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Abstract

The human promyelocytic cell line THP-1 expresses high level of HLA class Il (HLA-Il) molecules after
IFN-y treatment. Here, we report a variant of THP-1 that does not express HLA-II after IFN-y. The
variant’s HLA-Il phenotype is constant over time in culture and it is not related to a defective IFN-y-
signalling pathway. Transfection of CIITA, the HLA-II transcriptional activator, under the control of
a cytomegalovirus promoter rescues high level of HLA-DR surface expression in the variant indicating

that the biosynthetic block resides in the expression of CIITA and not in the CIITA-dependent
transactivation of the HLA-Il promoters. Treatment of the variant with 5-azacytidine (5-aza), which
inhibits CpG methylation, restores inducibility of HLA-II by IFN-y both at transcriptional and
phenotypic level and antigen presenting and processing function of the variant. DNA studies
demonstrate that the molecular defect of the THP-1 variant originates from the methylation of the CIITA
promoter IV. Furthermore, treatment with 5-aza produces a substantial demethylation of CIITA promoter
IV and a significant increase of IFN-y-dependent HLA-Il expression in another myelomonocytic cell
line, U937. Therefore hyper-methylation of CIITA promoter IV may be a relevant mechanism of
epigenetic control preventing HLA-II IFN-y inducibility in the myelomonocytic cell lineage.

Introduction

MHC class Il (MHC-II) molecules, designated HLA class Il
(HLA-II) molecules in human, play a key function in trigger-
ing the adaptative immune response by presenting antigenic
peptides to CD4+ T helper cells. HLA-II molecules are
expressed constitutively in dendritic cells (DCs), B cells and
cells of the monocyte/macrophage lineage; these cells are
cumulatively referred to as professional antigen-presenting
cells (APCs). Moreover, cytokines, mainly IFN-y, may further
increase or de novo induce HLA-II in macrophage-like cells
or in cells of extrahemopoietic origin (1).

Expression of HLA-II genes is mainly regulated at the tran-
scriptional level. Triggering of HLA-I/ transcription is mediated
by the non-DNA-binding specific co-activator CIITA which is
required for both constitutive and inducible expression (2).
CIITA transcription is driven by multiple promoters (pl, plll
and plV) of the activator of immune response-1 (AIR-1) gene
(3) that function in a cell type-specific manner, each pro-

moter directing the expression of an unique first exon. pl is
active primarily in DC; plll is mainly responsible for direct-
ing CIITA constitutive expression in B cells but it is also in-
volved in the IFN-y-inducible expression. Finally, p-1V is the
principal promoter for the IFN-y-inducible expression (4).

IFN-y signalling pathway promotes the expression of >200
genes (5) and p-IV transcription requires the cooperative
binding of IFN regulatory factor-1 (IRF-1), upstream stimula-
tory factor-1 and phosphorylated signal transduction and
activation of transcription-1 (6).

Given its role on the homeostasis of immune response,
much attention has also been focussed on the expression of
HLA-II in disease and particularly in those disease states,
such as cancer, in which the immune response appears to
be hampered.

In tumour cells, HLA-II expression is known to be associ-
ated with a better prognosis for colorectal cancer (7) and
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breast cancer (8). Moreover, in ovarian carcinoma (9) and
lymphoma (10), positive correlation between tumour-infiltrating
lymphocytes and the amount of HLA-II in tumour cells has
been documented. Conversely, HLA-II expression has been
linked to disease progression and poor prognosis in mela-
noma (11). In mice, several reports suggest that forced ex-
pression of MHC-II in cancer cells leads to increased
immunogenicity and loss of tumorigenicity (12-14). More-
over, it has been the frequently observed loss of HLA-II IFN-
v inducibility in cancer cells when compared with the normal
cellular counterpart (15, 16).

Epigenetic modifications influencing MHC-II expression
have been frequently observed during tumour progression.
These modifications include both DNA hyper-methylation
and histone deacetylation and may result in the silencing of
MHC-II promoter and/or of AIR-1 promoter regions (17).

The human promyelocytic tumour cell line THP-1 constitu-
tively expresses low amount of HLA-DR that is highly in-
creased after IFN-y stimulation (18, 19). However, the
generation of variants refractory to IFNg-induced HLA-II
expression was not an uncommon finding in our THP-1 cell
cultures. This prompted us to investigate in detail the molecu-
lar basis of the restricted loss of inducibility. We found that it
was strongly correlated to the specific methylation of the AIR-1
plV. Possible implications of this finding, particularly in relation
to tumour heterogeneity and progression, are discussed.

