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Type 1 diabetes is due to destruction of pancreatic p-cells. Lysine
deacetylase inhibitors (KDACi) protect p-cells from inflammatory
destruction in vitro and are promising immunomodulators. Here
we demonstrate that the clinically well-tolerated KDACi vorinostat
and givinostat revert diabetes in the nonobese diabetic (NOD)
mouse model of type 1 diabetes and counteract inflammatory tar-
get cell damage by a mechanism of action consistent with tran-
scription factor—rather than global chromatin—hyperacetylation.
Weaning NOD mice received low doses of vorinostat and givino-
stat in their drinking water until 100-120 d of age. Diabetes in-
cidence was reduced by 38% and 45%, respectively, there was a
15% increase in the percentage of islets without infiltration, and
pancreatic insulin content increased by 200%. Vorinostat treat-
ment increased the frequency of functional regulatory T-cell sub-
sets and their transcription factors Gata3 and FoxP3 in parallel to a
decrease in inflammatory dendritic cell subsets and their cytokines
IL-6, IL-12, and TNF-a. KDACi also inhibited LPS-induced Cox-2 ex-
pression in peritoneal macrophages from C57BL/6 and NOD mice.
In insulin-producing p-cells, givinostat did not upregulate expres-
sion of the anti-inflammatory genes Socs7-3 or sirtuin-1 but re-
duced levels of IL-18 + IFN-y-induced proinflammatory Il1a, Il1b,
Tnfa, Fas, Cxcl2, and reduced cytokine-induced ERK phosphoryla-
tion. Further, NF-xB genomic iNos promoter binding was reduced
by 50%, and NF-xB-dependent mRNA expression was blocked.
These effects were associated with NF-kB subunit p65 hyperacety-
lation. Taken together, these data provide a rationale for clinical
trials of safety and efficacy of KDACi in patients with autoimmune
disease such as type 1 diabetes.
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Ithough there is progress in controlling autoimmune dis-

eases, therapies are limited by the risks and adverse effects
of conventional immunosuppression, and patients require life-
long therapy. Novel well-tolerated oral drugs that restore T-cell
regulation, reduce target organ inflammation, and inhibit in-
flammatory target cell damage would represent a major advance.
Recently, small-molecule drugs that revert posttranslational pro-
tein acetylation by inhibiting lysine deacetylase (KDAC) activity
have shown promise as oral immunomodulatory therapeutics.
KDAC inhibitors (KDACiH) (i) reduce dendritic cell (DC) driven
differentiation of naive T lymphocytes toward a T helper (Th)1
and Th17 phenotype (1); (if) promote regulatory T-cell (Treg) sup-
pressive phenotype and function (2); (iii) reduce proinflammatory
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cytokine production from human peripheral blood mononuclear
cells and serum cytokine levels in mice (3); and (iv) protect target
cells from inflammatory insults (4). Safety and tolerability is par-
amount; thus, a phase I/II study of the KDACi givinostat in chil-
dren with systemic-onset juvenile idiopathic arthritis (SOJIA)
revealed the benefit and safety of 1.5 mg/kg for 12 wk yielding
twice daily peak blood levels of 125-200 nM (5). Importantly
the anti-inflammatory properties of KDACi are exerted at
~100-fold lower concentrations than those needed to reduce tumor
size in vitro and in animals (3).

Type 1 diabetes is a prototypic autoimmune disease (6). Pro-
inflammatory cytokines such as IL-18, TNF-a, and IFN-y impair
the function and viability of pancreatic p-cells via NF-kB,
STAT1, and MAPK signaling and endoplasmic reticulum stress
and mitochondrial death pathways (6-8). Anticytokine strategies
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improve p-cell secretory function and glycated hemoglobin in
patients with type 2 diabetes (9). Insulin-producing p-cells ex-
press all classical KDACs (10), and the KDACi vorinostat and
givinostat preserve islet insulin release and prevent cytokine-
induced cell death in vitro and NO production in vivo (4, 10, 11).
In addition, givinostat reduces diabetes in the Kilham virus animal
model of type 1 diabetes without affecting virus-specific adaptive
immunity (12). However, the efficacy of orally active, clinically
tolerated KDAC: in preventing disease in an autoimmune model
of diabetes has not been investigated, and the underlying cellular
and molecular protective mechanisms are poorly understood.
Therefore, we administered vorinostat and givinostat in the
drinking water from weaning until 100-120 d of age to nonobese
diabetic (NOD) mice spontaneously developing autoimmune
diabetes and determined the incidence of diabetes and param-
eters of immune function, as well as the molecular mechanism of
action of low concentrations of these KDACI in the p-cell.

