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Abstract
Epigenetic modifications of chromatin, such as histone acetylation, are involved in repression of
tumor antigens and multiple immune genes that are thought to facilitate tumor escape. The status
of acetylation in a cell is determined by the balance of the activities of histone acetyltransferases
and histone deacetylases. Inhibitors of histone deacetylase (HDACi) can enhance the expression of
immunologically important molecules in tumor cells and HDACi treated tumor cells are able to
induce immune responses in vitro and in vivo. Systemic HDACi are in clinical trails in cancer and
also being used in several autoimmune disease models. To date, 18 HDACs have been reported in
human cells and more than thirty HDACi identified, although only a few immune targets of these
inhibitors have been identified. Here, we discuss the molecular pathways employed by HDACi
and their potential role in inducing immune responses against tumors. We review data suggesting
that selection of target specific HDACi and combinations with other agents and modalities,
including those that activate stress pathways, may further enhance the efficacy of epigenetic
therapies.
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Introduction
Histone deacetylase inhibitors [HDACi] are a new generation of chemical agents being used
to develop therapy against cancer and other diseases [1–3]. Many of these compounds,
including trichostatin A [TSA] the first HDACi identified, were studied originally as
differentiating agents. Several HDACi are in clinical trials based on their ability to inhibit
cell growth and induce apoptosis and have shown significant activity against a spectrum of
hematological and solid tumors [4, 5]. Monitoring gene effects following treatments with
HDACi has furthered our understanding the role of epigenetic regulation in cancer. Many
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studies have identified numerous genes regulated epigenetically in cancer (reviewed in 6, 7)
and several reviews have focused on the epigenetics of immune genes particularly in
regulating T and B-cell differentiation [8–10]. Recent studies have also suggested that
epigenetic silencing of immune genes in cancer may be as, or more, frequent a cause of gene
repression as are mutations [11]. Here we consider additional mechanisms for the HDACi
mediated effects in cancer cells and review evidence suggesting that cellular stress can
enhance the expression of repressed immune genes elicited by HDACi in cancer cells. The
first study showing the activation of silenced MHC genes in several tumor cells was
performed with TSA [12]. This and other studies raised the possibility that systemic
treatments with HDACi could potentially enhance the host immune responses by correcting
the negative affects of the tumor on host immunity. We also discuss an epigenetically
modified vaccine produced by treatment of tumor cells in vitro with HDACi. As will be
emphasized, the HDACi currently in use affect numerous genes and pathways in tumors, as
well as normal cells. Moreover, the effects of these agents may vary in different tumor
types. We are just beginning to understand the complex epigenetic mechanisms involved in
immune regulation and how HDACi can be most beneficially employed to modulate
immune responses and the course of cancer.

Histone acetylation and cancer
In eukaryotic cells, complexes of genomic DNA and histones form the nucleosomal
structures of chromatin, in which 146 base pairs of double-stranded DNA are wrapped
around a central core of four basic histones (H3, H4, H2A and H2B). Each nucleosome has
eight histone proteins arranged in a tripartite structure with one (H3H4) tetramer and two
H2AH2B dimers. Nucleosomes are separated by linker DNA and compacted into higher-
ordered structures by histone H1 [13]. While providing a mechanism of inserting several
meters of DNA into a single nucleus, structural compactions can also restrict the access of
regulatory proteins to DNA. N-terminal tails of all four histones protrude outward from the
core histones and are more accessible to histone modifying enzymes [13]. Many studies over
the past decade have shown that multiple covalent modifications (acetylation,
phosphorylation, methylation, ubiquitination, sumoylation, ADP-ribosylation) occur on
histone tail residues and, as more recent data demonstrates, also in the body of the histone
proteins. The histone code hypothesis suggests that a dynamic constellation of these post-
translational modifications determines the binding of chromatin remodeling factors to the
nucleosome [14]. These factors, by altering chromatin structure, regulate the accessibility of
transcription factors, cofactors, and the general transcriptional machinery to DNA, which
ultimately determine gene expression. All of the epigenetic alterations currently recognized
on histones are reversible and separate sets of enzymes for removing these marks have been
identified [11]. The histone acetyltransferase [HAT] and histone deacetylase [HDAC]
enzymes determine the status of nucleosome histone acetylation which is one of the most
extensively studied of the chromatin modifications. It is the balance between the opposing
activities of HATs and HDACs that determine chromatin structure at the gene level and,
therefore, gene expression patterns. In addition, the relative level of total cellular HATs and
HDACs determines the global status of acetylation in the genome which is important in
regulating the cell’s response to endogenous and exogenous stimuli. Histone acetylation is
generally correlated with gene activation and deacetylation with repression, although this is
not always the case. For example, the ‘master regulator’ of MHC class II, CIITA is activated
by STAT1 and this pathway requires HDACs [15], as does interferon stimulated innate
immunity [16].

