells.
Ultimately, 5-7.5x10° GFP* cells in 0.2 ml PBS were injected into the lateral tail vein of 12-
wk old non-diabetic NOD mice. Other control mice were injected with 0.2 ml PBS. Different
treatments were randomly applied to mice within the same cage. The blood glucose was
measured weekly and animals with levels > 250 mg/dl over two consecutive bleedings were
considered diabetic.

Some of the DCs harvested on day 6 were washed and re-plated at different numbers in
complete RPMI without GM-CSF or IL-4. Supernatant was collected 36 hours later and frozen.
ELISA was performed using standard protocol and reagents from BD Pharmingen (anti-1L-4
capture and detection antibodies), Peprotech (IL-4 standard) and Sigma (ExtrAvidin
peroxidase and TMB substrate).

In vivo and ex vivo bioluminescence imaging

NOD mice were injected IV with 0.5-1x10% GLF-transduced GFP* DCs (average luciferase
activity up to 800 RLU/cell) and imaged several times between 24h and 8 days. At each time
point, all mice were injected intraperitoneally with D-Luciferin (3 mg/mouse, Biosynth),
anesthetized for 10 min with isoflurane and imaged for 5 min using the 1V1S-100 system
(Caliper LifeSciences). Then, several mice (n=3/group) were sacrificed, and various tissues
were harvested, weighted, homogenized in PBS (liver and pancreas in PBS containing protease
inhibitor cocktail 111, Calbiochem), and finally frozen at —80°C. The tissue samples were further
subjected to 3 freeze-thaw cycles, and were centrifuged for 10 min. Supernatant was collected
and its volume measured. Firefly luciferase (Fluc) activity in 10 pl supernatant was measured
on luminometer (Turner Biosystems, Model 2030-001) immediately after addition of
reconstituted LAR2 reagent (Promega). The total Fluc activity was extrapolated to the total
volume of supernatant recovered, and then was normalized by dividing it by the tissue weight.

Microarray analysis

Results

Microarray data on the expression of PLN genes from (untreated) 12-wk old NOD mice (n=7),
relative to NOD.B10 control were extracted from the Roadmap study (Kodama et al.,
manuscript submitted; and raw data available on
http://fathmanlab.stanford.edu/downloads.html). PLN from DC/IL-4-treated 12-wk old NOD
mice (n=9, from two independent experiments) were harvested 3 days after IV injection and
processed the same way as the samples used in the Roadmap study. Briefly, tissues were
homogenized in TRIzol and total RNA was isolated as described in the “Quantitative real-time
PCR” section above. cRNA amplification and fluorescence labeling (cyanine 3 for NOD and
cyanine 5 for NOD.B10) was performed using the Agilent Low RNA Input Fluorescent Linear
Amplification Kit (Agilent Technologies). Both were combined and hybridized onto the
Agilent 41K whole mouse genome (60-mer) oligo microarray slide. Logqg (NOD processed
signal /NOD.B10 processed signal) were obtained using the Agilent Feature Extraction
software version 8.5 and used for data analysis.

IL-4 gene expression becomes deficient over time in the PLN of NOD mice

A temporal analysis of gene expression in various NOD tissues including PLN, was carried
out by our group (Kodama et al., manuscript submitted). In this study, the gene expression in
PLN, spleen and peripheral blood cells (PBCs), taken from female NOD mice at different ages,
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was directly compared by microarray analysis to a tissue-matched pooled sample from non-
diabetic MHC-congenic female NOD.B10 mice, derived from 3-wk and 20-wk old animals.
In the PLN of NOD mice, we observed a consistent decrease in 114 gene expression over time,
evidentat 12 wks of age and thereafter (Kodama et al., manuscript submitted). The consistency
of this drop was significant by the Bartholomew trend test (p=0.032), whereas changes in 114
expression in the spleen or PBCs did not reflect a significant trend (data not shown). To validate
this observation, we performed real-time PCR to assess the relative 114 expression in total PLN
from 12-wk old NOD and NOD.B10 mice (samples independent from those used in the
Kodama study). The expression of 114 in the PLN was significantly lower in NOD compared
to NOD.B10 (p=0.02) at 12 wks of age (Fig. 1).

