
Histone deacetylase inhibition modulates indoleamine 2,3-
dioxygenase–dependent DC functions and regulates
experimental graft-versus-host disease in mice

Pavan Reddy, … , Charles A. Dinarello, James L.M. Ferrara

J Clin Invest. 2008;118(7):2562-2573. https://doi.org/10.1172/JCI34712.

 

Histone deacetylase (HDAC) inhibitors are antitumor agents that also have antiinflammatory properties. However, the
mechanisms of their immunomodulatory functions are not known. We investigated the mechanisms of action of 2 HDAC
inhibitors, suberoylanilide hydroxamic acid (SAHA) and ITF 2357, on mouse DC responses. Pretreatment of DCs with
HDAC inhibitors significantly reduced TLR-induced secretion of proinflammatory cytokines, suppressed the expression of
CD40 and CD80, and reduced the in vitro and in vivo allostimulatory responses induced by the DCs. In addition, injection
of DCs treated ex vivo with HDAC inhibitors reduced experimental graft-versus-host disease (GVHD) in a murine
allogeneic BM transplantation model. Exposure of DCs to HDAC inhibitors increased expression of indoleamine 2,3-
dioxygenase (IDO), a suppressor of DC function. Blockade of IDO in WT DCs with siRNA and with DCs from IDO-
deficient animals caused substantial reversal of HDAC inhibition–induced in vitro suppression of DC-stimulated
responses. Direct injection of HDAC inhibitors early after allogeneic BM transplantation to chimeric animals whose BM-
derived cells lacked IDO failed to protect from GVHD, demonstrating an in vivo functional role for IDO. Together, these
data show that HDAC inhibitors regulate multiple DC functions through the induction of IDO and suggest that they may
represent a novel class of agents to treat immune-mediated diseases.

Research Article Immunology

Find the latest version:

https://jci.me/34712/pdf

http://www.jci.org
http://www.jci.org/118/7?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI34712
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/34712/pdf
https://jci.me/34712/pdf?utm_content=qrcode


Research article

2562	 The	Journal	of	Clinical	Investigation	 	 	 http://www.jci.org	 	 	 Volume 118	 	 	 Number 7	 	 	 July 2008

Histone deacetylase inhibition modulates 
indoleamine 2,3-dioxygenase–dependent  
DC functions and regulates experimental 

graft-versus-host disease in mice
Pavan Reddy,1 Yaping Sun,1 Tomomi Toubai,1 Raimon Duran-Struuck,2 Shawn G. Clouthier,2 

Elizabeth Weisiger,1 Yoshinobu Maeda,1 Isao Tawara,2 Oleg Krijanovski,1 Erin Gatza,2  
Chen Liu,3 Chelsea Malter,1 Paolo Mascagni,4 Charles A. Dinarello,5 and James L.M. Ferrara2

1Department of Internal Medicine and 2Department of Pediatrics, University of Michigan Comprehensive Cancer Center,  
Ann Arbor, Michigan, USA. 3Department of Pathology, University of Florida, Gainesville, Florida, USA. 4ItalFarmaco S.p.A, Milan, Italy.  

5Department of Medicine, University of Colorado Health Sciences Center, Denver, Colorado, USA.

Histone	deacetylase	(HDAC)	inhibitors	are	antitumor	agents	that	also	have	antiinflammatory	properties.	
However,	the	mechanisms	of	their	immunomodulatory	functions	are	not	known.	We	investigated	the	mecha-
nisms	of	action	of	2	HDAC	inhibitors,	suberoylanilide	hydroxamic	acid	(SAHA)	and	ITF	2357,	on	mouse	DC	
responses.	Pretreatment	of	DCs	with	HDAC	inhibitors	significantly	reduced	TLR-induced	secretion	of	proin-
flammatory	cytokines,	suppressed	the	expression	of	CD40	and	CD80,	and	reduced	the	in	vitro	and	in	vivo	allo-
stimulatory	responses	induced	by	the	DCs.	In	addition,	injection	of	DCs	treated	ex	vivo	with	HDAC	inhibitors	
reduced	experimental	graft-versus-host	disease	(GVHD)	in	a	murine	allogeneic	BM	transplantation	model.	
Exposure	of	DCs	to	HDAC	inhibitors	increased	expression	of	indoleamine	2,3-dioxygenase	(IDO),	a	suppres-
sor	of	DC	function.	Blockade	of	IDO	in	WT	DCs	with	siRNA	and	with	DCs	from	IDO-deficient	animals	caused	
substantial	reversal	of	HDAC	inhibition–induced	in	vitro	suppression	of	DC-stimulated	responses.	Direct	
injection	of	HDAC	inhibitors	early	after	allogeneic	BM	transplantation	to	chimeric	animals	whose	BM-derived	
cells	lacked	IDO	failed	to	protect	from	GVHD,	demonstrating	an	in	vivo	functional	role	for	IDO.	Together,	
these	data	show	that	HDAC	inhibitors	regulate	multiple	DC	functions	through	the	induction	of	IDO	and	sug-
gest	that	they	may	represent	a	novel	class	of	agents	to	treat	immune-mediated	diseases.

Introduction
Pharmacological suppression of the immune system has revolu-
tionized the treatment of autoimmune diseases and transplant 
recipients. Traditionally, lymphocytes have been the primary tar-
gets of immunosuppressive drugs (1), but accumulating evidence 
suggests that DCs are master regulators of immune responses (2). 
DCs are the sentinels of innate immunity that also function as 
the most potent APCs. DCs initiate innate immune responses pri-
marily through TLRs, and they shape adaptive immunity through 
modulation of T cell responses (3). After transplantation, DCs 
present alloantigens to T cells and initiate allogeneic reactions (4). 
Agents that target both innate and allostimulatory functions of 
DCs might therefore have therapeutic potential in many immune-
mediated disease processes.

Chromatin remodeling by the acetylation and deacetylation of 
histones helps to regulate gene expression. The acetylation of his-
tones is regulated by 2 classes of enzymes: histone acetyltransferases 
and histone deacetylases (HDACs) (5, 6). HDAC inhibitors modu-
late the expression of multiple genes and are currently being evalu-
ated as antitumor agents (6, 7). Several recent experimental studies 

have demonstrated that HDAC inhibitors can modulate immune 
responses at concentrations much lower than those needed for anti-
tumor effects (8–12). Suberoylanilide hydroxamic acid (SAHA) and 
ITF 2357 are 2 such agents; both reversibly hyperacetylate histones 
by inhibiting HDAC enzymes (7, 13, 14). Phase I clinical trials have 
demonstrated that they are well tolerated and have antitumor activ-
ity even in patients with advanced solid and hematological tumors 
whose prior treatments were extensive (7, 15, 16).

We and others have demonstrated that administration of SAHA 
at the time of allogeneic BM transplantation (BMT) suppresses 
proinflammatory cytokine production and reduces systemic acute 
graft-versus-host disease (GVHD), the major toxicity of allogeneic 
BMT (10, 17). HDAC inhibitors have also been shown to regulate 
several other inflammatory and immune-mediated diseases (8, 9, 
11, 13, 18). However, the cellular and molecular mechanisms for the 
immunomodulatory effects of HDAC inhibitors are not yet known. 
Here we investigated the effects of hydroxamic acid–containing 
HDAC inhibitors SAHA and ITF 2357 and showed that they regu-
lated the in vitro and in vivo responses of DCs. Mechanistic studies 
demonstrated that the HDAC inhibitor–mediated regulation was 
critically dependent, at least in part, on induction of indoleamine 
2,3-dioxygenase (IDO; encoded by Indo).

Results
HDAC inhibitors regulate innate immune responses of DCs. We tested 
the effects of SAHA on the innate immune responses of DCs that 
are triggered through TLRs, cell surface molecules that recognize 
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pathogen-associated molecular patterns (19). BM-derived DCs 
(BMDCs) from C57BL/6 mice (B6BMDCs) were incubated with 100 
and 500 nM SAHA for 16–20 h prior to stimulation with 100 ng/ml 
LPS, a potent stimulus of innate immune response via TLR4. SAHA-
treated DCs secreted significantly reduced amounts of TNF-α,  
IL-12, and IL-6 in a dose-dependent manner (Figure 1, A–C). We 
confirmed this effect with a second synthetic HDAC inhibitor that 
contains hydroxamic acid, ITF 2357. As shown in Figure 1D, pre-
treatment with 10 and 100 nM ITF 2357 significantly reduced the 
secretion of TNF-α in response to LPS. These concentrations were 
chosen because previous data have shown that while these agents 
have cytotoxic effects at micromolar concentrations, their antiin-
flammatory effects were observed at lower, nanomolar concentra-
tions (8, 10, 13). Most subsequent experiments were therefore per-
formed at the nanomolar concentrations described above.

