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Abstract:

This chapter describes recent advances in our understanding how epigenetic events
control immune functions with emphasis on transcriptional regulation of major
histocompatibility complex Class [ (MHC-I) and Class [l (MHC-II) genes. MHC-I and
MHC-II molecules play an essential role in the adaptive immune response by virtue
of their ability to present peptides, respectively to CD8* and CD4* T cells. Central
to the onset of an adequate immune response to pathogens is the presentation of
pathogen-derived peptides in the context of MHC-II molecules by antigen presenting
cells (APCs) to CD4* T cells of the immune system. In particular dendritic cells
are highly specialized APCs that are capable to activate naive T cells. Given their
central role in adaptive immunity, MHC-I and MHC-II genes are regulated in a tight
fashion at the transcriptional level to meet with local requirements of an effective
antigen-specific immune response. In these regulatory processes the MHC27TA
encoded Class II transactivator (CIITA) plays a crucial role. CIITA is essential for
transcriptional activation of all MHC-II genes, whereas it plays an ancillary function
in the transcriptional control of MHC-I genes. The focus of this chapter therefore
will be on the transcription factors that interact with conserved cis-acting promoter
elements and epigenetic mechanisms that modulate cell type-specific regulation of
MHC-I, MHC-IT and MHC2TA genes. Furthermore, we will also briefly discuss
how genetic and epigenetic mechanisms contribute to T helper cell differentiation.
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INTRODUCTION

The products of the MHC Class I (MHC-I) and MHC Class I (MHC-II) genes
encode cell-surface glycoproteins involved in the binding and presentation of antigenic
peptides to the T-cell receptors (TCRs) of T-lymphocytes. MHC-I proteins present
peptides from endogenous sources, such as those derived from viruses, to CD8* T cells,
whereas MHC-II molecules mainly present peptides from exogenous sources, such
as those derived from extracellular pathogens, to CD4* T cells. These tri-molecular
interactions of MHC, peptide and TCR are central to the generation of antigen-specific
immune responses.

The MHC-I gene cluster encodes the highly polymorphic classical MHC-I
molecules (Human Leukocyte Antigen (HLA)-A, -B and -C) and the less polymorphic
nonclassical MHC-Ib molecules (HLA-E, -F and -G). Whereas the classical MHC-I
molecules play essential roles in the detection and elimination of virus-infected cells,
tumor cells and transplanted allogeneic cells, the MHC-Ib molecules have specialized
immune regulatory functions (reviewed in 1). All cell surface expressed MHC-I and
MHC-Ib molecules are associated with the nonpolymorphic f2-microglobulin. The
MHC-II genes encode the polymorphic HLA-DR, -DQ and -DP molecules, which
are expressed as o- and B-chain heterodimers on the cell surface. MHC-II molecules
are central in the initiation of cellular and humoral immune responses, but they have
also been implicated as contributing factors for a variety of autoimmune disorders. In
contrast to MHC-I molecules, which are expressed in a constitutive fashion on almost
all nucleated cells, the constitutive expression of MHC-II molecules is tissue-specific
and is restricted to professional antigen presenting cells (APCs) of the immune system
(reviewed in ref. 1). These APCs include dendritic cells, macrophages and B cells. All
other cell types lack constitutive expression of MHC-II molecules, but their expression
can be induced in an environment rich in inflammatory cytokines of which IFNy is the
most potent, or upon activation, such as in human T cells.? Because of their crucial role
in the adaptive immune response, the genes encoding MHC-I and MHC-II molecules
are tightly regulated by genetic and epigenetic mechanisms at the transcriptional level
to provide an effective immune response against pathogens.

