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Abstract

Changes in classical and non-classical HLA class | as well as HLA class 1l antigens have been
identified in malignant lesions. These changes which are described in this paper are believed to play
a major role in the clinical course of the disease since both HLA class | and class Il antigens are
critical to the interaction between tumor cells and components of both innate and adaptive immune
system. Abnormalities in HLA antigen expression in malignant cells, which range in frequency from
0-90%, are caused by distinct mechanisms. They include defects in Bo-microglobulin (Bom) synthesis,
loss of the gene(s) encoding HLA antigen heavy chain(s), mutations which inhibit HLA antigen
heavy chain transcription or translation, defects in the regulatory mechanisms which control HLA
antigen expression and/or abnormalities in one or more of the antigen processing machinery (APM)
components. More recently, epigenetic events associated with tumor development and progression
have been found to underlie changes in HLA antigen, APM component, co-stimulatory molecule
and TA expression in malignant cells. The types of epigenetic modifications that may occur in normal
and malignant cells as well as their role underlying changes in HLA expression by malignant cells
have been reviewed. The epigenetic events associated with alterations in HLA antigen expression
may be clinically relevant since, in some case, they have been shown to impair the recognition of
tumor cells by components of the adaptive immune system. The functional relevance and potential
clinical significance of these epigenetic alterations have been addressed. Lastly, unlike genetic
alterations, epigenetic modifications can, in some cases, be reversed with pharmacologic agents that
induce DNA hypomethylation or inhibit histone deacetylation. Therefore strategies to overcome
epigenetic modifications underlying changes in HLA expression in malignant cells have been
discussed.
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[. Introduction

The revival of the cancer immunosurveillance theory [1] has emphasized the role of escape
mechanisms in tumor growth [2-5]. As a result, tumor immunologists have been focusing their
investigations on the identification and molecular characterization of the mechanisms by which
tumor cells evade immune recognition and destruction [2-6]. Among the many escape
mechanisms identified, alterations in classical and non-classical HLA class | as well as HLA
class 1l expression by tumor cells are of particular interest to tumor immunologists and clinical
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oncologists because of the critical role they play in the generation of tumor antigen (TA)-
specific immune responses [7-10], as well as their ability to modulate the interactions of natural
killer (NK) cells [10] and T cell subpopulations [7-10] with target cells. The potential clinical
relevance of these escape mechanisms is suggested by the statistically significant association
of changes in classical HLA class | expression [6], as well as of induction of non-classical HLA
class I [11-13] or of HLA class 11 [14,15] expression with the clinical course of the disease in
certain malignancies.

As reviewed in [6] and shown in figure 1, the molecular mechanisms underlying changes in
HLA expression in malignant cells include structural gene abnormalities as well as defective
regulation of HLA gene transcription and translation. More recently, epigenetic events
associated with tumor development and progression have been shown to impair the recognition
of tumor cells by components of the adaptive immune system [16-20]. In this regard, epigenetic
alterations play a critical role in modifying HLA antigen [6,16,21,22], APM component [6,
18,20], co-stimulatory molecule [16,21,23] and TA [24-26] expression in malignant cells. This
finding is not surprising since, compared to normal cells, the constitutive patterns of DNA
methylation in almost all solid and hematopoietic human malignancies demonstrate global
hypomethylation with concomitant, localized, hypermethylation [17,19]. It is noteworthy that,
unlike genetic alterations, epigenetic modifications can, in some cases, be reversed with
pharmacologic agents that induce DNA hypomethylation or inhibit histone deacetylation. As
a result functional HLA expression and recognition of malignant cells by components of the
adaptive immune system can be increased [16-20]. Therefore studies focused at defining the
molecular mechanisms underlying epigenetic modifications of HLA expression may provide
us with improved strategies for the treatment of patients with malignant disease.

In this review, we will first succinctly review the types of epigenetic modifications that may
occur in normal and malignant cells. Interested readers are referred to more in-depth reviews
on the topic [17,19]. Second, we will summarize the available information about the frequency
of classical and non-classical HLA class | and HLA class Il antigen expression in malignant
lesions. Third, we will discuss the role of epigenetic modifications underlying changes in HLA
antigen expression by malignant cells. It is noteworthy that epigenetic alterations also play a
significant role in the deregulation of TA expression and thereby functional HLA class | as
well as class Il — peptide complex expression [19]. The latter changes are also likely to play a
significant role in the escape of tumor cells from immune recognition and destruction.
Interested readers are referred to more in-depth reviews on the topic [24-26]. Fourth, we will
address the functional relevance and potential clinical significance of abnormalities in HLA
expression by malignant cells. Lastly, we will discuss strategies to overcome epigenetic
modifications underlying changes in HLA expression in malignant cells.

Il. Epigenetic modifications in normal and malignant cells

Epigenetics refers to changes in gene expression that cannot be accounted for by changes in
primary DNA coding sequence [17,19]. As summarized in figure 2, epigenetic regulation of
gene expression includes both transcriptional [17,19] and post-transcriptional [17,19]
mechanisms. These mechanisms, which have been mostly characterized in cell lines, have been
documented also in normal tissues as well as in malignant lesions.

One of the primary epigenetic modifications of the human genome is methylation of cytosine
residues within the context of the CpG dinucleotides [17,19]. Generalized DNA
hypomethylation, gene specific DNA hypomethylation, i.e., glioma pathogenesis-related 1
gene, nuclear factor of activated T cell 1 (NFATC1) and N-acetyltransferase 1, as well as tumor-
suppressor gene hypermethylation, i.e., RAS, p16(INK4a), fragile histidine triad (FHIT),
hMLH1, hMSH2, may be involved in the development and progression of malignant lesions
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[17,19,27-29]. In this regard, malignant cells display global loss of 5-methylcytosine content
(affecting primarily repetitive elements and pericentromeric DNA), which has been linked to
the generation of chromosomal instability [19,30]. On the other hand, malignant cells also
demonstrate concomitant gains in methylation of promoter-associated CpG islands with
silencing of the associated genes, including tumor-suppressor genes, such as p16/NK4a BRCA1
or hMLH [19,31]. The profiles of CpG island hypermethylation of tumor-suppressor genes,
which are maintained in established human cancer cell lines, have been shown to vary
according to the tumor type [19]. Aberrant hypermethylation of CpG islands, associated with
transcriptional silencing of selected genes, can affect multiple cellular functions, including cell
growth and differentiation, cell cycle control, and DNA repair, as well as angiogenesis, cell
adhesion, invasion and apoptosis [17,19,27-31]. It should be noted that the enzymes that
catalyze DNA methylation, i.e., DNA methyltransferases (DNMTS), also interact directly with
histone de-acetylases (HDAC) [27] and can be recruited by gene-specific transcriptional
repressors to promoters to silence transcription [28].