In humans, 18 HDACs have been identified which are divided into three classes based on
sequence homology to yeast deacetylases [17]. Class I HDACs includes HDAC 1, 2, 3, and
8, which are mostly localized to the nucleus with ubiquitous distribution throughout human
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cell lines and tissues. Class II HDACs, divided into two subclasses IIa (HDAC 4, 5, 7 and 9)
and IIb (HDAC 6 and 10) can shuttle between the cytoplasm and nucleus and have tissue-
specific differences in distributions. Class III HDACs are the sirtuins (SIRT 1–7) and are
structurally and mechanistically distinct from other HDACs. To generate acetate and
deacetylated protein, class I and class II HDACs use a Zn2+-dependent mechanism, while
class III HDACs requires NAD+. HDACs also modulate the acetylation of numerous other
nonhistone proteins such as p53, cytoskeleton protein α-tubulin, and the molecular
chaperone Hsp90 [18–20]. Direct acetylation of transcription factors and cofactors by HATs
is another important mechanism by which acetylation regulates gene expression [21].

The transformation from normal to cancer cells involves multiple processes, which include
genetic and epigenetic pathways. Chromatin modifications as well as DNA methylations are
epigenetic changes that regulate gene expression, cell growth and differentiation without
altering DNA sequences. Aberrant methylation of DNA, a well-characterized gene silencing
mechanism, is an hallmark of cancer [6]. Dysregulation of histone modifications also lead to
inappropriate expression or repression of genes, a key event in the pathogenesis of many
forms of cancers [7]. Three major mechanisms are involved in the epigenetic modifications
found in cancer: (1) activation of silenced genes, particularly oncogenes, (2) silencing of
normally active tumor suppressors, and (3) silencing of certain immune genes involved in
the antitumor response. There is substantial evidence that oncogenes and tumor suppressor
genes are regulated by HDACs and that both HAT and HDAC mutations occur during
carcinogenesis (reviewed in 22). Although it is established that tumor suppressor and
immune genes are often silenced by HDAC in cancer cells, the events leading to epigenetic
silencing are poorly understood. One possibility, suggested by recent data, is that micro-
RNA [miRNA] often found at fragile sites in cancer cells are involved [23] in repression of
gene at several levels including message stability, translation, and transcription [24]. We
have found expression of many immune genes, including MHC and costimulatory molecules
are regulated by miRNAs (Asirvatham AJ et al. manuscript submitted), but just how these
small inhibitors regulate chromatin silencing in cancer cells is uncertain. One possibility is
that miRNAs bind to DNA or nascent RNA transcripts and silence chromatin by recruiting
HDACs as shown at heterochromatic foci [25]. Further studies are necessary to clarify this
important issue.