In its natural state, DNA is packaged into chromatin, a highly organized and dynamic
protein-DNA complex, which consists of DNA, histones and nonhistone proteins. The
fundamental subunit of chromatin, the nucleosome, is composed of an octamer of four core
histones: two each of H2A, H2B, H3 and H4 surrounded by 146 bp of DNA.? Epigenetic
changes are modifications in the architecture of chromatin without a change in the DNA
sequence and determine the accessibility of chromatin. In this way, global gene activation
and local control of gene-specific transcription is exerted by components of the epigenetic
machinery. Methylation of DNA at CpG dinucleotides and modification or rearrangement
ofnucleosomes, which include covalent posttranslational modifications of histone tails, are
key epigenetic chromatin marks.*¢ Epigenetic modifications of histone tails include amongst
others acetylation and methylation of lysine residues, phosphorylation of serine residues
and methylation of arginine residues. The various histone modifications forma code which
is read by nonhistone proteins and have varying effects on chromatin structure and gene
accessibility.* As a rule of thumb, conformationally relaxed chromatin (euchromatin) is
a hallmark of potentially active genes and is associated with hypomethylation of CpG
dinucleotides in DNA and acetylated histones. Compact chromatin (heterochromatin) is
associated with transcriptionally silent genes and is associated with DNA hypermethylation
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at CpG dinucleotides and nonacetylated histones. The influence of histone methylation
on gene expression depends on the exact lysine residue methylated and the number of
added methyl groups.”™""

These chromatin modifications are exerted by epigenetic regulators such as
DNA methyltransferases (DNMTs) and lysine acetyltransferases (KATs) and lysine
methyltransferases (KMTs), which are increasingly being implicated as direct or indirect
components in the regulation of expression of immune and other (tissue)-specific genes.
Methylation and acetylation histone modifications are reversible. Lysine deacetylases
(KDACs)andsirtuins (Sirt) remove acetylation modifications, whereas lysine demethylases
(KDMs) remove methylation modifications.'*!* In this way these enzymes promote a
return to respectively repressive or active chromatin structure. In addition to this, histone
and DNA modification activities are intimately linked. This is exemplified by the finding
that triple methylated lysine 9 in histone H3 (H3K9me3) creates a binding platform for
the various Heterochromatin Protein-1 (HP1) isoforms, which associate with Dnmt-1,
Dnmt3a and Dnmt3b.”!*!" In addition, the KMTase Enhancer of Zeste Homologue-2
(EZH2 or KMT®6), which trimethylates lysine 27 in histone H3 (H3K27me3), interacts
with Dnmt’s and in this way EZH2 recruits Dnmt activities to target promoters for CpG
methylation.?® As aresult, these reversible epigenetic processes fine-tune gene expression
patterns required for fundamental processes in the immune system such as cell activation,
proliferation and differentiation. Moreover, it has also become apparent inrecent years that
many inflammatory disorders, including atherosclerosis, have an epigenetic component
contributing to the disease.”!

In the next paragraphs we will discuss the genetic and epigenetic mechanisms
that direct transcriptional regulation of genes devoted to antigen presentation and to
differentiation of T helper cells.

TRANSCRIPTIONAL REGULATION OF MHC GENES

Activation of MHC-I genes, with the exception of HLA-G, is mediated by
several conserved regulatory elements within the various promoters: enhancer A,
IFN-stimulated response element (ISRE) and the SXY-module (comprising the S,
X1, X2 and Y-boxes). These conserved regulatory elements play an important role
in the inducible and constitutive expression of MHC-I genes (reviewed in ref. 1). Of
these regulatory elements, the SXY-module is also present is the promoters of MHC-1I
genes (Fig. 1). The sequence and stereo-specific alignment of the various boxes in the
SXY-module is highly conserved and critical for its functioning in constitutive and
inducible-transcriptional activation of MHC-I and MHC-II genes.?>? The SXY-module
is cooperatively bound by a multi-protein complex containing regulatory factor X (RFX;
consisting of RFX5, RFXB/ANK and RFXAP),**? cyclic-AMP response element
binding protein (CREB)/activating transcription factor (ATF)?*?® and nuclear factor
Y (NFY).?*3° This complex acts as an enhanceosome driving transactivation of these
genes.??3! In addition to these factors that assemble directly to the X1/X2 and Y box
sequences, the co-activator CIITA (Class II transactivator) is also required. CIITA is
essential for MHC-II transcription,* whilst it contributes to the activation of MHC-I
promoters.** Given the essential role of CIITA in MHC-II transcription, constitutive
expression of CIITA coincides with constitutive MHC-II molecule expression in
APCs of which dendritic cells are the most efficient APCs. In all other types of cells
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Figure 1. Schematic view of the factors and epigenetic events governing MHC-II transcription. Shown
are the proximal SXY module and a distal XY element. The proximal SXY module is cooperatively
bound by a multiprotein complex consisting of RFX (comprising RFXB/ANK, RFX5 and RFXAP),
CREB/ATF and NFY. A similar binding pattern is observed for the more distal XY elements. CIITA
interacts with the components of the multiprotein complex to positively regulate MHC-II transcription.
CIITA recruits histone modification enzymes as detailed in the text, such as KATs and the general
chromatin remodeler BRG1. CIITA has the capacity to self associate and this self association may
allow bridging of the factors bound to the distal XY elements with the factors bound to the proximal
SXY module to form a chromatin loop.