Methods

Cell cultures and treatments

The THP1-L clone was isolated from the parental THP-1 cells
(THP1-pc) on the basis of its unresponsiveness to IFN-y in
terms of HLA class Il induction. The authentication of the
THP1-pc cell line and its subclones was performed by short
tandem repeat (STR) DNA profiling (20). The DNA typing
methodology involves simultaneous amplification of six STR
loci (D18S51, D21511, D8S1179, vVWF, FGA and THO1) and
the amelogenin gene in a multiplex PCR. The STR profiles
obtained for THP-1 sublines under investigation were identi-
cal; furthermore, the STR profiling of THP1-pc resulted identi-
cal to those previously published (20). THP1-pc and U937
myelomonocytic cell lines, as well as the human B cell line
Raji, were cultured in RPMI medium supplemented with 10%
foetal bovine serum and glutamine without antibiotics. All cell
lines were demonstrated to be mycoplasma free by PCR and
ELISA. Immature dendritic cells (iDCs) were obtained by
established procedures (21) and were cultured in RPMI me-
dium as above. ACN and IMR5 human neuroblastoma cell
lines were cultured in DMEM. THP1-pc, THP1-L and U937
cells were treated daily with the hypomethylating agent 5-aza-
cytidine (5-aza) (SIGMA, Milan, ltaly) at 0.3-1 uM for 5-7
days. Trycostatin A (TSA) (SIGMA, Milan), a histone deacety-
lase inhibitor, was used at 300 nM concentration for 2 days.
In some experiments, the cells were treated sequentially with
TSA and 5-aza. After drug treatment, cells were stimulated
with 150 U mI~" of IFN-y (kindly provided by Cantone, Rous-
sel Pharma, Milan, Italy) for the indicated times.
pcDNAB3/CIITA (kindly provided by J. Ting, Chapel Hill,
NC, USA) was transfected in THP-1 by electroporation using
the BIORAD gene pulser apparatus (250 V, 350 uF). Stable

bulk transfectant was selected in 1.2 mg mli~' G418 as de-
scribed (22).

Cell surface phenotyping

Cell surface expression was assessed by indirect immuno-
fluorescence and flow cytometry. The mAbs used were
D1-12 (HLA-DR), B7/21 (HLA-DP), B9.12 (HLA-ABC) and
84H10 (ICAM-1, CD54) (the latter kindly provided by
A. Poggi, Genova, ltaly). An irrelevant, isotype-matched anti-
body was used as negative control. Flow cytometry analysis
of 5-aza-treated cells was performed only on living cells
(>70% total input events) by propidium iodide exclusion.

Real-time quantitative reverse transcription—-PCR

Total RNA was prepared using RNA clean (Hybaid, Ashford,
UK) following the manufacturer’s instructions. Synthesis of
cDNA was performed using murine leukaemia virus reverse
transcriptase (Promega, Milan, Italy). Retrotranscription was
performed after treatment of total RNA with RNAse-free RQ1
DNAse (Promega) following the manufacturer’s instructions.
The PCR was performed on iCycler iQ Real-Time PCR De-
tection System (Bio-Rad, Milan, ltaly) and the amplification
product was detected using the fluorescence reporter dye
SYBR Green I. All reagents in the PCR were provided in the
iQ SYBR Green Supermix (Bio-Rad). The Primer Express
Software was used to design primers.

The cDNAs from human cells were amplified using the fol-
lowing primers: total CIITA forward 5'-CCTGCTGTTCGGG-
ACCTAAA-3’, reverse 5'-GGATCCGCACCAGTTTGG-3'; DRA
forward 5’-CTCTTCTCAAGCACTGGGAGTTT-3’, reverse 5'-
ATGAAGATGGTCCCAATAATGATG-3'; IRF-1 forward 5'-ATG-
CCCATCACTCGGATGC-3', reverse 5'-CCCTGCTTTTATC-
GGCCTG-3' (23); AIR-1-pl, forward 5'-CACTCTGCTCCA-
TGAGCCT-3', reverse 5'-CAAATCCAGGTCTCCTTTCTCTAG-
TAGG-3'; AIR-1-plll forward 5'-TGGGATTCCTACACAATGCG-
TT-3’, reverse 5'-ACACTGTGAGCTGCCTTGGG-3'; AIR-1-plV
forward 5'-GCGGCCCCAGAGCTGG-3', reverse 5'-GAAGCT-
CCAGGTAGCCACCTTCTA-3' (24).

Two housekeeping genes were used with similar results:
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for-
ward  5-GAAGGTGAAGGTCGGAGTC-3’, reverse 5'-
CATGGGTGGAATCATATTGGAA-3" and RNA pol-ll forward
5’-GACAATGCAGAGAAGCTGG-3', reverse 5'-GCAGGAA-
GACATCATCA-TCC-3'.