We next investigated whether HDAC inhibitors modulated 
LPS-mediated responses of other professional APCs, specifically 
macrophages. Peritoneal cells were harvested from C57BL/6 ani-
mals and normalized for F4/80 expression. The cells were incu-
bated with diluent (sterile water), SAHA, or ITF 2357 for 16 h and 
then stimulated overnight with LPS. Pretreatment with SAHA 

significantly reduced LPS-induced secre-
tion of TNF-α by the peritoneal macro-
phages (Figure 1E).

We next determined whether SAHA mod-
ulated DC responses induced by other TLR 
ligands. Using IL-6 production as an end 
point, we found that SAHA attenuated DC 
function after stimulation with lipoteicho-
ic acid (LTA), a TLR4 ligand, peptidoglycan 
(PGN), a TLR2 ligand, the dsRNA poly(IC), 
a TLR3 ligand, and CpG DNA, a TLR9 
ligand (Table 1) (19, 20). Similar reductions 
were also seen in the secretion of TNF-α by 
both SAHA and ITF 2357 (data not shown). 
Taken together, these data demonstrate 
that SAHA and ITF 2357 regulate DC and 
macrophage responses that are mediated 
through TLR stimulation.

HDAC inhibitors modulate allogeneic T cell–
stimulatory capacity of DCs. We next deter-
mined the effects of HDAC inhibition 
on in vitro alloresponses by incubating 
BALB/c T cells with allogeneic B6BMDCs 
in a standard mixed leukocyte reaction 
(MLR) assay. As shown in Figure 2A, addi-
tion of 1 μM SAHA or more to the cultures 
significantly reduced T cell proliferation 
at 72 h by greater than 70%. IL-2 secretion 
in culture supernatants collected at 48 h 
was similarly reduced (Figure 2B).

However, consistent with previous obser-
vations (9), SAHA pretreatment did not 
inhibit T cell responses after stimulation 
with anti-CD3 and anti-CD28 (Supple-
mental Figure 1A). Thus, we reasoned 
that HDAC inhibition in an MLR might 
primarily effect DC function. To test this 
directly, we pretreated BMDCs with differ-
ent concentrations of SAHA for 16–20 h  

and then washed them thoroughly prior to use as stimulators in an 
MLR. As shown in Figure 2C and Figure 3, A and B, pretreatment 
of DCs at SAHA concentrations of 500 nM or greater significantly 
reduced allogeneic T cell proliferation, even with increasing the 
responder/stimulator ratios (Figure 2C), and also reduced IL-2 secre-
tion by nearly 50% (Figure 3B). Similar effects were seen upon treat-
ment with ITF 2357 (data not shown). Because cells derived from 
BM cultures are heterogeneous (21, 22), we purified CD11c+ DCs by 
fluorescence-activated cell sorting (FACS) from both C57BL/6 and 
BALB/c BM cultures (>98% CD11c+ DC purity) and found that SAHA 
had similar regulatory effects on purified DCs (62,198 ± 7,418 cpm  
versus 29,935 ± 1,1656 cpm, P < 0.02). In contrast, levels of TGF-β  
and IL-10 in MLR supernatants were unchanged (Supplemental 
Figure 1, B and C), and their neutralization with anti–TGF-β or 
anti–IL-10 mAb did not restore T cell proliferation in MLRs with 
SAHA-treated DCs (Figure 3, C and D). Expression of T cell activa-
tion markers, such as CD25 and CD69, was also reduced, with no 
increase in CD152 expression (data not shown).

We then determined whether coculture of naive T cells with 
HDAC inhibitor–treated DCs altered their phenotype and/or func-
tion into suppressor T cells or Tregs. As shown in Figure 3E, BALB/c  

Figure 1
Effect of HDAC inhibitors on LPS-induced secretion of proinflammatory cytokines by BMDCs. 
DCs were obtained from C57BL/6 animals as described in Methods. BMDCs were preincubated 
for 16–20 h with indicated concentrations of SAHA or diluent and were then stimulated overnight 
with LPS (100 ng/ml). Proinflammatory cytokines levels in the supernatants were measured by 
ELISA. (A) TNF-α levels. (B) IL-12 levels. (C) IL-6 levels. *P < 0.02 versus stimulated control 
DCs. (D) DCs were pretreated with the indicated concentrations of SAHA and ITF 2357 or diluent 
as described in A. TNF-α levels were measured in the supernatants after overnight stimulation 
with LPS. **P < 0.01 versus stimulated control DCs. (E) Macrophages (F4/80+) were obtained 
from C57BL/6 mice after peritoneal lavage and pretreated with SAHA or diluent for 14–16 h. 
They were then stimulated overnight with LPS, and TNF-α from the culture supernatant was 
measured. *P < 0.02 versus control macrophages. Data (mean ± SEM) are from 1 of 2–3 experi-
ments with similar results. Unlabeled bar(s) at left represent unstimulated controls.
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naive T cells that were incubated in primary cultures with SAHA-
treated B6BMDCs proliferated normally in a secondary MLR to the 
same alloantigen [C57BL/6 (H2b)] and also to a third-party alloan-
tigen, C3H/HeJ (H2k). In addition, these cells did not suppress the 
proliferation of freshly isolated naive BALB/c T cell responses to 
C57BL/6 stimulation at a 1:1 ratio (Figure 3E), and no increase in 
the percent or level of expression of Foxp3 in allogeneic T cells was 
observed after coculture with SAHA-treated DCs compared with 
control DCs (data not shown). To determine whether the reduction 
in allogeneic T cell expansion by SAHA-pretreated DCs was caused 
by greater apoptosis or by reduced proliferation of the allogeneic 
T cells, we performed serial annexin V staining and CFSE analysis. 
We cultured CFSE-labeled BABL/c T cells with either HDAC inhib-
itor–pretreated DCs or control DCs and analyzed the T cells for 
their proliferative responses or apoptosis by annexin V staining. As 
shown in Tables 2 and 3, pretreatment of DCs with SAHA reduced 
allogeneic T cell proliferation as determined by CFSE staining with-
out causing significant changes in apoptosis.

We next analyzed whether the proliferative responses were restored 
in the primary MLR cultures with HDAC inhibitor–treated DCs by 
the addition of exogenous IL-2. As shown in Supplemental Figure 3A,  
addition of exogenous IL-2 significantly rescued T cell prolifera-
tion, suggesting that HDAC inhibitor–treated DCs induced T cell 
anergy (23). Thus, pretreatment of DCs with HDAC inhibitor did 
not induce apoptosis of DCs, nor did it trigger regulatory function 
in T cells cocultured with HDAC inhibitor–treated DCs. We next 
examined whether SAHA-treated DCs affect the CTL functions of 
allogeneic T cells against allospecific targets. BALB/c T cells were 
stimulated in a bulk MLR with either SAHA-treated or control DCs 
for 5 d. T cells were harvested and tested for their CTL functions 
against allogeneic C57BL/6 concanavalin A blasts in a 6-h chromi-
um release killing assay. BALB/c T cells caused equivalent lyses of 
the allotargets regardless of their stimulation with SAHA or control 
DCs (Supplemental Figure 3B) and did not cause nonspecific lysis 
of syngeneic BALB/c concanavalin A blasts (data not shown).