expression of CIITA can be induced by IFNy resulting in inducible MHC-II expression
at the cell surface. Thus CIITA acts as a molecular switch for MHC-II expression.
Expression of MHC-II genes involves covalent modifications of histones and chromatin
remodeling at the MHC-II genes. This is illustrated by the notion that IFNy-induced
MHC-II expression results in an increase in histone H3 and H4 acetylation in addition
to an increase in the H4K4me3 modification at the MHC-II promoter, while a decrease
in H3K9me3 was noted.**

LYSINE ACETYLTRANSFERASE/DEACETYLASE ACTIVITIES
AND CIITA

CIITA exerts its transactivating function through protein-protein interactions with the
components of the MHC-enhanceosome bound to the proximal SXY regulatory module
in MHC promoters.3!*33¢ This interaction of CIITA with the MHC-enhanceosome allows
for the subsequent association of CIITA with the KATs p300 (KAT3b)/CREB binding
protein (CBP or KAT3a) and p300/CBP-associated factor (PCAF or KAT2b), which
promote transcription of MHC-I and MHC-II genes by providing a more open chromatin
structure.?>?*373% Furthermore, CIITA also recruits the coactivator-associated arginine
methyltransfease-1/protein arginine N-methyltransferase 4 (CARMI1/PRMT4).44!
Besides acting as a platform for recruitment of KAT activities for transcriptional
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control of MHC-I and MHC-II genes, CIITA itself contains intrinsic KAT activity.*
CIITA-mediated transactivation of MHC promoters was found to rely on this intrinsic
KAT activity, which maps to a region in its N-terminus.* This KAT activity of CIITA
is regulated by its C-terminal GTP-binding domain and is stimulated by GTP.*
Interestingly, the CIITA KAT activity was found to bypass TATA Box Binding Protein
(TBP)-associated factor 250kD (TAF;;250) in MHC-I promoter activation.*? Moreover,
acetylation of CIITA itself by CBP and/or PCAF at specific lysine residues within the
bipartite nuclear localization signal in the amino-terminal region of CIITA governs its
nuclear accumulation.’® As such these KATs control indirectly transcription of MHC-1
and MHC-II genes.

In addition to KATs, CIITA also associates with lysine deacetylases (KDACs),
which were found to interfere with CIITA function. KATs and KDACs thereby act
as molecular switches for CIITA-mediated transcriptional activation/silencing of
MHC genes. In this respect, it was found that KDACI and KDAC?2 interfere in the
transcriptional transactivation function of CIITA following IFNy induction.** It has
been shown in mice that the KDAC1/KDAC2-associated repressor SIN3 homolog
A (mSin3A) amplifies this inhibition in CIITA function.** Endogenous CIITA and
KDAC?2 interact and KDAC2 has the potential to deacetylate CIITA in cultured cells.*
As aresult, CIITA is targeted to proteosomal degradation, which leads to a decreased
interaction of CIITA with the RFX component RFXS5 in a deacetylation dependent
manner.* Together, these observations reveal that these KDAC activities affect CIITA
function on the one hand by disrupting assembly of the MHC-enhanceosome, while on
the other hand they interfere in CIITA interactions with the MHC-enhanceosome. The
Switch/Sucrose NonFermentable (SWI/SNF) ATPase Brahma-related gene 1 (BRG-1)
also associates with CIITA and is required for the CIITA-mediated induction of MHC-1I
genes.* The association of CIITA and BRG-1 suggest that the ATP-dependent chromatin
remodeling SWI/SNF complex is recruited by CIITA to MHC-II promoters to control
transcription of MHC-II genes.