Histones also play a large part in the control of gene expression and chromatin structure and
closely interact with the DNA methylation machinery. Epigenetic modifications of histones,
either through targeting by acetylation [31-33] or DNA methylation [17,19,34-37], participate
in tumor-suppressor gene silencing, either in conjunction or without CpG island
hypermethylation. As an example, hypoacetylation of histones, which is frequently associated
with CpG island hypermethylation, results in a compact structure of chromatin and represses
gene transcription [17,19]. Furthermore, recent studies have demonstrated that human tumors
demonstrate an overall loss of monoacetylation of lysine 16 and trimethylation of lysine 20 in
the tail of histone H4 [38]. These unique histone modifications have been considered as almost
universal epigenetic markers of malignant transformation [38]. Furthermore, modifications can
occur on both histone tails and on core histone residues and changes on one histone can require
a modification on another histone. These histone modifications affect the interactions between
individual histone proteins and ultimately alter the structure of chromatin and thereby gene
transcription. It is noteworthy that all the epigenetic alterations currently recognized on
histones are reversible and separate sets of unique enzymes responsible for reversing these
alterations, i.e., acetylases, de- acetylases, methylases, and de-methylases, have been
identified. It is the balance between the opposing activities of enzymes that add and remove
each of the epigenetic marks that determine local changes in chromatin structure at the gene
level and gene expression patterns.

An additional type of epigenetic modification that occurs in malignant cells involves the
interaction of small, 20-22 nucleotide, non-coding RNA transcripts (ncRNA) with target
messenger RNAs (MRNAS) [17,19,39,40]. This interaction results in the post-transcriptional
regulation of mMRNA translation and thereby protein expression [17,19]. Moreover, targeting
of nuclear RNA transcriptional complexes by ncRNA promotes histone methylation and may
mediate DNA methylation in addition to chromatin silencing [41-43]. ncRNA, which are
typically excised from larger RNA precursors, are involved in crucial biological processes such
as development, differentiation, proliferation and apoptosis [17,19,39,40]. Alterations in the
level of ncRNA expression have been detected in many types of human tumors [17,19,44,
45]. ncRNAs have been proposed to contribute to tumor development and progression because
they can function as tumor promoters. In this regard, in human tumors, specific NCRNAs are
preferentially located at fragile sites that are common break-point regions involved in
malignant transformation [17,19,44,45]. Moreover, chronic B cell leukemia has been shown
to have a distinct signature of ncRNAs suggesting that ncRNA may be involved in the
pathogenesis of this malignant disease [44]. The activity of ncRNA can be influenced by
chromosomal rearrangements, genomic amplifications or deletions as well as mutations in
coding DNA. At present the mechanism(s) that underlies changes in the function of ncRNAs
in malignant cells appears to be related to aberrant gene expression, characterized by abnormal
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ncRNA expression compared with the corresponding normal tissues. To the best of our
knowledge, this mechanism has not been investigated yet as a potential cause of changes in
HLA expression in malignant cells. However the role of ncRNA in the modulation of HLA
expression is suggested by the recently described modulation of the NK cell activating ligand
MICA in malignant cells [46].

lll. HLA expression in malignant lesions

Beginning in the 80's and continuing today, a large number of malignant lesions have been
tested with classical HLA class | and HLA class Il antigen-specific monoclonal antibodies
(mAD) [6,14,15]. More recently, these studies have been extended to the analysis of the
expression of the non-classical HLA class | antigens, such as HLA-G [11-13,47-56], since
evidence accumulated during the last few years has convincingly shown that these molecules
may provide tumor cells with escape mechanisms [11-13,47-56]. However the available
information regarding non-classical HLA class | expression is still limited, since the field is in
an early stage. Furthermore progress in this area is hindered by the lack and/or limited
availability of non-classical HLA class I antigen-specific mAb which are suitable for
immunohistochemical (IHC) studies.

As reviewed elsewhere [6], with the exception of liver carcinoma, leukemia and lymphoma,
abnormalities in classical HLA class | expression have been described in all the types of tumors
analyzed. The frequency of HLA class | loss and/or downregulation has been found to range
from 16% to 80% of the lesions tested in the tumors for which more than 100 lesions have
been analyzed (Fig. 3A). The highest frequency has been found in bladder, breast and prostate
carcinoma, and the lowest in renal cell carcinoma (RCC) and in melanoma.

Among the non-classical HLA class | antigens, HLA-G expression has been studied the most
extensively as more than 150 surgically removed lesions have been analyzed for HLA-G
expression utilizing binding assays with HLA-G-specific antibodies, immunochemical assays,
RT-PCR and IHC assays [11-13,47-56]. Although the results in the literature conflict, there is
a general agreement that malignant transformation of cells may be associated with the
appearance of HLA-G. In this regard, HLA-G expression has been convincingly demonstrated
in glioma, retinoblastoma, carcinomas of the breast, mesothelia, colon, kidney, bladder,
endometrium, ovary and cervix as well as in B cell chronic lymphocytic lymphoma (CLL) and
in non-Hodgkin B and T cell lymphoma (Fig. 3B) [11-13,47-56].

In contrast to HLA-G, less information is available regarding HLA-E and HLA-F expression
by malignant cells [6,55,57]. HLA-E expression has been investigated in a panel of 37 cell
lines derived from different types of tumors as well as a limited number of surgically removed
malignant lesions [6,55,57]. All the 37 cell lines express HLA-E mRNA, while only 5 (13%)
of them express HLA-E proteins on the cell surface [6,55,57]. Three of the latter 5 cell lines
had been derived from leukemia. In surgically removed malignant lesions HLA-E expression
is increased in glioblastoma, carcinomas of colon and ovary, lymphoma and melanoma [6,
55,57]. Analysis of over 30 cell lines derived from transformed normal cells and malignant
lesions has demonstrated that HLA-F is primarily localized in the cytoplasm of cells [57]. Only
cell lines derived from EBV-transformed lymphoblastoid, monocytic, glioblastoma, liver
carcinoma and transitional cell bladder cells have been found to express HLA-F on the cell
surface [57]. Recently, we have found that HLA-E and HLA-F are expressed in 4 and 2,
respectively, of the 8 breast carcinoma cell lines tested [6]. In 2 cell lines both HLA-E and
HLA-F are expressed. Upon IFN-y stimulation, both HLA-E and HLA-F expression was
induced or enhanced on 7 of the 8 cell lines analyzed.

