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Introduction

Summary

In addition to its property of enhancing major histocompatibility complex
(MHC) class II expression, the class II transactivator (CIITA) was recently
demonstrated to be involved in T helper type 1/type 2 (Th1/Th2) differ-
entiation by regulating interleukin-4 (IL-4) gene transcription. There was
however, controversy regarding whether CIITA promotes or suppresses
IL-4 expression in the experiments with transgenic mice. To clarify the
discrepancy by using simpler experimental systems, human Jurkat T cells
that express IL-4 but not interferon-y, even if stimulated with phorbol
12-myristate 13-acetate plus ionomycin, were used for CIITA transfection.
Significant suppression of IL-4 gene expression was demonstrated. Simul-
taneously, histones H3 and H4 in the IL-4 promoter were hypoacetylated.
The suppression could be totally reversed by the histone deacetylatase
inhibitor trichostatin A. Furthermore, the IL-4 expression was determined
in primarily established human Th1/Th2 cells to which CIITA small inter-
ference RNA (siRNA) had been introduced. A substantially increased level
of IL-4 was recorded in the CIITA siRNA-transfected Thl cells, which was
in parallel with significantly enhanced acetylation in histone H3 of the
IL-4 promoter. Chromatin immunoprecipitation analysis indicated that
CIITA abrogated the binding of coactivator CBP/p300 and transcription
factors STAT6/NFATI to IL-4 promoter in the CIITA-transfected cells. In
conclusion, CIITA was active in the repression of transcription activation
of human IL-4 gene in both the T-cell line and the primary human CD4
T cells by preventing transcription factors from binding to IL-4 promoter
through histone hypoacetylation. Our data confirm a potential significant
role of CIITA in controlling Th1/Th2 differentiation via modulation of
IL-4 gene activation.

Keywords: histone acetylation; interleukin-4; major histocompatibility
complex class II transactivator; T helper typel/type 2 subsets

boxes in the class II gene promoter. On the other hand,
the N terminus of the CIITA molecule contains domains

Major histocompatibility complex (MHC) class II trans-
activator (CIITA), a non-DNA-binding protein, is a mas-
ter regulator in controlling MHC II expression and some
genes related to antigen processing."™* The transcription
activation of the CIITA gene itself is under the control
of four independent promoters (P1-PIV).>® As a kind of
transcription coactivator, CIITA binds to nuclear factors
RFX and NF-Y, which are specific for W/S, X, X2 and Y

that either have histone acetyltransferase activity or are
capable of interacting with other coactivators, such as
cyclic AMP response element binding protein (CREB)-
binding protein (CBP)/p300 and pCAF, and chromo-
some remodelling factor BRG-1, an element of the
SW1/SNF complex, to modulate histone acetylation and
to recruit RNA polymerase II in controlling class II
transcription.””

Abbreviations: CIITA, class II transactivator; CBP, CREB-binding protein; ChIP, chromatin immunoprecipitation; TSA,

Trichostatin A.
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Epigenetic mechanisms for the regulation of gene
expression work by modifying the structure of chroma-
tin.'>'" For example, to regulate gene expression, histones
may undergo an array of modifications on their tail
domains, including acetylation, phosphorylation and
methylation.'” A growing body of evidence suggests that
diverse modifications of histones may interact with DNA
methylation and delicately control gene activation through
a complicated programme, termed the ‘histone code’.'?
Accumulating data show that high levels of histone acety-
lation at a particular position correlate well with transcrip-
tional activity, whereas reduced levels result in gene
silencing.'*'> The level of histone acetylation is directly
modulated by histone acetytransferases and histone de-
acetylases, which have been closely implicated in transcrip-
tional activation and repression of multiple genes.'® In
recent years, much attention has been paid to the role of
histone acetylation status in immune gene regulation.'” "’

Interleukin-4 (IL-4) is a pleiotropic cytokine with a
wide range of biological effects on many haemopoietically
and non-haemopoietically derived cells and tissues.”® It
also functions as a major determining factor in the differ-
entiation of naive T cells into subsets with T helper type 2
(Th2) phenotype, which facilitates antibody generation
and hypersensitivity, as well as protection against worm
infection.”’ A majority of studies have focused on the
molecular mechanisms by which IL-4 expression is regula-
ted in immune responses.”*>* Recently, it has been sug-
gested that the transition of a naive Th cell into a Th2
effector is also under regulation at the level of chromatin.
Using a chromatin immunoprecipitation (ChIP) assay,
Patrick et al. demonstrated that profound increases in
chromatin histone acetylation occur at the interferon-y
(IFN-y) and IL-4 loci during Th1/Th2 differentiation®
and that GATA-3, the Th2-specific nuclear factor, is able
to co-operate with other factors to reinforce IL-4 expres-
sion by initiation of chromatin remodelling, especially for
the long-range histone hyperacetylation of the Th2-related
cytokine genes IL-4, IL-5 and IL-13.%° These data suggest
that epigenetic events might be essential in regulation of
IL-4 gene expression and T-cell lineage commitment.

