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Abstract: Histone deacetylase (HDAC) inhibitors
are small molecules inducing cell-cycle arrest, dif-
ferentiation, and apoptosis, currently undergoing
clinical trials as anticancer drugs. In addition,
emerging evidence suggests HDAC inhibitors may
have anti-inflammatory and immunomodulatory
properties as well, although the molecular mecha-
nisms remain poorly defined. Given the central
role of dendritic cells (DC) in the induction and
maintenance of the inflammatory and immune re-
sponse, we investigated the effects of HDAC inhibh-
itors on the maturation and activation of human
monocyte-derived DC in the presence of LPS and
IFN-y. Our resulis show that the production of
Tyl- and Ty17-inducing cytokines, namely 1L-12
and IL-23, was inhibited by trichostatin A (72%
and 52%, respectively) and suberoylanilide hy-
droxamic acid (86% and 83%). Strikingly, HDAC
inhibitors were effective if added simultaneously as
well as after the proinflammatory challenge, and
their effect was not associated to a reduction of
expression or function of LPS/IFN-y receptors.
These findings were confirmed in two different mu-
rine models. In addition, HDAC inhibitors selec-
tively blocked the production of Tyl-attracting
chemokines CXCL9, CXCL10, and CXCL11. The
reduction of Ty 1- and Ty 17-inducing cytokines as
well as Ty 1-attracting chemokines may represent
relevant mechanisms through which HDAC inhibi-
tors at nonproapoptotic doses exert their immuno-
modulatory properties. J. Leukoc. Biol. 84:
1540-1548; 2008.
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INTRODUCTION

One of the most remarkable aspects of the innate immune
system is its capability to recognize and discriminate the type
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of pathogen that is encountered in inflamed tissues. Based on
this information, specific signals are produced to establish an
effective antigen-specific adaptive response [1]. These signals
include cell-cell contact and the production of soluble medi-
ators determining the differentiation of naive T lymphocytes
into different types of mature effector cells (Tyl, Ty2, and
Ty 17). Deregulation of these events may lead to pathological
situations characterized by defects in immune responses and
increased susceptibility to pathogens or by an excessive re-
sponse and autoimmunity [2—4].

Dendritic cells (DC) are professional APC and key regula-
tors of effector T cell functions [5-11]. Of note, DC represent
the most relevant source of IL-12, which promotes the differ-
entiation of T;1 effector T cells as well as the activation of NK
cells and cytotoxic CD8™ T cells. These latter cells in turn
produce IFN-vy, a cytokine involved in the protective response
against intracellular pathogens and transformed cells, as well
as in allograft rejection [12]. IL-12 is a type I cytokine com-
posed of two disulfide-linked proteins—p35 and p40. The p40
subunit also binds to p19 to form IL.-23, another cytokine that
similarly to IL-12, is mainly produced by DC [13] but at
variance, is involved in the expansion of the T;;17 lineage of
effector T lymphocytes [14]. Notably, IL-23 cannot drive the
differentiation of this lineage, as naive T cells do not express
the specific receptor. Instead, 1L-6 and TGF- have been
implicated in this process in the mouse, and recent studies
highlight the relevance of the proinflammatory cytokine 1L-1(3
in humans [15-19]. The significance of T17 cells in the
immune response is possibly the defense against certain types
of pathogens, particularly when endangering epithelial sur-
faces [20-22]. However, T};17 cells also have a role into the
pathogenesis of autoimmune diseases [23-27]. In humans,
elevated levels of pl19 were reported in individuals with mul-
tiple sclerosis [28], rtheumatoid arthritis (RA) [29], psoriasis
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[30], and Crohn’s disease [31, 32]. In addition, 1L.-23 is up-
regulated in many human carcinomas [33] and has been sug-
gested to provide a tumor-promoting environment.

At present, one of the most compelling issues in immunology
is the selective modulation of the different branches of the T
effector response, as this may lead to the development of novel
therapeutic strategies for pathological states characterized by
the expansion of Tyl and/or T(;17 cells.