To date, a large number of malignant lesions have been tested with HLA class Il antigen-
specific mADb in IHC reactions [14,15]. These studies have shown that HLA class Il antigens
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are often up-regulated on malignant cells [14,15]. The most common types of solid tumors for
which more than 100 surgically removed primary lesions have been analyzed include
carcinomas of the head and neck, esophagus, lung (i.e., adeno, large cell and squamous), breast,
colon, liver, kidney, bladder, ovary, and cervix, as well as cutaneous and uveal melanoma. The
frequency of HLA class Il expression has been found to range from 0% to 100% of the various
types of tumors stained with mAb recognizing monomorphic determinants shared by HLA-
DR,-DQ and -DP antigens (Fig. 3C). RCC demonstrates the highest frequency and cutaneous
basal cell, lung (i.e., squamous) and bladder carcinoma demonstrate the lowest frequency
[14,15]. It is noteworthy that in some tumors such as breast [15], colon [58-61], and cervical
[62] carcinoma, HLA class Il expression is not restricted to cells that have undergone malignant
transformation.

Only limited information is available about selective losses of classical HLA class | and HLA
class Il. Differential HLA-A and —B expression has been observed in head and neck squamous
cell carcinoma (HNSCC), colorectal carcinoma and melanoma, and differential HLA-DR, -
DQ and -DP expression has been observed in malignant cells derived from carcinoma of breast
[15], liver [60], and colon [58-61] as well as leukemic cells [64,65] and primary and metastatic
cutaneous melanoma lesions [14,63]. The analysis of HLA allospecificity expression has only
been performed for HLA class I, most likely because of the need of this information to interpret
the results of T cell based immunotherapy. As observed for total HLA class | defects, the
frequency of selective HLA class | abnormalities varies among different types of tumors; it
has been found to be higher in primary cervical carcinoma, prostate carcinoma and cutaneous
melanoma lesions than in primary HNSCC, breast carcinoma, lung carcinoma, RCC and colon
carcinoma lesions [6].

Multiple reasons are likely to contribute to the differences in the frequency of HLA changes

in various types of tumors. Some of them are technical in nature such as sensitivity of the IHC
reaction used, characteristics of the mAb used in the IHC reactions and subjective evaluation
of IHC staining. Furthermore, HLA expression on endothelial and/or lymphoid cells present

in tissue sections, which is used in the majority of cases as a standard for evaluating the degree
of expression of these molecules by malignant cells, does not represent the most appropriate

control, when tumor cells being evaluated are of a different lineage.

Among the biologic variables, which generally have not been taken into account in the design
and analysis of previous studies, but are likely to influence the expression of HLA antigens are
heterogeneity of the patient populations investigated in terms of clinical stage, previous
therapy, and length of the follow-up periods. The complexity of malignant disease, which is
not a single disease entity, can also play a role, since the frequency of HLA expression varies
among histologic subtypes of breast, lung, colon and ovarian carcinoma as well as uveal and
cutaneous melanoma [6,14,15]. These results emphasize the need to stratify tumors according
to their histotype when analyzing HLA expression. Moreover, the assessment of the degree of
downregulation of HLA antigens on malignant cells suffers from the scant information about
their level of expression in normal tissues. Consequently, it is difficult to determine what
constitutes a normal or a pathological expression level.

The time length between onset of tumor and diagnosis, along with the level of exposure to T
cell selective pressure [4], is also likely to play a role in the variable frequency of HLA
expression amongst the varies tumors. In this regard, the lower frequency of classical HLA
class | defects in leukemic and lymphoma cells may reflect the time interval between the onset
of the disease and the diagnosis. This time is likely to be shorter than that in most solid tumors
and thereby results in a decreased level of exposure to T cell selective pressure. Moreover,
because of their hematogeneous route of primary tumor and metastasis formation, leukemic
and lymphoma cells are targeted by NK cells which are often distributed in the peripheral blood
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as well as in secondary and tertiary lymphoid sites (i.e., lung, liver, spleen, bone marrow and
lymph nodes) [67]. The role of NK cells in controlling leukemic cells is supported by the
association between a decrease in NK cell function and progression of chronic myelogenous
leukemia (CML) from chronic phase to blast crisis [68-70]. Therefore, the high HLA class |
expression found in leukemia and lymphoma cells may result from the outgrowth of tumor
cells with high HLA class | expression because of their reduced susceptibility to NK cell-
mediated lysis. This possibility is supported by the selective HLA-A and HLA-Bw6
allospecificity downregulation which has been found in leukemic cells; this phenotype does
not increase the susceptibility of target cells to NK cell-mediated lysis [71].

In the case of liver carcinoma, normal hepatocytes, which do not express or express very low
levels of the transporter associated with antigen processing (TAP), a component of the HLA
class I APM, and of classical HLA class I, acquire the expression of these antigens during
malignant transformation [6]. The lack of defects in classical HLA class | expression identified
in liver carcinoma cells may reflect the type of immune selective pressure imposed on tumor
cell populations. In this regard, many NK cells reside in the liver [67]. The decrease in their
activity in patients with chronic liver diseases and in those with liver carcinoma may reduce
the selective growth of malignant hepatocytes with HLA class | defects [72,73]. Furthermore,
expression of the NK cell activating ligands MICA/B by liver carcinoma cells has been
suggested to play an important role in the susceptibility of liver carcinoma cells to NK cell-
mediated cytolysis [74]. Therefore, the acquisition of classical HLA class | expression by liver
cells during malignant transformation might reflect the selection of cells which are resistant to
NK cell-mediated lysis.

IV. Epigenetic mechanisms underlying altered HLA expression in malignant

cells

During the last few years, epigenetic alterations have been shown to play arole in HLA changes
associated with malignant transformation of cells. It is noteworthy that the epigenetic
alterations, which will be reviewed in the next few sections, have mostly been documented in
cell lines derived from malignant lesions. Therefore the in vivo relevance of these data remains
to be assessed.