Results

Oral Administration of KDACi Reduces Autoimmune Diabetes Incidence
and Severity, Restores Regulatory T Cells in NOD Mice, and Moderates
Inflammatory DC Numbers and Activity. Daily administration of
vorinostat (50 mg/kg) or givinostat (1 mg/kg) for 80 or 100 d, re-
spectively, to weaning female NOD mice via the drinking water
provided long-term protection against diabetes, even after dis-
continuation of treatment (Fig. 1). Vorinostat treatment reduced
cumulative diabetes incidence to 12% compared with 50% of
vehicle-treated (P < 0.05) and 72% of untreated controls at 250 d
of age (P < 0.001; Fig. 14). Accordingly, givinostat-treated ani-
mals had an incidence of 25% in contrast to 69% in the control
groups (P < 0.05; Fig. 1B). Further, disease onset was delayed
(168 + 25 vs. 128 + 17 and 116 + 10 d in vorinostat- vs. vehicle-
and untreated controls, P < 0.05 and P < 0.001, respectively), and
severity was decreased (273 + 10 vs. 400 + 75 mg/dL glucose in
vorinostat- vs. untreated controls, P < 0.05). KDACi-treated mice
had normal weight curves (Fig. S14). Vorinostat treatment
reduced overall mean insulitis score (Fig. 1C) corresponding to a
statistically significant increase in the percentage of islets without
infiltration (16 + 4% vs. 1 + 2% and 2 + 1% grade 0 islets in
vehicle- and untreated controls; P < 0.05; Fig. 1 D and F). Ac-
cordingly, vorinostat treatment increased pancreatic insulin con-
tent (Fig. 1E). KDACi did not prevent diabetes recurrence after
syngeneic islet grafting in diabetic NOD mice (Table S1).
Despite the presence of givinostat in plasma from treated ani-
mals (~3 nM; Table S2), we did not observe histone H3 hyper-
acetylation in pancreas or immune tissues [spleen and pancreatic
draining lymph nodes (pLNs)] from treated mice (Fig. S1B). As
a control for the histone acetylation assay, peritoneal macrophages
isolated from prediabetic NOD mice preexposed for 1 h to givi-
nostat (100 nM) or vorinostat (1 pM) demonstrated clear histone
H3 hyperacetylation after 6 h of additional culture (Fig. S1B).
Lysine deacetylase targeting induces functional Tregs without
disturbing T-cell effector activity (2, 13). Vorinostat treatment
increased CD47CD25" Tregs in spleen but not in pLNs (Fig. 2 4
and B). Gata3, FoxP3, and IL10 gene expression was increased in
total spleen homogenate from vorinostat-treated mice (Fig. 2
C-E). FoxP3 and Gata3 are characteristic of naturally occurring
Tregs and Th2 cells, respectively. We further demonstrated that
CD4"CD25" Tregs were also positive for FoxP3 and CD62L at
the protein level (Fig. S2 A and B). Functionality of the putative
Tregs was confirmed, as CD4"CD25" T cells isolated from pro-
tected NOD mice under active KDACi treatment also inhibited
autologous CD4*CD25™ responder T-cell proliferation by an av-
erage of 53 + 1% at a 1:1 ratio (Fig. S34). In mixed lymphocyte
reactions, vorinostat had no influence on T-cell proliferative re-
sponse of CD4"CD25~ effector T cells isolated from protected
NOD mice after allogeneic stimulation; however, [FN-y secretion
was reduced (Fig. S3B). In line with the ability of KDACi to
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Fig. 1. KDACGi inhibits diabetes incidence in diabetes-prone NOD mice as-
sociated with a reduction in insulitis score and improvement in pancreatic
insulin content. (A) Diabetes incidence is shown for untreated (n = 11; @),
vehicle-treated (n = 14; W) or vorinostat-treated (50 mg/kg, via drinking
water; n = 17; 4) mice. (B) Diabetes incidence is shown for untreated (n =
13; @), vehicle-treated (n = 13; W), or givinostat-treated (1 mg/kg, via
drinking water; n = 12; V) mice. All mice were monitored for the de-
velopment of spontaneous disease until more than 250 d of age. *vs. control;
Svs. vehicle. One symbol, P < 0.05; three symbols, P < 0.001. Pancreata from
250-d-old untreated (Control), vehicle- or vorinostat-treated mice were
stained with H&E to determine insulitis severity (C, D, and F). Pancreatic islets
were scored for the presence of mononuclear infiltration: 0, no insulitis; 1,
peri-insulitis; 2, islets with lymphocyte infiltration in less than 50% of the
area; 3, islets with lymphocyte infiltration in more than 50% of the area; 4,
islets completely destroyed. (D) For each score (0: white; 1: white hatched; 2:
gray; 3: gray hatched; 4: black), the percentage of infiltrated of the total
number of islets was calculated. (E) Pancreatic insulin content was deter-
mined as described in Methods. Data in C and E are means + SEM from four
to eight mice per group (C-E). *vs. control; Svs. vehicle. One symbol: P < 0.05;
two symbols: P < 0.01; three symbols: P < 0.001. (F) Representative staining.