For each transcript under investigation, the procedure of
quantification was validated by analysis of a standard curve
consisting in a serial dilution of a positive control cDNA. For
each sample, PCR data value (threshold cycle) was normal-
ized to the corresponding value obtained for the GAPDH or
the RNA pol-ll, the housekeeping transcripts chosen as con-
trol. The normalized PCR data value obtained in the un-
treated cells was defined as the arbitrary unit (value 1). All
other normalized PCR data values were then expressed as
fraction or multiple of the arbitrary unit.

Analysis of the methylation status of the AIR-1-plV

Semi-quantitative restriction analysis. Purified human geno-
mic DNA was digested with Hindlll and aliquots were sub-
sequently cleaved with Hpall, Mspl or Hhal. The analysis



of methylation status of AIR-1-plV was then performed as
described (25) by using the primers: forward 5'-GGTTGGAC-
TGAGTTGGAGAGAAACAGAGAC-3’; reverse 5’- TGCCGC-
GGCCCCAGAGCTGGCGGGAGGGAG- 3. By this analysis,
two CpG duplets were evaluated (—238 and —77, with re-
spect to beginning of transcription from AIR-1 p-IV).

Quantitative pyrosequencing analysis. Pyrosequencing (26) is
a sequence-by-synthesis analysis of short genomic sequen-
ces for the fast and quantitative estimation of methylation
density. Briefly, after the standard bisulphite modification to
convert the unmethylated C into T (27), 2 ul of the modified
DNA was amplified with primers specifically designed with
the Assay Design Software for Pyrosequencing (PSQ Assay
Design 1.0, Biotage, Uppsala, Sweden) to avoid CpG sites,
in order to amplify the target sequence irrespective of its
methylation status. The amplified DNA was then subjected to
pyrosequencing analysis utilizing a primer designed with the
same dedicated software. The primers used to generate the
amplicon for the pyrosequencing analysis were: forward
5’biotinylated-GGATGTTTTAGGTAGTTGGGATGT3’, reverse
5'-CAATTCTTTTTCCCTTTCACTT-3" (45 PCR  cycles,
T annealing 58°C and the length of the amplicon is 127 bp).
The sequencing primer was 5'-CCTTTCACTTTCTTTCTACA-
3’ and the sequence to analyze was 5'-ACRCTAAACT-
CRAACCAAACTATAAAAC-3'. The sequencing reaction was
performed with PyroGold reagent kit PSQ 96MA (Biotage)
according to the manufacturer’s instructions using a PSQ
96MA instrument (Biotage). By this analysis, two CpG
duplets were evaluated (—86 and —77, with respect to be-
ginning of transcription from AIR-1 p-1V). Values are
expressed as percentage of methylation at the —86 and
—77 sites.

Antigen processing and presentation assay

Both THP1-H and THP1-L, treated with 5-aza for 4 days,
were analysed for their antigen processing and presentation
capacity following IFN-y stimulation. Briefly, cells were trea-
ted with IFN-y 150 U miI~" for 6 h and then extensively
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washed out to remove traces of the cytokine. Thereafter,
APCs were dispersed in a flat-bottomed microtiter plate at
a concentration of 1 X 10* cells per well and cultured in
presence of 5 pg ml~' purified protein derivative (PPD) or
1 ug mi~" peptide 11 (aa 91-108 of Ag85 protein) (28) for
8 h. Finally, following preliminary titration experiments for op-
timal APC/T ratio, 2 X 10* cells per well of an established
T cell line specific for peptide 11 and restricted by HLA-DR2
haplotype expressed in THP-1 were added for 20 h. Activa-
tion of T cells was assessed by quantitative measurement of
the secreted IFN-y by ELISA.

Results

The THP1-L variant does not express HLA class Il molecules
after stimulation with IFN-y

During the phenotypic characterization of various sublines of
the myelomonocytic cell line THP-1, we have observed a di-
vergent level in HLA-II (HLA-DR) cell surface expression af-
ter IFN-y treatment. One of these sublines was further
cloned by limiting dilution and the majority of clones dis-
played an HLA-II-negative phenotype after IFN-y treatment.
A subclone, designated THP1-L (L for low), characterized
by undetectable expression of HLA-Il, both in constitutive
conditions and after IFN-y stimulation (see Fig. 1), was se-
lected for further analysis. The HLA-Il phenotype of THP1-L
was stable with time in culture and it is still stable after >100
cell divisions. THP1-L growth characteristics are similar to
those of THP-1 parental cells, with the distinctive difference
that the variant grows non-adherent to the plastic (data not
shown). The analysis by informative DNA polymorphic
markers confirmed that THP1-L is a true variant of the THP-1
parental cell line (data not shown).