Histone deacetylase (HDAC) inhibitors are small molecules
belonging to many different structural classes and neverthe-
less, all active on the same target enzymes, namely HDACs
[34]. By blocking HDACs, these compounds induce cell-cycle
arrest, cell differentiation, and apoptosis [35]. These promising
anticancer properties are currently being tested in clinical
trials [36-39]. In addition, increasing evidence indicates that
HDAC inhibitors may be active in several murine models of
autoimmune and inflammatory diseases, such as systemic lu-
pus erythematosus [40], RA [41], Con A-induced hepatitis
[42], and endotoxemia [42]. Similar properties were described
in human diseases, such as ulcerative colitis [43, 44]. In all of
these studies, the therapeutic effects of HDAC inhibitors were
dependent on the reduction of circulating proinflammatory
cytokines and on the possible immunomodulatory functions of
these drugs [40, 42, 45-48]. However, the molecular basis of
these effects remains elusive. The general paradigm is that
HDAC inhibitors positively control transcription [34] as well as
NF-kB activation [49]. Based on this, the inhibition of proin-
flammatory cytokines (that are also classical NF-kB targets)
and the consequent anti-inflammatory effects might be unex-
pected. However, genome-wide studies have now clearly shown
that these drugs can induce transcriptional repression and
activation [50, 51] in an exquisitely gene- and cell type-
specific manner (refs. [52, 53] and D. Bosisio, unpublished).

The aim of the present study was to investigate the ability of
two different HDAC inhibitors, namely trichostatin A (TSA)
and suberoylanilide hydroxamic acid (SAHA), to modulate
human DC functions and particularly, the production of Ty1-
and Ty17-inducing cytokines when used at nonproapoptotic
concentrations. Our findings substantiate the immunomodula-
tory effects postulated on the bases of animal models and
propose HDAC inhibitors as a new pharmacological strategy
for the control of autoimmune diseases.

MATERIALS AND METHODS

DC preparation and culture

Buffy coats were obtained through the courtesy of the Centro Trasfusionale,
Spedali Civili (Brescia, Italy). Monocytes were purified from PBMC by immu-
nomagnetic separation using anti-CD14-conjugated magnetic microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany) and DC generated in vitro as
described previously [11]. DC maturation (10° DC/ml) was induced by incu-
bation with 100 ng/ml LPS (Escherichia coli 055:B5, Sigma Chemical Co., St.
Louis, MO, USA) plus 500 U/ml IFN-y (Roussel Uclaf, Paris, France). TSA
was purchased by Upstate (Lake Placid, NY, USA), solubilized in EtOH at 1
mg/ml, and kept at —80°C. SAHA was from Alexis Biochemicals (San Diego,
CA, USA), solubilized in DMSO at 20 mg/ml, and kept at —80°C. Stock
solutions and EtOH/DMSO controls were diluted in RPMI prior to experi-
ments. Peripheral blood DC were obtained from PBMC by magnetic sorting
with the blood DC antigen-1 kit (Miltenyi Biotech), according to the manufac-
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turer’s instructions. The cell culture medium routinely used for primary cells
was RPMI 1640 (Gibco-BRL, UK) supplemented with 10% FCS (Hyclone,
Logan, UT, USA), 2 mM glutamine, antibiotics, Na-pyruvate, nonessential
amino acids, and B-ME (all from Gibco-BRL). All reagents were endotoxin-free

as assessed by Limulus assay (BioWhittaker Inc., Walkersville, MD, USA).

FACS analysis

Cell staining was performed using the indicated FITC-conjugated mouse
mAb or the isotype-matched, irrelevant Ig (all from BD PharMingen, San
Diego, CA, USA). Samples were read on a particle analyzing system (PAS;
Partec GmbH, Muenster, Germany) and analyzed with FlowJo (Tree Star
Inc., Ashland, OR, USA).

MLR

Irradiated control or treated DC were added in graded doses to 1 X 10°-
purified, allogenic T cells (from cord blood) in 96-well round-bottom
microtest plates. Each group was performed in triplicate. [*H] Thymidine
incorporation was measured on Day 5 after 18 h pulse (5 Ci/pmol;
Amersham, Buckingham, UK).