IV.a. Classical HLA class | antigens

The notion that epigenetic alterations modulate HLA changes in malignant cells was first
suggested by studies showing that HLA expression can be recovered by treatment with DNA
methylation and HDAC inhibitors [6,16,21,22]. More recently, hypermethylation of the IFN-
regulatory factor 1 (IRF-1) gene has been found to bring about inhibition of IFN-y-mediated
HLA class | expression in two melanoma cell lines [75]. In addition, hypermethylation of the
HLA-A, B and C gene promoter regions and/or altered chromatin structure of the HLA class
I heavy chain gene promoters have been implicated as a major mechanism for transcriptional
inactivation of HLA class | genes in esophageal squamous cell carcinoma lesions [76] and for
total HLA class | downregulation in cutaneous primary and metastatic melanoma lesions
[77,78]. It is noteworthy that epigenetic alterations do not have to be restricted to genes
encoding HLA class | heavy chains to affect the expression of these antigens. One mechanism
which causes lack of HLA class I cell surface expression is represented by post-transcriptional
regulation of Bom, a critical component of the HLA class I-Bom-peptide complex, which has
been described in a drug resistant breast carcinoma cell line [79]. Moreover, changes in HLA
class I antigen expression may also reflect alterations in transcriptional regulation of the APM
components. The latter, play a critical role in the assembly and presentation of functional HLA
class I antigens [6,18,20]. In this regard, with the exception of some rare examples of TAP1,
tapasin and LMP subunit mutations found in some small cell lung carcinoma, cervical
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carcinoma, neuroblastoma and cutaneous melanoma cell lines, structural alterations in APM
component genes appear to be a rare event [80,81]. Based on the low frequency of sequence
abnormalities, it has been suggested that APM components are mainly regulated at the
epigenetic, transcriptional and/or posttranscriptional level in human tumors. The latter is
supported by the markedly heterogeneous APM component promoter activities detected in a
number of human tumor cell lines of different histotype suggesting a transcriptional regulation
of APM component expression [80]. Methylation of the taspasin and/or TAP2 promoter has
been demonstrated in melanomaand RCC cell lines and treatment with the DNA demethylating
agent 5-aza-2'-deoxycytidine (5-AC) results in the enhancement and/or reconstitution of not
only tapasin and TAP2 but also TAP1 transcription and translation [80]. In addition, treatment
of some esophageal squamous cell carcinoma, colon carcinoma, RCC and melanoma cell lines
with the DNA demethylating agent 5-aza-2'-deoxycytidine and/or HDAC results in the
induction of APM component transcription and translation [80,81]. Along the same lines,
hypoacetylation of the H3 histone leads to deficient TAP-1 expression, a critical APM
component, and ultimately reduced HLA class | expression in a lung carcinoma cell line [20].
Similar studies have also demonstrated that specific APM components, including LMP7,
TAP1, TAP2, and tapasin, can be epigenetically regulated in certain tumors [18]. It is
noteworthy that HDAC inhibitors also enhance the expression of classical MHC class | and
class 11 as well as the co-stimulatory molecule CD40 in mouse tumor cells, suggesting that
epigenetic mechanisms play a role across species [16]. Whether these findings reflect direct
epigenetic control of APM component expression and/or indirect control through yet to be
defined transcriptions factors remains to be determined.

IV.b. Non-classical HLA class | antigens

In attempts to resolve the issue of the mentioned different results about HLA-G expression
between in vivo and in vitro conditions [6], the mechanism(s) by which HLA-G expression is
modulated in malignant cells have been investigated. A number of studies have demonstrated
that stress proteins as well as cytokines such as GM-CSF, IFNs, IL-10 and LIF up-regulate
HLA-G protein expression by tumor cells [11,12,48-51]. However, cytokines have no effect
on the induction of HLA-G gene transcription in tumor cells in which the HLA-G gene is
repressed. In this context, epigenetic mechanisms, such as DNA methylation and histone
hypoacetylation have been found to underlie repression of HLA-G gene expression [11,12,
48-51]. Specifically, in all tumor cell lines tested the HDAC inhibitor trichostatin A (TSA) and
the DNA demethylating agent 5-AC can induce HLA-G gene transcription, and in some cases
translation, i.e., increased intracellular and cell surface HLA G expression. These results are
not limited to the human systems but have also been described in mouse cells [11,12,48-51].
It should be noted that only a limited number of tumor cell lines have been examined thus far
for HLA-G expression after exposure to TSA and/or 5-AC. Thus, whether HLA-G induction
by 5-AC represents a general rule in tumor cells remains to be determined. Furthermore, it is
not known whether demethylation of the HLA-G promoter is the cause for HLA-G induction
in tumor cells in vitro because the methylation status of the HLA-G promoter before and after
5-AC treatment has not been examined and 5-AC can modulate the expression of genes utilizing
mechanisms different from demethylation. Lastly, it is not known whether the role of in
vitro promoter hypomethylation in HLA-G induction in tumor cells has an in vivo counterpart.
If the in vitro findings are not paralleled by in vivo data, it is tempting to speculate that the
HLA-G promoter becomes methylated in tumor cells following adaptation to tissue culture.
This possibility is supported by the methylation of multiple gene promoters, including MyoD1,
a-globin, Major Histocompatabilty Class (MHC) I, and triophosphate isomerase when cells
are adapted to tissue culture [18]. It is worth noting that 5-AC causes DNA damage, which
may act as a stress factor to induce HLA-G expression in tumor cells. Clearly, additional
experiments are required to determine the role of HLA-G promoter hypomethylation in the
induction of HLA-G expression by tumor cells.