Interestingly, CIITA is also active in IL-4 gene tran-
scription and Th1/Th2 differentiation. Reports from
Cheong-Hee Chang’s laboratory indicated that CIITA-
deficient Th1 cells from CITA™™ xI-E transgenic mice
could produce high levels of IL-4 and alter Thl differenti-
ation.”” The repression of IL-4 expression by CIITA was
attributed to its competition with nuclear factor of activa-
ted T cells (NFAT) for binding coactivator CBP/p300.>®
The opposite conclusion was reached, however, by other
investigators who found that CIITA-transgenic CD4 T
cells preferentially differentiated into IL-4-secreting
Th2 cells upon activation,”?® implying that over-
expressed CIITA enhanced the activation of IL-4. By
using CIITA transgenic mice, Park et al. also observed
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that the enhanced secretion of IL-4 under Th2 conditions
was able to repress Thl-dominant experimental auto-
immune encephalomyelitis.”’ So far, there has been no
comprehensive explanation for the discrepancies in previ-
ous studies. It is possible that the indirect effects of CIITA
on MHC and other related molecules or the complicated
conditions for gene co-operation in transgenic mice con-
structed by different approaches might hinder researchers
from reaching a consensus. In this sense, in vitro analysis
using cells and cell lines might shed some light on the pre-
cise mechanisms underlying the relationship of CIITA and
IL-4 gene expression in T cells. Therefore, simplified con-
ditions were adopted in our experiments either using pri-
mary human CD4 T cells or Jurkat T cells. Because IL-4
and IL-2, instead of IFN-v, are constitutively expressed in
the Jurkat cell line, these cells are especially suitable for
our study to exclude the possible interference of IFN-y in
transcriptions of the IL-4 gene. In addition, little is known
about the effects of CIITA on human Th cell differenti-
ation, especially in terms of epigenetic controls.

A clear pattern has been revealed in our experiments
that, under the influence of CIITA, the transcription of
the IL-4 gene was dramatically repressed in the Jurkat T
cells after stimulation by phorbol 12-myristate 13-acetate
(PMA) plus ionomycin. In contrast, CIITA small interfer-
ence RNA (siRNA) was able to enhance the expression of
IL-4 in primary human Thl cells. Mechanism studies
further demonstrated that the failure of IL-4 gene tran-
scription resulted from hypoacetylation of histones H3
and H4 in the IL-4 promoter, which in turn caused the
failure of CBP/p300 and transcription factors signal trans-
ducer and activator of transcription 6 (STAT6)/NFAT1 to
bind IL-4 promoter DNA. As far as we know, this is the
first time that histone hypoacetylations have been shown
to be crucial in down-regulation of IL-4 gene expression
by the human CIITA gene. Since IL-4 is involved in Th2
differentiation in relation to a number of diseases, the
role of CIITA in epigenetic control of IL-4 expression
should not be neglected.

Materials and methods

Cell culture and Th1/Th2 cells

Human T leukaemia cell line Jurkat cells were cultured in
RPMI-1640 medium (Gibco Laboratories, Grand Island,
NY), supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, 100 pg/ml streptomycin and 2 mm
L-glutamine in a humidified atmosphere of 5% CO, at
37°. In some experiments, the histone deacetylase inhib-
itor Trichostatin A (TSA) (Sigma-Aldrich, St. Louis, MO)
was added for treatment at a concentration of 250 nm for
24 hr. The Thl and Th2 cells were generated according to
Cousins and Lee with minor modifications.”> Human
blood was collected from healthy volunteer donors after
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obtaining informed consent and peripheral blood mono-
nuclear cells were separated by Ficoll-Hypaque gradients
separation medium (Lymphoprep, Nycomed, Oslo, Nor-
way). CD4 T cells were isolated using a Dynal CD4 negat-
ive isolation kit (Dynal Biotech, Oslo, Norway). Naive
CD45RA™ T cells were purified from CD4" cells by deple-
tion of CD45RO" cells using anti-human CD45RO
antibody (BD Pharmingen, San Diego, CA) and rat anti-
mouse immunoglobulin G2a dynabeads (Dynal Biotech,
Oslo, Norway) according to the manufacturer’s instruc-
tion. The purity of CD4" CD45RA" T cells was about
98% as determined by fluorescence-activated cell sorter
(FACS) FACSCalibur (BD Biosciences, Mountain View,
CA). The purified CD4" CD45RA™ T cells (1-5 x 10°/ml)
were plated on culture plates and stimulated with immobi-
lized anti-CD3 monoclonal antibodies (mAb) (1 pg/ml),
anti-CD28 mAb (2 pg/ml) and recombinant IL-2 (rIL-2;
50 U/ml). For Thl-inducing conditions, IL-12 (2-5 ng/ml)
and anti-IL-4 mAb (5 pg/ml) were further added to the cell
culture. For Th2-inducing conditions, rIL-4 (12-5 ng/ml),
anti-IFN-y (5 pg/ml) and anti-IL-10 (5 pg/ml) were added.
The cytokines and mAbs used were products from R & D
Systems (Minneapolis, MN). After 3 days culture, the cells
were harvested and restimulated with anti-CD3 (5 pg/ml)
and anti-CD28 (2 pg/ml) mAbs for 12 hr.