In order to evaluate the effects of HDAC inhibition only on the in 
vivo function of BM-derived heterogeneous DCs, without the con-
founding effects on other nonhematopoietic tissues or expression 
of target antigens, we devised a model in which allogeneic CD4+ T 
cells would respond only to MHC class II alloantigens on exoge-
nously administered DCs in an acute GVHD model. MHC class II–
deficient (Cd74–/–) C57BL/6 mice (H2b) received 11 Gy total body 
irradiation and were injected with 1 × 107 BMDCs from syngeneic 
WT C57BL/6 (H2b) animals in 2 doses separated by 24 h. We then 
injected 5 × 106 T cell–depleted (TCD) BM along with 2 × 106 CD4+ 

T cells from either syngeneic C57BL/6 or 
allogeneic bm12 donors (see Methods), 
which differ from the recipient animals 
by a single MHC class II antigen. Analy-
sis of donor T cells in the spleen at 7 d 
— chosen because most recipients were 
dead by 10 d — revealed fewer CD4+ T 
cells in animals that received DCs pre-
treated with SAHA (Figure 3F). We used 
a similar experimental approach to 
evaluate the in vivo responses of CD8+ 
T cells to SAHA-treated DCs in vivo. 
MHC class I–deficient (HLA-G–/–) recipi-
ent mice were conditioned and trans-
planted as described above with 3 × 106  

allogeneic CD8+ T cells from bm1 donors (see Methods), which 
differ from the recipients by a single MHC class I antigen. SAHA 
pretreatment of DCs also significantly inhibited donor CD8+ T cell 
proliferation 21 d after BMT in this model (Figure 3G). Together, 
these data demonstrate that pretreatment of DCs with SAHA regu-
lates the in vivo alloproliferation of both CD4+ and CD8+ T cells.

Ex vivo treatment of DCs with HDAC inhibitors regulates experimental 
GVHD. In light of these results, we evaluated whether the regula-
tory effects of HDAC inhibitor–treated DCs modulated clinically 
relevant alloresponses by using a well-established murine allogeneic 
BMT model [BALB/c (H2d) C57BL/6 (H2b)], in which activation of 
donor T cells by host APCs is critical for induction of acute GVHD 
(24). C57BL/6 Ly5.2 BMT recipients were injected on days –1, 0, and 
2 with 4 × 106 to 5 × 106 host-type B6BMDCs treated with either 
diluent or 500 nM SAHA for 16–20 h. This schedule was chosen to 
modulate the initial donor T cell interaction with host APCs during 
the first 72 h after BMT (25–27). As shown in Figure 4A, injection 
of SAHA-treated DCs to allogeneic animals significantly improved 
survival compared with injection of control DCs (50% versus 10%;  
P < 0.01). We also observed significantly lower GVHD clinical disease 
scores in mice injected with SAHA-treated DCs compared with con-
trols early after BMT (7 d, 3.7 ± 0.2 versus 5.2 ± 0.6, P = 0.037; 14 d,  
2.3 ± 0.4 versus 4.4 ± 0.9, P = 0.014; 21 d, 3.1 ± 0.4 versus 4.9 ± 0.8,  
P < 0.05; 28 d, 4.3 ± 0.7 versus 5.1 ± 1; P = 0.21). Consistent with 
the reduction in clinical GVHD, injection of SAHA-treated DCs 
also reduced serum levels of TNF-α (Figure 4B) and attenuated the 
expansion of donor CD3+ lymphocytes 7 d after BMT (Figure 4C) 
(25). We next stained for Foxp3 on the H2d+CD4+ double-positive 
cells and analyzed for donor CD4+Foxp3+ Treg expansion 7 and 10 d  
after allogeneic BMT. There was no significant increase in the per-
cent positivity of donor Tregs in the splenocytes of the recipient ani-
mals after infusion of SAHA-treated DCs compared with control 
DC infusion on days 7 and 10 (7 d, 12.6% ± 3.2% versus 8.8% ± 3.6%, 
P = 0.19; 10 d, 13.1% ± 2.2% versus 10.4% ± 2.9%; P = 0.23), suggesting 
lack of early donor Treg enhancement.

Mechanisms of HDAC inhibitor–mediated regulation of DCs. We 
explored the cellular mechanisms critical for regulation of DCs 
mediated by HDAC inhibitors. Although the immunomodulatory 
effects were observed at low concentrations, because HDAC inhibi-
tors can induce cellular apoptosis (28), we sought to determine 
whether the regulation of DC function was secondary to loss of 
DC viability. We found no significant increase in annexin V–posi-
tive CD11c+ DCs when pretreated with 100 and 500 nM SAHA 
(the dose used for most in vitro studies), but observed a significant 
increase at 2- and 5-μM concentrations, thus ruling out apopto-

Table 1
Effect of SAHA on TLR ligand–mediated secretion of IL-6

Treatment	 Diluent	 SAHA

Stimulus	 None	 LTA	(10	μg/ml)A	 PGN	(10	μg/ml)B	 poly(IC)	(100	μg/ml)C	 CpG	(10	μM)D

Control DCs ND 973 ± 86 417 ± 39 528 ± 67 811 ± 29
SAHA DCs ND 278 ± 97E 63 ± 24F 121 ± 48E 301 ± 47F

DCs were harvested from C57BL/6 BM, treated with either 500 nM SAHA or diluent control for 16–18 h,  
and stimulated overnight as indicated. IL-6 was measured in the culture supernatants at the end of cul-
ture with TLR ligands. ND, not detected. Data (mean ± SEM of triplicate wells) are from 1 of 2 indepen-
dent experiments with similar results. ATLR4 ligand. BTLR2 ligand. CTLR3 ligand. DTLR9 ligand.  
EP < 0.02 versus control DCs. FP < 0.001 versus control DCs.
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sis as a significant cause of this inhibition at the nanomolar con-
centrations used to examine the DC immunomodulatory effects 
(Supplemental Table 1). We next determined whether HDAC 
inhibitor pretreatment increased the loss of DC viability at later 
time points. The numbers of DCs recovered were lower in all of 
the groups at 48 h after washing away SAHA, including the diluent 
control group (Supplemental Table 1). However, consistent with 
annexin V staining, no statistically significant differences were 
observed in the retrieval of viable DCs between the control (0 nM) 
and the 100- and 500-nM groups, but the viability of DCs (annexin 
V–negative cells) was significantly lower in the DCs treated with 
micromolar SAHA (Supplemental Table 1).

We also determined whether HDAC inhibitors induced lasting 
effects on DCs. DCs were thoroughly washed after 14–18 h of 
incubation with SAHA, allowed to rest for 36–40 h, and then stim-
ulated with 100 ng/ml LPS after normalizing for the CD11c+ DCs. 
In contrast to immediate stimulation with LPS following pretreat-
ment with SAHA, no significant decrease in TNF-α was observed 
between SAHA-treated and control DCs (329 ± 78 pg/ml versus 
407 ± 103 pg/ml; P = 0.8). These data show that HDAC inhibitors 
induce marked effects on DC function. However, consistent with 
the ability of these inhibitors to reversibly inhibit HDAC enzymes, 
the regulatory effects on DC function may be transient.

We then evaluated the effect of HDAC inhibition on the expres-
sion of costimulatory molecules CD80, CD86, and CD40. Control 
B6BMDCs demonstrated high expression of CD80, CD86, and 
CD40, as reported previously (29, 30), and stimulated proliferation 
of allogeneic T cells. HDAC inhibitor treatment markedly reduced 
the surface expression of all these molecules (Figure 5). These data 
suggest that treatment of DCs with HDAC inhibitors causes active 
downregulation of costimulatory molecule expression.

To test the potential clinical applicability of our findings, we 
evaluated the effect of HDAC inhibitor pretreatment on human 
PBMC–derived DCs. PBMC-derived DCs from normal healthy vol-
unteers were treated with 500 nM SAHA for 18 h and then washed 

prior to using them as stimulators in an allogeneic MLR. SAHA 
treatment of DCs reduced proliferation and IFN-γ secretion by 
allogeneic responder PBMCs (Supplemental Figure 2, A and B) 
and, consistent with a recent report (31), significantly reduced the 
expression of CD40 and CD80 on human PBMC–derived CD11c+ 
DCs (Supplemental Figure 2, C and D). Pretreatment with both 
SAHA and 100 nM ITF 2357 also reduced LPS-induced TNF-α 
expression from these cells (data not shown).

HDAC inhibitors cause immunodominant regulation of DCs. We 
explored whether HDAC inhibition would dominantly regulate the 
function of DCs. SAHA-treated DCs were cocultured at increasing 
ratios with control DCs, whose numbers were kept constant. As 
shown in Figure 6A, SAHA-treated DCs significantly inhibited the 
ability of normal DCs to stimulate allogeneic T cell proliferation 
when they were cocultured only at a high, 1:1 ratio. We next evalu-
ated whether regulation at this high ratio was contact dependent. 
As shown in Figure 6B, when SAHA-treated DCs were separated 
from control B6BMDCs and BALB/c allogeneic T cells by tran-
swell, allogeneic T cells proliferated briskly. These data show that 
HDAC inhibition dominantly regulates the allostimulation of 
control DCs in a contact-dependent manner.