An example of epigenetic repression of immune genes is seen in plasma cell tumors, which
usually express MHC class I, but not class II, and this is associated with absence of mRNA
for CIITA, a cofactor with HAT activity [12, 26]. It has been suggested that Blimp-1, a zinc-
finger DNA-binding protein, recruits a corepressor complex containing HDAC to the CIITA
promoter, and this is responsible for the failure of normal plasma cells and plasmacytomas
to express class II [27]. HDAC1 and HDAC2 also inhibit the transcription of CIITA and the
expression of MHC class II in human cervical cancer cell lines [28], as well as other tumor
types [15]. MHC class II-antigen complexes are required for the recognition of tumor cells
by CD4+ T-cells and antigen presentation via class II is critical for the activation of adaptive
immune responses. Repressor complex containing HDAC1, HDAC2, and HDAC8 also
mediate MHC class I downregulation in cervical cancer cells making them less susceptible
to cytotoxic T-cells [CTL] [29]. Additionally, deacetylation of histone H3 and H4 is
associated with the repression of the costimulatory molecules CD86 and ICAM-1 genes in
AML cells [30] and HDAC mediated repression of MHC, CD40, and CD80 have been
identified in various other human (e. g., neuroblastoma, squamous cell carcinoma,
lymphoma) and mouse tumor cell lines (e.g., melanoma, adenocarcinoma, plasmacytoma)
[12, 31–33]. Histone deacetylation and DNA methylation are also involved in silencing of
MAGE antigen expression in different human cancer cells [34]. The quantitative levels of
tumor antigens, as well as cell surface expression of MHC and costimulatory genes are
important in determining T-cell activation, and epigenetic repression of these molecules in
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tumor cells provide a mechanism for tumor escape [11]. In tumor cells, the balance of
histone acetylation and deacetylation is often disturbed and this is a rational for employing
HDAC inhibitors in treatment protocols. Inhibition of HDAC shifts the balance toward
acetylation with concomitant expression of repressed immune genes. Thus, treatments with
HDACi could enhance antigen presentation as well as allow expression of cellular
components required in the effector stages of antitumor immunity. However, the lack of an
in-depth understanding of the specific function of different HDACs and their role in
tumorigenesis is a major challenge in the selection of appropriate HDACi for therapies.

Inhibition of HDAC elicits immune genes in tumor cells
Inhibitors of class I and class II HDACs have been the focus of intense research in
developing cancer therapy [5, 35]. Inhibitors of class III HDACs, such as the SIRT1
inhibitor Sirtinol, have recently been shown to induce senescence-like growth arrest in
cancer cells [36], although little information is as yet available on immune gene expression
patterns in senescence tumor cells. Naturally occurring and synthetic inhibitors of class I and
class II HDAC can be divided into four main structural classes—hydroxamates, cyclic
peptides, benzamides and aliphatic acids (selective examples in each class are shown in
Table 1). Among these compounds, TSA—an antifungal agent isolated from Streptomyces
hygroscopicus, is widely used in functional studies, because of its high reactivity and many
synthetic HDACi has been modeled upon TSA. Recently newer generation of HDACi has
been designed, such as (aryloxopropenyl)pyrrolyl hydroxyamides, with specific biological
effects [37]. Many of the HDACi described have broad target specificity, such as SAHA an
oral HDACi, which like TSA inhibits the activity of all class I and class II HDACs.
However, some HDACi do in fact selectively target particular HDAC family members. For
example, depsipeptide inhibits HDAC1 and HDAC2 (class I) but not HDAC 4 and HDAC6
(class II) [38]. MS-275 shows no inhibitory activity against HDAC8, but inhibits HDAC1
and HDAC3 [39]. In addition, (aryloxopropenyl)pyrrolyl hydroxyamides selectively inhibits
HDAC4 but not HDAC1 [37]. Since, class I HDACs are well-known transcriptional
corepressor and class IIa HDACs interact with DNA-binding transcription factors, as well as
transcriptional corepressors [40], selective inhibition of specific HDAC could be targeted to
induce genes important in activation of immune responses. However, it remains to be seen,
whether selective inhibitors will be more effective and less toxic than the pan-HDACi in
current use in inducing immune effector cells.

DNA micro arrays of cells cultured with HDACi demonstrates that the expression of ~5% of
the genes are altered depending on the cell type and the HDACi analyzed [5, 41]. TSA and
valproic acid [VA] has been reported to enhance MHC class I expression in several tumor
cells [12, 42, 43]. In addition to MHC class I, TSA treatment enhances the expression of
molecules (TAP1, TAP2, LMP2, LMP7 and Tapasin) involved in antigen processing and
presentation via class I pathway in melanoma cells. The TSA treated melanoma cells are
capable of presenting class I restricted peptides and protein antigens directly to stimulate
CD8+ T-cells in vitro (Khan ANH, manuscript submitted). VA treatment of cervical cancer
cells enhances antigen-specific recognition of tumor cells by CTLs and the use of VA as an
adjuvant has been suggested in cervical cancer patient [43]. Deficient expression of MHC
class I and antigen processing components in tumor cell are well-established mechanisms of
tumor escape from CTL mediated killing.