Besides the crucial role of the proximal SXY-module in MHC-II promoters in
the transcriptional regulation of MHC-II genes, the appropriate temporal and spacial
expression of MHC-II genes in vivo also requires the involvement of additional,
long-range regulatory elements. In these processes X-Y or X-box like sequences in the
MHC-II region play an important role.*® It has been found that interactions between the
proximal elements and more distal X-Y or X-box like sequences (2.3 kb upstream of
the HLA-DRA promoter) result in epigenetic changes at the MHC-II promoter.*’4 In
one model, RFX and CIITA can interact with the proximal SXY-module and with distal
X-Y or X-box like sequences to form a chromatin loop.*’ Binding of CIITA to the distal
X-box like sequences has been demonstrated by a chromatin looping technique.*” This
chromatin loop results in enhanced histone acetylation.*” Likewise, the transcriptional
insulator CCCTC binding factor (CTCF) was found to control MHC-II gene expression
through long-distance chromatin interactions.> The intergenic DNA of'the HLA-DRB1
and HLA-DQAI genes hosts a region that was bound by CTCF and acts as a potent
enhancer-blocking element.”' This element and its bound factors was found to interact
with HLA-DRBI and HLA-DQA1 genes as determined in a quantitative 3C assay—an
assay to detect long-distance chromatin interactions.* Subsequently it was demonstrated
that CTCF associates with CIITA and RFX5 suggesting that the CTCF bound region
and the flanking HLA-DRB1 and HLA-DQA1 proximal promoters may interact.*®
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EPIGENETIC REGULATION OF MHC2TA TRANSCRIPTION

As detailed above, CITTA is the ‘master regulator’ of MHC-II expression.*? Transcriptional
regulation of MHC2TA, the gene encoding CIITA, is mediated through the activity of
four independent promoter units (CITTA-PI through CIITA-PIV) (Fig. 2A).52 These
promoter units are employed in a cell type- and activation-specific manner. CIITA-PI
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Figure 2. A) Schematic overview of the MHC2TA multipromoter region. Shown are the four MHC2TA
promoters: CIITA-PI through CIITA-PIV. Grey spheres show BRG-1 binding sites relative to PIV. B)
Factors and elements governing CIITA-PIII transactivation in B cells. Shown is the core promoter region
of CIITA-PIII and the interacting factors. The localization of the various protein/DNA-binding elements
is indicated relative to the transcription start site. Of these factors CREB/ATF has been shown to activate
CIITA-PIII and this transactvation can be enhanced by p300/CBP. E47, PU.1 and IRF4 synergize to direct
CIITA-PHI expression solely in B cells. C) Factors and elements governing CIITA-PIV transactivation
following IFNy stimulation. The localization of the various protein/DNA binding elements is indicated
relative to the transcription start site. After stimulation with IFNy, the IFNy activated factor STAT1 binds
directly together with USF1 to the GAS/E box motif in CIITA-PIV. Indirectly, STATI induces IRFI,
which subsequently participates in the activation of CIITA-IV through binding to the ISRE. D) Model
for chromatin loop formation of the MHC2TA multipromoter region after IFNy stimulation involving
BRGI-dependent distal enhancers (adapted from ref. 107). Grey spheres represent the relative locations
of the BRG1-dependent distal enhancers, which interact weakly with each other and CIITA-PIV before
IFNy stimulation. These interactions are stabilized after IFNy stimulation allowing transcription of the
CIITA-PIV isoform.
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and CIITA-PIII are used for the constitutive expression in dendritic cells and in B cells,
respectively.’? CIITA-PIV has been shown to be the promoter predominantly involved
in IFNy-inducible expression.* In addition, in human non-B cells, CIITA-PIII can also
be activated by IFNy through an element located 2 kb upstream of the core CHHTA-PIII
promoter.*>*” CIITA-PIII has also been shown to be employed by human T cells upon
activation.>*® The promoter function of CIITA-PII is still ill-defined. The various
MHC2TA promoters each transcribe a unique first exon and are located within a region
of approximately 14 kb.*

