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Abstract
Histone/protein deacetylases (HDACs) decrease histone and protein acetylation, typically leading
to suppression of gene transcription and modulation of various protein functions. We found
significant differences in expression of HDAC before and after stimulation of human T regulatory
(Treg) and T effector cells, suggesting the potential for future selective targeting of Tregs with
HDAC inhibitors (HDACi). Use of various HDACi small molecules enhanced, by up to 4.5-fold
(average 2-fold), the suppressive functions of both freshly isolated and expanded human Tregs,
consistent with our previous murine data. HDACi use increased Treg expression of CTLA-4, a
key negative regulator of immune response, and we found a direct and significant correlation
between CTLA-4 expression and Treg suppression. Hence, HDACi compounds are promising
pharmacologic tools to increase Treg suppressive functions, and this action may potentially be of
use in patients with autoimmunity or post-transplantation.

INTRODUCTION
FOXP3+ T regulatory cells (Tregs) are important to normal homeostasis of the immune
system and play key roles in immunological processes ranging from transplant rejection and
autoimmunity to allergy and cancer [1-4]. Therapeutic strategies proposed for Treg use
mainly involve increasing the conversion of naïve T cells into induced Tregs, or expanding
autologous or even allogeneic naturally occurring Tregs, prior to their adoptive transfer into
patients [5]. However, the clinical applicability of these approaches may be limited by the
stability of Treg suppressive functions after ex vivo expansion [5,6], and by an inherent
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plasticity of naturally occurring or converted Tregs that can lead to their reversion to pro-
inflammatory cells post-transfer [7,8].

As part of a large multi-molecular complex, the transcription factor FOXP3 down-regulates
Treg expression of the pro-inflammatory genes, IL-2, IL-4 and IFN-γ [9,10], and up-
regulates expression of CTLA-4 (CD152), CD25 and other Treg-associated genes [11].
FOXP3 is also subject to various post-translational modifications [11-15]. Of relevance to
the current study, the reversible acetylation and deacetylation of the ε-amino groups of
lysine located in histones and many non-histone proteins (e.g. p53, GATA-1, STAT3,
estrogen and androgen receptors, HSP90, α-tubulin and FOXP3) is controlled by histone
acetyltransferases (HATs) and histone/protein deacetylases (HDACs), respectively [16,17].
Usually, histone acetylation correlates with increased transcriptional activity and histone
deacetylation correlates with gene silencing.

There are four classes of HDACs [16,17]. The class I HDACs are HDAC1, 2, 3, and 8; the
class II HDACs include HDAC4, 5, 7, 9 (subclass IIa) and HDAC 6, 10 (subclass IIb); the
class III HDACs are structurally unrelated to either class I or class II HDACs and are
homologs of yeast Sir2 proteins; currently the sole class IV HDAC is HDAC11. Class I
HDACs are detected in the nucleus and are expressed ubiquitously, whereas class II HDACs
shuttle between the nucleus and cytoplasm and are expressed in a tissue-specific manner
[16,17]. The activities of Zn-dependent class I and II HDACs are inhibited by “classical”
HDAC inhibitors (HDACi), typically leading to activation of gene expression and increased
protein function.

Many HDACi are under investigation as anticancer agents since they are potent inducers of
cancer cell growth arrest, differentiation and/or apoptotic cell death [18]. HDACi also have
anti-inflammatory effects, as shown for SAHA, Trichostatin-A (TsA) and butyrate [19].
Indeed, bufexamac, a non-steroidal anti-inflammatory drug used for many years, was
recently identified as an HDACi with activity against class I HDAC and HDAC6 [20].
Historically, the anti-inflammatory effects of HDACi were attributed to their inhibitory
effects on class I HDAC [21], but recent studies have shown direct effects of HDACi on
FOXP3+ Tregs and implicated class IIa HDACs in Tregs as key targets of HDACi therapy
[19]. Therapy with a panHDACi such as TsA or SAHA can stimulate thymic production of
FOXP3+ Tregs and promote the peripheral conversion of murine and human T cells into
Tregs [13,22]. HDACi use also increased expression of FOXP3 in murine Tregs and
enhanced their suppressive function in vitro and in vivo [13], pointing to the potential
benefit of HDACi for therapy of autoimmunity and transplant rejection [19].

However, there are significant differences between human and murine Tregs that may limit
the extrapolation of data generated in one species to the other. For example, while murine
Treg cells are mainly generated in the thymus, peripheral homeostasis in humans involves
increased proliferation and does not necessarily reflect thymic production [23]. Second,
unlike murine cells, human CD4+CD25- (and CD8+) effector cells transiently express
FOXP3+ upon T cell activation [24]. Third, FOXP3-transduced murine T cells develop
suppressive function [25], whereas corresponding transduction or transfection of human
cells led to conflicting data [26-28]. Fourth, while murine Treg preferentially produce the
novel immunosuppressive cytokine, IL-35 [29], data concerning human Tregs and IL-35 are
conflicting [30]. Hence, caution is required when extrapolating data from murine models to
humans. The current study investigated the in vitro effects of various HDACi on human
freshly isolated and expanded Tregs.
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MATERIALS AND METHODS
HDACi

We purchased BML-210 (N-(2-aminophenyl)-N′-phenyl-octanediamide) from Biomol;
bufexamac (p-butoxyphenylacethydroxamic acid), MS-275 (Entinostat, SNDX-275), SAHA
(suberoylanilide hydroxamic acid, Vorinostat) and sodium butyrate from Axxora; valproic
acid from Sigma; and obtained tubacin as a gift from Dr. Stuart Schreiber (Harvard
University).