Several publications indicate that treatment with HDACi, such as TSA and VA, can also
enhance expression of MHC class II and costimulatory molecules CD40, B7-1 and B7-2 in
various human and mouse tumor cell lines [12, 30, 31, 33]. Additionally, TSA treated
plasmacytoma and melanoma cells are capable of presenting antigens in the context of class
II to stimulate IFNγ secretion and proliferation of CD4+ T-cells in vitro (15, Khan ANH et
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al. manuscript submitted). Expression of class II and costimulatory molecules on tumor cells
involving gene transfection also enhances T-cell immunity in vivo [44]. The HDACi,
sodium butyrate induces expression of ICAM-1 in different AML cell lines [30] and binding
of ICAM-1 to LFA-1 on lymphocytes is crucial in activating T-cells [45]. Furthermore, TSA
induces expression of ICAM-1 in tumor endothelial cells, which may modulate leukocyte
infiltration into the tumor bed [46]. These studies collectively suggest that treatment of
tumor cells with specific HDACi may alter their functional capability to induce T-cell
mediated immune responses.

Our laboratory and others have shown that HDACi (TSA and VA) enhances the expression
of NKG2D ligands [NKG2DL] on several different tumor cell types (Gregorie C et al.
manuscript in preparation, 47, 48). NKG2DL on tumor cells can directly activate NK and
CD8+ T-cells mediated responses against tumors [49, 50]. Activation of NK cells initiates a
cascade of cytokine and chemokine expression leading to stimulation of macrophage,
dendritic cells [DC] and other immune effectors [51, 52]. A review of chromatin changes in
DNA damage suggests the possibility of an epigenetic code for DNA damage repair
pathways [53]. In this scenario, NKG2DL also could be induced by the ATM/ATR DNA
damage pathway in cancer cells [54]. However, whether the induction of NKG2DL by
HDACi requires ATM/ATR or can occur by direct chromatin effects at the gene level is
uncertain. It appears from the above data that acetylation by HDACi treatment of tumor cells
can activate innate, as well as adaptive immunity.