Plasmid construction and siRNA

Wild type CIITA-containing plasmid pcDNA3.1-FLAG-
CIITA was from Dr Ting’s laboratory.”® CIITA siRNA were
21-nucleotide long duplexes designed and synthesized by
Shanghai GenePharma Co., Ltd (Shanghai, China). The
sequence for CIITA suppression was: sense: UCUCCA
GUAUAUUCAUCUAATAT and antisense: UAGAUGAAU
AUACUGGAGAACAC. The specificity of siRNA was exam-
ined by aligning against human sequence database.

Transfection

Jurkat cells (1 x 107) negative for human leucocyte antigen
(HLA)-DR expression were mixed with 20 ng pcDNA3.1-
CHTA. The cells were then electroporated (240 V and
950 pF) in a Gene Pulser (Bio-Rad) for transfection; the
efficacy was about 25-30%. Three days later, the HLA-DR-
positive cells were enriched by anti-DR microbeads (Milt-
enyi Biotec GmbH, Bergisch Gladbach, Germany) and
stimulated with 12-O-tetradecanoyl-phorbol-13-acetate,
PMA (20 ng/ml, Sigma-Aldrich) plus ionomycin (500 ng/ml,
Sigma-Aldrich) overnight. Empty vector pcDNA3.1-trans-
fected Jurkat cells were selected by culturing the cells for
3 weeks in the presence of 1 mg/ml G418 (Calbiochem,
San Diego, CA) and then maintained at 500 pg/ml G418.
An Amaxa Nucleofector System was used for transfection
of primary immune cells. Briefly, 5 x 10° CD4" CD45RA*
T cells were resuspended in 100 pl of the appropriate

Amaxa solution and transfected with 100 nwm final concen-
tration of siRNA according to manufacturer’s protocols
U-14. The cells were immediately added to 1 ml RPMI-
1640 supplemented with 10% FBS (v/v), 50 IU/ml penicil-
lin, 50 pg/ml streptomycin, 2 mM L-glutamine and
5 x 107> M 2-mercaptoethanol and seeded on culture plates
as required.

Reverse transcription—polymerase chain reaction
(RT-PCR)

Total RNA was prepared with TRIzol reagent (Invitrogen
Life Technologies, Grand Island, NY). The RT-PCR were
performed with 2 pg RNA and Superscript IITM RNase
H-reverse transcriptase (Invitrogen). Hot-start PCR was
performed to analyse expression levels with the following
primers. IL-4: sense 5-CTG CAA ATC GAC ACC TAT
TA-3' and antisense, 5-GAT CGT CTT TAG CCT TTC-
3’; IFN-y: sense 5-TCG TTT TGG GTT CTC TTG GC-3'
and antisense 5'-GCA GGC AGG ACA ACC ATT AC-3;
IL-2: sense 5'-ACA GCT ACA ACT GGA GCA TT-3' and
antisense 5'-TGC TGT CTC ATC AGC ATA TT-3'; HLA-
DR: sense 5'-AAT GGC CAT AAG TGG AGT CC-3' and
antisense 5'-GGA GGT ACA TTG GTG ATC GG-3'; CIIT-
A: sense 5-CTA CCT GGA GCC TCT TAA CAG CGA
T-3' and antisense 5-TGG AGA AAG GCA TGG GAA
TCT GG-3'; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): sense 5'-CGA CCA CTT TGT CAA GCT CA-3’
and antisense 5'-AGG GGA GAT TCA GTG TGG TG-3'.

Real-time PCR

Total RNA was prepared with TRIzol reagent (Invitrogen
Life Technologies). Real-time quantitative PCR was per-
formed by using a cycler (Roche, Hercules, CA) and
SYBR green dye. For data analysis, a method designated
as 27T was used to calculate fold change.** GAPDH
expression was set to be unaffected under our treatment
conditions and used as reference gene for normalization
of threshold cycle (Ct). Triplicates were set for each treat-
ment and error bars represent the range of fold change
calculated from the triplicates. The primer sequences for
genes GAPDH, IL-2 and IL-4 were the same as given
above. The followings are those for CBP and p300. CBP:
sense 5'-TGG AAG ACC GAG TGA ACA A-3' and anti-
sense 5'-GTG GGT GGC AAT GGA AGA-3'; p300: sense
5-AGG CTG TAT CAG AGC GTA TT-3' and antisense
5-ATC CCG ACC ATC CAT CAG-3'.

Experiments were repeated independently at least twice
and representative data are displayed in the figures.

Flow cytometric analysis

Suspended in cold phosphate-buffered saline (PBS) sup-
plemented with 1% FBS, the cells were incubated with
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mAbs for 30-45 min at 2-8° for determining percentages
of HLA-DR* (eBioscience, San Diego, CA) and IL-4
receptor o-positive (IL-4Ra" R & D Systems) cells,
respectively. After removing unreacted antibodies, the cell
pellets were resuspended in 400 pul PBS buffer for flow
cytometric analysis with FACS Calibur (Becton Dickinson,
San Jose, CA).