Characterization of DCs used for adoptive cellular gene therapy

Using the protocol described in the method section, a high purity of DC (over 90%) was
achieved at the end of a 6-day culture, without the need for further purification (Fig. 2A). These
culture-expanded DCs were of the myeloid type (CD11c* CD11b*) and did not express CD4
or CD8 (data not shown). Infection with lentiviral particles, performed on day 4 of culture,
typically resulted in 70-80% transduction efficiency with GFP (data not shown), 40-60% with
IL-4-1RES-GFP and 30-40% with the GFP-luciferase fusion vector (Fig. 2B, top left
histogram). Furthermore, lentiviral transduction resulted in increased levels of CD11c (Fig.
2B, middle left histogram; MFI = 1399, 2967 and 2926 for DC/Unt, DC/GLF and DC/IL-4,
respectively), and to a very limited extent, of the maturation markers CD40, CD80 and CD86
(Fig. 2B, right histograms), but had little effect on class Il MHC expression (Fig. 2B, bottom
left histogram). GFP-only transduced DCs did not secrete detectable IL-4 within 36 hours of
re-culture in cytokine-free medium, while IL-4 was secreted by DC/IL-4 in an amount linearly
proportional to the number of transduced cells (Fig. 2C).

IL-4-secreting dendritic cells delay disease onset and confer significant protection

12 wk-old prediabetic female NOD mice received a single 1V injection of PBS, DC/GFP or
DC/IL-4. The blood glucose level of treated mice was measured weekly and the percentage of
diabetic mice over time is shown in Fig. 3. By 30 wks of age, 80% of control (PBS-injected)
mice developed diabetes. In contrast, only 30% of the mice treated with DC/IL-4 had become
diabetic by 35 wks of age, with an onset of disease delayed by 4-8 wks. The protection
conferred by DC/IL-4 was highly significant compared to PBS controls (p=0.000002, Log rank
test). Treatment with DC/GFP had only a limited protective effect, which was not significant
compared to PBS controls (p=0.18, Log rank test).

Dendritic cells preferentially home to the pancreatic lymph nodes

Several investigators have previously reported the presence of transduced DCs in the PLN
following IV injection [28,32]. However, the relative homing specificity to PLN compared to
other lymph nodes and tissues was not addressed. Because homing specificity is an important
component of targeted cellular therapies, we conducted a more systematic analysis of DC
homing to various tissues to identify potential sites of therapeutic effect. To track the
anatomical location of the injected DCs, we transduced DCs with a lentiviral vector carrying
a GFP/firefly luciferase fusion gene (GLF) and intravenously injected 0.5-1x108 GFP* DCs
(Luc* DCs). Recipient mice were monitored by bioluminescence imaging several days after
injection, and 3 mice per group were sacrificed at each time point for biodistribution analysis.
Representative images of bioluminescence activity in vivo, at 24h and 72h after DC/GLF
injection, are shown in Fig. 4A. The biodistribution of Luc* DCs was confirmed by measuring
luciferase activity in homogenized tissues. The total signal (Relative Light Units, or RLU) in
various tissues, as well as the normalized bioluminescence activity (RLU/mg of tissue) are
shown in Fig. 4B and Fig. 4C respectively. High signal was detected 24h after IV injection in
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the well-vascularized tissues such as lungs, liver and spleen, but not in kidneys. In lungs and
liver, luciferase expression was transient and disappeared by day 3. In contrast, the signal in
the spleen and PLN was detected above background for up to a week (Fig. 4 and data not
shown). Interestingly, no or very little signal was measured in mesenteric (MLN), inguinal
(ILN), lumbar (LLN) lymph nodes (Fig. 4B,C), or in renal, brachial and cervical LNs (data not
shown). Other than PLN, only lung-draining lymph nodes had a strong signal, whose intensity
correlated with that of the lungs, but persisted longer (data not shown). We then tested whether
inflammation in the pancreas of NOD mice accounted for the preferential homing of the DCs
to PLN. DCs from NOD.B10 mice, which do not develop insulitis and related inflammation,
were also transduced with GLF and injected into 12-wk old NOD.B10 mice. Again, a strong
normalized luminescent signal was seen in the spleen and PLN, but not in the MLN, ILN and
LLN (Fig. 4D). We also used L2G85 mice (expressing luciferase as a transgene, [34]) bred in
several genetic backgrounds (FVB, NOD, NOD.B10 and BALB/c) to generate DCs and track
their homing in mice of their respective background. Selective homing to PLN was observed
in all these strains (Creusot et al., manuscript in preparation), suggesting that this phenomenon
is general and not related to inflammation in the pancreas or the fact that DCs were lentivirally
transduced. Migration to the thymus was never observed in these experiments.