Oncogene. Author manuscript; available in PMC 2009 August 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Campoli and Ferrone Page 8

IV.c. HLA class Il antigens

The genes encoding HLA class Il antigens, i.e., HLA-DR, -DQ, and -DP, as well as those
encoding the accessory molecules involved in HLA class Il presentation, i.e., the invariant
chain (i) and HLA-DM, are coordinately regulated and their expression, at the transcriptional
level, is primarily controlled by the Class Il transactivator protein (CIITA) [61,82,83]. Four
promoters regulate different isoforms of CIITA expression in a cell-specific manner [61,82,
83]. Constitutive CIITA expression in dendritic cells (DCs) is controlled by promoter | (D-
CIHITA), while CIITA expression in B-lymphocytes is driven by promoter I11 (B-CIITA) [82].
Not surprisingly, epigenetic mechanisms have also been found to underlie defects in HLA class
Il expression in malignant cells. Both hypermethylation of the CIITA promoter 1V [84,85] and/
or modification of chromatin structure by histone deacetylation [84,85] may result in defective
CIHTA expression in tumor cells, causing loss of IFN-y—inducible HLA-DR expression. It is
thought that CpG dinucleotide methylation of CIITA promoter IV DNA as well as histone
deacetylation severely impair recruitment of transcription factors such as IRF-1, Stat-1 and
USF-1 to CHITA-PIV, thereby reducing CIITA transcription [86]. The above mechanism has
been documented in cell lines derived from carcinoma of breast [15], stomach [87,88], colon
[22,88], cervix [85], cutaneous epithelia [89] as well as from T cell leukemia [90],
neuroblastoma [91], teratocarcinoma [18], choriocarcinoma [18], and uveal and cutaneous
melanoma [14]. More recent studies have suggested that Blimp-1, a zinc-finger DNA-binding
protein, recruits a co-repressor complex containing HDAC to the CIITA promoter and this may
be responsible for the failure of the plasma cells and related tumors to express HLA class 1l
[92]. HDAC inhibitors can induce CIITA expression and enhance HLA class Il expression on
plasma cell tumors [93]. It should be noted that in several human malignant cell lines and in
normal mouse kidney epithelial cell cultures, HDAC inhibitors can induce HLA class 11
expression through an apparent CIITA-independent pathway [22].

V. Functional relevance of changes in classical and non-classical HLA class
| and in HLA class Il expression in malignant cells

Convincing evidence indicates that to evade the host's immune response tumor cells may utilize
multiple escape mechanisms. In this regard, tumor cells may exploit, in addition to structural
mutations, epigenetic repression of genes encoding HLA antigens and accessory molecules to
evade immune recognition and destruction (figure 4). In this section we discuss how changes
in HLA expression in tumor cells may provide them with escape mechanisms.

V.a. Classical HLA class | antigens

The role of HLA class | in the recognition and destruction of tumor cells by HLA class I-
restricted, TA-specific cytotoxic T lymphocytes (CTL) implies that defects in HLA class |
expression in malignant lesions may have a negative impact on the clinical course of malignant
diseases if the latter is influenced by a TA-specific CTL-mediated immune response.
Furthermore, defects in HLA class | expression in malignant lesions are expected to counteract
the potential beneficial effects of T cell-based immunotherapy, since they may provide tumor
cells with a mechanism to evade CTL recognition. It is likely that the interplay of genetic and
epigenetic modifications in tumor cells influences not only developmental processes of
carcinogenesis but also selective pressures involved in immune escape. The potential
involvement of immune selective pressure in these events is suggested by several lines of
clinical and experimental evidence, all of which have in common the possibility that tumor
cells with genetic and/or epigenetic defects in HLA class | may be out-selected by T cell-
mediated selective pressure present in the tumor microenvironment [4,6,94,95]. This notion is
supported by the association of HLA class | downregulation with a reduction in disease free
interval and survival in HNSCC, breast carcinoma, small cell lung carcinoma, bladder
carcinoma, cervical carcinoma and cutaneous melanoma [6]. Furthermore, in prostate
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carcinoma, when the degree of tumor differentiation is taken into account, the disease free
interval and survival of patients with prostate carcinoma, whose lesions demonstrate HLA class
| abnormalities, is shorter than those of patients whose lesions have a similar degree of tumor
differentiation and do not demonstrate detectable HLA class | abnormalities [6]. These clinical
findings have been suggested to reflect resistance of malignant cells to lysis by CTL through
lack of TA derived peptides presented properly in the context of a HLA class | allospecificity.
The lack of HLA class | antigen-TA peptide complex expression may also account for the
association of TAP1, a critical APM component, downregulation with tumor grading, tumor
staging and reduction in patients' survival in breast carcinoma, SCLC, cervical cancer and
cutaneous melanoma [6]. In this regard, alterations in TAP1 expression lead to defective
peptide loading of HLA class | antigens and their ultimate expression on the cell surface.
Interestingly, TAP1 expression has been suggested to represent an independent prognostic
marker for patients with cutaneous melanoma, since its downregulation in primary lesions has
been found to correlate with metastasis development and prognosis better than the traditional
prognostic marker, i.e. tumor thickness [6]. If these findings are confirmed, the analysis of
TAP1 expression in primary cutaneous melanoma lesions may represent a useful molecular
marker in order to evaluate melanoma patients' prognosis. Whether this conclusion applies also
to other types of malignancies remains to be determined.

V.b. Non-classical HLA class | antigens

Although there is less information regarding the role of non-classical HLA class | expression
by malignant cells in immune escape, the available clinical and experimental evidence
suggests, although does not prove that selective pressure is imposed on tumor cells which have
spontaneously arisen in a host or have been transplanted to a host, not only by CTL but also
by NK cells. Thus the association between poor prognosis and HLA class I loss in malignant
lesions described in several malignant diseases [6] as well as the increased ability to metastasize
of tumor cells with HLA class | [6] defects raise the possibility that NK cells cannot control
tumor growth because the tumor cell population has been immunoselected for non-classical
HLA class | expression and/or lack of NK cell activating ligand expression by NK cell selective
pressure. A mentioned above, HLA-G expression has been documented in several different
types of malignant lesions and its expression in carcinomas of the lung [13], stomach [12] and
colon [11] is associated with poor prognosis. Moreover, elevated soluble HLA-G (sHLA-G)
protein levels have been demonstrated in sera of patients with carcinomas derived from breast
and ovarian cells as well as melanoma, glioma and lymphoproliferative disorders [51,54]. The
HLA-G serum level was inversely correlated with survival in glioblastoma multiforme [54]
and was directly correlated with advanced disease stage and with tumor load in melanoma
[54]. These findings suggest that tumor cell expression of HLA-G expression may represent a
mechanism of resistance to NK cell-mediated killing. This mechanism may parallel the manner
in which HLA-G protects against NK cell-mediated rejection of fetal tissues in the placenta
[96]. Moreover, HLA-G may provide tumor cells with additional resistance from immune
recognition and destruction through their ability to inhibit the cytotoxic activity and/or the
proliferative ability of CTL and CD4* T helper cells, respectively, as well as to induce the
generation of a new type of regulatory T cells, either CD4" or CD8*, through transfer of
membrane HLA-G from antigen presenting cells (APC) to activated T cells (“trogocytosis”)
[55]. It should be noted that NK cell-mediated killing of tumor cells involves a complex
interplay between classical and non-classical HLA class | as well as NK cell activating ligands.
Therefore, aberrant HLA-G expression may not be required for tumor cell escape in diseases
in which NK cells play a major role in controlling tumor growth, since classical HLA class |
have a strong inhibitory capacity through their interaction with NK inhibitory receptors [3].
Similarly, other non-classical HLA class | molecules such as HLA-E might also contribute to
NK tumor cell escape. It is well documented that HLA-E is widely transcribed in most tissues,
and that this molecule is expressed when it combines with the leader peptides of other HLA
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class I molecules including HLA-G [52,55]. It is thought that NK cells, through interaction
with the CD94/NKG2A inhibitory receptor, may utilize HLA-E, to monitor the level of
classical HLA class | expression on target cells [52,55].