Cell isolation and culture
Mononuclear cell-enriched apheresis product was obtained by leukapheresis of healthy
volunteer donors (n=24, 20 male, 4 female) by the University of Pennsylvania Human
Immunology Core. Specimens were collected under a University Institutional Review
Board-approved protocol and informed consent was obtained from each donor.

Treg expansion
CD4+ T cells were purified from apheresis product using RosetteSep human CD4+ T cell
enrichment cocktail (Stemcell Technologies), and CD25hi Treg cells isolated using a MoFlo
high-speed cell sorter (DakoCytomation). K64.86 cells, an artificial antigen-presenting cell
(APC) line [31], were washed and re-suspended in serum-free culture medium (X-VIVO 15,
LONZA) 24 h prior to antibody loading. Cells were irradiated with 100 Gy and washed,
followed by addition of OKT-3 anti-CD3 mAb (1 μg/ml). Cells were rotated at 4 °C for 30
min, after which unbound antibody was removed by washing three times. Ab-loaded K64.86
cells were re-suspended in serum-free culture medium at a density 1×106 cells/ml, and
combined with CD4 cells (also in serum-free medium) at a final ratio of 1 K64.86 cell: 2
CD4 cells. After 24 hrs of culture, human AB serum (10% final concentration) and human
IL-2 (CHIRON Therapeutics, final concentration of 300 U/ml) were added. Cultures were
monitored for cell volume and cell density using a Coulter Multisizer 3 (Beckman Coulter)
on days 5, 8, 12 and 15 of culture. Following counting, the culture was adjusted to 3×105

cells/ml and IL-2 (300 U/ml) was added at 5, 8, 12 and 15 d.

Quantitative real-time PCR (qPCR)
Tregs were isolated using a CD4+CD25+CD127dim/− Treg Isolation Kit using the
manufacturer's instructions (Miltenyi). CD4+CD25- T effectors (Teff) were isolated from
the same donor, using a CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi). Tregs and
Teffs were stimulated with CD3/CD28 beads (Dynabeads, Invitrogen) for 2, 4, 6, 21 or 24 h,
3 d or 5 d in the presence or absence of HDACi. Cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% FBS, 100 U/ml penicillin/streptomycin and 50 μM 2-ME
(Invitrogen), termed as “culture medium”. Total RNA was isolated using TRIzol
(Invitrogen) and RNeasy kits (QIAGEN), and specific primer and probe sequences for target
genes (Applied Biosystems) were used for qPCR amplification of total cDNA (TaqMan,
Applied Biosystems). Relative quantitation was determined using a control value of 1, with
normalization to 18S rRNA.

Toxicity testing
CD4+CD25- Teffs were isolated from PBMC using CD4+CD25+ Regulatory T Cell
Isolation Kit (Miltenyi Biotec). Irradiated autologous PBMC were used as APC at 1:1 ratio.
In some experiments, fresh or cryopreserved PBMC were used as Teffs and APC. PBMC or
Teffs were CFSE-labeled [32], resuspended in culture medium (1×106 cells/ml), 100 μL of
PBMC or 50 μL of Teffs and 50 μL APC placed in each well in a 96-well plate, and CD3
beads (OKT3 mAb-coated Invitrogen beads) added at a ratio of 3 beads/cell. CFSE-labeled
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cells without CD3 beads were used as negative controls (no divisions). CFSE-labeled CD3-
stimulated cells without HDACi were used as positive controls (maximum divisions). After
3-4 days of incubation, CD4+ cell divisions were determined by CFSE dilution. Levels of
each drug that had minimal or no toxic effect on T cell proliferation were then tested in the
presence of Tregs in suppression assay. Toxicity testing was performed at least twice with
cells from different donors.

Treg suppression assays
Teffs, APC and PBMC were prepared as described above. CD4+CD25+ Tregs were isolated
from fresh PBMC using CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi Biotec).
Freshly isolated or expanded Tregs were resuspended in culture medium (1×106 cells/ml)
and added to 96-well plates in serial dilutions, giving Treg/Teff ratios of 1/1, ½, 1/4, 1/8 and
1/16. Each well contained 50×103 APC, 50×103 Teff (or 100×103 PBMC) and Tregs ±
HDACi (as indicated). Wells without drugs served as positive controls in preparation of
suppression curves. Wells with HDACi but without Tregs served as additional toxicity
controls, and concentrations of HDACi that impaired cell divisions were excluded from
further analysis. Cells without CD3 beads served as negative controls. After 3 or 4 d of
incubation, CD4+ cell divisions were determined by CFSE dilution.