DC/IL-4 treatment normalizes gene expression in the PLN

Several mechanisms of action have been suggested in the past [6,7,35] for the effect of DC
and/or IL-4 in NOD mice. We opted for a different approach, using microarray analysis, to get
a broader picture of the impact of DC/IL-4 treatment on gene expression in targeted tissues.
Due to cost and time restrictions, we chose to first focus on the PLN, since it is preferentially
targeted by DCs and relevant to the disease. We took advantage of the analysis already done
as part of the NOD Roadmap study (Kodama et al., manuscript submitted, and raw data
available online on http://fathmanlab.stanford.edu/downloads.html). From these data, we
selected genes that were most over- or under-expressed in 12-wk old NOD PLN (untreated, n
=7 mice) compared to control PLN from NOD.B10 (one array per mouse), using a p value of
0.01 as a cut-off. Some of these genes, if not all, may be differentially expressed due to the
NOD disease. Using a logyg ratio >0.45 or <-0.45 (~3 fold difference), we filtered 221 genes.
PLN samples were also obtained from DC/IL-4-treated 12-wk old NOD mice 3 days after DC
injection (n = 9 mice from 2 independent experiments), and gene expression in these samples
was also compared to the same NOD.B10 control (one array per NOD mouse to the pooled
NOD.B10 tissue). Data presented in Table 1 and Fig. 5A illustrate how the expression of these
221 genes has been affected by the treatment (effect considered significant if p<0.05 when
comparing logyg ratios from all untreated NOD/NOD.B10 and treated NOD/NOD.B10 data).
Strikingly, expression in over 85% of these genes was significantly normalized (log ratio
closer to 0, or gene expression more similar to NOD.B10), not significantly changed in about
14%, and significantly changed, but further apart from NOD.B10 levels in less that 1% (two
genes: 4930535B03Rik and Cxcl7). The complete list can be obtained in our supplementary
data (“Restricted list” in the file “DC-1L4 IV analyzed.xIs™). If we relaxed our selection criteria
by taking all genes over- or under-expressed more than 2 fold (log; ratio >0.3 or <-0.3,
p<0.01), about 87% of the 686 genes had their expression normalized by the treatment, ~12%
were unchanged and in less than 1% (3 genes), the difference was enhanced (Table 1). The
complete list can be found in our supplementary data (“Expanded list” in the file “DC-IL4 IV
analyzed.xIs”). The 114 gene was not on the above group of genes because it did not fulfill all
of the criteria (less than 2 fold change between NOD and NOD.B10 in Roadmap study).
However, as expected, there was a significant increase in 114 gene expression (p=0.0002),
which was driven above the NOD.B10 levels (Fig. 5B and supplemental data “Selected genes”
in the file “DC-IL4 1V analyzed.xIs”). Similarly, expression of Gata3 was significantly
increased (p=0.0008), whereas that of Ifng (IFN-y) and Thx1 (T-bet) was not significantly
changed (Supplementary data “Selected genes” in the file “DC-IL4 1V analyzed.xIs”). For
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confirmation, we performed RT-PCR analysis of relative IL-4 and IFN-y expression in total
PLN of individual mice, untreated or 3 days post-treatment (Fig. 5C and 5D respectively). The
increase in 114 expression in total PLN after treatment was highly significant (p=1.2x107°),
while Ifng expression was unchanged (p=0.64). In addition to normalizing most of the genes,
whose expression may have been influenced by the disease (Table 1), DC/IL-4 treatment
induced major changes in gene expression in the PLN. Out of 41,167 features on the Agilent
chip, expression in 5197 of them (12.6%) was significantly up-regulated more than 2 fold in
treated animals ((logyg ratio treated — logy g ratio untreated) >0.3 and p<0.01); examples of such
genes are Cd4, Itgax (CD11c), ll2ra (CD25), Itgae (CD103), Gata3, Traf6, Zap70, 114, 1115,
Tnf (TNF-a), Ccl3/Ccl4 (MIP1-a/p), Ccl20 (MIP-3a), Ccl24 (Eotaxin-2), Ccr3, Ccr4, Cxcr3,
Gzma (granzyme A), Lgalsl (galectin-1), Tnfrsf9 (4-1BB) and TIr3. In addition, expression in
5272 of all features (12.8%) was significantly down-regulated after treatment ((logyg ratio
treated — logs ratio untreated) <-0.3 and p<0.01); this group include Cd28, Ctla4, Stat1,
Stat3, Statba, Stat6, Ifnb1 (IFN-p), Ccl5 (Rantes), Cxcl12 (SDF1-a), 112, 15, 1171, Ifngrl,
Tnfsf11 (TRANCE) and TIr4. The complete list of genes is available in supplementary data
“Changed genes (2x, p<0.01)” in the file “DC-1L4 IV analyzed.xIs”.