FITC-dextran uptake

Endocytosis was measured as the cellular uptake of FITC-dextran (Sigma
Chemical Co.) as described [54]. Approximately 2 X 10° cells/sample were
incubated in media containing FITC-dextran (1 mg/ml) for 60 min. Uptake of
the label was determined by flow cytometry using a PAS.

Real-time PCR

RNA was extracted using TRlzol reagent, according to the manufacturer’s
instructions. After RNA purification, samples were treated with DNase to
remove contaminating genomic DNA (DNasel amplification grade). Reverse
transcription was performed using random hexamers and Superscript I RT. All
reagents were from Invitrogen (Carlshad, CA, USA). Gene-specific primers
were purchased from NBS Biotech Scrl (Milan, Italy; sequences and detailed
amplification protocols are available upon request). The Q™ SYBR Green
Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA) was used to run
relative quantitative real-time PCR of the samples according to the manufac-
turer’s instructions. Reactions were run in triplicate on an iCycler™ (Bio-Rad
Laboratories Inc.) and generated products analyzed with the iCycler™ iQ
Optical System Software (Version 3.0a, Bio-Rad Laboratories Inc.). Gene
expression was normalized routinely based on GAPDH mRNA and 18S rRNA
content with similar results. Data are displayed as 2-Acomparative threshold (C)
values (unless specified differently) and are representative of at least three
independent experiments.

In vitro cytokine and chemokine production

Control or treated DC were plated at 10°/ml and incubated for 18 h with the
indicated treatments. Cell-free supernatants were harvested and tested in
sandwich ELISA using specific Duo-Set kits (R&D Systems, Minneapolis, MN,
USA) with the exceptions of IL-12p70 (Endogen, Pierce Biotechnology Inc.,
Rockford, IL, USA) and IL-23 (eBioscience Inc., San Diego, CA, USA).

Intracellular signaling

DC (3%X10° cells per sample) were preincubated in the presence of the two
HDAC inhibitors (300 nM TSA and 1000 nM SAHA) at 37°C for 1 h and then
stimulated with LPS and IFN-y (100 ng/ml and 500 U/ml, respectively). Total
cell lysates (20 pg) and nuclear extract (5 pg) were analyzed by 8% SDS-
PAGE followed by Western blotting with antibodies against phosphorylated
(p)-STAT1, p-ERK1/2 (Cell Signaling Technology, Beverly, MA, USA), NF-kB
p50, NF-kB p65, or ERK2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

In vivo stimulation of DC function and
measurement of IL-12 secretion

Female C57BI6N mice (8—10 weeks of age) were purchased from Charles
River (Calco, ltaly). Mice were housed in the specific pathogen-free animal
facility. Procedure involving animals and their care conformed with institu-
tional guidelines in compliance with national (4 D.L. N.116, G.U., Suppl. 40,
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18-2-1992) and international [European Economic Community (EEC) Council
Directive 86/609, O] L 358,1,12-12-1987; National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals, U.S. National Research
Council, 1996] law and policies.

For the quantification of cytokines in sera, SAHA (50 mg/kg) was adminis-
tered to mice (n=06) by oral gavage [42]. Vehicle-treated mice received water.
After 1 h, mice were injected with LPS (1.3 mg/kg, i.p.) and killed after 3 h,
and serum was obtained. IL-12p70 and 1L.-23 were determined using commer-
cial kits (R&D Systems and eBioscience Inc., respectively).

For ex vivo experiments, mice (n=3-5) were injected i.v. with 20 pg soluble
tachyzoite antigen (STAg) or an equivalent volume of PBS as described [55,
56]. STAg was a kind gift from Alan Sher (NIH, Bethesda, MD, USA). SAHA
was administered as above 1 h before STAg injection. CD11c¢™ immunomag-
netically selected cells were prepared from spleens harvested 4 h after the
indicated STAg injection. Cells were plated at 2-6 X 10° per well in 96-well
plates in RPMI-1640 medium supplemented with 10% FCS, penicillin-strep-
tomycin, and B-ME. Cultures were then incubated in the presence or absence
of STAg (5 pg/ml), and supernatants were collected at 20 h for 1L-12p70
determination using a commercial kit (R&D Systems). Statistical analysis was
performed using unpaired Student’s i-test (GraphPad Prism Version 4.00 for
Windows, GraphPad Software, San Diego, CA, USA).