Induction of immunity by epigenetic tumor vaccines
Activation of naïve CD4+ and CD8+ T-cells is achieved primarily through cross-presentation
of tumor antigens by professional antigen presenting cells [APC] [55, 56]. Cross-
presentation of antigen in absence of immunostimulatory signals can, however, induce
tolerance. Direct antigen presentation by tumor cells could also activate naïve T-cells
provided the tumor cells can deliver an MHC-restricted antigen specific signal together with
appropriate costimulatory signals [43, 44]. We have shown in both murine plasmacytoma
and melanoma models that effective antitumor immune responses can be achieved utilizing
HDACi treated tumor cells that expressed MHC and costimulatory molecules CD40 and
B7-1/2 (31, Khan ANH et al. manuscript submitted). In these studies, cytotoxic and IFNγ-
producing T-cells were generated by vaccination with an optimal concentration of TSA
treated tumor cells and a significant number of animals showed durable tumor specific
immunity. Both cross and direct presentations appear to synergize in the activation of
immune effector cells in these models. However, a remaining issue is the relative
quantitative importance of direct versus cross-presentation in the immunity elicited by the
epigenetic vaccine. Interestingly, NK cells, together with CD4+ and CD8+ T-cells, played an
important role in initiation of immunity following HDACi treated tumor cell vaccination.
Since HDACi treatment induces NKG2D ligand on tumor cells, we consider it likely that
HDACi treated tumor cell vaccine may be capable of directly activating NK cell-mediated
innate responses. These studies also show that apoptotic tumor cells produced by TSA and
other DNA damaging agents vary in their ‘adjuvant’ effect in a vaccine setting, and vaccine
inocula containing HDACi treated apoptotic cells (~50%) were the most effective (Khan
ANH et al. manuscript submitted). Furthermore, apoptotic cell components can activate
inflammatory regulators [57] and Toll-like receptors [TLR] [58] that potentially promote the
antitumor immunity [59]. Although additional work is required to further dissect the
mechanisms involved in epigenetic vaccination, these studies suggest that HDACi treated
tumor cells are capable of activating both innate and adaptive immune responses in vivo
(Fig. 1).
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Role of systemic HDAC inhibitors in activating immune responses
Systemic HDACi have shown significant antitumor effects in preclinical models and some
are currently in clinical trials [11, 60]. A new drug application has recently been approved
for SAHA treatment of T-cell lymphoma [60]. However, the precise molecular pathways
involved in the antitumor effects have not been fully determined. It has been shown that
upregulation of p21waf, p16, and p27 and downregulation of Cyclin A, Cyclin D, CDK4 and
dephosphorylation of pRb are common features of HDAC inhibition and are necessary for
cell cycle arrest and growth arrest of tumor cells [4]. Altered expression of genes involved in
the apoptotic pathways is also associated with HDACi treatment [61]. Additionally, HDACi
are thought to induce tumor regression through inhibition of angiogenesis [62]. Although
current systemic treatments have not been specifically designed to target the immune
system, as discussed above, optimal concentrations of HDACi may upregulate repressed
tumor immune genes, activate T-cells and allow host effector responses. Systemic HDACi,
while altering tumor associated antigens, MHC and costimulatory molecule expression and
antigen presentation, may also affect other components in tumor cells, including those that
represent ‘danger signals’ (i.e., heat-shock proteins, HMGB1) or inflammatory mediators
(i.e., cytokines, chemokines) as discussed below. Furthermore, much recent evidence
suggests a ‘continuum’ between innate and adaptive immune responses [63] and these
immune cell populations may also be target of HDACi to generate distinct patterns of
immune responsiveness. Thus, in addition to direct differentiating, cytostatic, and cytotoxic
effects, systemic HDACi may modify immunity through multiple host and tumor pathways
to augment the efficacy of the antitumor therapy (Table 1 and Fig. 1).

Modulation of inflammatory cytokines by HDACi
In addition to their anticancer activities, several HDACi are effective in selected immune
disease models. For example, treatment with SAHA inhibits TNFα and IL-6 production by
stimulated MRL-lpr mesangial cells in vitro and blocks renal disease progression in MRL-
lpr mice, a murine model of systemic lupus erythematosus [SLE] [64]. SAHA treatment also
significantly reduces experimental colitis and this correlates with suppression of colonic
proinflammatory cytokines [65]. TSA treatment can suppress adjuvant-induced rheumatoid
arthritis in rats [66] and reduce clinical symptoms in a murine model of multiple sclerosis
[67]. SAHA and TSA, at lower concentration, also inhibit the production of Th1 (IL-12 and
IFNγ), as well as Th2 (IL-6 and IL-10) cytokines by MRL-lpr splenocytes [68, 69].
Butyrate, when administered topically, can effectively treat ulcerative colitis [70]. In
addition, systemic treatment with SAHA suppresses serum levels of inflammatory cytokines
and reduces graft-versus-host disease in a murine bone marrow transplant model [71]. It has
been suggested that inhibition of proinflammatory cytokine production (IL-1, IL-6, IL-8,
IL-10, IL-12, IFNγ and TNFα) is correlated with reduced disease progression after HDACi
treatment [3, 72]. However, the cellular and molecular mechanisms governing the effects of
HDACi in these disease models are not well-understood. Furthermore, as discussed below,
the relation of inflammation to cancer progression and immunity is far from certain. While
additional investigations are needed, these studies do suggest that suppression of
inflammatory cytokines by HDACi can play a role in the treatment of autoimmune diseases.