DC/IL-4 require MHC expression to protect against diabetes

To address whether the simple delivery of IL-4 to the PLN is sufficient or whether interaction
with T cells is important, we compared treatment with DC/IL-4 from normal NOD mice and
from MHC-deficient (C2ta”’~ p 2m~~) NOD mice (Fig. 6A). Following lentiviral infection,
the two types of DCs were transduced with identical efficiency (Fig. 6B, right histogram). We
also observed no difference in morphology, viability, in the expression of CD11c and CD40
(Fig. 6B, left and middle histograms), as well as in the expression of CD49d (Integrin a4),
CD54 (ICAM-1), CD80 (B7-1), CD86 (B7-2), and CD103 (Integrin aE) by flow cytometry
analysis (data not shown). We treated 12-wk old female NOD mice by IV injection with either
PBS, DC/IL-4 or with the same number of MHC ™/~ DC/IL-4. Only 20% of DC/IL-4 treated
mice were diabetic by 33 wks of age, while over 70% of mice that got MHC ™/~ DC/IL-4 were
diabetic at 29 wks of age (Fig. 6C), a similar incidence to the PBS-treated control mice. Thus,
MHC expression by DCs plays an important role in addition to I1L-4 secretion in the observed
therapeutic effect.

Discussion

In the Roadmap study (Kodama et al., manuscript submitted), IL-4 was one of the very few
cytokines whose gene expression was significantly changed over the course of NOD disease
at the level of the total PLN. In accordance with many previous observations indicating a defect
in IL-4 in both NOD mice and humans with T1D, we observed a deficiency in IL-4 expression
in the NOD PLN relative to diabetes-resistant NOD.B10 PLN, at 12 wks of age (by RT-PCR),
and during the period of disease onset spanning from 12 to 20 wks of age (Roadmap
microarrays). The cause of this deficit in IL-4 expression only in the PLN among tissues
examined in diabetes-prone mice relative to diabetes-resistant mice is difficult to explain,
because an increase in Th1 cytokines was not detected during that time. Moreover, such deficit
was not seen in younger mice (Kodama et al., manuscript submitted). It is interesting that this
reduction in IL-4 expression in the PLN at 12 wks of age precedes the period of onset of
hyperglycemia, and follows a period (between 6 and 12 wks) previously characterized by a
loss of Th2-priming ability by major 8 cell autoantigens [36].

Several groups have reported successful prevention of diabetes by treatment of young NOD
mice (4-5 wks of age) with DCs [37-39]. In contrast, such non-modified DCs have not been
shown to confer protection to old NOD mice with advanced insulitis. Later, Feili-Hariri et
al. [28] used DCs adenovirally-transduced to express IL-4 (Ad4.DCs) in NOD mice at 10 wks
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of age, and obtained significant protection, while control DCs (unmodified or expressing GFP)
had no significant effect. Our study not only confirms these observations, but provides
substantial additional information. First, adenovirus infection renders the DCs more mature
and more immunogenic, whereas lentiviral transduction has no such effect [40]. Feili-Hariri
et al. reported an enhanced CD40, CD80 and CD86 expression, while these markers, as well
as MHC class Il, were not or minimally changed in our case. Moreover, lentiviral transduction
of DCs may enhance their differentiation, as they were found to express higher levels of CD11c,
whereas adenoviral infection tended to reduce CD11c expression [28]. In support of the
immunogenicity issue, Feili-Hariri et al. [28] reported that GFP* Ad.DCs were detected in the
spleen and PLN 24h after injection, but had disappeared by 72h, while we could still detect the
presence of Luc* DCs in these tissues for up to a week. Second, we were able to achieve the
same level of significant protection as did Feili-Hariri et al. [28], ~30% diabetic in treated,
compared to ~80% in controls, using fewer administrations of DC/IL-4 in even older mice (one
versus two injections; 12-wk old versus 10-wk old). Third, despite a similar level of protection
achieved, there was an evident delay of onset seen with DC/IL-4, but not with Ad4.DCs. In
both studies, the control DCs (Ad.DCs or DC/GFP) had a noticeable but insignificant protective
effect.