RESULTS

Lack of effect of HDAC inhibitors on
DC maturation

To elucidate the effect of TSA and SAHA on the maturation of
monocyte-derived DC, we initially investigated the effect of
these drugs on the up-regulation of costimulatory molecules.
Day 6 GM-CSF/IL-4-differentiated DC were treated for 24 h
with increasing concentrations of TSA and SAHA in the pres-
ence of 100 ng/ml LPS plus 500 U/ml IFN-y. Under these
experimental conditions, toxicity could be detected starting
from 1000 nM TSA and 5000 nM for SAHA, as assessed by
Annexin V/propidium iodide staining (not shown). When used
at lower concentrations, neither of the two compounds affected
the maturation-dependent up-regulation of the tested surface

CD80 CD86 CcD83 CD40

Isotype

markers. Figure 1A shows representative data obtained with
300 nM TSA, and similar results were obtained with SAHA
(not shown) in at least three different DC preparations for each
inhibitor. Figure 1B also shows that neither of the two HDAC
inhibitors (300 nM TSA or 1000 nM SAHA) decreased the
ability of DC to induce allogeneic T cell proliferation, a func-
tion that is increased dramatically with maturation. Similarly,
FITC-dextran uptake was comparably reduced in untreated,
mature DC and in TSA- and SAHA-treated cells (Fig. 1C).
Altogether, these data demonstrate that neither TSA nor
SAHA, even when used at high (although nontoxic) concentra-
tions, affects the up-regulation of maturation markers as well as
DC function.

HDAC inhibitors inhibit the production of
Ty1- and T417-inducing cytokines

Mature DC acquire the capability to secrete cytokines that are
required for the polarization of the adaptive immune response.
To investigate the immunomodulatory potential of HDAC in-
hibitors, DC were pretreated for 1 h with 100 nM TSA, stim-
ulated with LPS and steady-state levels of cytokine mRNA
analyzed by quantitative PCR. Figure 2 shows that TSA
dramatically reduced the production of IL-12p35, IL-12/
23p40, 1L-23p19, 11L-6, and IFN-B during the entire time-
course. In the case of TNF-«, a reduction in the mRNA levels
was detected occasionally (two out of five donors), as in the
case of the donor shown in the picture. IFN-a and TGF-3 were
undetectable under the experimental conditions used (not
shown).

Consistent with these findings, TSA reduced the secretion of
IL-12p70 and IL-23 in a dose-dependent manner with a similar
1C;, ranging between 50 and 100 nM TSA, depending on the
donor (Fig. 3A). These two cytokines were also similarly

reduced in the presence of SAHA (Fig. 3B). The production of
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Fig. 1. Lack of effect of TSA and SAHA on DC phenotype and function. Monocytes were cultured for 6 days
in the presence of GM-CSF (50 ng/ml) plus IL-4 (20 ng/ml). (A) DC were matured with LPS (100 ng/ml) plus
IFN-y [500 U/ml; mature DC (mDC), lower panels] or left untreated [Utr; immature DC (iDC), upper panels]
in the presence (open profiles) or absence (solid profiles) of 300 nM TSA. After 24 h, cells were collected and
stained with specific mAb. Results are representative of six different donors. (B) Immature DC and mature DC
were treated with 300 nM TSA or 1000 nM SAHA for 24 h, washed, irradiated, and cocultured with allogeneic,
purified T cells (1 X 10°/well) at the indicated cell ratios. Proliferation was assessed in terms of [H*]-thymidine
incorporation, added in the last 18 h of a 5-day assay. Error bars represent the Sb of triplicates of a
representative experiment. Three independent experiments were performed with similar results. (C) DC were
treated as above and subsequently assessed for their endocytic activity evaluated as uptake of FITC-dextran
(1 mg/ml, 37°C for 60 min), detected by flow cytometry. Results are expressed as the means = SEM of mean

fluorescence intensity (MFI) of three independent experiments.