V.c. HLA class Il antigens

Conflicting information is available among different malignant diseases as well as within in
the same malignant disease regarding the functional and clinical significance of HLA class Il
expression in malignant lesions [6,14,15]. The results range from association of HLA class 11
expression with favorable or unfavorable clinical course of the disease to lack of association.
The conflicting results are likely to reflect the role of the technical and biological variables we
have previously mentioned to explain the different frequencies of HLA class Il expression in
malignant lesions. In addition we believe that the conflicting information regarding the clinical
significance of HLA class Il expression in malignant cells, is due, in part, that the analysis has
only been restricted to HLA-DR, -DQ, and -DP expression on the cell membrane without taking
into consideration other molecules that are likely to greatly affect the functional properties of
HLA class Il such as HLA class I, APM components and co-stimulatory molecules. All of
these components are required for a cell to efficiently present HLA class I1-peptide complexes
to CD4(+) T cells and the importance of their coordinated expression is highlighted by several
in vitro and in vivo observations. In vitro binding of CD4(+) T cells to HLA class Il on tumor
cells in the absence of co-stimulatory molecules can lead to an immune suppressed or anergic
state of the CD4(+) T cell [97,98]. Moreover, the clinical relevance of the co-expression of
HLA class Il and co-stimulatory molecule as well as HLA class | is indicated by the association
of HLA class Il expression in cutaneous metastatic melanoma lesions with a favorable
prognosis only when it is co-expressed with the co-stimulatory molecule B7.1 and with HLA
class I [99]. In this regard, it should be noted that epigenetic regulation of co-stimulatory
molecules has been reported in several human and murine malignant cell lines, and surface
expression of CD40, and B7-1/2 co-stimulatory molecules can be induced by treatment with
HDAC inhibitors [16].

The role of HLA class Il APM component expression in the clinical course of the disease is
underscored by at least three lines of evidence. First, the repertoire of peptides displayed by
HLA class Il is altered and possibly CD4(+) T cell anergy is induced when HLA class 11 positive
malignant cells with display low basal levels of a y-interferon (IFN)-inducible lysosomal thiol
reductase (GILT), a HLA class Il APM component [82]. Second, in neuroblastoma, IFN-y
induced HLA-DO expression alters the repertoire of peptides presented by HLA class Il to
CD4(+) T cells and can lead to CD4(+) T cell anergy [100]. Third, over-expression of li, is
associated with poor clinical course of the disease in patients with gastric [101] and colorectal
[102] carcinoma. Whether alterations in other accessory molecules occur in malignant diseases
and play a role in their clinical course remains to be determined. Nevertheless the available
information suggests that the analysis of HLA class Il expression should be combined with
that of other APM components.

In the appropriate setting malignant cells may act as effective APC for HLA class I1-restricted,
antigen-specific CD4(+) T cells. Normally interaction of CD4(+) T cells with HLA class Il-
peptide complexes and co-stimulatory molecules expressed on typical APC, leads to i) the
production of a spectrum of cytokines that facilitates the growth and differentiation of CD8(+)
T cells and ii) activation of APC through CD40-CD40L interactions which leads to enhanced
antigen-presentation. Optimal induction of CTL benefits from the presence of activated CD4
(+) T cell and APC. More recently, CD4(+) T cells have been shown to exert direct HLA class
I1-restricted, antigen-specific cytotoxic effects on malignant cells in vitro through Fas-
dependent and -independent mechanisms, i.e., granzyme and perforins [97]. Nonetheless, there
is only indirect evidence of HLA class Il -restricted, TA-specific CD4(+) T cell killing of HLA
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class 11 antigen-bearing tumor cells in vitro. Whether and/or how HLA class Il expression by
tumor cells plays a role in the activation, maintenance, or effector phase of a TA-specific
cellular immune response is not known at present.

HLA class ll-restricted, TA-specific CD4(+) T cells may also exert cytotoxic effects on HLA
class Il bearing and non-bearing tumor cells through indirect mechanisms. In this regard, the
recognition of HLA class I1-TA derived peptide complexes on tumor cells by HLA class I1-
restricted, antigen-specific CD4(+) T cells may lead to release of cytokines that ultimately
results in killing of tumor cells via activated eosinophils, macrophages and neutrophils as well
as type 1 cytokines, i.e., interferons (IFNs) [97]. In the latter case, the type 1 cytokine IFN
plays an important role in regulating tumor growth in vivo by both the innate and adaptive
immune system as well as by inhibiting tumor bed angiogenesis [97]. In contrast to their
beneficial role in TA-specific immune responses, HLA class Il expressed by tumor cells may
have a negative impact on the immune response through their interaction with a subpopulation
of CD4(+) T cells known as T regulatory (Treg) cells [103,104]. Two groups of Treg cells have
been identified, natural Treg cells (nTreg), which are believed to be selected in the thymus as
an anti-self repertoire, and induced Treg cells (iTreg), which are believed to be induced in the
periphery. Both play amajor role in maintaining self-tolerance by regulating immune responses
[103,104]. While nTreg cells require TCR ligands and co-stimulation for functional activation,
iTreg cells need only TCR ligands [103,104]. Once activated, both nTreg and iTreg are
powerful non-specific suppressors of TA-specific immunity by inhibiting IL-2 transcription
in target CD4(+) T and NKT cells, thereby preventing expansion of effector and helper T cell
populations [103,104]. HLA class Il expression by malignant cells may therefore lead to Treg
cell activation and possibly downregulation of an ongoing TA-specific immune response
through the secretion of immunosuppressive cytokines like IL-10 or TGF-p in a contact-
independent manner or through a contact-dependent manner via CTLA-4 [103,104].