To evaluate proliferation of Tregs, expanded or fresh isolated Tregs were CFSE-labeled, and
added to wells in serial dilutions and in the presence or absence of differing concentrations
of HDACi. CD3 mAb-coated beads, Teffs and APC were added, and each suppression assay
was performed as usual except that Treg divisions were determined by CFSE dilution. To
study HDACi activities specifically for Tregs only, suppression assay with pre-incubated
Tregs was performed. For that assay expanded Tregs were put into the 96-well plate in serial
dilutions ± different concentration of HDACi. On the following day, Tregs were washed
twice to remove residual HDACi from culture media, and anti-CD3 beads, CFSE-labeled
Teffs and APC added as described for the standard suppression assay.

Flow cytometry
We purchased anti-CD4-APC, anti-CD25-PE and -APC, anti-IL-2-PE and anti-CTLA-4 Pe-
Cy5 (BD Biosciences); anti-FOXP3-AlexaFluor 647 antibodies (clone 259D, Biolegend);
anti-CD4-Pacific blue, anti-FOXP3-PE, anti-FOXP3-Alexa Fluor 647, anti-FOXP3-Pacific
blue and anti-FOXP3-FITC (clones PCH101, 236A/E7) (eBioscience). Recombinant human
IL-2 was purchase from Roche. Intracellular FOXP3 staining was performed using the
FOXP3 Fix/Perm Buffer set (Biolegend or eBioscience respectively) according to each
manufacturer's recommendations. Intracellular CTLA-4 and IL-2 stainings were performed
using the same conditions as FOXP3 staining (eBioscience kit). In case of Il-2 staining, cells
were stimulated in the presence of BD GolgiStop ™ (BD Biosciences). The cell
fluorescence was measured using Cyan (Dako) and data were analyzed using Flowjo
software (TreeStar). In addition, we studied by flow cytometry expanded or fresh isolated
Tregs, which were stimulated with anti-CD3/CD28 beads for 1-5 d, or after 3 and 4 days of
a Treg suppression assay.

Statistics
Data were analyzed using GraphPad Prism software. First, all sampling were tested for
normality (D'Agostino-Pearson test). A nonparametric Mann-Whitney test was used for
qPCR data. For flow cytometry data, raw data, calculated as % of divisions of CD4+ Teff,
were standardized using min-max normalization, and the % of standardized suppression was
calculated as (100 - % of dividing cells) to make suppression curves from different donors
comparable (Fig. S1). Comparative suppression was then calculated as the ratio of area
under standardized suppression curves (AUC) with or without drugs; this approach is
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illustrated for freshly isolated and expanded Tregs (Fig. S2 and Fig. S3, respectively).
Kruskal-Wallis test with Dunn's post-test were used to test significance between control
suppression and suppression with HDACi. To test for a correlation between suppressive
capacity of Tregs and FOXP3 or CTLA-4 expression, a Pearson test was used given that all
data were normal. Linear regression ± 95% predictive value were used in graphs only for
visualization. To check the relationship between different linear correlations, partial
correlation analyses were performed. For all data, a value of p<0.05 was regarded as
significant.

RESULTS
Differing expression of HDACs by CD4+CD25+CD127- Tregs and CD4+CD25- Teffs

There are no data, to our knowledge, concerning the expression of individual HDAC
isoenyzmes by resting and activated T cells, including Tregs. Hence, in 3 donors, we used
qPCR to assess HDAC mRNA levels in freshly isolated Tregs and Teffs and after
stimulation with CD3/CD28 mAb-coated beads for 2, 4, 6, 21 or 24 h (Fig. 1a). Baseline
levels of 3 of the 4 class I HDACs (HDAC1, 2 and 3) were comparable in Tregs and Teffs,
whereas Tregs showed higher baseline expression than Teffs of the remaining class I HDAC
(HDAC8). Following stimulation, the expression of class I HDACs increased markedly in
Teffs (p<0.05), whereas only minor changes were noted in Tregs except for HDAC8, whose
levels initially fell rapidly but rose again after 6 h of cell activation. In contrast to class I
HDACs, expression of class II HDACs differed in Tregs vs. Teffs both before and after
stimulation. At baseline, Tregs showed higher levels than Teffs of all 5 class II HDACs
(HDAC4, 5, 6, 7 & 9), with HDAC9 showing the most notable difference, consistent with
murine Treg data [13]. After stimulation, levels of HDAC4 and HDAC9 expression
decreased significantly in Tregs (p<0.05). Compared to baseline expression, 24 h of cell
activation led to significantly increased expression of all class I HDAC but only a single
class II HDAC (HDAC7) in Teff cells, whereas in Tregs only a single class I HDAC
(HDAC2) was increased and class II HDAC genes, except for HDAC7, were generally
decreased (Fig. 1b). While mRNA expression of course does not necessarily indicate HDAC
protein level or predict catalytic activity, these data illustrate substantial differences in
regulation of HDAC mRNA by human Tregs vs. Teffs under steady state and activating
conditions.