To assess whether unresponsiveness to IFN-y treatment
was due to a generalized defect in the IFN-y signalling
pathway, the cell surface expression of HLA class | and
ICAM-1 molecules, known to be up-regulated by IFN-v,
was also studied. The results (see Table 1) indicate that
both HLA class | and ICAM-1 are strongly up-regulated in
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Fig. 1. HLA-DR phenotype of parental THP-1 and of THP1-L. Indirect immunofluorescence analysis by flow cytometry by using FITC-conjugated
anti-mouse IgG secondary antibody. Cell surface expression in untreated cells (mock) or after 48 h in presence of 150 U mI~" of IFN-y. Cells
stained with an isotype-matched antibody were used as negative control (thin line). Results are expressed in abscissa as log fluorescence value
in arbitrary units. The results shown are from one representative experiment of four with similar results.
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the THP1-L variant demonstrating that the IFN-y signal
transduction pathway is fully functional for other gene prod-
ucts and therefore the defect is restricted to HLA class Il
cell surface induction. This was further confirmed by quan-
titative reverse transcription (RT)-PCR analysis and western
blotting of IRF-1 mMRNA and its protein product, respec-
tively, know to be up-regulated by IFN-y as well (data not
shown).

The THP1-L HLA-II-negative phenotype is due to lack of
transcription of the AIR-1-encoded CIITA transactivator.
Rescuing by 5-aza

To assess whether the absence of IFN-y-dependent HLA-II
expression in THP1-L was due to transcriptional or post-
transcriptional events, HLA-Il DRA mRNA was measured by
quantitative RT-PCR. Results showed barely detectable lev-
els of class Il transcripts, 100-fold less than the parental
THP-1 cells (THP1-pc), which remained unchanged after
IFN-y (Fig. 2A, third and fourth white column from the left, re-
spectively; compare with THP1-pc, first and second white
columns from the left). The lack of HLA-II transcripts after
IFN-y in THP1-L cell line could be due either to a mutational
event or to an epigenetic mechanism involving key elements
of the HLA-Il gene expression pathway and possibly the
ClITA-encoding A/R-1 gene that is the direct target of the
IFN-y stimulation. The rather frequent isolation of subclones
carrying the phenotype of THP1-L suggested that an epige-

netic phenomenon was more likely. Thus, to further charac-
terize the molecular mechanisms responsible of HLA-II lack
of induction after IFN-y in the THP1-L variant, cells were trea-
ted with drugs that inhibit either DNA methylases (5-aza) or
histone deacetylases (TSA) and then stimulated with IFN-y.
Assessment of HLA-DRA transcripts and of CIITA tran-
scripts was then performed. ClITA-specific mRNA was very
low in the THP1-L variant (Fig. 2A, third black column from
the left) and although it increased after IFN-y treatment, it
barely reached 50% of the level of CIITA mRNA expressed
in unstimulated parental THP-1 cells (compare fourth black
column with first black column). This amount of CIITA was

Table 1. Phenotypic analysis of IFN-y signal transduction
pathway in THP-1 cells

Cells HLA class | ICAM-1

Mock IFN-y Mock IFN-y

% mfP % mf. % mf % mf
THP1-pc 100 128 100 253 <1 0.3 82 43
THP1-L 98 132 100 220 <2 03 65 35

@Percent of positive cells.

PMean fluorescence value; negative controls were the cells incubated
with isotype-matched non-specific mAb. The mean fluorescence
value of negative controls was always <0.3.
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Fig. 2. Treatment with 5-aza restores CIITA and consequent HLA-DR inducibility by IFN-y in THP1-L. (A) Quantitative analysis by real-time RT-
PCR of CIITA and DRA transcript. THP1-L cells were treated with 5-aza for 5-7 days or with TSA for 2 days. Freshly prepared 5-aza was added to
cultures every day. Thereafter, THP1-L and THP1-pc were treated with IFN-y for 2 days and total RNA was extracted. The housekeeping
normalized data value obtained in mock THP1-pc was defined as the arbitrary unit (value 1). All other normalized PCR data values were then
expressed as fraction or multiple of the arbitrary unit (mRNA a.u.) in the ordinate in a log scale. Bars represent the standard deviation from the
mean of three distinct experiments. (B) THP1-L cells treated with 5-aza for 5 days were then cultured in absence (mock) or in presence of 150 U
mi~" IFN-y (IFN-y) for 2 days and analysed for HLA-DR surface expression by indirect immunofluorescence and flow cytometry. The results
shown are from one representative experiment of three with similar results. (C) THP1-L cells were transfected with a CIITA expression vector
under the control of CMVp. Stable bulk transfection was obtained under G418 selection and further subcloned. HLA-DR surface expression (DR)
was evaluated by indirect immunofluorescence and flow cytometry. Results refer to a representative clone of 10 with similar DR phenotype.



insufficient to activate detectable transcription of HLA-II DRA
gene (Fig. 2A, compare third and fourth white columns). In-
terestingly, although treatment with 5-aza did not signifi-
cantly increase the steady-state level of CIITA transcripts by
itself, it modified dramatically the response to IFN-y, as the
cells expressed 8- to 10-fold more CIITA transcripts than
unstimulated THP-1 parental cells and close to 40-45% of
the amount expressed in the IFN-y-treated THP-1 parental
cells (Fig. 2A, compare sixth black column with second
black column). As a result, transcription of HLA class Il
genes (Fig. 2A, sixth white column) and corresponding cell
surface expression of HLA-DR molecules (Fig. 2B) were ob-
served. On the contrary, treatment with TSA followed by
IFN-y did not significantly result in the activation of transcrip-
tion of the AIR-1 gene and by consequence of the HLA-II
genes (Fig. 2A, last two series of columns).