With regard to tumors, much data now suggests that chronic inflammation may be
etiologically related to the initiation and progression of cancer [73, 74]. In fact,
antiinflammatory agents, such as aspirin and NSAIDs have been reported to prevent cancer,
for example cancer of the colon and the progression of Barrett’s esophagus to esophageal
cancer [75, 76]. It has been suggested, as outlined above for autoimmune disorders, that
HDACi enhance regression of tumors via inhibition of NF-κB and proinflammatory
cytokines levels in malignant cells, as well as macrophages present in the tumor

Khan and Tomasi Page 6

Immunol Res. Author manuscript; available in PMC 2011 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microenvironment [72]. Therefore, the inhibition of proinflammatory cytokines by HDACi
might be expected to be beneficial in the treatment of tumors, which are associated with
chronic inflammation (Fig. 1). However, in the acute situation the role of ‘good’ versus
‘bad’ inflammation is uncertain and likely depends on the type and extent of the
inflammatory process, its location, the genetic setting, associated diseases and other
complex and incompletely understood determinants [73, 77]. Importantly, the initiation of
the immune response depends on inflammation, and adjuvants are well-established immune
promoters. Thus, some ‘controlled’ inflammation is beneficial and required in antitumor
immunity and likely as suggested in developing better vaccines [57]. Many adjuvants (CpG,
IL-12, CD40L etc.) employed in combination with tumor vaccines elicit inflammation and
promote immunity [78] while others, including radiation and chemotherapy, induce
apoptotic cells which can also enhance inflammation. Moreover, in contrast to the
antiinflammatory effects discussed above, HDACi can enhance proinflammatory cytokines
in certain situation and cell types. For example, TSA and SAHA have been shown to
increase the LPS-induced expression of IL-6, TNFα, and MIP-2 in microglial cells [79].
Treatment with TSA also enhances IL-8 production, but not IL-12, by SV-40-transformed
lung epithelial cells [80]. In addition, TSA treatment enhances TLR4 expression in
embryonic stem cells and this is correlated with increased IL-6 and TNFα expression in
stimulated cells [81]. These data, in sum, suggest that enhanced production of certain
inflammatory cytokines by HDACi may be important in the activation of both innate
immune effector cells and adaptive responses. However, whether HDACi alone, or in
association with other agents, could be used to augment inflammatory cytokine mediated
immune responses in the tumor microenvironment remains to be determined. Inflammatory
infiltrates differ in composition, and it will be necessary in future work to identify those
elements of inflammation that boost tumor immunity versus those that are involved in tumor
progression.

Effects of HDACi on immune cells
The HDACi given systemically in clinical trials are generally well tolerated with minimal
hematological effects [82, 83], but accumulation of acetylated histones in immune cells,
such as T-cells and antigen presenting cells could alter their functional capacity depending
on the dose, route and specific drug. A recent in vitro study shows that LAQ824 alters
TLR4-dependent activation and function of macrophages and DC, which leads to activation
of Th2 but not Th1 effector cells [84]. Treatment with TSA abrogates IL-2 production and
CD28 expression by CD4+ T–cells, but enhances the expression of HSP70, TGFβ1 and
ICAM1 genes in T-cells [85]. TSA also inhibits CD4+ expression in stimulated T-cells, but
not in unstimulated T-cells suggesting that certain HDACi may induce factors responsible
for negative regulation of CD4+ T-cells [86]. While low concentration of TSA treatment
enhances IFNγ production by normal T-cells and PMA/ Ionomycin stimulated SLE T-cells
[87], high concentrations of TSA and butyrate reduce IFNγ production by normal T-cells
[88]. Since, T-cells are a major source of IFNγ, a key cytokine in tumor immunity, these
findings should be considered in systemic HDACi therapies. Moreover, as mentioned above,
SAHA has antiinflammatory properties and suppresses LPS-induced secretion of TNFα,
IL-1 and IL-12 by human PBMC [68]. It is difficult at present to rationalize the contrasting
effects of HDACi on cytokine and T-cells. They may be related not only to the type of
HDACi and its dosage but also to the stage of T-cell differentiation. Complex patterns of
epigenetic modifications are causally associated with cytokine gene activation and
repression in different T-cell lineages [89]. For example, differentiation of naïve CD4+ Th0
cells into mature Th2 cells is associated with hyperacetylation of histone H3 at the IL-4
gene, whereas differentiation into Th1 cells is associated with hypoacetylation of histone H3
at the IFNγ gene [90]. Additional factors might be direct acetylation of nonhistone proteins,
such as NF-κB, which regulate cytokine expression in lymphocytes. Although many details
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of the epigenetic regulation of lymphocytes are still undefined, these studies do suggest that
systemic HDACi therapy may alter immune homeostasis and tumor immunity (Fig. 1).