Multiple HDACi enhanced the suppression function of Tregs
Using fresh isolated (n=20) and expanded (n=4) Tregs from 24 healthy donors (20 male, 4
female), we performed Treg suppression assays (n=60) with varying concentrations of
SAHA, sodium butyrate, valproic acid, bufexamac, MS-275, BML-210 and tubacin. These
agents were chosen based upon their long-standing clinical use (butyrate, valproate and
bufexamac), specific clinical approval as an HDACi (SAHA), class or sub-class selectivity
(MS-275, tubacin), or potential special therapeutic interest (BML-210). As HDACi can
induce lymphocyte cell-cycle arrest, differentiation or apoptosis in vitro [33], we first
assessed the toxicity of varying concentrations of each drug on Teffs and APC. The
concentration of each drug that had negligible effect on T cell proliferation over 3 d was
determined, and then tested in conjunction with Tregs in standard suppression assays (Table
1). Effects of HDACi were determined by assessing the division of CFSE-labeled CD4+
Teff at varying Treg to Teff cell ratios; representative data are shown for freshly isolated
Tregs (Fig. 2) and expanded Tregs (Fig. 3). Each compound was tested 4-15 times with cells
from different donors. As Tregs from different donors had differing degrees of suppression,
raw data were standardized using min-max normalization, and the % of standardized
suppression was calculated as (100-% of dividing cells). Comparative suppression was
calculated as the ratio of area under the curve (AUC) with or without each drug; this
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approach is summarized in Fig. S1 and representative data are shown for freshly isolated
Tregs (Fig. S2) and expanded Tregs (Fig. S3). HDACi compounds enhanced Treg
suppression to varying extents, with SAHA, bufexamac and BML-210 showing the greatest
potencies (Fig. 4 and Table 1). This effect of HDACi exposure was stable for at least 5 d, as
evaluated in additional 12 experiments (data not shown).

Though we used levels of each HDACi that did not impair divisions of Teffs in the absence
of Tregs, HDACi use might increase the sensitivity of Teffs or APC to suppression without
enhancing the suppressive function of Tregs. We therefore also incubated Tregs with or
without HDACi for 24 h, washed Tregs twice to remove residual HDACi from culture
media, and added Teffs and APC for 3 days of suppression assay as usual. Tregs that were
pre-incubated with HDACi and washed had lesser though still significant effects on Teff
proliferation, due to shorter time of incubation or removal of compounds, than Tregs
continuously exposed to HDACi for 3 d (Fig. 5). These effects were unlikely to result from
residual HDACi presence since each compound was ineffective when tested at 3-5 fold
lower concentrations than usual (data not shown).

Varying effects of HDACi on FOXP3 expression
We analyzed several potential mechanisms for the increased suppressive ability of HDACi-
treated Tregs, beginning with use of peripheral blood mononuclear cells (PBMC). When
human PBMC were stimulated for 24 h with CD3/CD28 beads ± HDACi, HDACi use
moderately increased the CD25+FOXP3+ and CTLA-4+FOXP3+ (especially CTLA-4hi)
populations of CD4+ cells, but decreased FOXP3-CD25+ and FOXP3-CTLA-4+ subsets
(Fig. 6), suggesting enhanced expression of FOXP3 in cells likely to be natural Tregs rather
than activated Teff cells. Additionally, HDACi slightly decreased IL-2 production (Fig. 6).
However, unlike with murine Tregs [13], HDACi use in vitro did not enhance FOXP3
mRNA or protein expression by purified human Tregs, as observed by qPCR (5
experiments, 1 with expanded Tregs and 4 with fresh isolated Tregs) or flow cytometric
analysis of freshly isolated or expanded Tregs (1 experiment with each population); in these
studies Tregs were stimulated with CD3/CD28 mAb-coated beads and analyzed at day 1,
day 3 or day 5 of culture (Fig. 7). Moreover, in some cases we observed a variable decrease
of FOXP3 expression over several days, regardless HDACi exposure; this effect was highly
variable between donors. HDACi addition did not significantly affect mRNA expression of
Bcl-2, Bcl-XL, CTLA4, GARP, or that of several cytokines (IL-2, IL-6, IL-10 or TNF-α),
and did not change cells viability according to FS-SS gating or DAPI staining (data not
shown). Reasoning that FOXP3 levels might reflect lack of access to IL-2 in these cultures,
we performed 2 additional experiments. First, we activated freshly isolated Tregs for 6 h in
the presence of IL-2 (100 U/ml) and SAHA, and found that addition of IL-2 prevented loss
of FOXP3 expression by Tregs incubated with SAHA (Fig. 7). Second, we stimulated
expanded and fresh isolated Tregs for 24 h in the presence of IL-2 (300 U/ml) and each
HDACi; again there was no significant change in FOXP3 expression (Table 2).