That the block in HLA-II expression was due to lack of
CIITA transcription and not to defect in mechanisms down-
stream to CIITA expression was further confirmed by trans-
fection of CIITA under cytomegalovirus (CMV) promoter in
THP1-L cells. Indeed, transgenic expression of CIITA rescued
high HLA-DR expression in THP1-L transfectant (Fig. 2C).

These results indicate that epigenetic events acting on the
AIR-1 gene transcription that are partially counteracted by
5-aza, but not TSA, are responsible of the HLA-II-uninducible
phenotype of the THP1-L variant.

Hyper-methylation of AIR-1 promoter |V prevents
IFN-y-dependent CIITA expression in THP1-L variant

The CIlITA-encoding AIR-1 gene can be transcribed from
three functional promoters, pl, plll and plV. In order to deter-
mine which promoter was specifically involved in the silenc-
ing of the AIR-1 transcription in THP1-L variant and in the
rescuing by the combined treatment of 5-aza and IFN-y,
quantitative RT-PCR was performed using promoter-specific
primers. As shown in Fig. 3, pl, which is strongly expressed
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in iDCs (Fig. 3, first black column from the left) is neither
expressed in THP-1 parental cells (THP1-pc) nor in the
THP1-L variant. This is true irrespective of the treatment of
parental or THP1-L variant with 5-aza, IFN-y or with both
5-aza and IFN-y. Similarly, plll which is strongly expressed
in B cells (Fig. 3, Raji cells first column) and well expressed
in iDC is not expressed in THP1-pc and THP1-L variant cell
lines. After treatment with IFN-y, plll is up-regulated in
THP1-pc, indicating and confirming that plll is sensitive to
the cytokine also in inducible myelomonocytic cells (4). On
the other hand, plll is barely, if any, up-regulated in the
THP1-L variant treated with IFN-y, and pre-treatment with
5-aza does not modify this uninducible behaviour.

A different situation is observed, instead, when the ex-
pression of plV is analysed in the various experimental con-
ditions. plV is already expressed, although at low levels, in
THP1-pc (Fig. 3, THP1-pc, third column) and this correlates
with the low but distinctive expression of HLA-DR molecules
(see Fig. 1). As expected, after IFN-y treatment, plV is
strongly induced in THP1-pc (Fig. 3, THP1-pc, sixth column).
Interestingly, and of particular relevance, the combined
treatment with 5-aza and IFN-y, but not the single treatment
with either reagent, strongly up-regulates the expression of
plV in the THP1-L variant (Fig. 3, THP1-L, last column.).
These results indicate that plV is the promoter specifically in-
volved in the silencing of the A/R-1 transcription in THP1-L
variant.

The fact that pre-treatment with 5-aza restores specifically
the response of AIR-1 plV to IFN-y suggests that the epige-
netic event at the basis of the lack of expression of HLA
class Il genes in the THP1-L variant may be due to methyla-
tion of plV. To investigate this point, the state of plV methyla-
tion in THP1-L and in the THP-1 parental cells before and
after treatment with 5-aza was analysed. The results of
semi-quantitative PCR analysis (Fig. 4B) are informative
for two CpG dinucleotide sites in Hpall/Mspl or Hhal
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Fig. 3. Quantitative real-time RT-PCR analysis of promoter-specific CIITA transcripts in various cells. THP1-L cells were treated with 5-aza for 5
days and then either left untreated or incubated with IFN-y for 2 days. THP1-pc, untreated or similarly incubated with IFN-y, iDCs and the B cell
Raji were also analysed. For AIR-1 p-l, the housekeeping normalized PCR data value obtained in iDC was defined as the arbitrary unit (value 1).
For AIR-1 p-IIl, the housekeeping normalized PCR data value obtained in Raji was defined as the arbitrary unit (value 1). For AIR-1 p-IV, the
housekeeping normalized PCR data value obtained in THP1-pc treated with IFN-y was defined as the arbitrary unit (value 1). The results shown

are from one representative experiment of two with similar results.
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restriction sites, mapping within the AIR-1-plV (-238 and
77, Fig. 4A). plV is unmethylated in THP-1 parental cells
[THP1-pc (plV nMet)]. In contrast, plV is mostly methylated
in the THP1-L variant [THP1-L (plV Met)]. When the THP1-L
cells were treated with 5-aza, plV was modified towards
mostly an unmethylated status (THP1-L 5-aza plV Met/nMet).