increase the percentage of T cells with a regulatory profile, ab-
solute CD4*CD25% T-cell numbers in splenic isolates from
vorinostat-treated mice were also increased (25.3 + 8.2 vs. 14.6 +
1.5 and 18.6 + 3.0 CD4"CD25" T cells per thousand cells
compared with vehicle- and untreated mice; P < 0.05). Phar-
macological targeting of KDACs has also been reported to
trigger important changes in DC subsets and function, which are
fundamental in initiating modulation of the host immune system
(3, 14, 15). Vorinostat-treated NOD mice showed slightly de-
creased levels of CD11c*CD11b* bona fide myeloid DCs in
spleen and pLNs (Fig. S2C), and CD11c¢" DCs from vorinostat-
treated mice displayed a moderate decrease in spontaneous se-
cretion of IL-6, IL-12p70, and TNF-a (Fig. S2D).

KDACi Reduces Human Islet Cell Death and Resets Aberrant Islet Cell
and Leukocyte Proinflammatory Gene Expression. KDACi reduce
expression and secretion of several proinflammatory cytokines
from human and rodent leukocytes (3) and proinflammatory cy-
tokine-induced death in rodent B-cells (11). It is unknown whether
KDAC: also reduce proinflammatory cytokine cell death in human
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Fig. 2. KDAC inhibition increases percentages of Treg subsets and their
transcription factors. Frequency of CD47CD25" Tregs in spleen (A) and
pancreatic draining lymph nodes (pLN) (B) from vorinostat- (vori), vehicle-
(veh), and untreated (Ctrl) NOD mice at 250 d of age by fluorescence assisted
cell sorting. (C-E) Expression of FoxP3, GATA3, and /10 in spleen from vor-
inostat-, vehicle-, and untreated NOD mice (at 250 d of age). Data are pre-
sented as means + SEM. (A and B) Three to eight mice per group. (C-E) Three
independent experiments (with two to four mice per group). #vs. control;
Svs. vehicle. One symbol, P < 0.05; two symbols, P < 0.01.

islets. Both givinostat and vorinostat reduced cytokine-induced cell
death, although the effect of vorinostat failed to reach statistical
significance (Fig. 34). Further, vorinostat reduced iNOS mRNA
(Fig. 3B) in human islets.