Suppressive capability of Tregs correlates with expression of CTLA-4 rather than FOXP3
We have shown that HDAC9 deletion by homologous recombination can promote murine
Treg survival and proliferation in vitro, resulting on average in a 2-fold increase in the
percentage of Treg by the end of a standard 3 d Treg suppression assay [14]. We therefore
performed suppression assays using CFSE-labeled human Tregs to test whether HDACi use
affected proliferation of human Tregs. We found that each HDACi tested, including
BML-210, MS-275, SAHA, sodium butyrate, valproic acid and bufexamac, caused mild to
moderate impairment of Treg division whether evaluated at 3 or 5 d (Fig. S4). Moreover,
HDACi therapy did not increase FOXP3 expression within either the Treg or the Teff
populations after 3 (Fig. 8) or 5 d (data not shown) of a suppression assay. However HDACi
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increased the proportion of CTLA4hi Tregs by up to 2-fold in suppression assays (Fig. 9).
This phenomenon was observed with freshly isolated (from 4 donors) as well as expanded
(from 2 donors) Tregs at 3 d (for all HDACi except bufexamac) and at 5 d of suppression
assay for bufexamac along with all other tested drugs.

Given the effect of HDACi exposure on CTLA-4 expression by Tregs, we analyzed further
the expression of FOXP3 vs. CTLA-4 in Treg suppression assays. We observed a strong
correlation between the purity of Treg after isolation or expansion (calculated as % of
FOXP3+ cells) and suppressive capability of these cells (Fig. 10a). Likewise, we showed
that CTLA-4 expression in Treg after isolation or expansion also correlated with suppressive
activity of these cells (Fig 10b), and that levels of FOXP3 and CTLA-4 expression in Tregs
after isolation or expansion correlated with each other (Fig 10c). However, to distinguish
real correlations from false ones within these 3 connected factors (FOXP3, CTLA-4 and
suppressive ability), we performed partial correlation analysis. As a result, when we
excluded CTLA-4, FOXP3 expression lost any connection with suppressive capability
(Table 3). These data showed that the correlation between FOXP3 expression after isolation
of Tregs and suppressive function was observed only due to a correlation between CTLA-4
and FOXP3 expression, and the correlation of CTLA-4 with Treg suppressive function. In
addition to the strong correlation between CTLA-4 at day 0 and following inhibition of Teff
proliferation, we observed that suppressive function correlated highly with the proportion of
CTLA-4hi (Fig. 10d) but not FOXP3+ (Fig. 10e) after 3 d of suppression assays. All
collected data were analyzed together or separately for expanded and for freshly isolated
Tregs, for experiments without HDACi or with HDACi, and the same patterns were
observed (data not shown). Thus, CTLA-4 expression, especially CTLA-4hi, but not FOXP3
expression, is an important contributor to human Treg suppression, and use of HDACi
increases the proportion of CTLA-4hi Treg during Treg suppression assays.

DISCUSSION
HDACi small molecules can promote cell-cycle arrest and the differentiation or apoptosis of
cancer cells, suggesting their promise as a new class of anticancer drugs [18]. However,
much less is known about their effects on the immune system, including human lymphocyte
functions [19]. The current work was stimulated by our finding that HDACi use can promote
the development and suppressive function of murine FOXP3+ Tregs [13], and we now
provide the first data on the expression of HDACs and the effects of HDACi treatment on
the functions of FOXP3+ human Tregs.

We analyzed the expression of HDACs in resting vs. activated human Tregs and Teffs.
Class I HDACs (HDAC1-3 & HDAC8) are ubiquitously expressed and localized in the
nucleus, where they are central to the regulation of gene expression. Thus, HDAC1 and
HDAC2 are present in the Sin3A and NuRD co-repressor complexes [34] and HDAC3 is
present in the NCoR/SMRT co-repressor complex [35]. The importance of class I HDACs is
underlined by the finding that in each case, including HDAC1 [36], HDAC2 [37], HDAC3
[38] and HDAC8 [39], global deletion results in pre-natal or peri-natal mortality. In the
current study, we found that the expression of class I HDACs was fairly similar in resting
human Tregs and Teffs but differed upon CD3/CD28 activation. Activation induced
increased expression of multiple class I HDACs in Teffs but not Tregs, except for a modest
increase in HDAC2 expression. Increased expression of class I HDACs in conventional T
cells undergoing activation was reported previously [40]. Such increases are consistent with
roles for induction of HDAC1 and HDAC2 in the regulation of transcriptional repression in
dividing cells [41], and that of HDAC3 [42] and HDAC8 [43] in promoting suppression of
apoptosis. While there are no previous data, to our knowledge, concerning changes in
HDAC expression upon human Treg activation, the lack of upregulation of class I HDAC
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expression in Tregs upon activation is consistent with the very limited capacity of Tregs to
divide under standard culture conditions in vitro [5] and their marked resistance, as
compared to Teffs, to the development of apoptosis [44].