Next, to address whether the contact-dependent regulation of 
HDAC inhibitor–treated DCs requires contact with T cells or con-
trol DCs, we devised a 3-cell experiment in which SAHA-treated 
DCs lacked the capacity to present antigens to T cells. We reasoned 
that if regulation depended on contact with control DCs alone, 
rather than T cells, it would be preserved even if the SAHA-treated 
DCs were deficient in MHC molecules and thus incapable of direct 
interaction with responder T cells. Cd74–/– (H2b) mouse B6BMDCs 
were treated with SAHA as described above and then cocultured 
with WT (H2b) B6BMDCs together with purified BALB/c (H2d) 
responder CD4+ T cells in an MLR. Contrary to our hypothesis, 
allogeneic CD4+ T cells proliferated briskly in this 3-cell experi-
ment (Figure 6C), demonstrating that the critical points of contact 
in the regulation of T cell proliferation lie between HDAC inhibi-

Figure 2
HDAC inhibition modulates allogeneic T cell proliferation and IL-2 production in vitro. SAHA was added at the indicated concentrations to DCs iso-
lated from C57BL/6 BM that were then immediately used as stimulators in an MLR with T cells from either BALB/c (allogeneic) or C57BL/6 (syn-
geneic) mice as described in Methods. (A) T cell proliferation was determined by 3H-thymidine incorporation at 72 h. Allogeneic T cell responses 
from control (0 μM SAHA) and SAHA-treated cultures and syngeneic T cell responses to control DCs (syn) are shown. Data are mean ± SEM  
of quadruplicate cultures. P = NS, control versus 0.5-μM SAHA. **P < 0.03 versus control. Results are from 1 of 3 similar experiments. (B) 
Supernatants of cultures with control (open symbols) or SAHA (filled symbols) were collected at 48 h, and IL-2 was measured by ELISA. Data 
are mean ± SEM of quadruplicate cultures. *P < 0.05 versus control. (C) B6BMDCs were pretreated with diluent or 500 nM SAHA for 16–18 h, 
washed, and used as stimulators with allogeneic BALB/c T cells at the indicated ratios. T cell proliferation was evaluated after 72 h of culture.
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tor–treated DCs and T cells. These data also provide an explanation 
for the reduction of GVHD by ex vivo–treated DCs we observed 
and thus collectively show that HDAC inhibition can dominantly 
regulate the function of DCs both in vitro and in vivo.

HDAC inhibitors induce the expression of IDO. We next sought to 
determine the potential molecular mechanisms underpinning the 
regulation of DCs by HDAC inhibitors. IDO is an enzyme that 
degrades tryptophan, which suppresses DC function and induces 
T cell anergy (32, 33). Therefore, to elucidate the molecular mech-
anism of the effect of HDAC inhibition on DC responses, we test-
ed the hypothesis that treatment of DCs with HDAC inhibitors 
enhances the expression of IDO. B6BMDCs were harvested and 
treated overnight with increasing concentration of SAHA or ITF 
2357; the controls were treated with diluent alone. Cells were har-
vested and analyzed for the induction of IDO mRNA by RT-PCR,  
as described in Methods. As shown in Figure 7A, both SAHA 
and ITF 2357 increased the expression of IDO mRNA, which 
suggests that HDAC inhibition increases the transcription of 
IDO. We confirmed the presence of IDO protein by Western blot 
analysis using these same cellular preparations (data not shown), 

which suggests that the regulatory effects of HDAC inhibitors on 
DCs correlates with increased expression of the immunoregula-
tory enzyme IDO. We next evaluated whether HDAC inhibitors 
regulate the transcription of IDO by performing a chromatin 
immunoprecipitation assay (see Methods). As shown in Supple-
mental Figure 4A, acetylated H4 was bound to the IDO promoter, 
demonstrating a direct role for acetylation of histones in promot-
ing transcription of IDO by SAHA.

IDO is critical for HDAC inhibitor–mediated regulation of DCs. To 
address whether IDO is critical for HDAC inhibitor–mediated reg-
ulation of DCs, we used 3 distinct but complementary approaches 
with siRNA, with pharmacologic inhibition by 1-MT, and with DCs 
from Indo–/– mice (34, 35). B6BMDCs were treated with 500 nM  
SAHA, 10 ng/ml IFN-γ, or diluent and were transfected with either 
IDO-specific or control siRNA as described in Methods. At 48 h, 
IDO-specific siRNA efficiently silenced the mRNA expression of 
IDO both in the SAHA group and in IFN-γ–treated controls (Fig-
ure 7B). The lack of effect of siRNA on the increased expression of 
SOD2 in IFN-γ–treated cells further confirmed the specificity of 
the silencing of Indo gene expression.

Figure 3
HDAC inhibitors regulate in vitro and in vivo functions of DCs. B6BMDCs were pretreated with diluent or SAHA and used as stimulators in MLR 
cultures as described in Methods. (A) BALB/c T cell proliferation after 72 h of culture. (B) IL-2 levels in supernatants at 48 h of culture. P = NS, 
control versus 0.1 μM SAHA. *P < 0.02, **P < 0.01 versus control. (C and D) Addition of (C) anti–TGF-β or (D) anti–IL-10 to SAHA-treated DC 
cultures did not reverse SAHA-treated DC–mediated suppression. P = NS, SAHA-treated versus control DCs. *P < 0.05 versus control. (E) Naive 
BALB/c T cells, or those obtained after 48 h of culture with C57BL/6 (B6) DCs pretreated with 0.5 μM SAHA, were restimulated in secondary 
cultures with control C57BL/6 DCs either separately or together at a 1:1 ratio. T cells cultured from primary SAHA-treated DCs were restimu-
lated with third-party C3H/HeJ BMDCs. P = NS for all between-group comparisons. Data are mean ± SEM of quadruplicate cultures. (F and G) 
Cd74–/– and HLA-G–/– animals were irradiated and transplanted as described in Methods. Syngeneic (n = 3–4) and some allogeneic animals 
(n = 4–5) received 4 × 106 to 5 × 106 control B6BMDCs, while some allogeneic recipients (n = 5) received similar numbers of SAHA-treated 
B6BMDCs, on days –1, 0, and 2 relative to BMT. (F) Donor CD4+ cell number was evaluated in recipients’ spleens on day 7. **P < 0.001 versus 
allogeneic. Data (mean ± SEM) are from 1 of 3 similar experiments. (G) Donor CD8+ cell number was evaluated in recipients’ spleens on day 
21. *P < 0.05 versus allogeneic. Data (mean ± SEM) are from 1 of 2 similar experiments.
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We directly examined the functional role of IDO in mediating 
the effects of SAHA by measuring the response of DC production 
of TNF-α to LPS stimulation. B6BMDCs were treated with SAHA 
or diluent, transfected with either scrambled siRNA control or 
IDO-specific siRNA, and then stimulated with LPS for the last 12 h  
of a 48-h culture (see Methods). TNF-α levels were measured in 
the supernatants to determine DC function as described above. 
As we observed in Figure 1A, SAHA treatment suppressed TNF-α 
production by more than 70% (Figure 7C). Blockade of IDO by 
siRNA significantly, but not completely, reversed this suppression 
of TNF-α production by SAHA-treated DCs (Figure 7C). Marked 
reversal of suppression of the allogeneic T cell proliferation was 
also observed when IDO was knocked down (data not shown).

We further confirmed the critical role of IDO in HDAC inhibitor–
mediated regulation by stimulating BMDCs from Indo–/– mice and 
B6BMDCs with LPS. We observed significantly less suppression of 
TNF-α secretion by SAHA-treated Indo–/– B6BMDCs (Figure 7D), 
confirming a substantial role for IDO in HDAC inhibitor–medi-
ated suppression of DCs. The role for functional IDO expression 
by HDAC inhibitor treatment of DCs in the suppression of allo-
geneic T cell proliferation was further confirmed by cotreatment 
with 1-MT (data not shown). Thus, IDO directly mediates, at least 
in part, the regulation of DCs by HDAC inhibitors.