1542 Journal of Leukocyte Biology Volume 84, December 2008

A w0 w0 e w W e e W 3

130 110

DC:T ratio

1:100

O

1200 - B untreated

TSA

800 -+

400

Dextran uptake (MFI)

o
L

mDC

http://www.jleukbio.org



-e- Untreated -0- TSA
0.04 IL-12p35 08 T |L-12123p40
0.03
0.4
0.02
0.2
0.01
& 0 1 2 4 8 16 01 2 4 8 186
<
Z 008 IL-23p19 75 IL-6
£ 0.03 "
e
O 0.02
o
< 0,01 Ae
o
@ 0 1 2 4 8 16 0 1 2 4 8 16
E 0.03
< : IFN-p
=y
ﬁ 0.02
0.01
- 0
0 1 2 4 8 16 0 1 2 4 8 16

Time of stimulation (h)

Fig. 2. TSA decreases steady-state levels of T};1- and T};17-inducing cyto-
kine mRNA by DC, which at Day 6 of culture, were pretreated for 1 h with 100
nM TSA (O) or vehicle (@) and then stimulated with 100 ng/ml LPS plus 500
U/ml IFN-y. At the indicated time-points, cells were collected, and the amount

of the specified cytokine mRNAs was evaluated by quantitative PCR. Data are

2—A(A

displayed as values from one experiment, representative of at least three

independent experiments. Samples were run in triplicates; the variability
among replicates was always lower than 0.5 cycle. Gene expression was
normalized routinely based on GAPDH content.

IL-12p70 was also inhibited in LPS plus IFN-y-stimulated,
primary-circulating myeloid conventional DC with a similar
effective concentration reaching maximum inhibition at 100
nM (not shown). Of interest, IL-12 production was also inhib-
ited when HDAC inhibitors were added several hours after the
proinflammatory challenge. In particular, a strong inhibition
was observed when TSA or SAHA was added 4 h after LPS plus
IFN-v, but it was still detectable when given after 8 h (Fig. 3C).
Consistent with the quantitative PCR data, TSA also reduced
the secretion of IL-6 by 40-50%, whereas TNF-a protein
release was only affected slightly. Similar results were obtained
with SAHA, although SAHA was consistently less effective
than TSA in suppressing IL-6 secretion (Fig. 3D).

Based on these observations, we conclude that TSA or
SAHA reduces the T};1- as well as the T};17-inducing potential
of DC in vitro by decreasing the production of IL-12/IFN-f and
IL-6/1L-23, respectively.

HDAC inhibitors modulate the production of
Ty1- but not T417-attracting chemokines