Several regulatory elements in MHC2TA promoters and interacting factors that are
important for transcriptional activation have been identified. For induction of CIHTA-PIV
following stimulation with IFNy, occupation of the GAS-box and the ISRE in CIITA-PIV
by signal transducer and activator of transcription (STAT)-1 and the STAT-1 target gene
interferon regulatory factor (IRF)-1 is crucial.” Furthermore interaction of STAT-1with
upstream stimulatory factor (USF)-1 bound to the E-box adjacent to the GAS is required
for stable interaction (Fig. 2C).** The [IFNy-mediated activation of CIITA-PIV also results
in increased histone H3 and H4 acetylation at CIITA-PIV.* This increase in histone
acetylation in CIITA-PIV chromatin is already noted prior to recruitment of IRF-1 to the
CIHTA-PIV promoter.* Interestingly, BRG-1 was also found to be an important factor in
the IFNy-mediated transcriptional activation of CIITA-PIV (which will be discussed further
in the last paragraph of this section).®® This notion is derived from studies with cells that
lack expression of BRG-1, which failed to induce IFNy-mediated CIITA expression.®

The transcription factor CREB-1 was found to play a key role in the activation of
CIITA-PII through its interaction with CRE-binding sites in the activation response
element (ARE)-2 and, depending on the cellular context, inthe 5'-UTR of CIITA-PIII. 2368
The KAT CBP was shown to enhance CREB-1 mediated activation of CIITA-PIIl in B
cells.’ CIITA-PIII also contains a composite PU.1/IRF-binding element (Site C) and 2
E-box motifs, which plays a crucial role in B-cell-specific transcriptional regulation of
CIITA. % In B cells the Ets/ISRE-consensus element is bound by PU.1 and IRF-4, whereas
the basic helix-loop-helix factor E47 interacts with the E-box motifs. PU.1, IRF-4 and
E47 bound to the Ets/ISRE and E-boxes, respectively, synergize to direct B-cell-specific
activation of CIITA-PIII (Fig. 2B).*! This finding is of interest because PU.1, IRF-4 and
E47 play an important role in B-cell differentiation and activation. These observations
therefore provide a link between MHC-II mediated antigen presentation in B cells and
B-cell differentiation and activation events.®!

During B-cell differentiation to plasma cells, expression of CIITA is extinguished
coinciding with loss of MHC-II cell surface expression.®? This extinction of CIITA and
resulting MHC-II molecule expression in plasma cells is mediated by the transcriptional
repressor B lymphocyte-induced maturation protein 1 (Blimp-1, also known as Positive
Regulatory Domain I-Binding Factor 1, PRDI-BF1).% The silencing of CIIT A expression
mediated by CIITA-PIII in plasma cells is most likely resulting from binding of Blimp-1
to the Ets/ISRE-consensus element (Site C) thereby disrupting the interaction of PU.1/
IRF-4 to this element. 6364

Interestingly, besides its repressive activity on CIITA-PIII transactivation, there is
also more recent evidence that PRDI-BF1 mediates also repression of CIITA-PIV.%

The fact that transcriptional repression by Blimp-1/PRDI-BF1 involves recruitment of
KDAUG:s, in particular KDAC1 and KDAC?2 and the lysine methyltransferase KMT1C (also
known as G9a), which catalyses dimethylation of lysine 9 in histone H3 (H3K9me?2), this
provides a strong link with epigenetic silencing of MHC2TA inplasma cells involving histone
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acetylation and methylation modifications.*¢*¢7 Indeed it was demonstrated by chromatin
immunoprecipitation (ChIP) that differences in the levels of activating and repressive
histone marks exists involving CIITA-PIII chromatin between B cells and plasma cells.®
In plasma cells lacking CIITA expression, histone marks associated with gene transcription
such as H3 and H4 acetylation and H3K4me2 and H3K4me3 are lost at CIITA-PIII, while
the repressive H3K9me?2 mark is increased.®® Interestingly these histone marks were found
alsotoexistat CIITA-PI, CIITA-PIl and CIITA-PIV, revealing the involvement of the entire
MHC2TA multipromoter region. As a consequence of the repressive histone marks and
resulting chromatin inaccessibility, the binding of the CIITA-PIII interacting transcription
factors (Sp-1, CREB-1, E47, PU.1, IRF-4) was lost in plasma cells.®®

Chromatinremodeling also plays animportantrole in MHC2TA transcription in dendritic
cell maturation.®” Differentiation of monocytes into immature dendritic cells results in the
induction of the CIITA-PI isoform, which directs expression of MHC-II genes. In immature
dendritic cells, MHC-II molecules are largely retained in intracellular compartments. Upon
maturation of dendritic cells, the peptide/MHC-II complexes are assembled and transported
to the cell surface. During maturation of dendritic cells the increase of transported MHC-II
molecules at the cell surface is accompanied by rapid transcriptional silencing of MHC2TA
transcription.” The transcriptional inactivation of the MHC2TA multi-promoter locus is
mediated by global histone deacetylation involving CIITA-PI, CIITA-PIlland CIITA-PIV®.
Notably, during differentiation of monocytes into dendritic cells in a mouse model by
mGM-CSF, activation of CIITA-PI is accompanied by an increase in histone H3 and H4
acetylation.” This increase in histone H3 and H4 acetylation was found to be blocked by
1L-10, which resulted in inhibition of MHC2TA transcription.”