To investigate the p-cell protective mechanisms of action, we
performed an explorative microarray study in isolated rat islets
exposed to IL-1p and IFN-y in the presence or absence of KDAC
inhibition. Network analysis clustered around a reduction in
inflammatory mediators and their signaling pathways (Fig. S4)
including NF-kB and the classical MAPKs JNK, ERK, and p38.
Real-time quantitative PCR (qPCR) validation verified that
KDAC: abrogated induction of ///a, and I/7b mRNA expression
(Fig. 3C) and reduced Cxcl2, Fas, and Tnfa mRNA levels (Fig.
3C), whereas Cxcl10 (IP-10) was unaffected (Fig. 3C). Of note,
KDAC: did not upregulate expression of the anti-inflammatory
genes SocsI-3 or sirtuin-1 (Fig. S5).

We then investigated if KDAC inhibition reduced the ex-
pression of these inflammatory mediators in mouse leukocytes.
Givinostat inhibited LPS-induced expression of /1b, 16, Tnfa,
and Cox2 in peritoneal macrophages from NOD mice and non-
diabetes-prone C57BL/6 mice (Fig. S6).

Givinostat Inhibits ERK Activation. The microarray analysis of rat
islets suggested that KDACIi reduce cytokine-signaling via the
classical MAPK ERK, JNK, and p38 pathways known to be
important in cytokine-induced p-cell death (6). To validate this
possibility, we assessed the effect of givinostat (125 nM) on cy-
tokine-induced ERK, JNK, and p38 phosphorylation. Givinostat
inhibited cytokine-induced ERK phosphorylation in INS-1 cells,
but neither JNK nor p38 phosphorylation was affected (Fig. S7).

KDAC Activity Controls Cytokine-Induced NF-xB Subunit p65
Transcriptional Activity and DNA Binding in $-Cells by p65 Deacetylation.
ERK activity is required for NF-kB activity in p-cells (16), and
our microarray analysis and previous studies (17-19) suggested
that NF-xB is a central target for KDACi. We have previously
shown that cytokine-induced inhibitor IxkBa degradation is in-
dependent of KDAC activity (4). We show here that givinostat
inhibited cytokine-induced NF-xB activity (Fig. 44) and ex-
pression of the NF-kB-dependent genes iNos in human and
rodent islets (Figs. 3B and 4B) and IxBa in INS-1 cells (Fig.
4C). However, givinostat did not prevent nuclear accumulation
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of p65 (Fig. 4D). We therefore asked if givinostat reduced
NF-kB binding to promoter elements using a ChIP assay followed
by real-time qPCR for detection of NF-kB subunit p65 binding to
the proximal and distal NF-kB sites in the native iNos promoter in
genomic DNA from insulin-producing cells (20). Cytokine expo-
sure increased recruitment of p65 to the iNos promoter (Fig. 4 E
and F), and givinostat significantly reduced the binding by ~50%
(Fig. 4G). Reduction in iNos promoter binding was associated
with p65 hyperacetylation (Fig. 4H). Taken together, these data
suggest that KDAC activity in insulin-producing cells is important
for cytokine-induced NF-kB transcriptional activity, but not nu-
clear translocation, by direct p65 deacetylation.