We next determined whether the effects of HDAC inhibitor–
treated DCs modulated in vivo GVHD responses in an IDO-depen-
dent manner. We once again used the same allogeneic BMT model 
(BALB/c into C57BL/6), in which activation of donor T cells by 
host APCs are critical for induction of acute GVHD. C57BL/6 Ly5.2 
recipients were injected on days –1, 0, and 2 relative to BMT with  
4 × 106 to 5 × 106 host-type B6BMDCs derived from Indo–/– animals 
that were treated with either diluent or 500 nM SAHA for 18 h. As 
shown in Figure 8, A and B, injection of SAHA-treated 
Indo–/– DCs to allogeneic animals did not alter the surviv-
al or the clinical severity of GVHD compared with con-
trol-treated Indo–/– DCs (32.1% versus 12.9%; P = 0.72),  
demonstrating that induction of IDO in DCs by HDAC 
inhibition is critical for regulating DC function.

Next, to directly demonstrate the in vivo relevance of 
IDO induction by HDAC inhibitors, we first confirmed 
in naive C57BL/6 mice the dose and schedule of ITF 
2357 sufficient to reach the required drug levels in vivo 
for induction of IDO. Mouse splenocytes were harvested 
after administration of either 5 mg/kg ITF 2357 or the 
diluent control for 4 d and analyzed for IDO expression 
by PCR. As shown in Supplemental Figure 4B, admin-

istration of ITF 2357 induced IDO in vivo, which suggests that 
sufficient tissue and plasma levels of the drug were obtained to 
evaluate for the role of IDO induction.

We then generated C57BL/6 BM chimeras using TCD BM 
from Indo–/–C57BL/6 mice transplanted into recipient C57BL/6 
mice ([Indo–/–C57BL/6→C57BL/6] animals) so that BM-derived 
APCs would be incapable of IDO expression. Chimeras were reir-
radiated on day –1 relative to BMT, then injected on day 0 with 
TCD BM and 3 × 106 purified CD3+ T cells from either allogeneic 
BALB/c or syngeneic C57BL/6 donors. The allogeneic recipients 
were injected with either diluent or 5 mg/kg ITF 2357 on days –1, 
0, 1, and 2 relative to BMT in order to modulate the host hema-
topoietic-derived APCs that initiate graft-versus-host reaction 
(27). As expected, all allogeneic BALB/c→[C57BL/6→C57BL/6] 
mice treated with diluent died of GVHD (Figure 8C), while 50% 
of allogeneic animals that received ITF 2357 died, and survivors 
demonstrated mild clinical GVHD (Figure 8, C and D). Converse-
ly, all allogeneic [Indo–/–C57BL/6→C57BL/6] recipients died of 
GVHD, regardless of treatment with ITF 2357 (Figure 8, C and 
D). However, no significant survival difference was noted between 
the control-treated [C57BL/6→C57BL/6] and [Indo–/–C57BL/6→
C57BL/6] animals. GVHD was also confirmed by target organ his-
topathology (i.e., gastrointestinal tract and liver; data not shown). 
These data collectively demonstrate that expression of IDO by 
host APCs alone was not critical for the modulation of GVHD 
in control-treated animals but was critical for HDAC inhibitor–
mediated regulation of GVHD.

Discussion
HDAC inhibitors possess potent antitumor properties at high con-
centrations (36); however, at lower concentrations they modulate 
many immune responses (8, 9, 11, 12, 37–39). Histone acetylation 
is critical in regulating gene expression for many immune processes 
(40), but the exact cellular effects and the molecular mechanisms 
that are critical for immunosuppression caused by these agents are 
not well understood. Because DCs are master regulators of immu-
nity, they are attractive potential targets for modulating immune 
reactions. In this study we showed that pretreatment of DCs with 
SAHA and ITF 2357 modulated murine BMDC functions in vitro 
and in vivo and also regulated in vitro functions of human PBMC–
derived DCs. HDAC inhibitors increased the mRNA expression of 
immunoregulatory enzyme IDO (32), which peaked by 6 h and 
returned to baseline by 36 h (data not shown) and coincided with 
the transient, but immunodominant, regulation of DCs by HDAC 
inhibitors. Chromatin immunoprecipitation assay demonstrat-
ed that HDAC inhibitors directly enhanced IDO transcription 

Table 2
Effect of HDAC inhibitor pretreatment of DCs on allogeneic T cell 
apoptosis, determined by annexin V staining

Treatment	 Day	3	 Day	5	 Day	6
Control 10.95 ± 0.3175 11.43 ± 5.895 9.500 ± 1.365
SAHA 10.30 ± 0.2887 13.33 ± 1.411 15.83 ± 8.587

CD90+ T cells from BALB/c mice were cultured with B6BMDCs pre-
treated with either diluent or 500 nm SAHA for 12–16 h at a 4:1 ratio. T 
cells were harvested and stained with FITC-conjugated annexin V and 
allophycocyanin-conjugated CD3 for FACS analysis. Differences were 
not significant between groups on all days: 3 d, P = 0.88; 5 d, P = 0.11;  
6 d, P = 0.51. Data (mean ± SEM) are from 1 of 2 similar experiments.

Table 3
Effect of HDAC inhibitor pretreatment of DCs on allogeneic T cell prolifera-
tion, determined by CFSE staining

Treatment	 Day	3	 Day	4	 Day	5	 Day	6
Control 20.05 ± 0.02887 28.50 ± 1.222 45.77 ± 5.387 51.17 ± 0.4410
SAHA 15.75 ± 0.1443A 23.40 ± 1.250A 25.97 ± 0.2333A 39.00 ± 1.400A

CD90+ T cells from BALB/c mice were cultured with B6BMDCs pretreated with 
either diluent or 500 nm SAHA for 12–16 h at a 4:1 ratio. T cells were harvested and 
stained with FITC-conjugated annexin V and allophycocyanin-conjugated CD3 for 
FACS analysis. Data are mean ± SEM. ASignificantly different from control: 3 d,  
P = 0.025; 4 d, P = 0.043; 5 d, P = 0.003; 6 d, P = 0.001.
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through acetylation of histone H4. Gene silencing with siRNA, 
pharmacologic inhibition with 1-MT, and use of Indo–/– mice con-
firmed functional relevance for IDO. We thus confirm and extend 
recent observations on the regulation of DC function by HDAC 
inhibition and additionally demonstrate what we believe to be a 
novel molecular mechanism and in vivo relevance for HDAC inhib-
itor–mediated modulation of DCs (31, 39, 41). Given the impact of 
acetylation on gene transcription and protein functions, it is none-
theless possible that HDAC inhibitors will also affect other targets 
in addition to IDO in the DCs. Furthermore, although IDO is con-
stitutively expressed by B220+CD19+CD11clow plasmacytiod DCs, 
it can also be induced in a variety of other cell types (42). Because 
BM-derived DCs contained less than 1% B220+CD19+CD11c+ cells 
(data not shown), our findings suggest that HDAC inhibitors 
induce expression of IDO primarily in the nonplasmacytiod DC 
fraction of BMDCs. Nonetheless, the effect of HDAC inhibition 
on different DC subsets, the additional molecular targets, and the 
critical pathways that modulate IDO-dependent mechanisms will 
warrant further studies.

Host DCs, proinflammatory cytokines, donor T cell responses, 
and TLR (LPS) signaling play critical roles in the pathogenesis of 
acute GVHD (43), the most serious complication of allogeneic 
BMT (44). Injection of host-type DCs treated ex vivo with the 
HDAC inhibitor SAHA early after BMT significantly controlled 
acute GVHD mortality. Direct administration of a second HDAC 
inhibitor, ITF 2357, also reduced acute GVHD that was depen-
dent, at least in part, on the expression of IDO by host-type APCs 
in response to HDAC inhibition. These data thus confirm a criti-
cal role for host expression of IDO and additionally provide what 
we believe to be a novel molecular mechanism for our and oth-
ers’ previous observations regarding the ability of these agents to 
suppress GVHD (10, 45). Furthermore, our data were suggestive, 
but not conclusive, that HDAC inhibitors might also have direct 
salutary effects on epithelial cells during both alloimmune and 
autoimmune responses (17, 18). Thus, direct administration of 
HDAC inhibitors to BMT recipients could affect not only APCs, 
but other immune cells (46), and also the epithelial target tissues 

(17, 18). A recent study suggested an association between histone 
acetylation and regulation of STAT-1 expression in GVHD in some 
target organs (18); however, a direct cause and effect relationship 
of STAT-1 regulation by HDAC inhibition for GVHD protection 
remains to be demonstrated.