Distal elements and chromatin-remodeling also play an essential role in the
transcriptional regulation of MHC2TA."' As mentioned before, MHC2TA has four
alternative promoter units each transcribing its first exon (CIITA-PI through CIITA-PIV).*
Transcriptional activation of the main IFNy-responsive (CIITA-PIV) promoter was
found to be dependent on the interaction with distal elements at -50kb and -8kb, which
formed a loop with CIITA-PIV as determined by a chromatin conformation capture
assay.”' Contact was also detected between elements at -50kb and -16 kb. In these
long-range interactions, BRG1, the ATPase driving the chromatin remodeling complex
SWI-SNF (also called BAF), was constitutively bound to sites at -50kb, -16kb, -8kb
and +59kb and also CIITA-IV as detailed above (Fig. 2D).”' Thus BRG-1 not only is an
important factor in the CIITA-mediated activation of MHC-II genes, but also controls
the transcriptional activation of MHC2TA through long-range chromatin interactions
and promoter interactions.

EPIGENETIC MHC2TA SILENCING IN CANCER

Downregulation of expression of MHC molecules is frequently noted in tumor cells.
The low or lack of cell surface expression of both classes of MHC molecules impairs
cellular immune recognition and resulting T-cell-mediated tumor eradication. Several
studies have revealed that epigenetic modifications of chromatin play a critical role in
the transcriptional silencing of MHC2TA and resulting extinction of MHC-II genes in
cancer. In several cancer cell types, the lack of IFNy-induced MHC2TA transcription is
associated with CpG dinucleotide methylation of CIITA-PIV and also of CIITA-PIII
DNA."*#! Besides CpG dinucleotide methylation, it has been suggested that the lack of
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IFN-y-induced transcription of MHC2TA in several cancer types is also associated with
histone deacetylase activities.??3¢

Of interest is the observation made in uveal melanoma tumor cell lines.*” It was
demonstrated that histone methylation played an important role in MHC2TA transcriptional
silencing. The strongly reduced expression levels of CIITA after IFNy-induction in an
uveal melanoma cell line were found not to correlate with CpG dinucleotide methylation
of CIITA-PIV DNA, but with high levels of the H3K27me3 histone modification in
CIHTA-PIV chromatin as determined by ChIP.*” Consistent with the transcriptionally
silent state of MHC2TA was the lack of RNA polymerase II recruitment into CIITA-PIV
chromatin after [FNy-induction in this cell line, while at the same time CIITA-PIV activating
transcription factors were recruited.®” RNA interference-mediated silencing of expression
of the KMTase EZH2, resulted in an increment in CIITA mRNA expression levels after
IFNy induction. These observations suggest that EZH?2 is involved in the transcriptional
downregulation of IFNy-induced expression of CIITA in uveal melanoma. Notably, the
transcriptional silencing of MHC2TA by histone methylation in the absence of CpG
dinucleotide methylation is in line with the observation that the H3K27me3 modification
premarks genes for de novo methylation in cancer.® It could therefore be argued that the
epigenetic make-up of the CIITA-PIV region in uveal melanoma reflects premarking for
de novo methylation of DNA and that this reflects an intermediate epigenetic state of
MHC2TA in the complete shut down of MHC-II mediated antigen presentation functions.

EPIGENETIC CONTROL OF T HELPER CELL DIFFERENTIATION

AlIT cells derive from the same precursor: the naive T cell, which becomes activated
after encounter of antigen in the context of MHC-II molecules at the cell surface of
APC. After antigenic stimulation in the context of MHC-II, these naive T cells can be
differentiated into diverse T helper cell subsets, which include Thl, Th2, Th17 or T,
In these differentiation processes specific cytokines and transcription factors, which
determine lineage-specificity, play a critical role. In addition, these differentiation events
are also regulated by epigenetic processes (for recent reviews see refs. 89-93). These
epigenetic mechanisms are necessary to stably maintain gene expression patterns in the
differentiated T helper cells and to eliminate the need for feedback loops.