VI. Immune escape and epigenetic therapeutics

The lack of effective treatment for advanced stage malignant disease has highlighted the need
to develop alternative therapeutic strategies. Among them, immunotherapy has attracted much
attention because of the potential role played by immunological events in the clinical course
of malignant disease [105]. In view of the well-recognized immune escape mechanisms utilized
by malignant cells [5] as well as their genetic instability, the disappointing clinical response
rates, observed in a majority of the active-specific immunotherapy trials conducted to date
[105], are likely to reflect the ability of malignant cells to escape immune recognition and
destruction and/or their capacity to interfere with the differentiation, function and/or survival
of immune effector cells. In the remaining part of this section we will review several potential
strategies that may counteract the multiple epigenetic-based escape mechanisms utilized by
tumor cells and provide us with improved strategies for the treatment of patients with malignant
disease.

The available evidence we have summarized in a previous section suggests that epigenetic
alterations may underlie not only changes in HLA antigen, but also APM component and co-
stimulatory molecule expression in malignant cells. The latter result in the ability of malignant
cells with HLA antigen defects to avoid immune recognition and destruction. At variance with
structural gene mutations, epigenetic changes can generally be reversed in cells with various
pharmacological agents. Therefore, pharmacological modulation of the epigenetic profile of
malignant cells, such as histone acetylation/deacetylation, histone methylation and, in
particular, DNA methylation, may allow the development of improved approaches toward the
implementation of active-specific immunotherapy for patients with malignant disease.
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Among the currently available pharmacological agents 5-AC has been shown to be a suitable
agent to alter methylation profiles in malignant cells [106]. At high doses, 5-AC induces
apoptotic cell death triggered by the production of DNA adducts and consequent DNA
synthesis arrest, whereas at low doses it is incorporated into DNA and inhibits DNMT leading
to global hypomethylation [106]. Treatment of malignant cells with 5-AC results not only in
the induction of HLA class I and class I expression, each of which are required for an effective
TA-specific immune response, but also in the induction of genes involved in the control of
apoptosis, proliferation, DNA repair and cellular senescence, i.e. p21"af p16 and p27 and
downregulation of Cyclin A, Cyclin D, CDK4 and dephosphorylation of pRb [18,107]. The
upregulation of classical MHC class | expression on malignant cells after treatment with 5-AC
has been shown to enhance the recognition of tumor cells by CTL in animal models and human
malignant cell lines [18,108-112].

Both 5-AC and its derivatives,i.e., Decitabine, have been introduced into the clinic with
encouraging results in hematopoietic disorders such as myelodysplastic syndrome (MDS),
acute myeloid leukemia (AML) and CML [113-116] as well as solid tumors including lung
and esophageal cancers [117]. In each case treatment with Decitabine was shown to induce or
up-regulated CIITA expression in malignant cells. Along this line, recent results of a phase |
clinical study of the combined treatment with decitabine plus high-dose interleukin-2 (IL-2)
in melanoma and RCC suggest that decitabine may synergistically act with immunological
treatments, i.e. IL-2 therapy, and improved clinical response rates [118].

Similar to 5-AC, HDAC inhibitors may be useful in the treatment of malignant diseases.
Upregulation of p21Wef, p16 and p27 and downregulation of Cyclin A, Cyclin D, CDK4 and
dephosphorylation of pRb, genes necessary for cell cycle arrest and growth inhibition of tumor
cells, are common features of HDAC inhibitor treatment and are due to both direct and indirect
mechanisms [119-121]. Moreover, HDAC inhibitor treatment of a broad spectrum of malignant
cells including carcinomas of the breast, lung, bladder, ovarian, and prostate as well as
leukemia, lymphoma and myelomas results in the concentration dependent induction of
differentiation, growth arrest and apoptosis [18]. To date, HDAC inhibitors have shown
significant anti-tumor effects in pre-clinical models and in phase I/11 clinical trials for the
treatment of carcinomas of the breast, lung and cervix as well as MDS, AML, CLL, glioma
and melanoma [122-128]. More recently the HDAC inhibitor Zolinza™ was approved for use
in the treatment of cutaneous T cell lymphoma [129].

Although the precise molecular pathways involved in the anti-tumor effects of DNA-
methylation and HDAC inhibitors have not been fully determined, it is likely they can be
attributed to their ability to modulate genes necessary for cell cycle arrest and growth inhibition
as well as genes involved in tumor immunity. The inhibition of DNA-methylation and histone
de-acetylation can enhance classical MHC class | and class Il, CD40, B7-1/2, as well as
ICAM-1 expression in various human and mouse tumor cell lines [16,18]. Moreover, inhibition
of histone de-acetylation in malignant cells can increase the expression of various pro-apoptotic
and death inducing pathways, such as Fas, DR4 and DR5 expression causing tumors to become
sensitive to killing by FasL and TRAIL, respectively [130]. Alternatively, inhibition of histone
de-acetylation can down modulate the anti-apoptotic molecule, cFLIP, in malignant cells
rendering them more susceptible to Fas-mediated killing by CTL [122,128]. This is an
important reminder that modulation of epigenetic processes in tumor cells may silence nearly
as many genes as they activate and may thereby reverse specific gene induction critical to tumor
growth and/or immune escape.