Figure 4
BMDCs treated ex vivo with HDAC inhibitor regulate acute GVHD. C57BL/6 animals were irradiated and transplanted with TCD BM and T cells 
from either allogeneic BALB/c or syngeneic C57BL/6 Ly5.2 (n = 4) animals as described in Methods. Allogeneic recipients were injected with 
diluent (n = 10) or with 4 × 106 to 5 × 106 control (n = 10) or SAHA-treated (n = 10) B6BMDCs on days –1, 0, and 2 relative to BMT. (A) Survival. 
Open circles, syngeneic; open triangles, diluent-injected allogeneic; filled circles, SAHA-treated DC–injected allogeneic; filled triangles, control 
DC–injected allogeneic. P < 0.05, SAHA-treated DCs versus control DCs. (B) Serum levels of TNF-α 7 d after BMT. *P < 0.05 versus allogeneic 
control recipients. (C) Day-7 donor T cell expansion. *P < 0.05 versus allogeneic control recipients. Data (mean ± SEM) were combined from 2 
experiments and represent 2 of 3 experiments with similar results.

Figure 5
Effect of SAHA on the phenotype of murine DCs. BM cultures 
enriched for DCs from C57BL/6 mice were sorted by FACS for 
CD11c+ DCs after being stained with FITC-conjugated anti-CD11c. 
Cells were then incubated with 0.5 μM SAHA or diluent for 16–18 h  
and stained for PE-labeled IgG (black) or anti-CD80, anti-CD86, and 
anti-CD40 (gray) as described in Methods. Increased expression 
relative to control IgG is shown by arrows and percentages. Results 
are representative of 3 replicate experiments.
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Importantly, HDAC inhibitors do not suppress the CTL respons-
es to allogeneic tumor targets (10) and increase the immunogenic-
ity of tumors, making them more susceptible to T cell–mediated 
cytotoxicity (47–50). Furthermore, treatment of P815 and EL-4 
tumor cell lines with subcytotoxic doses of SAHA and ITF 2357 
did not increase the expression of IDO (data not shown). Given 
these differential effects, HDAC inhibitors might enhance graft-
versus-leukemia by increasing tumor immunogenicity (48–50) 
and maintaining CTL responses while simultaneously reducing 
GVHD through regulation of DC functions and proinflammatory 
cytokine secretion. Nonetheless, IDO can be expressed in a variety 
of other cell types (32, 51–53), and how HDAC inhibitors affect 
the expression of IDO in other cells, and the interactions amongst 
these cells, remains to be explored.

Immunomodulatory agents, such as IL-10, sirolimus, or vita-
min D3, alter the phenotype of DCs by reducing the expression 
of expression costimulatory molecules, and these agents eventu-
ally generate Tregs (54–61). Although HDAC inhibitor treatment 
of DCs reduced the surface expression of CD40, CD80, and CD86 
(31), it did not lead to the generation of the conventional suppressor 
cells, such as CD4+CD25+Foxp3+ or Tr-1 cells. Moreover, the prolif-
erative responses were restored in the primary MLR cultures by the 
addition of exogenous IL-2. These data suggest that HDAC inhibi-
tor–treated DCs induced T cell anergy (23) and are consistent with 
previous observations that IDO-expressing cells induce T cell anergy 
(52, 53, 62, 63). Recent data show that direct treatment of known 
Foxp3+ Tregs with HDAC inhibitors enhances their function and 
number (46), while our present data showed that HDAC inhibitors 
had direct effects on DCs that are distinct from the effect of these 
agents on Tregs. Thus, together with recent observations (64), our 
present findings suggest that HDAC inhibition can have potent and 
distinct direct regulatory effects on various immune cells.

Our data on the modulation of murine and human DC pheno-
type and function by HDAC inhibitors are consistent with previous 
reports of their effects on human monocyte and macrophage func-
tions (65), but we did not address their effects on non-TLR stimuli 

or the responses of distinct DC subsets (22, 66). It is also important 
to recognize that various HDAC inhibitors can have qualitatively 
and quantitatively different — even opposite — effects on cytokine 
production, depending on the type of stimuli and activation state 
of target cells as well as the dose and duration of treatment (9).

In summary, our findings demonstrated that the HDAC inhibi-
tors SAHA and ITF 2357 regulated both murine and human DC 
functions in vitro and regulated experimental GVHD in vivo. 
Because these agents are relatively well tolerated and are in phase 
I and phase II clinical trials (15, 16), they should soon be ready to 
be tested as immunoprophylaxis agents in BMT recipients. These 
data, along with previous observations (17, 18, 31, 39, 41), suggest 
that HDAC inhibitors could be used as therapeutics and also have 
the potential to modulate cellular therapy. While the outcome of 
systemic infusion of HDAC inhibitors will likely include a multi-
tude of effects on various cells and tissues, the oral and intravenous 
availability of these agents may boost their clinical applicability in 
the future. Furthermore, given their broad immunomodulatory 
effects on DCs and Tregs (64), these agents may also have impor-
tant therapeutic potential in other immune-mediated diseases.

It should be noted that in clinical studies that used HDAC inhibi-
tors as antitumor agents, reports of sepsis and hematological alter-
ations were observed, but their immunomodulatory effects have 
not been well examined (15, 16, 67). However, one recent study 
demonstrated that HDAC inhibitors increased virus gene expres-
sion but decreased antiviral function of CD8+ T cells in HTLV-1 
infection, demonstrating immunological effects of these drugs 
(68). Nevertheless, our data suggest that the doses needed for 
immunomodulation are substantially lower than those required 
for antitumor efficacy, and whether reduced doses alter immune 
responses need to be determined in well-designed clinical trials.

Methods
Mice. Female C57BL/6 (KbDbI-AbI-Eb; CD45.2+), B6.Ly-5a (CD45.1+), BALB/c  
(H2d), HLA-G–/– C57BL/6 (H2b; CD45.2+), C3H/HeJ (H2k), bm12 (KbDbI-
Abm12I-Eb; CD45.2+), Indo–/–C57BL/6, and bm1 (Kbm1DbI-AbI-Eb; CD45.2+) 

Figure 6
HDAC inhibitor–treated DCs regulate T cell proliferation induced by normal DCs. BMDCs were obtained and treated with SAHA as described in 
Methods. Control and SAHA-treated DCs were cocultured with allogeneic T cells at the indicated ratios as described in Methods. (A) Coculture 
at a 1:1 ratio reduced T cell proliferation at 72 h. *P < 0.05 versus 1:0 ratio. (B) Separation of the control DCs and SAHA DCs at a 1:1 ratio in a 
transwell caused robust T cell proliferation. P = NS, 1:1 versus 1:0. *P < 0.05 versus 1:0 ratio. (C) Coculture of control DCs from WT C57BL/6 
and SAHA-treated DCs from Cd74–/– animals at a 1:1 ratio caused BALB/c CD4+ T cell proliferation. P = NS, control DCs versus 1:1. **P < 0.01 
versus control DCs. Data are mean ± SEM.
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mice were purchased from The Jackson Laboratory. C57BL/6-background 
Cd74–/– mice (B6.129-Abbtm1N5; CD45.2+) were purchased from Taconic 
Farms. The bm12 and bm1 mice possess mutant MHC class II and MHC 
class I alleles, respectively, that differ from C57BL/6 mice. The age of mice 
used for experiments ranged between 8 and 12 wk. Mice were housed in 
sterilized microisolator cages and received filtered water and normal chow 
or autoclaved hyperchlorinated drinking water for the first 3 wk after BMT. 
All animals were cared for under regulations reviewed and approved by the 
University Committee on Use and Care of Animals of the University of 
Michigan, based on University Laboratory Animal Medicine guidelines.

DC isolation. To obtain DCs, BM cells from C57BL/6 mice were cul-
tured with murine recombinant GM-CSF (10 ng/ml; BD Biosciences — 
Pharmingen) and 10 ng/ml IL-4 (Peprotech) for 5–8 d and harvested as 
described previously (69). DCs from normal healthy human volunteers 
were also isolated from fresh heparinized blood following culture with 
human IL-4 and GM-CSF for 7 d, as described previously (70). Stud-
ies with human cells were performed after obtaining informed consent 
from the participants and were approved by the University of Michigan 
Institutional Review Board.