The differentiation of naive T cells into Th1 or Th2 is determined by the cytokines
IL12 and IL4, respectively. Inresponse to these signals, transcription is initiated of lineage
specific cytokine genes including /FNy and IL4.”2 The IFNy and /L4 loci are maintained
in a ‘poised’ state in naive T cells—i.e., they show both repressive and activating
epigenetic marks—allowing rapid, early transcription. For instance, the IL4 promoter
region exhibits a low basal level of histone H3 acetylation and DNA hypomethylation,
but also shows repressive H3K27me3 modifications.!® In Th1 cells expression of IFNy
is preceded by remodelling of the IFNy locus.”** Whereas in the differentiation to Th2
cells, IL-4 expression is preceded by remodelling of the /L4 locus, similarly to the /FNy
locus remodelling in Thl cells. Upon initial stimulation of naive T cells, the lineage
determining factors GATA3 and T-bet mediate many of the structural changes to the
chromatin.”®? These factors will render the /FNy or IL4 genes, in respectively Thl and
Th2 cells, accessible to regulatory enzymes and other transcription factors.***® This is
illustrated by the notion that an increase in the level of expression of IFNy was found
in T cells from Dnmt knockout mice and in T cells treated with DNMT inhibitors.**1%!
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When naive T cells are stimulated under Thl conditions, transcription activating
chromatin marks at the /L4 locus are replaced with repressive marks, whereas the
contrary happens under Th2 stimulating conditions (e.g., at the /F'Ny locus)(reviewed in
103). Interestingly, differentiated T helper cells display an unconventional association
of Polycomp Group (PcG) proteins.'™ Various members of the PcG family of proteins,
including EZH2, boundto actively transcribed /Ny and /L4 genes in differentiating Th1 and
Th2 cells.' This finding suggests that in addition to suppressing gene transcription, EZH2
might also act as a facilitator of gene transcription in T-lymphocyte differentiation. This
mightbe achieved possibly through long-range interactions with distal regulatory elements.

The transcription factors T-bet and GATAS3 are considered to be driving forces in
Th1 or Th2 differentiation respectively. The Foxp3 transcription factor is considered the
master switch for T,,. The promoter of the Foxp3 transcription factor showed differences
in methylation levels between T, and non-T,,, CD4* cells.'” Furthermore, this study
also showed differences in activating histone marks (H3Ac, H4Ac and H3K4me3) in
Foxp3 promoter chromatin. Epigenetic regulation of T cell subtypes has also been shown
in vivo. Mice which were treated with the KDAC inhibitor Trichostatin A showed an
increase in Foxp3* CD4+ T, cells in the lymphoid tissues.'*

CONCLUSION

CIITA plays a central role in the control of constitutive and induced MHC-II gene
transcription whereas it plays an ancillary function in constitutive and induced MHC-I
gene transcription. The CIITA mediated transactivation of MHC-II and MHC-I genes is
achieved through its interaction with the MHC-enhanceosome bound to the conserved
SXY-module in MHC-IT and MHC-I (with the exception of HLA-G) promoters. When
bound to the MHC-enhanceosome, CIITA acts as a platform recruiting various activities
involved in histone acetylation and deacetylation in the transcriptional control of MHC
genes. Furthermore, CIITA is also central to recruitment of more general chromatin
remodeling activities and long-range chromatin interactions of MHC-II promoters with
distal elements. These activities mediated by CIITA provide tight control of transcription
of these genes dedicated to antigen presentation. Moreover, the MHC2TA gene itself is
tightly regulated at the transcriptional level by both genetic and epigenetic mechanisms.
These include methylation of DNA and histone acetylation and methylation modifications.
In addition, transcriptional activation of MHCZ2TA is mediated also through long-range
chromatin interactions. Because of the involvement of epigenetic mechanisms in the
transcriptional control of MHC2TA and T helper differentiation, deviations in these
tightly regulated epigenetic mechanisms as observed under pathological conditions such
as in cancer and autoimmune disease might provide an opportunity for pharmacological
interference targeting the enzymes that modify DNA and histones.
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