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resulting in pMX-puro-Ets for retrovirus vector expressing PU.1 Ets-
domain fused with the Flag-tag at the N-terminus (Figure 5B). Mouse
interleukin 12 (IL12) p40 promoter, —315/+ 14, was amplified from Balb/c
genomic DNA by PCR using 5'-GGAGATCTTAGCCATTGCCGCCTCTAT-
TCACC-3' and 5'-GCAAGCTTCCTGGTCTGATGTGCCTGGACACC-3’
(BgII and HindIII recognition sequences are italic) as primers, and inserted
into Bglll/HindIlI site of pGL3-Basic (Promega).

Luciferase assay

CV-1orJ774 cells (1 X 10°) were transfected with 2 pg of reporter plasmid
(pGL4.10-CD80-1, CD80-2, CD86-1, CD86-2, and their deletion variants),
2 pg of expression plasmid (pCR-PU.1, pCR-IRF4, pCR-IRF8,?? pCR-3.1)
and 2 ng of pRL-CMYV (Promega) or 125 ng of pRL-null (Promega) as an
internal control of transfection efficiency by FuGene6 (Roche Diagnostics)
were used in accordance with the manufacturer’s instructions. Measure-
ment of luciferase activity in cells harvested after 24 hours of incubation
and calculation of relative luciferase activity were performed as described
previously.2*

Electromobility gel-shift assay

The electromobility gel-shift assay (EMSA) was performed based on a
method described previously.?’ Synthesized oligonucleotides of the target
sequence and its complementary sequence, both of which were labeled with
FITC at the 5'-end, were annealed to prepare the probe of double-stranded
DNA. PU.1, IRF4, and IRF8 proteins were prepared using a TNT T7
quick-coupled transcription/translation system (Promega) using pCR-PU.1,
pCR-IRF4, and pCR-IRF8 as templated, respectively. Nuclear proteins
were extracted from RAW264.7 transfected with pCR-PU.1 using Nucleo-
fector II (Amaxa) as described previously.?»25 The band shift on polyacryl-
amide gel was analyzed with a fluorescence detector (Fluor Imager 595;
GE Healthcare).

Introduction of PU.1 cDNA in Lin~ cells by retrovirus vector

Retroviral infection of Lin™ cells was performed according to a previously
reported method.'*? Briefly, pMX-IG (mock vector)®® and pMX-IG-PU.12
were transiently introduced into Plat-E?® with Fugene6 (Roche Diagnostics).
Lin™ cells were incubated with the harvested culture medium of transfected
Plat-E containing infectious viruses for 3 days in the presence of: 10 ng/mL of
recombinant murine IL3, 10 ng/mL of recombinant murine IL6, 10 ng/mL of
recombinant murine SCF, 10 ng/mL of recombinant murine thrombopoietin,
10 ng/mL of recombinant murine GM-CSE, 10 ng/mL of recombinant murine
G-CSF, 10 ng/mL of recombinant murine M-CSF, and 10 ng/mL of recombinant
murine FIt3L (all from Wako Pure Chemical Industries); 10 ng/mL of recombi-
nant murine erythropoietin (R&D Systems); and 10 pg/mL of polybrene
(Sigma-Aldrich). Transfectants were selected as green fluorescent protein (GFP)-
positive cells. When pMX-puro-series were used for retrovirus transfection,
transfectants were concentrated by puromycin selection.!®?! Western blotting
was performed as described previously.?!30

Short interfering RNA-mediated inhibition of PU.1 expression

Five microliters of 20uM double-stranded stealth short interfering RNA
(siRNA) of PU.1, CD80, or CD86 (Invitrogen: PU.1, Sfpil-Mss247676;
CD80, Cd80-Mss202820; CD86, Cd86-Mss202829) was introduced into
1.0 X 105 BMDCs with Nucleofector II set at program Y-001 using a mouse
macrophage nucleofector kit (Amaxa) according to the manufacturer’s
instructions. Stealth RNAi-negative control medium GC Duplex (Invitro-
gen, 12 935-300) was used as a nonsilencing control. Messenger RNA
levels for PU.1, CD80, and CD86 in transfected BMDCs at 24 or 48 hours
of incubation after siRNA introduction were analyzed by quantitative
real-time PCR, and cell-surface CD80 and CD86 were measured by FACS.
Other DC characters, including cell-surface expression of DC-related
molecules, T cell-stimulation activity,?! and cytokine production following
LPS stimulation,2?> were also compared between control DCs and
PU.1-knocked-down DCs.

only.

ROLE OF PU.1IN THE EXPRESSION OF CD80AND CD86 2213

Induction of contact hypersensitivity and treatment with siRNA

For induction of contact hypersensitivity (CHS) to trinitrochlorobenzene
(TNCB, picryl chloride; Nacalai Tesque), 100 pL of 1% TNCB dissolved in
acetone was painted onto the shaved abdominal skin of mice on day 0. On
day 7, 20 pL of 0.2% TNCB dissolved in acetone:olive oil = 4:1 was
applied to the right ear for challenge. Ear thickness was measured before
and at 24 and 48 hours after challenge. For application of siRNA, 5.6 pL of
a cream-based ointment (baby lotion, no fragrance; Johnson & Johnson)
mixed with 9.4 pL of 20uM siRNA (approximately 0.2 nmol) was painted
onto the right ear skin 24 hours before challenge. For injection of siRNA,
mice were subcutaneously injected in the right ear with 10 L of 20pnM
siRNA (0.2 nmol) at 24 hours before challenge.