In contrast to class I HDACs, class II HDACs (HDAC4-7 & HDAC9) are primarily
expressed in muscle, neural tissues and thymocytes, and exhibit tissue-specific repression by
shuttling between the nucleus and cytoplasm [16,17]. Their global deletion is lethal only in
the cases of HDAC4 [45] and HDAC7 [46], reflecting involvement in skeletal and vascular
development, respectively. Under resting conditions, human Tregs had higher levels of class
II HDACs than Teffs, including a 20-fold difference in the case of HDAC9. However, upon
CD3/CD28 activation, levels of class II HDACs except HDAC7 were down-regulated by
about 2-3-fold in Tregs, whereas in Teffs all class II HDACs except HDAC9 were
upregulated. HDAC7 play a central role in thymic selection through regulation of Nur77
expression [47], and is present in a multi-component complex in Tregs that also contains
FOXP3 [12,44], but involvement of HDAC7 in Treg development and peripheral functions
is not yet understood. Levels of HDAC9 remained >10-fold higher in Tregs than that of
Teffs at all times, suggesting the relative unimportance of HDAC9 to Teff functions. By
contrast, the decrease in HDAC9 expression upon Treg activation is of interest given data
from murine studies. Murine Tregs require TCR activation for optimal FOXP3-dependent
functions [11], and HDAC9 is an inhibitor of FOXP3 that is exported from the nucleus upon
TCR signaling [13]. The current data showing that HDAC9 is rather selectively expressed
by human Tregs suggest that HDAC9 may play a similar role in controlling human Treg
functions. Overall, the observed differences in HDAC expression suggest the potential for
future preferential targeting of human Tregs using class II HDAC-specific HDACi or
inhibitors of individual class II HDAC isoforms.

Various types of HDACi are currently being developed for use in oncology or considered
for potential application as anti-inflammatory agents [19]. The current studies showed that
incubation with HDACi of varying types enhanced the suppressive capability of freshly
isolated or expanded human Tregs, consistent with murine data [13,14]. Beneficial effects
were also seen using Tregs that were pre-incubated with HDACi and washed, indicating that
increased suppression can be attributed at least in part to a direct effect of HDACi on Tregs,
though optimal enhancement of suppression required continuous exposure in Treg
suppression assays. Our findings are encouraging with regard to future considerations of
HDACi for control of inflammation and autoimmunity, given that much is already known
regarding the clinical pharmacokinetics, toxicity and side-effects of HDACi, and some, such
as valproic acid, have been widely used in many patients.

HDACi can directly increase human and murine FOXP3 acetylation and chromatin binding
[12,13], leading to increased expression of FOXP3-regulated genes, including CTLA-4 [11].
While the identification of the key HDAC or HDACs involved remains to be determined, we
did achieve some progress with regard to the mechanisms by which HDACi use can
potentiate human Treg function. Enhanced suppressive function was not associated with
obvious increases in FOXP3 expression or protein stability, or with increased conversion of
naïve T cells into induced Tregs. Thus, treatment with 7 different HDACi (BML-210,
bufexamac, MS-275, SAHA, sodium butyrate, tubacin, valproic acid) led to modest and
variable decreases in FOXP3 mRNA and proportions of FOXP3+ cells in Tregs, stimulated
alone or stained after suppression assay. However, the loss of FOXP3 expression in these
experiments was prevented when exogenous IL-2 was added. At the same time, stimulation
of human PBMC with HDACi led to moderate increase of FOXP3+CD25+ and
FOXP3+CTLA-4+ subsets in CD4+ cells. However, since these phenotypic markers are not
unique for Tregs and can be expressed by activated Teffs, it is currently not possible to
clearly separate the effect of HDACi on Tregs versus Teff cells under these conditions.
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Our studies also showed impaired conversion of CD4+CD25- Teff cells to CD25+FOXP3+
cells during suppression assays performed in the presence of HDACi. In the absence of
Tregs, activation of Teff cells is associated with their induction of FOXP3, whereas Teff cell
induction of FOXP3 is decreased by the addition of Tregs. This suppressive effect on Teff
cell induction of FOXP3 was increased by HDACi addition to cultures. Since the most
pronounced conversion of Teff into FOXP3+ cells and maximal cell division was observed
in the wells without Tregs, human Teff cell induction of FOXP3 expression is associated
with immune activation rather than with acquisition of any suppressive function.