Some studies involving transduced DCs in prediabetic NOD mice reported the presence of
these cells in both the spleen and PLN after IV injection [28,32], but did not address the
selectivity of DC migration. We set out to determine whether all lymph nodes were equally
targeted using such a systemic route or whether preferential homing specificity existed. To this
end, DCs were lentivirally transduced to express luciferase and injected into 12-wk old NOD
mice. We then followed the biodistribution of the DCs in live animals by bioluminescence
imaging in vivo, and by analysis of various tissues ex vivo. Following IV injection, DCs rapidly
homed to the most vascularized tissues (lungs, liver and spleen). Importantly, we show that
bone marrow-derived DCs do not traffic equally to all lymph nodes. Migration to lung-draining
mediastinal lymph nodes [41] was not so surprising given the strong signal from Luc* DCs
measured in the lungs 24h after injection. However, rapid and specific migration to the PLN
was more surprising to us, given that the tissues they are known to drain (pancreas and
duodenum) did not appear to harbor Luc* DCs. Moreover, we have observed PLN-specific
homing after IV injection in absence of inflammation (in several non-diabetic strains) and in
the absence of lentiviral infection (using DCs from Luc-transgenic mice; Creusot et al.,
manuscript in preparation). It is possible that the PLN has an additional uncharacterized
drainage or expresses a unique set of chemo-attractants. We are currently investigating what
makes the PLN preferentially attract DCs in the absence of inflammation. Although PLN-
specific homing appears to be a general phenomenon, it is a property worth exploiting for DC-
mediated therapy of T1D, and possibly other pancreatic diseases.

Because of its selective targeting and known relevance to T1D, we have focused on the PLN
tissue to address some of the cellular and molecular events that follow the migration of DCs
and the delivery of IL-4. To this end, we first set out to determine by microarray analysis
whether significant changes in gene expression occur in the NOD PLN during the course of
disease, using a control from NOD.B10 PLN as a constant baseline (Kodama et al., manuscript
submitted). For this report, we focused on the genes that were the most over- or under-expressed
in NOD PLN at 12 wks of age, compared to the NOD.B10 PLN control. We hypothesized that
these changes in expression may constitute a signature associated with the beginning of
destructive insulitis (since most of these particular changes were not seen in younger mice).
Using an arbitrary threshold of ~3-fold difference in expression level (with a significance value
of p<0.01), 221 genes were identified, the great majority of which (214) were under-expressed
in NOD PLN (Supplementary data “Restricted list” in file “DC-IL4 IV analyzed.xIs™). Using
PLN samples obtained 3 days after 1V injection of DC/IL-4 in NOD mice, we performed
microarray analysis against the same NOD.B10 PLN control, in order to assess the effect of
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the treatment on the expression level of these genes. We showed that >85% of these 221 genes
become significantly normalized (expression driven back towards NOD.B10 levels, with a p
value <0.05 between untreated and treated). Less than 1% of the genes had their expression
driven significantly further apart from the NOD.B10 levels. Similar results were seen by
relaxing the threshold to a 2-fold difference in expression between NOD and NOD.B10
(p<0.01), which yielded 686 genes, >87% of which were significantly normalized by DC/IL-4
treatment (Supplementary data “Expanded list” in file “DC-1L4 IV analyzed.xIs”). The possible
relevance of these genes in the disease process is discussed elsewhere (Kodama et al.,
manuscript submitted). However, it is interesting that few immune-associated genes appear in
this list of 221 genes. One example is galectin-1 (Lgalsl), which is known to hinder
proliferation and promote apoptosis of activated T cells [42]. Galectin-1 was significantly
under-expressed at 12 wks of age in the PLN, but its expression was corrected by treatment
with DC/IL-4. This fits nicely with the report that DCs modified to express galectin-1 can delay
the onset of diabetes [32]. The genes that were normalized do not belong to particular
‘biological process’ or ‘molecular function’ categories (Gene Ontology data, not shown).
However, the most under-expressed genes (214 genes) may have more in common in terms of
their regulation. For example, a good number of them (Gatm, Ambp, Gal, Chgb, Pap, Tff2,
Aldhlal, Ins2, Camp, S100a9, S100a8, Ltf) are believed to be AIRE-regulated [43,44]. All but
one (§100a9) had their expression up-regulated by treatment and half of them significantly,
although the expression of Aire was not changed (p=0.93). Furthermore, many among the most
under-expressed genes in the PLN are islet-specific (Gcg, Insl, Ins2, Sst, Reg2, Reg3a, Pap
(Reg3Db), Ingaprp (Reg3d)), and may represent tissue-restricted antigens, regulated by AIRE
and/or other factors. They were all up-regulated after treatment (all but Ins1 and Ins2 were
significantly normalized). These observations point toward a possible defect in the
maintenance of peripheral tolerance against islet antigens, which may be partially corrected
by DC/IL-4 treatment. We are now further investigating the relevance of the changes affecting
the expression of these genes.