Despite the promising data arising from clinical trials, there are several pitfalls regarding the
clinical application of demethylating agents as well as HDAC inhibitors. The inherent toxicity
of nucleoside DNMT inhibitors might be caused by the formation of covalent adducts between
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DNA and trapped DNMTSs, which may be responsible for bone marrow and other host toxicities
[130-132]. Furthermore, the majority of the available drugs that inhibit DNA-methylation are
not specific and result in widespread DNA hypomethylation and the production of unwanted
effects such as induction of oncogene expression. However optimizing treatment schedules
might decrease toxicity, e.g., giving lower doses over longer time periods, thereby exposing
more cells to the drug during the S phase. It should be noted that on additional pitfall of the
DNMT inhibitor decitabine is the increased expression of multi-drug resitance (MDR) 1, a
gene whose expression enhances drug resistance, and uPA, a pro-metastatic gene in non-
metastatic breast tumor cells [131]. Additional compounds that directly inhibit DNMTSs and
do not need to be incorporated in DNA such as non-nucleoside inhibitors and antisense
oligodeoxynucleotides are currently being developed and may lead to lower toxicity [134,
135]. In general HDAC inhibitors given systemically are generally well tolerated but
accumulation of acetylated histones in normal tissues may induce some toxicity depending on
the dose, route and specific drug [134,135].

VI. Conclusion

Malignant cells frequently demonstrate alterations in HLA expression which is believed to
play a major role in their ability to escape immune recognition and destruction. Epigenetic
modulations in gene expression are likely to play a large part in the observed alterations in
HLA expression by malignant cells, since epigenetic events are involved in the silencing and/
or in the downregulation of genes necessary for cell cycle arrest and growth inhibition as well
as genes involved in tumor immunity. The ability of epigenetic drugs to restore the defective
HLA antigen, APM component and co-stimulatory molecule expression, and the consequent
increase in immune recognition of malignant cells, provides us with new therapeutic tools that
may improve the clinical efficacy of active-specific immunotherapy for the treatment of
malignant disease. In this regard, the combination of immunization strategies with approaches
that counteract tumor cell-induced immune suppression and tumor immune escape, such as
DNMT and HDAC inhibitors, may enhance the clinical efficacy of immunotherapy.
Nonetheless, to date very little attention has been focused on the regulation of HLA antigens
in malignant lesions following treatment with DNMT and HDAC inhibitors. Therefore, future
studies should be directed at investigating the ability of epigenetic pharmacologic agents to
modulate HLA expression malignant lesions.
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Figure 1. Molecular mechanisms underlying the abnormal HLA class | antigen phenotypes
identified in malignant cells

Intracellular protein antigens, which are mostly endogenous, are marked for ubiquitination
within the cytosol and subsequently degraded into peptides by proteasomal cleavage. Once
generated, peptides are transported into the endoplasmic reticulum through the dimeric
transporter associated with antigen processing, TAP1 and TAP2. Nascent, HLA class | heavy
chains are synthesized in the ER and associate with the chaperone immunoglobulin heavy chain
binding protein (BiP), a universal ER chaperone involved in the translation and insertion of
proteins into the ER. Following insertion into the ER, the HLA class | heavy chain associates
with antigen processing machinery components (APM), i.e., calnexin, ERp57, calreticulin and
tapasin. The trimeric HLA class I-bom-peptide complex is then transported to the plasma
membrane where it plays a major role in the interactions between target cells and T cells. (A)
Total HLA class | (HLA-A, -B and -C) loss is caused by loss of B,m expression and/or function;
(B) Selective HLA class | allospecificity loss is caused by loss of the gene(s) which encode(s)
the lost HLA class | allele(s) or by mutations which inhibit their transcription or translation;
(C) Total loss of one HLA class I haplotype is caused by total or partial loss of one copy of
chromosome 6 which encodes the genes for HLA class | heavy chains; (D) Total HLA class |
downregulation is caused by loss or downregulation of APM components; (E) Selective HLA
class I locus downregulation may be caused by locus-specific defects in HLA class | gene
transcription.
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Figure 2. Epigenetic modulations underlying abnormal gene expression identified in malignant
cells

In the nucleus the DNA double helix is wrapped around histone octamers to form nucleosomes,
the basic structure of DNA inside the nucleus. (A) Modification of histones through
methylation (-CHj3) or acetlylation (-OCCHp3) affects gene expression by targeting various
protein complexes to DNA, resulting either in an open chromatin structure ready for expression
or in a closed chromatin configuration that is impermeable to transcription factors and
associated with gene silencing. (B) DNA methylation refers to the enzymatic addition of a
methyl group to the 5 position of cytosine incorporated into DNA. In mammals, methylation
is largely limited to cytosines that are part of the symmetrical dinucleotide CpG. A switch from
unmethylated to methylated CpG island results in permanent loss of gene expression. (C) RNA
interference (RNAI) is a post-transcriptional mechanism whereby gene expression is
suppressed by RNA degradation, triggered by short stretches of complementary RNA. This
process is a prominent mechanism of epigenetic regulation in plants and other organisms, where
it plays roles varying from genome defense to chromosomal structure.
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Figure 3. Frequency of classical HLA class | downregulation and of non-classical HLA class |
antigen and HLA class Il antigen expression in malignant lesions of different embryological origin
The most common types of solid tumors for which more than 50 primary lesions have been
analyzed for (A) classical, (B) non-classical HLA class | and (C) HLA class Il expression are
shown. Data has been adapted from [6,11-15,47-62]. BCC, cutaneous basal cell carcinoma,
ESO, esophageal carcinoma; HNSCC, head and neck squamous cell carcinoma; MM,
malignant melanoma; RCC, renal cell carcinoma; SCC, squamous cell carcinoma; UM, uveal
melanoma. (m) Indicates total HLA class | antigen loss and/or downregulation; (.) indicates
selective HLA class | allospecificity loss.
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Figure 4. Molecular mechanisms underlying the functional properties of HLA expression by

malignant cells

(A) Once the classical HLA class I-Bom-peptide complex is transported to the plasma

membrane it plays a major role in the interactions between target cells and (a) activation of
peptide-specific CTL through TCR; and (b) inhibition of T cell subpopulations through
inhibitory receptors KIR. (B) In contrast to classical HLA class I, the non-classical HLA class
I, HLA-G, inhibits CTL, CD4(+) T cells and NK cells through its interaction with the NK cells

receptor CD94/NKG2. (C) HLA class Il expression by tumor cells may be potentially

beneficial to TA-specific immune responses through their interaction with CD4(+) T cells,
resulting in the activation of (1) CD4(+) T cell-mediated killing, (2) macrophage through
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release of Th1 cytokines; (2) B cells and eosinophils through release of Th2 cytokines, and
(4) CTL through release of Th1 cytokines.
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