Two CpG dinucleotide sites in p-IV (=86 and —77) were
further studied by quantitative pyrosequencing (Fig. 4C).
This recently introduced methodology (26) allows accurate
and quantitative de novo sequencing of the methylation
state of each CpG, showing reproducible variations of meth-
ylation in contiguous CpGs, irrespective of their methyl-
sensitive restriction endonuclease pattern. The results
confirmed and extended the finding obtained by the semi-
quantitative restriction analysis. The proportion of methylated
CpG sites was >90% in THP1-L and dropped to <45% after
5-aza treatment.

It has been reported that the treatment with TSA may pro-
duce an ‘open state’ of the chromatin and this effect may in-
crease the efficacy of demethylating drugs (29). However, this
seems not to be the case with plV CITA in THP-L, since the
combined treatment with 5-aza and TSA does not produce
further demethylation around the sites analysed (Fig. 4C).

A -238

Taken together, these data strongly suggest that methyla-
tion of AIR-1 p-IV is a major cause for the defective CIITA
expression in THP1-L after IFN-y induction.

5-aza treatment rescues the capacity of IFN-y to induce HLA-
Il molecules in another human promyelocytic cell line, U937

In order to assess whether hyper-methylation of AIR-1 p-IV
could account for impaired HLA class Il expression in other
promyelocytic cell lines, the analysis was extended to U937
cell line, as U937 cells present very low HLA class Il constitu-
tive expression and low HLA-II inducibility by IFN-y (Fig. 5A)
(30). The HLA-II cell surface phenotype correlates with a low
amount of constitutive HLA-DR transcript expression that is
weakly increased after IFN-y (Fig. 5B). Interestingly, pre-treat-
ment with 5-aza results in a 5-fold increase of HLA-Il-specific
transcripts and corresponding cell surface molecules that cor-
related (Fig. 5B) with a distinctive increase of CIITA transcript
over the level detected in the mock-treated cells or in cells
treated with IFN-y alone (see Fig. 5B). The pyrosequencing
analysis focussed on the two CpG sites —86 and —77 of
AIR-1 plV demonstrates, even in this case, that the sites are
heavily methylated in U937 and that the treatment with 5-aza
significantly decreases the methylation status (Fig. 5C).
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Fig. 4. Hyper-methylation of A/R-1 plV as the major cause of lack of CIITA expression in response to IFN-y. (A) Schematic representation of the
AIR-1 p-IV region. Thick arrows indicate the positions of the primers used to analyse CpG sites by semi-quantitative restriction analysis; thin
arrows indicate the positions of the primers used to analyse CpG sites by quantitative pyrosequencing. CpG sites under investigation are shown
as vertical bars: sites —238 (Hpal Mspl) and —77 (Hhal) were studied by restriction analysis; sites —86 and —77 were studied by quantitative
pyrosequencing. (B) Semi-quantitative analysis of two CpG sites by restriction enzyme digestion. THP1-pc (plV nMet), THP-1 parental cells with
a non-methylated plV; THP1-L (plV Met), the THP1 variant with a fully methylated plV; THP1-L 5-aza (plV Met/nMet), the THP1-L variant treated
with 5-aza showing a significantly reduced methylation of plV. IMR5 and ACN are two neuroblastoma cell lines chosen as control of methylated
(Met) and non-methylated (nMet) AIR-71 p-1V, respectively (15). The results shown are from one representative experiment of two with similar
results. (C) Quantitative analysis of two CpG sites by pyrosequencing. ACN, IMR5 and THP1-pc were analysed in duplicates (mean value),
THP1-L, THP1-L + aza and THP1-L TSA + aza were analysed in triplicate (mean value = SD). Values are expressed as percentage of methylation

at the two sites.
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Fig. 5. Expression of HLA-DR and CIITA in U937 cells incubated with IFN-y before and after treatment with 5-aza and analysis of the AIR-1 plV
methylation status. (A) HLA-DR cell surface phenotype of U937 cells as assessed by immunofluorescence and flow cytometry. Thin histograms
represent the negative controls after each treatment (staining with irrelevant isotype-matched antibody); mock, U937 cells untreated; +IFN-y,
U937 cells treated with IFN-y for 48 h; +5-aza + IFN-y, U937 cells treated with 5-aza for 5 days and then with IFN-y for 48 h. Results are expressed
in abscissa as log fluorescence value in arbitrary units. The results shown are from one representative experiment of four with similar results. (B)
Quantitative real-time RT-PCR analysis of CIITA and DRA transcripts. U937 cells were treated as in (A) and total RNA was extracted. The data
values obtained for CIITA and DRA transcripts were normalized with respect to the value of the housekeeping gene transcript of choice in mock-
treated U937 cells and defined as the arbitrary unit (value 1). All other normalized PCR data values were then expressed as fraction or multiple of
the arbitrary unit. Bars represent the standard deviation of the mean of three distinct experiments. (C) Quantitative analysis of —86 and —77 CpG
sites by pyrosequencing (see schematic representation of AIR-1 p-IV, Fig. 4A). U937 cells were treated as in (A) and analysed in duplicate.