We then analyzed all the genes, whose expression was changed in NOD PLN by DC/IL-4
treatment, regardless of whether they were over-, under- or normally expressed relative to
NOD.B10 PLN. The number of genes significantly changed by treatment (p<0.01) was very
high: about 1/8t of all the microarray features showed up-regulation, and another 1/8t" showed
down-regulation. It is at this point difficult to draw many conclusions until we can further
dissect which cell types are responsible for these changes. This is complicated by the fact that
most cell types in lymph nodes express IL-4Ra. (data not shown). Our data are in agreement
with a previously proposed Th2 deviation as mechanism of action, demonstrated by the
significant increase in expression of some Th2 genes (114, Gata3, Ccl24), while expression of
typical Thl genes, such as Ifng and Tbx1, was not changed. The effect on IL-4 and IFN-y
expression was confirmed by RT-PCR, again at the level of the whole PLN tissue. This suggests
that changes at the level of the responsible cell types may be even more dramatic.

Remarkably, DCs can be detected in the PLN within a few hours after injection (Creusot et
al., manuscript in preparation) and transgene expression can be measured up to a week after
injection. We have focused our analysis on day 3 after injection, a time at which DCs have
cleared from most tissues, except the spleen and the PLN. As shown above, DC/IL-4 induced
profound effects in the PLN, and as a consequence, the majority of treated mice were protected
long-term. The effects on the spleen remain to be investigated. As seen in the Roadmap study
(Kodama et al., manuscript submitted), genes that were significantly over- or under-expressed
in 12-wk old NOD (compared to NOD.B10 control) did not overlap very much between spleen
and PLN. In addition, we have studied the migration of Luc* DCs and the therapeutic effect
of DC/IL-4 after intraperitoneal (IP) injection. Although DCs homed more efficiently to the
PLN after IP injection, their migration to the spleen was very poor compared to IV injection
(Creusot et al., manuscript in preparation). We also observed that IP-injected DC/IL-4
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significantly protected NOD mice, but not as efficiently as 1VV-injected DC/IL-4 (data not
shown), suggesting that the spleen may also play an important role.

Finally, we have demonstrated that MHC class | and class Il deficient DCs, transduced to
express IL-4, fail to confer protection. A likely explanation is that the protection is T cell-
mediated and that DCs are required to crosspresent antigens and to interact with T cells, while
providing them with IL-4 in a paracrine manner. However, we are currently testing the
possibility that MHC-deficient DCs may, to some extent, be impaired in their ability to
efficiently home to the spleen and PLN.

Overall, our data demonstrate that therapeutic DCs (here, expressing IL-4) can effectively work
at a later age than previously reported to prevent or delay the onset of hyperglycemia in NOD
mice. Their effect required MHC expression, and in the PLN, was characterized by the
normalization of many genes that were under-expressed during the late prediabetic stage of
T1D (12-wk old NOD compared to NOD.B10). Th2 deviation may not be the only mechanism
by which DC/IL-4 prevent disease; restoration of peripheral tolerance to islet antigen is another
possibility that we are now investigating. Moreover, the restricted tissue (in particular PLN)
homing specificity of these therapeutic DCs has provided implications for their use in clinical
studies. Molecular imaging of monocyte-derived DCs, the human myeloid equivalent of
murine bone marrow-derived DCs, will be required to confirm similar homing properties in
man. High resolution and sensitive techniques such as positron emission tomography, using
the Herpes Simplex Virus 1 thymidine kinase reporter gene and the 9-[4-[18F]fluoro-3-
(hydroxymethyl)butyl]guanine probe [45], combined with computed tomography can safely
be applied to human patients to address the possible use of modified DCs in terms of homing
and therapeutic potential. Furthermore, the potential of DC/IL-4 to reverse overt disease
(ongoing hyperglycemia) will be explored.