ChIP assay

ChIP analysis was performed based on the protocol offered
by Upstate Biotechnology (Lake Placid, NY). Briefly, cells
were fixed with 1% formaldehyde for 10 min at 37°,
washed with PBS, and lysed in ChIP lysis buffer (Upstate
Biotechnology). Lysate was sonicated three to six times.
Each of 100-pg protein/DNA aliquots was separately incu-
bated overnight with following mAbs: anti-acetylated his-
tone H3 and H4 (Upstate Biotechnology), anti-NFAT1
(Upstate Biotechnology), anti-STAT6 (M-20G, Santa
Cruz), or anti-CBP/p300 (AC238, abcam, Cambridge, UK)
at 5 pg per immunoprecipitation. Protein A—agarose beads
(Upstate Biotechnology) were added for 1 hr, then sequen-
tially washed with low-salt buffer, high-salt buffer, LiCl
buffer, and TE buffer (with ingredients from Upstate Bio-
technology). The beads were eluted with 0-1 M NaHCO3;
and 1% sodium dodecyl sulphate (SDS), and the cross-
linked protein/DNA was reversed at 65°. DNA from sam-
ples without the addition of antibodies was used as negative
control and DNA isolated before immunoprecipitation was
used as DNA input control. DNA was ethanol-precipitated
in the presence of 20 pg glycogen. For PCR, the following
primers were used. IL-4 promoter: sense 5'-CCA AGT GAC
TGA CAA TCT GGT GTA ACG AA-3' and antisense 5'-
AAT AGG TGT CGA TTT GCA GTG ACA ATG TG -3';
IL-2 promoter: sense 5-TTT TCT GAG TTA CTIT TTG
TAT CCC CAC CC-3' and antisense 5'-TGA AAT CCC
TCT TTG TTA CAT TAG CCC AC-3'. The PCR was per-
formed for the chromatin DNA samples at 94° for 4 min,
followed by 28 cycles of 94° for 1 min, 60° for 1 min and
72° for 1 min, ending at 72° for 5 min.

Western blotting

Western blotting was performed for whole cell lysate.
Aliquots of total protein (50 pg per lane) were electro-
phoresed on a 12% SDS—polyacrylamide gradient gel
and transferred to nitrocellulose membranes (Millipore,
Billerica, MA). Washed in rinse buffer at room tempera-
ture for 15 min and incubated in blocking buffer (5%
fat-free milk in rinse buffer) for 30 min, the membranes
were incubated for 2 hr at room temperature with anti
CHTA mAb (7-1H, Upstate). Further washed with rinse
buffer, the membranes were incubated with 1 :1000
diluted horseradish peroxidase-conjugated anti-mouse
immunoglobulin antibody (Santa Cruz) followed by
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developing with enhanced chemiluminescence reagents
(Amersham, Little Chalfont Buckinghamshire, UK).

Cytokine enzyme-linked immunosorbent assay (ELISA)

Amounts of IL-2, IFN-y and IL-4 were determined from
culture supernatants using the appropriate OptEIA ELISA
kit (BD Biosciences) according to the manufacturer’s
instructions. The coefficient of variation (CV) of inter-
assay and intra-assay for ELISA in our experiments was
less than 10%.

Statistical analyses

Results are expressed as means * SD. Inter-group compar-
isons were made using one-way analysis of variance
(ANovA). A P-value less than 0-05 was considered statisti-
cally significant.

Results

Activity of CIITA in inducing HLA-DR expression
in Jurkat cells

As reported, Jurkat cells usually do not constitutively
express MHC class II molecules in the absence of CIITA.
Indeed, we did not detect HLA-DR and CIITA mRNA
by RT-PCR in the cells (Fig. la), even when stimu-
lated with PMA plus ionomycin (PMA + iono) or with
IFN-y (500 U/ml) for 6-24 hr (data not shown). After

(@) (b)

CIITA ClITA -
GAPDH s s s—
HLA-DR pcDNA3.1 - - - +
ClitA + + — =
GAPDH PMA+lono - + + +
— pcDNA3.1CIITA
(c) pcDNAS3.1 CIITA

M2

B
20 40 60 80100

0 20 40 60 80100
=
S

——Counts—»

(=}
10°10" 10210 10* 10° 10" 102 10° 10*
HLA-DR

Figure 1. Expressions of CIITA and HLA-DR in Jurkat cells.
(a) CIITA and HLA-DR are expressed only in the Jurkat cells trans-
fected with CIITA gene (lane 3) as determined by RT-PCR. Lanes 1
and 2 are negative controls. (b) Similar expression patterns were
detectable by Western blotting in the CIITA-transfected Jurkat cells
with or without PMA plus ionomycin (Iono) as stimulators.
(c) After stimulation with PMA plus ionomycin, HLA-DR expression
in CIITA- and empty vector (pcDNA3-1)-transfected Jurkat cells
were evaluated by flow cytometric analysis. The DR-positive cells in
the CIITA-transfected population have been enriched by anti-HLA-
DR microbeads.
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transfection with CIITA cDNA, however, Jurkat cells pcDNA3.1-transfected Jurkat cells. However, IL-4 expres-
expressed CIITA mRNA quite well (Fig. 1a). CIITA pro- sion was dramatically decreased by CIITA transfection
tein and HLA-DR molecules could also be detected by (Fig. 2b). The inhibitory effects of CIITA on IL-4 expres-
Western blotting and flow cytometry, respectively sion were also observed using RT-PCR. As shown in
(Fig. 1b,c). Stimulation with PMA plus ionomycin did Fig. 2(c) PMA + iono-stimulated IL-4 transcription was
not change the expression patterns significantly. This almost totally abolished in CIITA-transfected cells. In
indicates that dysfunction of the CIITA gene might contrast to IL-4, we found that IL-2 expression was still
account for the HLA-DR gene being silenced in Jurkat maintained at high levels in CIITA-transfected cells
cells, and that exogenous CIITA could restore the activa- (Fig. 2¢). Because CIITA did not alter the low expression
tion of the class II gene. Accordingly, the CIITA gene we pattern of IFN-y (Fig. 2¢), we excluded the possibility that
prepared has full native activity for inducing class II gene selective depression of the transcriptional activation of the
expression. IL-4 gene was attributable to the expression of IFN-vy,