As HDAC inhibitors reduce the production of Ty;1- and T\;17-
inducing cytokines, we asked whether TSA or SAHA could
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also affect the secretion of chemokines that are important for
the recruitment of previously polarized T cells. Figure 4
shows that mRNA levels of CXCL9, CXCL10, and CXCL11
were reduced dramatically by TSA over the 16 h time-course.
This was paralleled by a consistent reduction of the secreted
protein in the presence of TSA and SAHA (Fig. 5, and not
shown for CXCL10). Similar results were obtained for CCL19,
a chemokine active on naive T cells and mature DC (Figs. 4
and 5). In contrast, the secretion of Tyl7-attracting chemo-
kines (CCL5, CCL17, CCL20, CCL22) and that of the proto-
typic neutrophil chemokine, namely CXCL8, was insensitive to
TSA or SAHA (Figs. 4 and 5, and not shown). These results
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Fig. 3. TSA and SAHA decrease the production of Ty;1- and Ty17-inducing
cytokines by DC (A), which were matured as in Figure 2 in the presence of the
indicated concentrations of TSA (1 h pretreatment). After 18 h, supernatants
were collected, and the production of 1L-12p70 (M) and IL-23 (J) was
evaluated by ELISA. Two different donors were analyzed with similar results.
(B) DC were matured as above in the absence (black bars) or presence of 1000
nM SAHA (1 h pretreatment, hatched bars). After 18 h, supernatants were
collected, and the production of IL-12p70 (left panel) and IL-23 (right panel)
was evaluated by ELISA. Results are expressed as mean = SE of four donors
for IL-12p70 and three donors for 11.-23. (C) DC were stimulated with LPS as
above in the absence (black bar) or presence of 100 nM TSA (open bars) or
1000 nM SAHA (hatched bars). HDAC inhibitors were added at the indicated
time-points before or after LPS/IFN-y stimulation. After 18 h, supernatants
were collected, and the production of IL-12p70 was evaluated by ELISA.
Results are expressed as percentage of production compared with cells without
HDAC inhibitors and represent the mean * SE of three independent experi-
ments. (D) DC prepared as in A were pretreated for 1 h with 100 nM TSA or
1000 nM SAHA, and the production of IL-6 (left panel) and TNF-a (right
panel) was assessed by ELISA. Results are expressed as means * SEM of at
least three donors.
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Fig. 4. TSA decreases the production of Ty1-attracting chemokines mRNA
by DC, which were matured with LPS (100 ng/ml) plus IFN-y (500 U/ml) in the
presence (O) or absence (@) of 100 nM TSA (1 h pretreatment). At the
indicated time-points, cells were collected, and the amount of the indicated

chemokine mRNAs was evaluated by quantitative PCR. Data are displayed as

272 values from a single experiment, representative of at least three inde-

pendent experiments. Samples were run in triplicates, and differences among
replicates were lower than 0.5 cycle. Gene expression was routinely normalized
based on GAPDH contents.

indicate that HDAC inhibitors selectively target the recruit-
ment of Ty;1 cells, whereas that of other cell types, such as T
effectors of the T;17 and T2 lineages (CCL17 and CCL22)

and neutrophils, is not impaired (see Discussion).

TSA does not affect the expression and function
of LPS and IFN-v receptors

To address the mechanism by which TSA exerts the described
effects on cytokine production, we examined the expression of
LPS and TFN-y receptors at the mRNA level. Figure 6A
shows that TSA did not substantially change the expression of
the two chains of the IFN-y receptor along the kinetics inves-
tigated (2, 4, and 8 h). Similarly, TLR4 mRNA levels were not
changed by the action of the inhibitor, with only a minor
decrease observed at the earliest (2 h) time of stimulation. A
similar regulation was observed at the protein level by FACS
analysis (data not shown). Next, we investigated the effect of
TSA on the early signaling events induced by LPS/IFN-vy. TSA
pretreatment did not affect the phosphorylation of STAT1 (Fig.
6B) and ERK1/2 (Fig. 6C) and the nuclear translocation of
NF-kB p65 and p50 (Fig. 6D), induced by 30 min stimulation
of DC with LPS/IFN-vy. Similar results were obtained with
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SAHA (data not shown). Taken together, these results indicate
that HDAC inhibition does not have a major negative effect on
LPS/IFN-y receptor expression and signaling in DC.