Values are expressed as mean percentage of methylation at the two sites.

Similarly to what it was found for THP1-L cells, no synergistic
effect of 5-aza and TSA was found in U937.

Functional correlate of AIR-1 plV demethylation in THP1-L
cells

In order to investigate whether the demethylation of plV in-
duced by 5-aza, which results in the restored response to
IFN-y and consequent expression of HLA-II molecules, ren-
dered myelomonocytic cells competent APCs, THP1-L cells
were incubated with either the whole protein PPD or its de-
rived immunodominant peptide pepi11. Presentation of
pep11 is restricted by the HLA-DR2 allele, which is specifi-
cally expressed by the THP-1 cells. The APC function was
assessed by the capacity of the THP1-L cells treated with 5-
aza and IFN-y to stimulate an HLA-DR2-restricted T cell
clone specific for pep11. Results show that 5-aza- and IFN-
v-treated THP1-L variant not only presents the pep11 but
also process the PPD protein to produce and present the
relevant peptide to T cells (Fig. 6); moreover, the processing
and presentation capacity of THP1-L cells is very similar to
the one expressed by the THP-1 parental cell line treated
with IFN-y or with 5-aza and IFN-y, indicating that all steps
downstream the expression of CIITA are not only phenotypi-
cally but also functionally conserved in the THP1-L variant.

Discussion

It is well established that IFN-y up-regulates HLA-II expres-
sion via the transcriptional activation of CIITA and particu-
larly through a specific activation of the AIR-1 plV (2).

The results presented in this report unambiguously show
that spontaneous variants of the myelomonocytic cell line
THP-1 can lose the IFN-y-dependent expression of HLA-II
molecules because of epigenetic events correlated with the
methylation of promoter IV (plV) of the AIR-1 gene encoding
the MHC class Il transactivator CIITA. In addition, the THP1-L
variant analysed in detail in this study has lost also the
constitutive expression of HLA-II genes present in the paren-
tal THP-1 cells, suggesting that the epigenetic block may af-
fect the function of a more extended region of the AIR-1
promoter. The conclusion that AIR-1 plV methylation was the
major element associated with lack of HLA-II inducibility af-
ter IFN-y in the THP1-L variant came from several observa-
tions: (i) the de novo presence of a hyper-methylated plV
promoter region, absent in the THP1 parental cells, as
assessed by two distinct assays (the semi-quantitative RT—
PCR followed by enzyme restriction analysis and the more
refined pyrosequencing analysis); (ii) the reversion from
a methylated to a partially methylated status of the plV pro-
moter after treatment with the demethylating agent 5-aza,
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Fig. 6. HLA-DR2-restricted, antigen-specific T cell activation assay
using THP-1 as APC. THP1-L was treated with 5-aza for 4 days; after
this period, both THP1-L and THP1-pc cells were treated with IFN-y
for 6 h and then extensively washed to remove traces of the cytokine.
Cells were pulsed with antigen (either peptide pep11 or whole PPD
protein) and then mixed with a pep11-specific CD4+ T cell clone in
flat-bottomed microtiter plate at a 2:1 stimulator/responder ratio.
Activation of T cell was quantitatively assessed after 20 h of co-culture
by measuring the amount of IFN-y secreted by ELISA.

which was accompanied by the reconstitution of an IFN-y-
dependent HLA-II-positive phenotype; (iii) the fact that a nor-
mal HLA-II expression was observed after stable transfection
of CIITA cDNA under the control of an CMVp.

It was important to find that the variant did not lose the ca-
pacity to activate or up-regulate expression of other genes
such as HLA class | genes or ICAM-1 gene in response to
IFN-y. Therefore, methylation of plV can be a specific way
to generate an HLA-II-negative phenotype without affecting
the IFN-y activation pathway in its entirety.

This idea is further substantiated by the finding that U937,
an other promyelocytic cell line whose treatment with [FN-y
does not result in up-regulation of CIITA transcripts and con-
sequent HLA-II expression, can be induced to express CIITA
and consequent HLA-Il expression by IFN-y after pre-
treatment with the demethylating agent 5-aza.