HDAC inhibitors. SAHA and ITF2357 were obtained from Italfarmaco 
(Cinisello Balsamo) in the form of dry lyophilized powder and were 
stored at –80°C. Vials of SAHA and ITF 2357 were first dissolved in 50 μl  
DMSO, diluted in sterile H2O, and heated to boiling for complete disso-
lution before being adding to the cultures (14). DCs were harvested and 
either sorted or normalized for CD11c+ DCs and cultured for 16–18 h  
with various concentrations of SAHA and ITF 2357. Sterile H2O was 
used as the diluent control.

Cell cultures. The TLRs on DCs were stimulated overnight with specific 
pathogen-associated molecular patterns: 1 μg–100 ng/ml LPS and 10 μg/ml  
LTA, both for TLR4; 10 μg/ml PGN for TLR2; 100 μg/ml poly(IC) for TLR3; 
and 10 μM CpG for TLR9. The supernatant from the cultures was analyzed 
for proinflammatory cytokines, including TNF-α, IL-12p70, and IL-6. For 
analysis of proliferative responses, mixed lymphocyte cultures were per-
formed with 2 × 106 cells/ml of allogeneic BALB/c CD90+ T cells cultured 
in flat-bottomed 96-well Falcon plates (BD) in the presence of SAHA- or 
control-treated CD11c+ DCs (2 × 105 cells/ml) from C57BL/6 animals for 
72 h, or cultivated with or without 1 μg/ml anti-CD3e and anti-CD28 
mAb (BD Biosciences) for 48 h by incorporation of [3H] thymidine (1 μCi; 
NEN Life Sciences Products) for the last 24 h of incubation (69). Transwell 
experiments were performed with BALB/c T cells and unsorted control 
C57BL/6 DCs at 5 × 105 cells/ml in the presence of SAHA-treated DCs at 
5 × 105 cells/ml in the same well or separated by the Transwell (Corning 
Costar). Proliferative responses were measured after incorporation of [3H] 
thymidine for the last 24 h of incubation. For proliferative analysis, BALB/c  
CD90+ T cells were labeled with CFSE and cultured with B6BMDCs. 
These DCs had been pretreated with diluent or 500 nm SAHA for 16–18 h, 
washed, and placed in an MLR culture with CFSE-labeled allogeneic T cells 
as stimulators. T cells were harvested and stained with allophycocyanin-
conjugated CD3 for CFSE fluorescence intensity analysis.

Cytotoxicity assay. BALB/c T cells from mice were stimulated in bulk pri-
mary cultures with control- or SAHA-pretreated B6BMDCs at 37°C in a 
5% CO2 atmosphere for 6 d and used as effector cells after normalizing for 
CD8+ T cell numbers. C57BL/6 or BALB/c spleen cells (2 × 107) were cul-
tured with concanavalin A (Sigma-Aldrich) at a concentration of 5 μg/ml 

Figure 7
HDAC inhibitors induce IDO and regulate DC function. (A) B6BMDCs were treated with diluent control or with SAHA or ITF 2357 at the indicated 
concentrations for 16 h, and expression of IDO was evaluated with RT-PCR for IDO mRNA. GAPDH was used to control for RNA loading. Data 
are from 1 of 2 similar experiments. (B) Blockade of IDO with siRNA. BMDCs were transfected with IDO-specific siRNA or control scrambled (sc) 
siRNA and treated with diluent control, 500 nM SAHA, or 10 ng/ml IFN-γ. Knockdown of IDO mRNA was evaluated with RT-PCR as described in A. 
SOD2 expression by IFN-γ was used as control for the specificity of IDO knockdown, and GAPDH was used to control for RNA loading. (C) BMDCs 
were transfected with IDO-specific or control siRNA and treated with either diluent or SAHA as described above. LPS was added for the last 18 h  
of culture, and TNF-α was measured in the supernatants. Data (mean ± SEM) are from 1 of 3 similar experiments. (D) BMDCs were obtained from 
either WT C57BL/6 or Indo–/– C57BL/6 mice. Cells were treated with diluent, SAHA, or ITF 2357 and stimulated overnight with control media or 
LPS, after which TNF-α was measured in the supernatants. Data (mean ± SEM) are from 1 of 2 similar experiments. *P < 0.05; **P < 0.03.
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for 3 d to generate concanavalin A blasts, labeled by incubating 2 × 106 cells 
with 2 MBq Na2

51CrO4 (PerkinElmer) for 1.5 h at 37°C in a 5% CO2 atmo-
sphere, and used as target cells. After washing, 2.5 × 103 labeled targets were 
resuspended, and the 51Cr-release assay was performed as described previ-
ously (71). These preparations were added to quadruplicate wells at vary-
ing effector/target ratios and incubated for 6 h. Maximal and background 
release was determined by the addition of Triton-X 100 (Sigma-Aldrich) or 
media alone, respectively, to targets. Activity of 51Cr in supernatants taken 
6 h later was determined in an auto-gamma counter (Packard) (71).

Cytokine ELISAs. Concentrations of TNF-α, IL-12p70, IL-6, IL-2, IFN-γ,  
IL-10, and TGF-β were measured in serum or culture supernatants by 
ELISA with specific anti-mouse mAbs for capture and detection, and the 
appropriate standards were purchased from BD Biosciences — Pharmingen 
(IFN-γ, IL-1, and TNF-α) and R&D Systems (IL-12p70, IL-6, IL-2, IL-1, and 
TGF-β). Assays were performed according to the manufacturer’s protocol 
and read at 450 nm by using a microplate reader (Bio-Rad).

Cell surface phenotype analysis. To analyze cell surface phenotype, spleno-
cytes or BM cells from naive or transplanted mice were resuspended in PBS 
and stained with conjugated monoclonal antibodies. FITC-, PE-, or allo-
phycocyanin-conjugated anti-mouse CD11c, CD45.1, CD3, CD8, CD11b, 
CD25, CD40, CD49, CD80, CD86, and I-Ab (BD Biosciences — Pharmingen) 
and FITC- or PE-conjugated anti-human CD11c, CD1a, CD40, and CD80 

mAbs (BD Biosciences — Pharmingen) were 
used for phenotype analyses. Briefly, cells 
were preincubated with the rat anti-mouse 
FcR mAb 2.4G2 for 15 min at 4°C to block 
nonspecific FcR binding of labeled antibod-
ies and then incubated with the relevant 
secondary mAbs for 30 min at 4°C. Finally, 
cells were washed twice with 0.2% BSA in PBS, 
fixed with 1% paraformaldehyde in PBS, and 
analyzed by an EPICS Elite ESP cell sorter 
(Beckman Coulter). Irrelevant IgG2a/b mAbs 
were used as a negative control (69).

BMDC viability. Annexin V staining was 
performed to evaluate cellular viability, as 
described previously (26). Briefly, DCs were 
obtained from C57BL/6 BM cultures, treated 
with increasing concentrations of SAHA (0, 
50, 500, and 2,000 nM), harvested 14–16 h 
after SAHA treatment, stained with FITC-
conjugated CD11c, washed with 1× PBS, and 
stained with PE-conjugated annexin V (R&D 
Systems) in the dark for 15 min at room 
temperature in labeling buffer. DC apopto-
sis was identified based on double staining 
for CD11c and annexin V. In order to assess 
T cell viability, an MLR was set with CD90+ 
T cells from a BALB/c mouse and C57BL/6 
DCs pretreated with either 500 nm SAHA or 
diluent for 12–16 h at a 4:1 ratio for 3, 5, and 
6 d. T cells were harvested and stained with 
FITC-conjugated annexin V and allophyco-
cyanin-conjugated CD3 for FACS analysis.