SAHA inhibits the production of IL-12p70 in vivo

To assess the potential therapeutic application of the above
findings, HDAC inhibitors were tested for the capability to
reduce the production of IL-12p70 and IL-23 after LPS ad-
ministration. Of note, we had shown previously that HDAC
inhibitors can efficiently reduce the serum levels of the LPS-
induced circulating cytokines TNF-a, IL-1(3, IL-6, and IFN-y
[42], each of which plays key roles in the differentiation of the
Tyl and Ty17 lineages [15]. Here, we additionally show that
SAHA, at previously demonstrated, active doses [42], reduces
the production of circulating IL-12p70 and IL-23 (45% and
46% inhibition, respectively; Fig. 7A). However, as expected,
the overall levels of circulating I1.12-p70 were low. Therefore,
to confirm this finding further, we performed the ex vivo
experiments shown in Figure 7B. Again, SAHA efficiently
reduced (55% inhibition) the secretion of STAg-induced IL-
12p70 released by the ex vivo culture of splenic CD11c¢™ cells.
As expected on the basis of the reversibility of the effect of
these drugs, IL-12 inhibition was even stronger when SAHA
was added again in vitro (89% inhibition). These experiments
show that HDAC inhibitors can be used efficiently in vivo to
control the production of T cell-polarizing cytokines.
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Fig. 5. TSA and SAHA decrease the production of Ty 1-attracting chemo-
kines by DC, which were matured as in Figure 4 in the absence (black bars)
or presence of 100 nM TSA (open bars) or 1000 nM SAHA (hatched bars).
HDAC inhibitors were added 1 h before the stimulation. After 18 h, superna-
tants were collected, and the production of the indicated chemokine was
evaluated by ELISA. Results are expressed as means = SEM of at least three
independent donors.
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DISCUSSION

This study reports that two different HDAC inhibitors, namely
TSA and SAHA, when used at concentrations that are nonpro-
apoptotic, inhibit in a selective manner the ability of DC to
produce the Tj;1- and Ty17-polarizing cytokines 1L-12, 1L-23,
and 1L-6 (Figs. 2 and 3) with no effect on DC differentiation or
maturation and the production of many chemokines (e.g.,
CXCL8, CCL5, CCL17, CCL20, and CCL22; Fig. 1). HDAC
inhibitors were active also when added several hours after the
proinflammatory challenge (Fig. 3C). In addition, TSA and
SAHA efficiently reduced the production of LPS-stimulated
IL-12 and IL-23 in vivo and STAg-dependent production of
IL-12 ex vivo (Fig. 7). Therefore, these data suggest that HDAC
inhibition may be exploited as a therapeutic strategy to control
pathological conditions characterized by a functional expan-
sion of Tyl and Ty17 cells such as autoimmune diseases
[23-25, 27-30, 32].

The mechanism responsible for the selective gene regulation
by HDAC inhibitors is not fully understood. In this study, we
show that TSA does not change the expression of LPS and
IFN-v receptors and does not regulate the proximal receptor
signaling events induced by LPS/IFN-vy in human DC, such as
STAT-1 and MAPK phosphorylation and NF-kB nuclear trans-
location (Fig. 6). These results, in addition to the evidence that
TSA and SAHA do not affect LPS/IFN-y-induced DC matura-
tion and do not induce a general inhibition of chemokine
production, indicate that the two HDAC inhibitors investigated
in this study do not have a profound, suppressive activity of
LPS/IFN-v responses. These results, which are in agreement
with a recent report performed with bone marrow-derived hu-
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man macrophages [57], support the hypothesis that TSA and
SAHA may act specifically on certain genes by affecting pro-
moter occupancy by transcription factor, nucleosoma remodel-
ing, and/or formation of the transcription initiation complex.
Conversely, other studies have found previously that HDAC
inhibitors may block NF-kB, MAPK activation, and the IFN-
v-STAT1-induced signaling pathway [58—-60]. As discussed
below, this apparent discrepancy may rely on the type of
inhibitor used and on cell-specific effects (see below).

Previous studies [46, 61] reported that other HDAC inhib-
itors (i.e., n-butyrate, sodium valproate, and MS-275) affect DC
differentiation and maturation. These latter results differ from
the present data, possibly as a result of the diverse activity of
the different molecules used. It is worth noting that although it
is well known that single HDAC inhibitors possess cell-specific
effects (discussed below), a comparison of different HDAC
inhibitors on a single cell type has never been performed.