The transcription factor NF-κB, an important regulator of immune and inflammatory
responses, is predominantly located in the cytoplasm of unstimulated cells. Various
extracellular stimuli result in nuclear translocation of NF-κB and activation of target genes
in lymphocytes and cancer cells [91]. Histone modification plays a critical role in
determining expression of several NF-κB dependent genes, including both pro and
antiapoptotic genes in various cells [92, 93]. HDACi can suppress NF-κB-dependent gene
expression through different mechanisms. For example, TSA and butyrate can prevent the
nuclear translocation of NF-κB, as well as NF-κB-dependent promoter activity in
macrophage cell lines [94]. HDACi mediated stabilization of I-κB is associated with reduced
gene transcription in LPS-stimulated macrophage cells [95]. In addition, HDACi suppress
NF-κB-regulated gene expression in mesangial cells by inhibiting the HDAC2 - NF-κB
interaction at the promoter [96], and in a colon cell line by reducing the proteasome-
dependent degradation of I-κB [97]. However, the effects of HDACi may induce NF-κB in
certain situation. For example, HDACi can enhance acetylation of NF-κB in the cytoplasm,
impair I-κB binding, promote nuclear translocation of NF-κB [98] and NF-κB activation by
HDACi can induce transcription of inflammatory genes in certain cells [72]. Therefore, as
discussed above, the cell type, the specificity of the HDAC and the type of external stimuli
appear to determine, whether HDACi exerts inhibitory or inducing effects on NF-κB.

HDACi may also affect other signaling pathways that regulate immune genes. Importantly,
the mitogen activated protein kinases [MAPK] pathways activated by stress stimuli can
directly phosphorylate histone H3 on serine 10 and 28, and this substantially enhances
histone acetylation by HDACi [99, 100]. The marked enhancement of acetylation and gene
expression by combinations of HDACi and MAPK activators has therapeutic implications.
In addition, as mentioned, STAT a major signaling molecule downstream of many cytokine
receptors depend on HDAC for transcription regulation and propagation of inflammatory
signals. Recent studies have shown that induction of CIITA and MHC class II by IFNγ can
be enhanced or inhibited by HDACi depending on the order of treatment, and that both
acetylation and deacetylation can be associated with enhanced transcription [15, 16, 101].
One possibility for the requirement of HDAC in transcription is that the necessity of
establishing repressed chromatin after RNA Pol II passage during transcriptional elongation.
By removing acetylation, HDACs provide the repressive state required to prevent spurious
transcription from intragenic sites behind the elongation complex [102].

Conclusions
As we understand more of the complex mechanisms of epigenetic regulation, it may be
possible to select specific HDACi or combinations of HDACi with other epigenetic agents
(e.g., DNA methyltransferase inhibitor, histone methyltransferase inhibitor) to activate
optimal immune responses against tumors. Newer HDACi are now being explored that show
specificity for particular classes of HDAC [37]. The additional specificity will hopefully
provide selectivity in the subset of genes activated and more effective, less-toxic epigenetic
tumor therapies. As signal transduction pathways that impact epigenetic modifications are
further characterized, activators or inhibitors of these signaling pathways (e.g., MAPK, NF-
κB, PI3K/AKT and others) may prove more efficacious than current HDACi and/or could be
used in combination with HDACi to enhance their activity.

Since, epigenetic regulation is central to many processes of development and differentiation,
we consider it likely that HDACi therapy will modify gene expression in normal tissues [15,
85, 103]. Therefore, it will be important to evaluate the impact of HDACi therapy on MHC,
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costimulatory molecule, NKG2DL and other immune genes in normal cells as well as
tumors obtained from systemically treated patient. Moreover, we emphasis, as discussed
above, that HDACi treatment may alter cytokine production, as well as T-cell proliferation
and differentiation, and could potentially interfere with certain antitumor immune responses.
Thus, HDACi therapies, which we feel have great potential in cancer treatment, must be
carefully examined as to target specificity, dosage and combinations with other agents in
order to maximize immunity and minimize adverse effects. In addition, antiinflammatory
effects of specific HDACi may be useful for the treatment of certain inflammatory diseases
and inflammation associated cancers. However, we stress that the effects of HDACi on
inflammation are complex, variable and at present poorly understood.