which has been regarded as a counter factor for IL-4

. .. expression via interferon regulatory factors (IRFs) in the
Depression of IL-4 expression in the P v guatory (IRFs)

. . . 2337 .
CIITA-transfected Jurkat cells IFN-y receptor-initiated signalling pathway. In addi

tion, IL-4 was reported to be able to bind to its receptor

Jurkat cells usually express IL-4 and IL-2 but not IFN-y and enhance its self-expression through a positive feed-
after stimulation with PMA + iono.”>”® These cells were back in the T cells.”® In our experiments, flow cytometry
thus employed to evaluate the possible role of CIITA in analysis indicated that the percentages of IL-4R-positive
the regulation of IL-4 gene expression. There was no Jurkat cells remained unchanged before and after the cells
difference in the basal IL-4 expression (without were transfected with the CIITA gene (Fig. 2d), which also
PMA + iono stimulation) in Jurkat cells of different excludes another possibility that CIITA inhibits IL-4 tran-
groups as determined by real-time PCR (Fig. 2a). Treat- scription by down-regulation of IL-4R expression.
ment with PMA + iono for 6 hr could significantly It is of interest to note, on the other hand, that the
increase IL-4 mRNA transcription in wild-type and CIITA-induced inhibition of the IL-4 gene was reversed
(a) Basal expression (c)
3 125 (o — —  — =
£1-00 [ = =— ~— |
5 0.75 IFN-y I
he) GAPDH e X
£ 050 el Jk Jcdk ke Tht Th
- - -+ o+ - -
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TSA - - + - +
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Figure 2. Suppressed expression of IL-4 in CIITA-transfected Jurkat cells. (a) There was no difference in basal IL-4 expression in the different
groups of Jurkat cells without PMA + Iono stimulation. Fold changes were calculated by comparing the amount of IL-4 mRNA in the different
groups with that of wild-type cells followed by normalization to GAPDH levels. The amount of IL-4 mRNA in wild-type cells without TSA treat-
ment was designated as 1-0 (see bar 1). (b) Determination of the suppressed expressions of IL-4 by real-time PCR in the Jurkat cells stimulated
with PMA plus ionomycin. Fold changes of transcription in each group were calculated by comparing IL-4 expression in (PMA + Iono)-stimula-
ted cells with that of unstimulated cells (no treatment) followed by normalization to GAPDH levels. The amount of IL-4 mRNA in unstimulated
cells of each group was designated as ‘1-0’. Treatment with TSA reversed the CIITA-related suppression of IL-4 expression. (c) The expression of
IL-4, instead of IL-2, is almost completely inhibited in the CIITA-transfected Jurkat cells stimulated by PMA plus ionomycin as determined by
RT-PCR. The depression can be reversed by TSA, an inhibitor of histone acetyltransferase. Thl and Th2 cells were used as controls. (d) No
change in percentages for IL-4R-positive Jurkat cells (around 20%) before (left) and after (right) transfection with the CIITA gene, suggesting no
functional involvement of IL-4R in the CIITA-related suppression of IL-4. Black and white peaks stand for the negative control and the IL-4R-
positive cells, respectively.
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by TSA, a histone deacetylatase inhibitor, as determined
either by RT-PCR (Fig. 2¢) or real-time quantitative PCR
(Fig. 2b). It was shown, for example, that CIITA trans-
fection was able to depress IL-4 expression from
64-2 £ 822 (cells transfected with pcDNA3.1 as control)
to 4-13 £ 1-36 in terms of fold change (Fig. 2b). TSA
restored the expression to a level of 57-6 £ 6:32. TSA
alone did not induce IL-4 expression after treatment for
6-48 hr in all other experimental groups (data not
shown). Taken together, these results strongly suggested
that CIITA was able to interfere with histone acetylation,
which in turn accounted for the inhibition of the endo-
genous IL-4 gene by epigenetic mechanisms.