In the present study, we report that TSA and SAHA also
inhibit the production of TNF-a and 11.-6 in DC (Figs. 2 and 3).
We and others have reported previously that TSA and SAHA
affect the production of proinflammatory cytokines by mono-
nuclear cells in vitro [42] and in vivo [40-42]. However, the
same drugs were also described to enhance the secretion of
these cytokines in microglia and lung epithelial cells [62, 63].
Similarly, the present observations (Figs. 4 and 5) and previous
reports [48, 62] show that TSA and SAHA do not affect CXCL8
production in DC, macrophages, or lung epithelial cells, which
is in contrast to the findings obtained in Caco-2 cells [64].
These discrepancies emphasize the concept that HDAC inhib-
itors possess cell-specific effects.
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Fig. 7. SAHA inhibits the production of IL.-12p70 and IL-23 in vivo. (A) Mice
were pretreated with 50 mg/kg SAHA by gavage. Control mice [untreated (Ut)]
received vehicle. After 1 h, LPS 1.3 mg/kg was injected i.p. Serum was taken
after 3 h, and cytokines were measured by ELISA. The means * SEM are
indicated (n=6; *, P<<0.05). (B) The production of IL-12p70 was investigated
in a subpopulation of splenic DC as described previously [55, 56]. Mice were
i.v.-injected with STAg (20 pg/mouse), with 1 h pretreatment with SAHA or
vehicle. Four hours after STAg injection, mice were killed, spleens removed,
and splenic CD11c™ cells immunomagnetically selected and cultured in the
presence of STAg (5 pg/ml, black bars) and in the presence (hatched bar, right:
“In vivo/in vitro”) or absence (hatched bar, middle: “in vivo only”) of SAHA
(1000 nM, hatched bars). Supernatants were collected 24 h later and assayed
for 1L-12p70 production by ELISA. Bars represent the mean * SEM of
triplicates (**, P=0.004; *** P=0.0003). The experiment was repeated twice
with similar results.

Previous reports have shown that IL-12 is inhibited by
HDAC inhibitors in mononuclear cells [42, 46, 48, 65]. The
present study confirms and extends these findings, showing for
the first time that HDAC inhibitors also affect 1L-23 transcrip-
tion and secretion. Inhibition of 1L-23 production, in associa-
tion with that of the proinflammatory cytokines, may profoundly
affect the efficiency of Ty;17 differentiation. In addition, it is
tempting to speculate that neutralization of IL-23 may suppress
tumor-associated inflammation and improve tumor penetration
by eytotoxic cells [33]. Although this mechanism needs to be
demonstrated, it might contribute further to the anti-tumor
activity of this class of drugs.

This report also describes a selective inhibition of Tyl1-
attracting chemokines (i.e., CXCL9, CXCL10, and CXCLI11)
[66] by TSA- and SAHA-treated DC (Figs. 4 and 5). Therefore,
TSA and SAHA may not only impair the differentiation of Tjy1
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effectors but also the recruitment of previously activated cells.
The repertoire of chemokine receptors in human Ty17 cells is
currently under investigation [20, 25, 67]. Although it is not
clear whether CCR6 can be considered a specific T;;17 lineage
marker, these cells have been shown to respond to CCL20, its
cognate ligand [25]. In addition, T;17 cells were reported to
express CCR4 and CCR2 [20, 67]. Our results show that the
ligands for these receptors were not affected by TSA or SAHA
treatments (Figs. 4 and 5, and not shown). Thus, we conclude
that the two drugs do not impair the recruitment of differenti-
ated Ty;17 effectors.

DC are professional APC for naive T cells as well as among
the major producers of proinflammatory cytokines [11, 12, 14,
66]. DC also play a key role in instructing T cells to mount an
effective antigen-specific response [6, 9]. Therefore, DC rep-
resent a promising target for pharmacological therapies aimed
at the control of adaptive immunity. This study shows that TSA
and SAHA have the peculiar ability to inhibit Ty;1- and T\;17-
polarizing cytokines in the absence of a general inhibition of
DC function that might be detrimental for host immune pro-
tection. In fact, most of the chemokines active on innate
effector cells were not affected by the two inhibitors. In addi-
tion, the selective inhibition of only certain genes emphasizes
the low toxicity of the treatment, in keeping with the results
coming from ongoing clinical trials in the context of anticancer
therapies [38, 68, 69]. Although the biological relevance of
IL-23 suppression needs to be addressed further in vivo,
altogether, these findings provide the rational basis for the use
of HDAC inhibitors in the modulation of autoimmune dis-
orders.
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