Discussion

Here we show that low doses of the clinically tolerated KDACi
vorinostat and givinostat administered orally to weaning NOD
mice reduced diabetes incidence and delayed disease onset
without apparent adverse effects. Remarkably, protection against
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Fig. 3. KDAC inhibition reduces cytokine-induced cell death in human islets
and resets aberrant cytokine-induced islet cell proinflammatory gene ex-
pression. (A) Human islets isolated from three donors were precultured for
1 h with the KDAC inhibitors givinostat (giv, 500 nM) or vorinostat (vori,
1 pM) before adding a combination (Mix) of cytokines (150 pg/mL IL-1p +
10 ng/mL IFN-y + 50 ng/mL TNF-a). Islets were cultured with Mix for 6 d be-
fore determining cell death (Cell Death Detection ELISA; P values indicate
comparisons with Mix). (B) IL-1p+ IFN-y+ TNF-a (Mix) induced iNOS mRNA
in isolated human islets with or without vorinostat (vori, 10 uM) preexposure
(*P < 0.05 vs. Mix, n = 3). (C) INS-1 cells were cultured for 1, 3, or 6 h in the
presence (filled bars, CYT) or absence [open bars, Control (Ctrl)] of IL-1p (150 pg/
mL) + IFNy (5 ng/mL). Givinostat (giv, 125 nM) was added 1 h before cytokine
exposure (vertically hatched bars). Total RNA was isolated, cDNA was gener-
ated by reverse transcription, and expression of genes was quantified by real-
time quantitative PCR. Data were normalized to the reference gene Hprtl.
Data from four to six independent experiments are presented as mean fold +
SEM compared with Ctrl condition with time points indicated. ***P < 0.001 vs.
control; **P < 0.05, **P < 0.01, and *P < 0.001 vs. CYT; and *P = 0.06 vs. Cyt.
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in INS-1 cells with or without givinostat (giv, 125 nM) preexposure (**P <
0.01 vs. CYT, n = 6). (B) Cyt induced iNos mRNA in isolated rat islets with or
without vori (500 nM) preexposure (***P < 0.001 vs. Cyt, n = 3). (C) IkBa
expression in INS-1 cells preexposed to givinostat (giv, 125 nM) for 1 h, be-
fore addition of CYT for 30 min (n = 6). ***P < 0.001 vs. Ctrl and *P < 0.001
vs. CYT. (D) IL-1B+ IFN-y (CYT)-induced p65 nuclear accumulation. INS-1 cells
were cultured for indicated time periods in the presence or absence of CYT
with or without givinostat (giv, 125 nM) preexposure (*P < 0.05 vs. CYT n =
3). (E and F) IL-1p+ IFN-y (CYT)-induced p65 recruitment to genomic iNos
promoter at proximal and distal p65 binding sites, respectively. INS-1 cells
were cultured for indicated time periods with or without preexposure to
givinostat (giv, 250 nM). Graphs show fold enrichment data from one rep-
resentative out of four independent experiments. (G) Quantification of E
and F: area under curves for the two binding sites were added and sub-
tracted background signal (*P < 0.05 vs. CYT, n = 4). (H) Acetylation of p65
was determined after 90-min exposure to IL-1p + IFN-y by cross-immunopre-
cipitation; representative blots from one of three independent experiments
are shown. All data are presented as means + SEM. AcK, acetylated lysine.

autoimmune diabetes was maintained after treatment discontin-
uation and accompanied by reduced islet infiltration and increased
pancreatic insulin content. KDACi administration increased func-
tional Treg frequency as well as splenic IL-10 production and
modestly suppressed inflammatory DC subset numbers and their
production of IL-6, IL-12, and TNF-a compared with vehicle.
These data indicate that KDACi administration counteracts di-
abetes immunopathogenesis and provides long-term homeostatic
immune regulation primarily by enhancing Treg (CD4*CD25"
FoxP3™) cell numbers (2) and secondarily via reduction of in-
flammatory DCs and their cytokines. The lack of detectable in
vivo H3 hyperacetylation in pancreatic and immune tissues
from protected animals together with lack of up-regulated pro-
tective genes suggests that hyperacetylation of proteins other
than nuclear histones (e.g., transcription factors) is the main
mechanism of action. In vitro, we found that KDAC inhibition
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prevented cytokine-induced ERK phosphorylation, caused p65
hyperacetylation associated with reduced NF-kB genomic iNos
promoter binding, and inhibited cytokine induction of NF-xB-
dependent genes iNOS and IxBa without affecting p65 nuclear
translocation. We cannot, however, exclude the possibility that
hyperacetylation of specific histone sites contributes to givino-
stat-mediated reduced NF-kB DNA binding.