RNA isolation and RT-PCR. Total cellular 
RNA was isolated by using TRIzol reagent 
(Invitrogen) and then reverse transcribed  
(2 μg) using Moloney murine leukemia virus 
RT (Promega) and random hexamer prim-
ers in a total volume of 20 μl at 42°C for  

60 min. One-tenth of the RT reaction was subjected to PCR analysis using 
primer pairs specific for IDO (5′-GAAGGATCCTTGAAGACCAC-3′ and 
5′-GAAGCTGCGATTTCCACCAA-3′), SOD2 (5′-AGACCTGCCTTAC-
GACTATG-3′ and 5′-AGCGGAATAAGGCCTGTTGT-3′), and glyceralde-
hyde-3-phosphate dehydrogenase (5′-AAATCCCATCACCATCTTCC-3′ 
and 5′-GTCCACCACCCTGTTGCTGC-3′). PCR products were resolved 
on 1% agarose ethidium bromide gels; bands were visualized on a Chemi-
Imager 4400 system (Alpha Innotech Co.); and images were inverted for 
presentation to show dark bands on a light background.

siRNA synthesis and transfection. The siRNA sequences specific for murine 
IDO (sense, 5′-GGGCUUCUUCCUCGUCUCUTT-3′; antisense, 5′-AGAGAC-
GAGGAAGAAGCCCTT-3′) and the negative scrambled siRNA controls (35) 
were selected, synthesized, and annealed by the manufacturer (Invitrogen). 
The transfection of DCs and siRNA for IDO was performed as described 
previously (34, 35). Briefly, 10 μg siRNA in 90 μl transfection buffer (20 mM 
HEPES, 150 mM NaCl; pH 7.4) were mixed in solution made from 60 μl 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) according to the manu-
facturer’s instructions (Roche). After incubation at room temperature, the 
mixture was added to medium containing 3 × 106 CD11c+ DCs and incubat-
ed for 8 h at 37°C. The cells were then harvested and placed in fresh medium 
for an additional 40 h with or without various doses of SAHA or ITF 2357. 
Some cells were treated with LPS (1 μg/ml) for the last 12 h of the incubation 

Figure 8
IDO is critical for regulation of GVHD by HDAC inhibitors. (A and B) WT C57BL/6 mice were irradi-
ated and transplanted with TCD BM and T cells from either allogeneic BALB/c or syngeneic C57BL/6 
Ly5.2 (black line; n = 8) animals. Allogeneic recipients were injected with 4 × 106 to 5 × 106 of either 
diluent-treated control (gray line; n = 14) or SAHA-treated (dotted line; n = 14) B6BMDCs from Indo–/–  
mice on days –1, 0 and 2. All mice were evaluated for survival (A) and clinical GVHD severity (B).  
P = NS, SAHA-treated versus control allogeneic recipients. Data (mean ± SEM) were combined from 
2 experiments with similar results. (C and D) [C57BL/6→C57BL/6] and [C57BL/6→Indo–/–C57BL/6] 
chimeras were generated as described in Methods and used as recipients in allogeneic BMT. Chi-
meras were reirradiated and transplanted with TCD BM and T cells from either allogeneic BALB/c 
or syngeneic C57BL/6 Ly5.2 (gray line; n = 4) animals. Allogeneic [C57BL/6→C57BL/6] recipients 
were injected with either diluent (thin line; n = 6) or ITF 2357 (thick line; n = 6) as described in Meth-
ods. [C57BL/6→Indo–/–C57BL/6] recipients were also injected with diluent (dotted line; n = 5) or ITF 
2357 (dashed line; n = 6). All mice were evaluated for (C) survival and (D) clinical severity of GVHD.  
*P < 0.05 versus ITF 2357. Data (mean ± SEM) are from 1 of 2 similar experiments.
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period. Cells were then recovered, washed, and immediately used for analysis 
of IDO expression by RT-PCR. Prior to using the IDO-specific siRNA, we 
tested the transfection efficiency of the above conditions. BLOCK-it Fluo-
rescenct Oligo (Invitrogen), a fluorescein-labeled dsRNA oligomer designed 
for RNAi transfection analysis, was used to assess and optimize the cationic 
liposome–mediated transfection of DCs, a good indication of transfection 
efficiency with our standard siRNA. After 24 h of transfection, the cells were 
examined under an inverted reflected-light fluorescence microscope (model 
1X70, with filter BA515 for fluorescein; Olympus) and a 100-W high-pres-
sure mercury lamp. Digital images for phase-contrast and FITC were cap-
tured by a SPOT Xplorer camera (Diagnostic Instruments Inc.) attached to 
the microscope. The total number of cells and the number of FITC-labeled 
cells in the same fields were identified and counted in 10 randomly selected 
areas per high-power field (original magnification, ×100) and revealed that 
we had a transfection efficiency of 75%–90%.

Chromatin immunoprecipitation assay. Chromatin immunoprecipitation 
assay was performed to evaluate the binding of acetylated histone H4 to the 
IDO promoter, as described previously (72). Briefly, cells were cross-linked 
with 1% formaldehyde for 30 min, quenched with 1.25 mm glycine for 5 min,  
harvested, and washed twice with cold PBS. Cells were resuspended in lysis 
buffer (50 mm HEPES, pH 8.0; 1 mM EDTA; 0.5 mM EGTA; 140 mM NaCl; 
10% glycerol; 0.55 mM NP-40; 0.25% Triton X-100; 1 mM PMSF; and 1× 
protease inhibitor mixture; Pierce) and sonicated for 5 bursts of 15 s each, 
followed by a cooling period of 40 s in an ice bath using Dimembrator 550 
(Fisher Scientific) and centrifugation at 13,000 g for 10 min. One-tenth of 
the total lysate was used for total genomic DNA as input control. Super-
natant was treated with salmon sperm DNA (Sigma-Aldrich), BSA-coated 
protein A/G agarose (Invitrogen), and rabbit IgG (Santa Cruz Biotechnol-
ogy Inc.) by incubating at 4°C for 1 h with rocking. Immunoprecipitation 
was performed for 15 h at 4°C with 4 g each of rabbit acetylated H4-specific 
antibody and control rabbit IgG (Upstate). Protein A/G agarose was added 
and incubated at 4°C for 1 h. Complexes were washed once in low-salt 
buffer (0.1% SDS; 1% Triton X-100; 2 mM EDTA; 20 mM Tris, pH 8.0; and 
150 mM NaCl), once in high-salt buffer (0.1% SDS; 1% Triton X-100; 2 mM 
EDTA; 20 mM Tris, pH 8.0; and 500 mM NaCl), and once in LiCl buffer 
(0.25 M LiCl; 1% NP-40; 1% deoxycholate; 1 mM EDTA; and 10 mM Tris, 
pH 8.0), followed by 2 washes in TE buffer (20 mM Tris and 2 mM EDTA). 
Washed complexes were eluted with freshly prepared elution buffer (1% 
SDS and 100 mM NaHCO3), and the Na+ concentration was adjusted to 
200 mM to reverse the formaldehyde cross-linking. DNA fragments were 
then precipitated. For PCR, 2 l of a 30-l DNA extraction was used. PCR 

primers corresponded to sequences within IDO promoter γ-IFN–activated 
site regions as follows: forward, 5′-CTCCTTTTATGGGTGATTGTTTCC-3′;  
reverse, 5′-GAGAACTCCTAAGTTTATGTCCAC-3′.

BMT. BMT was performed according to a standard protocol, as described 
previously (10). WT C57BL/6, Cd74–/–, or HLA-G–/– C57BL/6 mice were irra-
diated with 11 Gy total body irradiation (137Cs source) on day –1 relative 
to BMT and were injected with 4 × 106 to 5 × 106 BM-derived host-type 
(WT C57BL/6 or Indo–/–) DCs on days –1, 0 and 2 or as otherwise specified 
following total body irradiation. On the day of BMT, mice received 2 × 106 
purified splenic T CD3+ cells along with 5 × 106 TCD BM cells from either 
syngeneic or allogeneic BALB/c donors. In experiments with MHC class II–  
and MHC class I–deficient animals, mice received 2 × 106 CD4+ T cells or 
3 × 106 CD8+ T cells (along with 5 × 106 TCD BM cells) from bm12 or 
bm1 donors, respectively. In preliminary experiments, administration of  
1 × 106 or 2 × 106 DCs had no significant effects on GVHD severity. BM chi-
meras using TCD BM from [C57BL/6→C57BL/6] and [Indo–/–C57BL/6→
C57BL/6] animals were generated following irradiation of 11 Gy. After 3–4 mo,  
these animals were conditioned with 10 Gy on day –1 and used as recipi-
ents in a second BMT with 3 × 106 to 4 × 106 T cells and 5 × 106 BM cells 
from allogeneic BALB/c donors. The chimeras received 5 mg/kg ITF 2357 
or diluent on days –1 to 2 relative to BMT.

Statistics. Survival curves were plotted using Kaplan-Meier estimates. The 
Mann-Whitney U-test was used for the statistical analysis of in vitro data and 
clinical scores, while the Mantel-Cox log-rank test was used to analyze sur-
vival data. A P value less than 0.05 was considered statistically significant.
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