Histone deacetylation at IL-4 promoter

It has been established that histone acetylation initiates a
more ‘opened’ chromatin structure to increase the acces-
sibility of transcription complexes to related DNA
boxes.'®* To explore whether the histone deacetylation
at the IL-4 gene promoter region was involved in depres-
sing IL-4 gene transcription, both the CIITA-induced
HLA-DR" Jurkat cells, which had been enriched by anti-
DR microbeads, and the Jurkat cells transfected with
empty vector pcDNA3.1 were activated by PMA + iono
for 6 hr. They were then subjected to ChIP analysis using
antiacetylated histone H3 and H4 antibody. As shown in
Fig. 3(a), histones H3 and H4 of the IL-4 promoter,
instead of the IL-2 promoter, retained hypoacetylation
status in unstimulated cells. After stimulation with
PMA + iono, mock-transfected Jurkat cells retained high
levels of histone H3 and H4 acetylation because the IL-4
promoter product was fully detectable using specific

(@) anti-H3 anti-H4 (b)

pc3 CIITA pc3 CIITA .
PMA<lono = — &+ — & — & anti-H3 I =
piL-+ T T = anti-H4 —— [ —
IL-2 oAb BT T BT
piL-2 S e S input [E—p— p——
P cell Jk Jk Jk Jk Th1Th2
NoAb  _input _ popNA3q ¥ % = = = -
pc3 CIITA pc3 CITA CITA - - + + — -
PMA+lono —% —% — ¥ PMA+lono — + + + -— -—
_rrr -z

—F — +
piL-4 - = TSA
piL-2 - -

Figure 3. Hypoacetylation of histones H3 and H4 at the IL-4 pro-
moter in Jurkat cells transfected with CIITA. (a) Empty vector
pcDNA3-1(pc3)- and CIITA-transfected Jurkat cells were activated
by PMA plus ionomycin (PMA + Iono). The chromatin harvested
from formaldehyde-fixed cells was immunoprecipitated with anti-
acetylated histone H3 and H4 antibody and amplified by PCR with
specific primers to IL-4 or IL-2 promoter. The level of histone acetyl-
ation in IL-4 promoter (pIL-4), instead of IL-2 promoter (pIL-2),
was depressed in the CIITA-transfected cells as determined by ChIP
assay. Results are representative of three independent experiments.
(b) ChIP assay indicated that the CIITA-induced H3 and H4 hypo-
acetylation in the IL-4 promoter of Jurkat cells can be reversed by
TSA. Thl and Th2 cells were used as controls.
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primers. In contrast, the DNA—protein complex from the
CIITA-transfected cells could not be detected, suggesting
that there was a strong abrogation of histone acetylation
in the IL-4 promoter region (Fig. 3a). Again, the hypo-
acetylation could be reversed by TSA (Fig. 3b), which
correlated well with the restoration of IL-4 mRNA expres-
sion. These results demonstrated that histone hypoacetyl-
ation at the promoter region accounted for the inhibitory
effects of CIITA on IL-4 gene transcriptional activation.

Impaired binding of STAT6, NFAT and CBP/p300
to IL-4 promoter

Both CBP and p300 are highly homologous coactivators,
which participate in the regulation of gene expressions.*’
It was reported that CBP/p300 are required in IL-4-
induced gene transcription, and nuclear factor STAT6 is
also actively involved through binding to IL-4 promo-
ter.*"** The intrinsic histone acetyltranferase activity
found in CBP/p300 is thought to play a crucial role in
transcription by conferring modification of the chromatin
structure. To explore the role of the coactivators in the
histone hypoacetylation at IL-4 promoter, CBP and p300
expression levels were first examined by RT-PCR in
our experiments. The two coactivators were constitu-
tively expressed in Jurkat cells, and stimulation with
PMA + iono did not change their expression levels (data
not shown). Figure 4(a) shows that CIITA transfection
could not affect the expression pattern of CBP and p300,
either in unstimulated or in stimulated Jurkat cells. As a
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Figure 4. CIITA-related abrogation of STAT6, NF-AT and CBP/
p300 binding to IL-4 promoter. (a) The expression patterns of IL-4,
IL-2, CBP and p300 in pcDNA3-1- or CIITA-transfected Jurkat cells
were examined by real-time PCR. In contrast to depressed expression
of IL-4, the relative expression levels of the measured genes between
pcDNA3-1- and CIITA-transfected Jurkat cells were basically unaffec-
ted (around 1-0). Fold changes were calculated by comparing CIITA-
transfected cells with those transfected by pcDNA3-1 (designated as
1-0), followed by normalization to GAPDH levels. (b) The associ-
ation of CBP/p300 with IL-4 promoter, however, was abrogated in
the CIITA-transfected Jurkat cells stimulated with PMA plus iono-
mycin, as determined by ChIP assay. TSA treatment shows the
recovery effect. In the experiment, the chromatin harvested from for-
maldehyde-fixed cells was immunoprecipitated with anti-CBP/p300
antibody and amplified by PCR with specific primers to IL-4 promo-
ter. The binding of NFAT and STAT6 to IL-4 promoter was also
blocked in CIITA-transfected cells.
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control, the PMA + iono-stimulated IL-4 expression in
CIITA-transfected Jurkat cells was significantly lower than
that in the mock-transfected cells. Real-time PCR also
indicated that the expression of the IL-2 gene in CIITA-
transfected Jurkat cells was not affected (Fig. 4a). This
correlated well with the finding that IL-2 promoter could
be immunoprecipitated at the same level both in CIITA-
transfected and mock-transfected cells using antiacetylated
histone H3 and H4 antibody (Fig. 3a).