Our findings have considerable translational potential because
the in vitro and in vivo protection was obtained at KDACi doses
compatible with concentrations obtained after oral dosing in
humans (5, 21). Givinostat reduced diabetes incidence in vivo at
a serum concentration of ~3 nM of the active metabolite (Table
S2). Numerous studies have investigated the safety and phar-
macokinetics of givinostat in animal models and clinical trials
(3). In a recent phase I human trial, 50-100 mg of givinostat per
day, corresponding to a minimum concentration of the active
givinostat metabolite of ~5.6-8.3 nM, was safe (21), in agreement
with studies where low-dose oral administration of givinostat to
children with systemic onset juvenile idiopathic arthritis (22) or
vorinostat to patients with graft vs. host disease (23) were effective
and safe. Therefore, concentrations of orally active givinostat used
in vivo and in vitro in our study are clinically feasible, safe, and
effective. Although we did not measure vorinostat plasma levels in
the treated NOD mice, the dose used was clinically relevant, be-
cause oral administration of 50 mg/kg of vorinostat in mice in
other studies resulted in a plasma concentrations equal to those
obtained by safe and tolerated doses in humans (24, 25).

A further argument in favor of the clinical relevance of our
findings is the striking similarity in mechanism of action to that
observed in human inflammatory disease. Thus, in graft vs. host
disease, vorinostat treatment led to hyperacetylation of the
STAT3 transcription factor and increased expression of FoxP3
mRNA and percent and total numbers of CD4*CD25*CD127~
Tregs in peripheral blood mononuclear cells (PBMCs) in study
patients compared with control or normal healthy patients (23,
26). Further, PBMCs from the study patients stimulated with the
TLR agonist LPS ex vivo demonstrated reduced secretion of
TNFa and IL-6 compared with controls or healthy volunteers (23).

IL-17 expression in splenocytes was not detectable after vor-
inostat treatment. The finding that KDAC inhibition selectively
inhibits production of Thl- in addition to Th17-inducing cyto-
kines such as IL-12, TNF-a, and IL-6 by DCs and LPS-stimulated
macrophages from autoimmune diabetes-prone animals offers
an attractive mechanism to control pathology and induce tol-
erogenic rather than effector immune responses in type 1 di-
abetes. In addition to NF-kB and STAT3, activation of other
transcription factors such as GATA3 and FoxP3, essential reg-
ulators of Th2 and Treg development and function, respectively,
are dependent on protein acetylation (2, 27). Accordingly, vor-
inostat increased splenic GATA3 and FoxP3 gene expression, as
well as the frequency of CD4*CD25"FoxP3* Tregs.

Cytokines activate the ERK1/2, JNK, and p38 cascades in
insulin-producing cells and ERK regulates NF-kB activation (16,
28, 29). Cytokine-induced ERK phosphorylation was reduced by
givinostat in INS-1 cells (Fig. S7). In H322 lung cancer cells,
KDACi hyperacetylates the chaperone heat shock protein
(Hsp90) disrupting binding to Hsp90 binding clients (e.g., Erbl)
that are upstream mediators of ERK activation, thereby desta-
bilizing and depleting upstream ERK activators (30). In parallel
to reduced p65 DNA binding, KDACi-mediated Hsp90 chap-
erone deficiency may thus contribute to KDACi-mediated in-
hibition of NF-kB transcriptional activity in INS-1 cells. Further
experiments are needed to clarify this.

In conclusion, the orally active, clinically tolerated KDACi
vorinostat and givinostat counteracted autoimmune disease and
inflammatory cell damage in vivo as in vitro via effects on both
the immune cells and target cells independent of chromatin re-
modeling, but associated with p65 hyperacetylation reducing p65

Christensen et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320850111/-/DCSupplemental/pnas.201320850SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320850111/-/DCSupplemental/pnas.201320850SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1320850111/-/DCSupplemental/pnas.201320850SI.pdf?targetid=nameddest=SF7

DNA binding and transcriptional activity. Thus, KDACi may be
a unique and promising preventive therapy in individuals at risk
for developing Type 1 diabetes, but more safety data on the use
of low-dose KDACi in humans are needed before embarking
on clinical trials in prediabetic individuals. Ongoing safety and
efficacy studies with givinostat in patients with Polyarticular
Juvenile Idiopathic Arthritis (NCT01557452 and NCT01261624)
may provide such data.