HDACi use was not associated with increased proliferation of Tregs. In contrast to these
negative data, our analysis did show that HDACi use can increase CTLA4 expression under
conditions of the Treg suppression assay, and that such expression, unlike that of FOXP3, is
highly correlated with human Treg suppression. Thus, we found a significant direct
correlation between expression of CTLA-4 by Tregs after isolation or during suppression
assays with Treg suppressive activity. These data are consistent with the impaired Treg
suppression and development of systemic autoimmunity seen in mice with a selective
deficiency of CTLA-4 in their Tregs [48]. Moreover, human CD4+CD25- T cells transfected
with CTLA-4 did not express FOXP3 but potently suppressed Teff activation, suggesting
that suppressive function relates to CTLA-4 expression rather than to FOXP3 expression
[28], similarly to the current study. Our observations also agree with recent evidence that the
main suppressive mechanism of Tregs is related to their expression of CTLA-4 [49].
CTLA-4 expression by Tregs could well reflect the epigenetic status of FOXP3 working in
suppressive complexes, such that an absence of direct correlation between level of mRNA or
protein expression of FOXP3 and suppressive function may be explained. Lastly, additional
considerations may influence the outcomes of studies involving HDACi and Tregs. Our data
suggest that IL-2-deficient conditions such as occur with stimulation of Tregs alone, or in
suppression assays, can complicate assessment of the mechanisms of action of HDACi on
Tregs. Lastly, a potential requirement for Treg/APC interactions and possible overgrowth of
Tregs by activated FOXP3+ Teffs may also mask assessment of the effects of HDACi.

Further studies are required to assess whether HDACi use can complement therapies being
developed that involve Treg expansion and adoptive transfer, given that these agents were
recently shown to stabilize the human Treg phenotype and prevent their conversion to Th17
cells [7]. This stabilization and enhancement of suppressive function may ultimately prove
of benefit clinically in the contexts of autoimmunity and transplantation. Such applications
may also benefit from the ongoing development by various groups of new HDACi that
block class II HDACs or individual HDAC proteins [19].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Serial expression of HDAC mRNA by human Tregs (black) or Teffs (grey) before and after
CD3/CD28 stimulation. Freshly isolated CD4+CD25+CD127- Tregs and CD4+CD25- Teffs
from the same donor were stimulated for the periods shown and HDAC gene expression
determined by qPCR. (a) Relative quantitation was determined separately for each HDAC
using a control value of 1, with normalization to 18S rRNA; data (mean ± SEM) are from
three male donors. Significant differences in the levels of HDAC mRNA expression in
Tregs vs. Teff cells are noted with asterisks (*p<0.05, **p<0.01, ***p<0.001). (b) HDAC
mRNA expression in Tregs and Teffs after CD3/CD28 stimulation for 24h compared to
unstimulated cells (n=3). Data showing statistical analysis (mean ± SEM) for values for each
HDAC at 24 h vs. baseline for the specified cell population (*p<0.05, **p<0.01). The
mRNA level of each HDAC after stimulation was divided by the level before stimulation
(right x axes), and, in cases of values less than 1, 1/value was performed (left x axes).
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Figure 2.
Effects of HDACi on suppression assays using freshly isolated Tregs and CFSE-dilution of
Teff cells. Top-most panels show how Tregs and Teffs were gated and CFSE peaks
evaluated. Assays were performed using concentrations of HDACi that did not affect Teff
proliferation directly as determined in preliminary toxicity assays and also monitored in
each experiment by assessing Teff proliferation in the absence of added Tregs (0:1 Treg:Teff
ratio). The proportion of dividing cells in each well is indicated in the top left of each CFSE-
dilution plot; 3 representative experiments (from 29) with cells from different donors and
use of (a) SAHA and tubacin, (b) BML-210, and (c) MS-275.
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Figure 3.
Effects of HDACi on suppression assays using expanded Tregs. Assays were performed in
the presence of HDACi concentrations that did not affect Teff proliferation directly as
determined in preliminary assays and as monitored in each experiment by assessing Teff
proliferation in the absence of added Tregs (0:1 Treg:Teff ratio). The proportion of dividing
cells in each well is indicated in the top left of each CFSE-dilution plot. One experiment,
representative of 31, is shown.
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Figure 4.
Comparative suppression of freshly isolated or expanded Treg with HDACi based on data
from 60 experiments with cells from 24 donors; all comparisons were determined using
Dunn's multiple comparison test (*p<0.05, **p<0.01 and ***p<0.001). (a) Overall pooled
data from all assays, with the effect of each drug on suppression of proliferation as
compared to control wells receiving medium alone. (b) Data using freshly isolated Tregs
plus HDACi and involving 29 experiments with cells from 20 donors. (c) Data using
expanded Tregs plus HDACi and involving 31 experiments with cells from 4 donors. For all
assays, comparative suppression (mean ± SEM) was calculated as ratio of area under the
standardized suppression curves with or without each drug.
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Figure 5.
Tregs pre-incubated with HDACi showed increased suppressive function. Tregs were
incubated with HDACi for 24 h, washed, CFSE-labeled Teffs and APC added, and
suppression assays performed as usual over 3 d (see Methods). Upper panel shows
standardized suppression curves (a), and compared suppression using area-under-curve
ratios (b) for 5 independent experiments with bufexamac (3 donors, p=0.036, Wilcoxon
Signed Rank Test). Panel (c) shows data from one experiment with other tested drugs;
cumulative difference of HDACi vs control is significant (p=0.025).
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Figure 6.
FOXP3, CD25, CTLA4 expression and IL-2 production in CD4+ cells after stimulation with
or without HDACi. Human PBMC were stimulated for 24 h with CD3/CD28 mAb-coated
beads ± addition of HDACi (two experiments with valproic acid and bufexamac were
performed). Expression of specified markers as % of positive cells showed for CD4+ gated
cells, left column before stimulation, stimulated cells (middle column) and stimulated cells
plus valproic acid (right column).
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Figure 7.
HDACi exposure does not significantly increase expression of FOXP3 in human Tregs, and
FOXP3 expression depends upon level of IL-2. (a) qPCR analysis of FOXP3 mRNA in fresh
isolated (left) or expanded (middle) Tregs stimulated with CD3/CD28 mAb-coated beads for
24 h in the presence of bufexamac or valproic acid or control (no HDACi). Data of two
experiments shown; 5 experiments with cells from 5 donors (4 fresh isolated, 1 expanded
Tregs) were obtained with comparable data. (b) Flow cytometric analysis of FOXP3
expression by freshly isolated Tregs that were stimulated with CD3/CD28 mAb-coated
beads for 6 h in the presence or absence of human IL-2 (100 U/ml) and SAHA. (c) Flow
cytometric analysis of FOXP3 expression by freshly isolated Tregs that were stimulated
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with CD3/CD28 mAb-coated beads for 1, 3 or 5 d in the presence of bufexamac or SAHA or
control (no HDACi); comparable data were seen using expanded Tregs (not shown). Two
experiments were performed, and the percentage of FOXP3+ cells is shown in each panel.
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Figure 8.
Flow cytometry with intranuclear staining for FOXP3 after 3 days of suppression assay.
HDACi did not increase FOXP3 expression in either Treg or CFSE-labeled Teff subsets;
data are representative of 11 experiments with cells from different donors, freshly isolated as
well as expanded Tregs, examined at day 3 or day 5 of suppression assay. Teffs and APC
were used in standard Treg suppression assay, followed by intranuclear staining for FOXP3;
Tregs were gated according to CD4 and CFSE properties (top panel) and expression of
FOXP3 in cells exposed to HDACi was compared with control cells (no HDACi, upper
row). Percentages of labeled FOXP3+ Tregs (left panel) and Teffs (right panel) are shown.
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Figure 9.
All HDACi tested increased CTLA-4 intracellular expression in human Tregs. Flow
cytometry of freshly isolated Tregs from two donors (a, b) and expanded (c) Tregs during
suppression assays at day 3 (b) or day 5 (a, c). Teffs and APC were used in standard Treg
suppression assay, followed by intracellular staining for CTLA-4; Tregs were gated
according to CD4 and CFSE properties and expression of CTLA-4hi in cells exposed to
HDACi was compared with control cells (no HDACi). Percentages of labeled CTLA-4hi