Supplementary data

All microarray data (~41K features) relative to the comparison of untreated NOD/NOD.B10
with DC/IL-4 treated NOD/NOD.B10 can be found on the file “DC-IL4 IV raw data.x|s” from
http://fathmanlab.stanford.edu/therapy.html. All analyzed data presented in this article can be
found on the file “DC-1L4 1V analyzed.xlIs” from the same URL address. In this file, sheets
“Restricted list” and “Expanded list” contain the list of genes that were significantly over-
(column M in red) or under-expressed (column M in blue) in PLN of 12-wk old NOD mice
compared by two-color microarray analysis to the NOD.B10 tissue matched control (p<0.01).
Logs ratios (NOD/NOD.B10) are shown for each mouse and mean + SD (n=7, RM1 to RM7).
The “Expanded list” shows all genes that were over- or under-expressed more than 2 fold
(logqg ratio >0.3 or <-0.3, 686 genes total), while the “Restricted list” only shows genes that
were over- or under-expressed more than ~3 fold (logyq ratio >0.45 or <-0.45, 221 genes total).
The logg ratios (DC/IL-4-treated NOD/NOD.B10) are shown for each treated mouse and mean
+ SD (n=9, DC1 to DC9). PLN samples DC1 to DC9 were obtained from two independent
experiments, and compared by microarray analysis to the same NOD.B10 PLN control as with
the untreated samples. T-test (column AA) was used to calculate the significance of gene
expression changes between untreated and treated mice. If p<0.05, the expression was
considered normalized (gene expression more similar to NOD.B10) or, for a few genes only,
enhanced (gene expression further under- or over-expressed). If p>0.05, the expression was
considered not significantly changed (shown in grey). Genes highlighted in yellow were
detected by more than one probe on the microarray. These probes showed similar results and
the values were averaged for each multiprobe gene (number of probes indicated). If a gene is
comprised within an Idd region, the 1dd region was indicated also. The sheet “Changed genes
(p<0.01)” contains all genes that were significantly up-regulated (highlighted in red on column
AA) and down-regulated (highlighted in blue on column AA). The sheet “Selected genes”
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contains a list of immunologically relevant genes selected from the previous list, some of which
have been mentioned in the article as example.
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Figure 1.

IL-4 deficiency in the PLN of 12-wk old NOD mice. IL-4 expression in the PLN of 12-wk old
euglycemic NOD (n=9) and NOD.B10 (n=9) was determined by RT-PCR. The expression was
normalized to B actin. Individual values and mean are shown and T-test was applied for
statistical analysis.
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Figure 2.

Characterization of DCs used for adoptive cellular gene therapy. Untransduced DCs (DC/Unt)
and transduced DCs (DC/GLF and DC/IL-4) were analyzed by flow cytometry. Plots were all
gated on live DCs based on FSc and PI profile. (A) Purity was determined based on CD11c
and CD11b expression. (B) Transduction efficiency was assessed by GFP expression on live
DCs. Surface marker levels (CD11c, CD40, CD80, CD86 and class 11 MHC 1-A37) were
analyzed on total live DCs for DC/Unt (grey-filled histograms), or on the GFP* live DC fraction
for DC/GLF (dashed line) and DC/IL-4 (thick line). (C) After harvest on day 6, transduced
DCs (DC/GFP and DC/IL-4) were re-plated at various cell numbers in cytokine-free medium
for another 36h, after which supernatant was collected and used for ELISA (one of two
representative experiments shown).
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Figure 3.

Incidence of diabetes after IV treatment of 12-wk old prediabetic female NOD mice with PBS,
DC/GFP or DC/IL-4. Combined results from 3 similar, independent experiments (5-7.5x10°
GFP* DCs/mouse) are shown. Statistical analysis: PBS vs DC/IL-4, p=2x10~6 by Log Rank
and 5x10~% by Wilcoxon; PBS vs DC/GFP, p=0.18 by Log Rank and Wilcoxon; DC/GFP vs
DC/IL-4, p=0.002 by Log Rank and Wilcoxon.
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Figure 4.
In vivo bioluminescence imaging (A) and biodistribution analysis (B, C) of Luc* NOD DCs,