Although the expression levels of CBP and p300 were
not affected, they were not able to bind IL-4 promoter in
stimulated Jurkat cells because of CIITA transfection,
as determined by ChIP assay with anti-CBP/p300 mAb
(Fig. 4b). It has been reported that transcription factors
STAT6 and NFAT are also active in IL-4 gene expression.
STATG6 regulates the expression of GATA-3, which in turn
modulates the production of the Th2-related cytokines
and the chromatin remodelling.*>** NFAT and its
cooperating transcription factor AP-1 are implicated in
the acute phase of IL-4 gene transcription by differenti-
ated Th2 cells.**® NFATI is the most abundant NFAT
molecule in the T cell.” To analyse whether the binding
of STAT6 and NFAT1 to the IL-4 promoter is involved in
CITA-related suppression of IL-4 transcription, relevant
ChIP assays were performed. As expected, formation of a
DNA-protein complex was only detected in the control
group but not in the CIITA-transfected Jurkat cells
(Fig. 4b). Since the accessibility of local chromatin to
transcription factors is closely associated with the level of
histone acetylation, and thus influences gene expression,
our data suggested that the interruption of these proteins
binding to the promoter might be one of the critical
events for CIITA-induced IL-4 gene suppression. In addi-
tion, TSA treatment restored the binding of the three fac-
tors to IL-4 promoter (Fig. 4b), indicating the essential
role of histone hypoacetylation. This strongly supported
the proposal that CIITA is active in down-regulating IL-4
gene expression by epigenetic mechanisms.

CIITA siRNA enhances IL-4 production in human
primary Thl cells

In contrast to rodent T cells, human T cells express sub-
stantial amounts of CIITA and MHC class II molecules
upon activation. Moreover, we found that differentiated
Thl cells produced higher levels of CIITA mRNA than
Th2 cells (Fig. 5a). Flow cytometry analysis indicated that
they expressed comparable amounts of HLA-DR
(Fig. 5b,c), implying that relatively low levels of CIITA in
Th2 cells were sufficient for trams-activating the expres-
sion of MHC class II genes. Introduction of CIITA siRNA
significantly inhibited CIITA and HLA-DR expression in
both Thl and Th2 cells (P < 0-05). Suppression percent-
ages of DR expression, for example, were 23-8% in Thl
and 34-0% in Th2, respectively (Fig. 5b,c).
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Figure 5. CIITA siRNA inhibited expression of CIITA and HLA-DR
in both Thl and Th2 cells. (a) In contrast to the negative effect of
CIITA mRNA in naive Th (NA) cells, a higher transcription level of
CIITA mRNA was detected in the in vivo differentiated Th1 cells than
in Th2 cells as determined by regular RT-PCR. (b) Unstimulated
naive T cells were transfected with control siRNA (CON si) or CIITA
siRNA (CIITA si) and then stimulated with anti-CD3 (1 pg/ml) plus
anti-CD28 (2 pg/ml) for 72 hr in Thl or Th2 differential conditions,
and the effects of siRNA on CIITA expression in differentiated Thl
or Th2 cells were evaluated by Western blotting. It was shown that
siRNA efficiently inhibited CIITA expression in both Thl and Th2
cells. (c) Flow cytometric analysis indicated that NA cells did not
express surface HLA-DR. Thl and Th2 cells could express comparable
levels of HLA-DR molecules, which was significantly inhibited by
introduction of CIITA siRNA.

After stimulation with anti-CD3 and anti-CD28 mAbs
for 12 hr, the cells were subjected to analysis of the levels
of IFN-y and IL-4 in the supernatants by ELISA. As
expected, normal Thl cells secreted high levels of IFN-y,
whereas IL-4 expression was almost undetectable. Inter-
estingly, CIITA siRNA made these cells produce a greater
amount of IL-4 although IFN-y and IL-2 expressions were
not affected (Fig. 6a—c). ChIP assay indicated that CIITA
siRNA significantly enhanced the level of histone acetyla-
tion of the IL-4 promoter in Thl cells compared with
normal Thl cells (Fig. 6d). On the other hand, CIITA
siRNA did not alter the patterns of low expression of
IFN-v and high expression of IL-4 in Th2 cells.

Discussion

CIITA is a master controller for expression of MHC class
I genes and thus plays a key role in the immune
response. A series of papers have indicated that, in addi-
tion to MHC class II genes, CIITA may also be active in
regulating other genes within or outside the immune sys-
tem.””**% To date, the influence of CIITA on Th1/Th2
differentiation remains controversial and the mechanisms
by which CIITA influences the expression of type 1 and
type 2 cytokines are still far from clear. Thl cells from
CIITA-deficient or CIITA-transgenic mouse models all
exhibited enhanced IL-4 expression.””’* On the other
hand, over-expression and transfection assays suggested
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Figure 6. CIITA siRNA enhanced IL-4 production in Thl cells.
(a, b, ¢) Culture supernatants of the Thl and Th2 cells restimulated
with anti-CD3 plus anti-CD28 were collected and the cytokines levels
were determined by ELISA. The results show that CIITA siRNA
(CITA si)-transfected Thl cells produced substantial levels of IL-4
compared to controls, while expression of IFN-y and IL-2 were
basically not changed. On the other hand, decreased levels of CIITA
did not significantly alter cytokine expression patterns in Th2 cells.
(d) The levels of histone acetylation in the IL-4 promoter of Thl
and Th2 cells were determined by ChIP assay. The acetylated histone
H3 of IL-4 promoter was significantly increased in CIITA si-treated
Thl cells, but not in the relevant Th2 cells.