Tregs shown. Data are representative of 10 experiments with cells from different donors,
freshly isolated (from 4 donors) as well as expanded (from 2 donors) Tregs, examined at day
3 or day 5 of suppression assay.
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Figure 10.
Statistical analysis of relationships between Treg suppression and expression of FOXP3 or
CTLA-4. Suppression of Teff cell proliferation was calculated as % of divisions of Teffs in
wells without Tregs minus % of divisions of Teffs in wells with 1:1 Treg:Teff ratios;
Pearson tests with linear regression ± 95% predictive values shown. (a) Correlation of %
FOXP3+ cells, isolated with magnetic beads (14 experiments) or expanded (5 experiments)
and suppression function; data from 15 donors. (b) Correlation of % CTLA-4+ cells, isolated
with magnetic beads (14 experiments) or expanded (4 experiments) and suppression
function; data from 14 donors. (c) Correlation of FOXP3+ and CTLA4+ expression in cells
isolated with magnetic beads (14 experiments) or expanded (4 experiments); data from 14
donors. (d) Correlation of high CTLA-4 expression by Tregs at day 3 of suppression assay
and suppression; data from 10 experiments with 6 donors, with and without HDACi. (e) No
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correlation of % FOXP3+ cells in Treg subset at day 3 of assay and suppression observed
with these cells; data from 11 experiments with 7 donors, with and without HDACi.
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Table 2

Flow cytometric expression of FOXP3 in Tregs, stimulated with CD3/CD28 beads for 24 h with IL-2 (300 U/
ml) and standard concentrations of HDACi

Agent % FOXP3
expression

Medium 89.0

BML210 88.7

Bufexamac 89.9

MS275 88.1

SAHA 87.5

Tubacin 88.9

Valproic acid 88.2
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Table 3

Partial correlation analysis

Pairs of variables Excluded
variable

Correlation
coefficient, r P value

CTLA4
and FOXP3

no 0.73 0.001

Suppression excluded 0.43 0.085

CTLA4
and suppression

no 0.78 <0.0001

FOXP3 excluded 0.57 0.017

FOXP3
and suppression

no 0.68 0.002

CTLA4 excluded 0.26 0.312
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