1 and 3 days after IV injection. DC/GLF (1x108 GFP* cells) were injected into 12-wk old
euglycemic NOD mice. Mice were imaged live at various time points (A), and some of them
sacrificed for biodistribution analysis. Total luciferase activity in tissues (B) and normalized
activity per mg tissue (C) are shown (mean £ SE, n=3 mice per time point, one of two similar
experiments shown). Migration of Luct NOD.B10 DCs after IV injection (5x10° GFP+ cells/
mouse) into 12-wk old NOD.B10 mice was also evaluated. Panel (D) shows normalized
luciferase activity per mg tissue at different time points after IV injection (mean + SE, n=3
mice per time point). Abbreviations: SPL, spleen; PLN, pancreatic LNs; MLN, mesenteric
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LNs; ILN, inguinal LNs; LLN, lumbar LNs; THY, thymus; PCS, pancreas; LIV, liver (left
lobe only); LGS, lungs; KID, kidney; INT, ileum part of intestine.
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Figure 5.

Changes in gene expression induced by DC/IL-4 in the PLN of 12 wk-old NOD mice. (A)
Gene expression in PLN from female NOD mice, untreated (n=7) or treated with DC/IL-4 iv
(n=9), was analyzed against a tissue-matched control from female NOD.B10 mice. A total of
221 genes, which expression was ~3 fold over- (logyg ratio >0.45) or under-expressed (10g1g
ratio <-0.45) in NOD compared to NOD.B10 (p<0.01) were selected. Their change, 3 days
following treatment with DC/IL-4, was graphically represented in three groups (normalized,
unchanged or enhanced; mean of log ratios = SD) using data shown on Table 1. Normalized
or enhanced gene expression were significantly changed by DC/IL-4 treatment (p<0.05). (B)
IL-4 expression in NOD PLN, relative to NOD.B10 control, before and after DC/IL-4 treatment
(mean £ SD; p=0.0002, T-test). IL-4 was not part of the above genes, because although
significantly under-expressed, its logyq ratio was <0.45. (C, D) Relative expression of IL-4
(C) and IFN-y (D) by RT-PCR in PLN of untreated or DC/IL-4-treated 12-wk old NOD mice
(individual results and mean; data normalized to B actin; T-test applied).
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Figure 6.

MHC expression is required for protection in addition to IL-4 secretion. (A) Class | and class
Il MHC expression on DCs from normal or MHC ™~ NOD mice. (B) Similar expression of
CD11c, CD40 and transduction efficiency in DCs from normal or MHC ™~ NOD mice. (C)
Incidence of diabetes after IV treatment of 12-wk old prediabetic female NOD mice with either
PBS, DC/IL-4 or MHC ™/~ DC/IL-4 (7.5x10° GFP* DCs/mouse). Statistical analysis (Log Rank
test): PBS vs DC/IL-4, p=0.02; PBS vs MHC ™~ DC/IL-4, p=0.6; MHC ™/~ DC/IL-4 vs DC/
IL-4, p=0.05.
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Table 1
Effect of DC/IL-4 treatment on the most over- or under-expressed genes in the PLN of 12-wk old NOD mice (relative
to NOD.B10 control). The two halves of the table shows the fate, following DC/IL-4 treatment, of the genes that there
~3 fold (top) or 2 fold (bottom) over- or under-expressed in NOD mice. The list of 2-fold changed (“Expanded list™)
and 3-fold changed (“Restricted list”) genes can be found on the file “DC-IL4 IV analyzed.xls” fro
m http://fathmanlab.stanford.edu/therapy.html.

Genes changed in Roadmap (> 3 fold)
Effect of DC/IL-4 i Up (log ratio>0.45) Down (log ratio<-0.45) Total
Normalized (p<0.05) 5 (71.4%) 183 (85.5%) 188 (85.1%))
Unchanged (p>0.05) 1(14.3 %) 30 (14%) 31 (14%)
Enhanced (p<0.05) 1(14.3%) 1 (0.5%) 2 (0.9%)
Total 7 214 221
Genes changed in Roadmap (> 2 fold) (include above genes)

Effect of DC/IL-4 iv Up (log ratio>0.3) Down (log ratio<-0.3) Total
Normalized (p<0.05) 71 (76.3%) 527 (88.9%) 598 (87.2%)
Unchanged (p>0.05) 20 (21.5%) 65 (11%) 85 (12.4%)
Enhanced (p<0.05) 2(2.2%) 1(0.1%) 3(0.4%)
Total 93 593 686
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