Similarly to the THP1-L variant, U937 cell line displays an
almost fully methylated plV, which becomes significantly
hypo-methylated after 5-aza treatment. Moreover, as previ-
ously reported (22), transfection of CIITA under the control
of the CMVp rescues high level of HLA-DR surface expres-
sion in U937, indicating that the biosynthetic block resides
in the expression of CIITA and not in the ClITA-dependent
transactivation of the HLA class Il promoters. Thus, hyper-
methylation of AIR-1 plV is not a rare event in promyelocytic
cells or at least in their representative tumour cell lines.

Do these data bear importance for understanding phys-
iopathologic conditions associated with lack of HLA-II
expression?

In physiologic conditions, the silencing of plV through
methylation may be a suitable way to avoid expression of
HLA-II antigens in tissues, such as trophoblast, that are re-
fractory to IFN-y induction of CITA (31, 32), although this
may not be always and/or only due to plV methylation (25).
This would favour the maternal immune unresponsiveness
against the foetus. Similarly, in pathological conditions, as in
cancer, the capacity to negatively modulate HLA-II expres-
sion by AIR-1 promoter methylation may offer the tumour

cells the advantage of escaping the anti-tumour immune re-
sponse, particularly in case of tumours originated from the
myelomonocytic cell lineage which includes the classical
APCs. It is intriguing that during neoplastic transformation of
the myelomonocytic cells the phenotypic characteristics of
the cancer cells often mimic the ones observed in the
THP1-L variant and in the U937 cells described here. In-
deed, loss of HLA class Il expression in myelomonocytic tu-
mour cells has been frequently found and a recent study
has shown that the distinctive methylation of the A/IR-71 plV
was associated with the HLA class Il-negative phenotype in
7 of 32 cases of primary acute myeloid leukaemia (33).
Thus, the finding that our THP1-L variant and U937 cells do
not express CIITA because of methylation of plV may reflect
the tendency of myeloid tumour cells to accumulate specific
epigenetic modifications more than a mere in vitro artefact
due to long-term culture (34, 35).

Previous extensive phenotypic studies on a wide variety of
histological distinct tumour cell lines, including T cell lines,
some myelomonocytic cell lines and gastrointestinal cell
lines, have shown a correlation between HLA-II-negative,
IFN-y-uninducible phenotype and aberrant methylation in
the CIITA plV region (16, 33). However, with few exceptions,
experimental approaches such as demethylation of CIITA
plV by treatment with 5-aza, followed by treatment with IFN-y
were not pursued in detail to demonstrate the causative as-
sociation between methylation of CIITA plV, lack of CIITA ex-
pression and consequent lack of HLA-II expression. More
importantly, previous studies have not experimentally
addressed the crucial issues of the real functional impor-
tance of the negative epigenetic regulation of HLA-Il expres-
sion in tumour cells, and particularly in tumour cells of the
myelomonocytic cell lineage, in terms of antigen processing
and presentation capacity of these altered cells.

Therefore, we decided to focus our attention on the epi-
genetic regulation of CIITA and HLA-II expression in myelo-
monocytic tumour cells because these cells are normally
HLA-II inducible by IFN-y and they are key cells in trigger-
ing activation of the adaptive immune system, due to their
antigen processing and presentation function for HLA-II-
restricted CD4 T cells.

As previously reported (19), IFN-y-induced THP1 cells are
an efficient APC for HLA-Il-restricted antigen processing and
presentation. Interestingly, the treatment of THP1-L with 5-aza
rescued the IFN-y-dependent APC processing and presenta-
tion function. Thus, the comparative molecular and functional
study of THP-1 parental cells and its THP1-L isogenic variant,
together with the analysis of an additional myelomonocytic
cell line, U937, provided us with the unprecedented demon-
stration that CIITA plV methylation was the cause of lack of
expression of CIITA, consequent lack of expression of HLA-II
molecules and, importantly, abolished APC function in myelo-
monocytic tumour cells. Since CIlITA-mediated expression of
MHC class Il molecules by murine tumour cells can result in
acquisition of strong APC capacity in vitro and, more impor-
tantly, in potent CD4-dependent immune rejection of the tu-
mour in syngeneic hosts (13, 14), it is reasonable that loss of
HLA-II expression and APC capacity in myelomonocytic-
derived tumour cells may indeed contribute to tumour escape
from immune control as well.



Moreover, it has been reported that DNA hyper-methyla-
tion and/or histone deacetylation in cancer cell may silence
not only MHC class Il but also accessory/co-stimulatory mol-
ecule and, importantly, tumour-associated antigen expres-
sion (86). Within this frame, our findings may bear
importance in envisaging the use of epigenetic modifying
drugs for increasing the immunogenicity of myeloid cancer.
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Abbreviations

AIR-1 activator of immune response gene-1
APC antigen-presenting cell

5-aza 5-azacytidine

CMVp cytomegalovirus promoter

DC dendritic cell

IRF-1 IFN regulatory factor-1
PPD purified protein derivative
RT reverse transcription

STR short tandem repeat
TSA trycostatin A
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