Autologus tumor cell vaccines generated by HDACi in vitro, as described above, involves
tumor-associated antigens, unique to the individual tumor and would be applicable without
prior knowledge of the tumor antigens. While this vaccination approach would also have the
advantage of being histocompatible with the host and capable of generating tumor specific
durable immunity, clearly there are challenges and potential problems in adapting this type
of vaccine for the cancer treatments. For example, the design of methods to kill tumor cells
following the HDACi treatment and yet maintain immunogenicity will be important in
future work. Additionally, activation of immune suppressor cells in tumor
microenvironment, such as Treg, may promote tolerance [104]. In this regard, use of
different HDACi in combination with anti-Treg and other adjuvant treatments may generate
more effective tumor cell vaccines. Furthermore, vaccination approaches utilizing tumor-
derived exosomes, which are membrane bound vesicles secreted by the normal cellular
endocytic pathway, have demonstrated immunogenicity in murine tumor models [105, 106].
Treatments of tumor cells with HDACi, which enhance immune molecules including tumor
antigens, may be reflected in the exosomes produced by the HDACi treated cells. Thus,
exosomes could be designed to maximize tumor immunogenicity while avoiding many of
the issues associated with whole cell vaccination. Finally, with the advent of additional data
on the role of miRNA in cancer immunity and methods of delivering RNAi to cells, new
prevention and treatment approaches based on small RNAs could be imagined. For example,
tumor vaccines produced by derepressing the inhibitory effects of miRNA on immune genes
(a dicer vaccine) or even systemic treatments using anti-miRNAs delivered specifically to
tumors.
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Fig. 1.
Modulation of antitumor immune responses by treatment with HDACi. Vaccination with
HDACi treated tumor cells can induce danger signals, T-cell, and NK cell-mediated
immunity. Systemic HDACi potentially activate adaptive and innate immune responses
through induction of immune genes on tumor cells (e.g., MHC, CD40, B7-1/2, ICAM-1,
NKG2DL), by enhancing antigen availability and promoting apoptosis of tumor cells.
HDACi may also suppress proinflammatory cytokines in tumor microenvironment.
Furthermore, effects of systemic HDACi on lymphocytes (T-cells, macrophages and DC)
may augment immunity by secretion of cytokines (e.g., IL-2, IFNγ) and activating adhesion
molecules (e.g., ICAM-1) and receptors (e.g. TLR). However, in certain situation HDACi
mediated inhibition of Th1 effector cell function may alter the Th1 and Th2 balance and
promote tolerance instead of immunity

Khan and Tomasi Page 15

Immunol Res. Author manuscript; available in PMC 2011 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Khan and Tomasi Page 16

Table 1

Different classes of HDAC inhibitors enhance immune molecules in tumor cells that may activate immune
responses

Inhibitors** Target
HDAC

Immune genes enhanced by
certain HDACi in tumor
cells

Effect on immune
responses

Hydroxamates (e.g., TSA*, SAHA, LAQ824, LBH589,
Pyridoxine, PXD101, CHAP)

Class I, IIa, IIb MAGE 1–4, MHC class I ↑ CTL recognition

MHC class I, class II, B7–
1/2, CD40, ICAM1

↑ CD4+ and CD8+ T cell
activation

Aliphatic acids (e.g., Butyrate, Valproic acid, AN-9) Class I, IIa, TAP1, TAP2, LMP2, LMP7,
Tapasin

↑Antigen processing and
presentation

NKG2DL ↑ Activation of NK and CD8+ T
cells

Cyclic peptides (e.g., Depsipeptide*, Apicidin*) Class I ? ?

Benzamides (e.g., CI-994, MS-275) Class I ? ?

Nicotinamide, Sirtinol, Splitomicin Class III ? ?

*
isolated from natural sources

**
reviewed in 4, 5, 11 and 35
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