that CIITA suppressed IL-4 gene transcription.”® The dis-
crepancy might be the result of the different experimental
systems and conditions used. Another possibility is the
biological difference of CIITA between humans and
mice, especially considering that activated murine T cells
express undetectable CIITA protein and MHC class 1II
molecules, whereas human T cells express substantial lev-
els of CIITA and MHC class II after activation. In addi-
tion, CIITA may influence different target genes by
different mechanisms. Sequestration of CBP/p300, for
example, was suggested to be involved in the suppression
of the activation of collagen I, FasL and IL-4 genes.”®**°
More recently, an investigation reported that CIITA could
be recruited through nuclear factor RFX5 to collagen I
gene promoter to suppress its transcription in vivo.”' In
the present study, epigenetic mechanisms are demonstra-
ted to be involved in CIITA-mediated human IL-4 gene
suppression. Moreover, the effects seem to be cytokine-
specific, as IFN-y and IL-2 expression were not altered in
our experiments, either with primary T cells or with the
CIITA over-expressed cell line.

It has been proposed that there are three phases or sta-
ges in the transcriptional induction of IL-4 expression.’>>’
In the initiation phase, naive helper T cells are stimulated
by signalling from the ligation of IL-4R and TCR. In the
commitment phase, the activation of STAT6 and the
induction of GATA-3 transcription initiate remodelling of

CIITA represses IL-4 gene by histone hypoacetylation

the IL-4 locus. Last is the acute transcription phase, in
which the IL-4 gene is under the influence of lineage-
specific and non-specific nuclear factors such as NFAT,
AP-1 and c-Maf for final activation. Accordingly, remodel-
ling of the IL-4 locus and epigenetic regulation are key
control events. Among them, histone acetylation emerges
as a central switch mechanism allowing interconversion
between permissive and repressive chromatin domains in
terms of transcriptional competence.” In the case of Th2-
biased conditions, histone of the IL-4 locus is acetylated,
and chromatin is remodelled into a more permissive status
that allows easier accession of NFAT and other transcrip-
tion factors required for sustained, high-level IL-4 gene
expression.”®> From the present investigation, we provide
evidence that CIITA siRNA can transfer the IL-4 gene
from its inactive condition to active expression in human
primary Th1 cells. The ChIP assay proved that the expres-
sion was associated with increased levels of histone acetyl-
ation in the IL-4 promoter. Similarly, in our transfection
assay with Jurkat T cells, overexpression of CIITA sup-
pressed endogenous IL-4 transcription, which could be
reversed by the histone deacetylatase inhibitor TSA, indi-
cating that CIITA is able to function as a down-regulator
in human IL-4 gene expression via epigenetic mechanisms.

In this study, we provide evidence that the binding of
transcription factors CBP, STAT6 and NFAT to IL-4 pro-
moter was prevented by CIITA over-expression. Of note,
IFN-y and IL-2 gene transcription were reportedly activa-
ted by CBP/p300 and NFAT, respectively,”®>’ whereas
their expression was not affected in either the CIITA
siRNA introduced primary T cells or the CIITA over-
expressed cell line in the present study, implying that
CIITA is not a global inhibitor of genes that utilize these
transcription factors. On the other hand, we suggest that
the CIITA-induced histone deacetylation in the IL-4 pro-
moter may play an initial role in IL-4 suppression. First,
the expression level of transcription factors CBP/p300,
STAT6 and NFAT was not repressed in CIITA over-
expressed cells. Second, TSA treatment resulted in the
re-binding of these transcription factors to IL-4 promoter
and the restoration of IL-4 expression in these cells,
which was closely associated with the up-regulation of
histone acetylation.

Our data have significant implications for understand-
ing the mechanism of Th1/Th2 differentiation at the level
of chromatin. Although the precise mechanisms by which
CITA is simultaneously able to enhance class II expres-
sion and inhibit histone acetylation of the IL-4 promoter
are not very clear, the results we found may shed some
light on developing strategies for interfering with
some Thl- and/or Th2-related diseases using epigenetic
mechanisms. For example, TSA and other histone
deacetylase inhibitors have been extensively tested in anti-
tumour research to induce cancer cell differentiation or

apoptosis.”®® It is worth investigating whether histone
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deacetylase inhibitors can be used to reverse CIITA-
mediated IL-4 suppression and therefore prevent Thl
cell-mediated diseases such as rheumatoid arthritis and
autoimmune diabetes. It was also reported that CIITA-
deficient Thl cells can produce IL-4 in the absence of
exogenous IL-4, and that the proportions of IL-4" Thl
cells remained comparable upon multiple restimula-
tions.®" So it is likely that the Th1/Th2 balance can be
modulated through CIITA, including using siRNA as
proved in our study for human primary T cells. The
non-viral gene delivery system®*®® may offer an efficient
means to develop relevant T-cell vaccines in vitro. It also
provides an opportunity to interfere with Th cell
responses in vivo, even in specific cell types, as a benefit
of new siRNA technology.®*
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