Methods

KDACi. Suberoylanilide hydroxamic acid (vorinostat) and ITF2357 (givinostat)
were synthesized by Italfarmaco (Cinisello Balsamo, Italy). Purities were
>99% as assessed by HPLC.

Experimental Animals and Drug Administration Protocol. All animal experi-
ments were approved by the Institutional Animal Care and Research Com-
mittee of the Katholieke Universiteit Leuven under Project 057/2009.
Prophylactic protocol. Vorinostat or givinostat were solubilized in 1% 2-
hydroxypropyl-B-cyclodextrin (Cyclodextrin Technologies Development) in
sterile drinking water. NOD female littermates were randomly divided into
three different treatment groups (untreated, vehicle control, and treat-
ment), 11-17 mice per group. Vorinostat was administered at 50 mg/kg and
givinostat at 1 mg/kg via drinking water. Treatment was given continuously
from weaning until 120 and 100 d of age, respectively. For givinostat de-
termination in blood samples, see S/ Methods.

Peritoneal macrophage cultures. Resident macrophages were isolated by peri-
toneal lavage from female 8- to 10-wk-old NOD and C57BL/6 mice and purity
(>90%) was assessed by flow cytometry (31). Macrophages from each group
were preincubated for 1 h with KDACi (100 nM givinostat or 1 uM vorinostat
in medium with 0.01% DMSO) and stimulated for different time periods
with LPS (100 pg/mL; Sigma). For details on immunostaining, cell viability,
and mRNA analysis, see S/ Methods.

Cell and Islet Culture and Experimentation. The insulin-producing cell line
INS-1 (32) was maintained as described previously (10). Primary rat islets
were isolated and cultured in RPMI medium 1640 containing 11 mM glucose
as previously described (10). Human islets were cultured in RPMI 1640 con-
taining 5.6 mM glucose. Before experimentation, islets were left for at least
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2 h to reduce handling stress. Mouse IL-1p (150-600 pg/mL) was from BD
Pharmingen, and rat and human IFN-y (2-5 and 10-100 ng/mL, respectively)
and human TNF-« (50-100 ng/mL) were from R&D Systems. For details on cell
viability, NO measurements, mRNA, and protein analysis, see S/ Methods.

Cell death was assessed by a cell death detection ELISA as previously
described (10).

For details on the microarray of isolated rat pancreatic islets, see S/ Methods.
ChIP assay. INS-1 cells were exposed to givinostat (250 nM) 1 h before addition of
IL-1B (600 pg/mL) and IFN-y (5 ng/mL). At the indicated time points protein/DNA
cross-linking for 10 min was performed at room temperature before lysing cells.
Samples were sonicated at high intensity for 10 min in cycles of 30-s pulses
followed by 30 s without pulse (Diagenode Bioruptor), and p65 was immuno-
precipitated as previously described (33) with 5 pg p65 antibody (#sc372-X;
Santa Cruz Biotechnology). Immunoprecipitated chromatin was extracted by
phenol-chloroform extraction, and the presence of specific DNA coprecipitated
with p65 was determined by real-time PCR directed against a proximal and
distal p65-binding site in the iNos promoter. For details, see SI Methods.

For details on the immunoprecipitation of acetylated p65, see S/ Methods.

For details on in vitro immune phenotyping and functionality assays, as-
sessment of diabetes, pancreatic histopathology with insulitis scoring, and
insulin content determination, RNA isolation and real-time quantitative PCR
analysis, protein isolation, and Western blotting, see SI Methods.

Statistics. Values are expressed as means + SEM. Univariate ANOVA and
Student t test were used to calculate significance levels between groups.
Dunnett’s, Bonferroni's, and Tukey’s corrections were used to correct P
values for multiple comparisons against a single group or against multiple
groups, respectively. For analysis of insulitis and diabetes incidence data,
Kaplan-Meier survival curves, the log-rank test, and the y? test were used.
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