Statistical analysis

Unpaired Student ¢ test was used. P <.05 was regarded as statistically
significant.

Results

Transcription start sites of the murine CD80 and CD86 genes
in BMDCs

Although there have been various reports regarding the structure of
the murine CD80 and CD86 genes and/or promoters in B-cell
lymphoma and spleen cells, the transcription start sites in DCs have
not yet been verified.3135 Therefore, we determined the transcrip-
tion start sites of murine CD80 and CD86 genes in BMDCs
because studies have reported that the BMDCs generated with
GM-CSF constitutively express CD80 and CD86.4%2

We initially confirmed that CD80 and CD86 are constitutively
expressed by murine BMDCs using FACS (supplemental Figure 1).
We then performed 5'-RACE with mRNA from murine BMDCs
using the gene-specific primers for the nucleotide sequences of
CD80 and CD86 cDNAs to determine the transcription start sites in
DCs (supplemental Figure 2). Clones of the 2 different CD80
transcripts and of the 2 different CD86 transcripts were thus
obtained. This suggests that both the CD80 and CD86 genes
possess at least 2 major promoters in BMDCs. The nucleotide
sequences around the promoter regions are shown in Figure 1. As a
matter of convenience, we use the terms “CD80-1,” “CD80-2,”
“CD86-1,” and “CD86-2” for each transcript, as shown in Figure 1.
Use of the identified promoters for expression of CD80 and CD86
was confirmed by quantitative real-time PCR using primers and
probes designed by referring to the determined sequences of
CD80-1, CD80-2, CD86-1, and CD86-2 mRNAs (supplemental Fig-
ures 2-3).

PU.1 binds to CD80 and CD86 promoters

To analyze the binding of transcription factors on the CD80 and
CDg6 promoters, we performed a quantitative ChIP assay using
BMDCs in the presence or absence of LPS stimulation, which
induces DC maturation and up-regulation of CD80 and CD86
and/or IFN+y stimulation, which up-regulates CD86 expression on
DCs (supplemental Figures 1-3).# For immunoprecipitation, we
used antibodies for the transcription factors PU.1, NF-kB p65
(Rel A), IRF4, and IRF8 for the following reasons.

It has been reported that NF-«B is involved in the stimulation-
induced transactivation of CD80 in B cells.!* In studies of IRF4~/~
mice, GM-CSF—cultured BMDCs from IRF4~/~ mice lacked CD80
expression®® or exhibited a reduced capacity for LPS-induced
up-regulation of CD80 and CD86.%7 Although IRF8 is reported to
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Figure 1. Nucleotide sequence of the mouse CD80 (A) and CD86 (B) promoters. The position of the transcription start site is marked by (*). In addition to the consensus
Ets-family protein binding sequence (GGAA; boxed), AGAA?S (boxed) is also bound with PU.1. The IRF recognition sequence (AANNGAAA)-like is underlined. PU.1 binds
genomic DNA via GGAA and AGAA as a monomer and GGAANNGAAA as a heterodimer with IRF4 or IRF8.54

be involved in the development of plasmacytoid DCs and CD8a™*
DCs,3840 the requirement of IRF8 for CD80 and CD86 expression
by GM-CSF-mediated DCs is not as striking as that of IRF4,36:41:42
Moreover, PU.1, which functions alone or after forming a hetero-
dimer with IRF4 or IRFS, is necessary for the development of
DCs, 171843 although the involvement of PU.1 in the expression of
CD80 and CD86 is unknown.

In the ChIP assay, a larger amount of chromatin containing the
promoter regions of CD80-1, CD86-1, and CD86-2 was immuno-
precipitated by anti-PU.1 antibody compared with each control
antibody in BMDCs with or without stimulations (Figure 2A). In
contrast, when performed with the anti-NF-kB antibody, the
amount of immunoprecipitated chromatin containing each pro-
moter region was increased by LPS stimulation, whereas there was
little or no difference between specific antibody and control
antibody in unstimulated or IFNvy-stimulated BMDCs (Figure 2B).
Using the anti-IRF4 antibody, the apparent amount of CD80-1 was
immunoprecipitated under each condition (Figure 2C top left), and
the amounts of both CD86 promoters (CD86-1 and CD86-2) bound
with IRF4 decreased with LPS stimulation (Figure 2C bottom).
ChIP assay with anti-IRF8 antibody showed a similar profile as
IRF4 (data not shown). These results indicate that PU.1 is involved
in the basic expression of CD80 and CD86 through binding via the
upper promoter and both promoters, respectively.

PU.1 transactivates the CD80-1, CD86-1, and CD86-2 promoters

To examine the effects of PU.1 on the promoter activity of CD80 or
CD86, we used a reporter assay with the CV-1 cells, which were
previously shown to be useful in co-expression studies of hematopoietic
cell-specific transcription factors.2* The luciferase activity derived from
CV-1 cells transfected with pGLA4.10-CD80-1, pGLA4.10-CD86-1, or
pGLA.10-CD86-2 was significantly increased by the expression of
exogenous PU.1 (Figure 3A). In contrast, PU.1 did not activate the
CD80-2 promoter. These results were consistent with those of ChIP
assay, thus demonstrating that PU.1 binds to the CD80-1, CD86-1, and
CD86-2 promoters, but not to the CD80-2 promoter.

To further identify the critical regions for transactivation by
PU.1, a series of reporter plasmids with various 5'-deleted promot-
ers were used for co-expression reporter assay (Figure 3B). When
the CD80-1 promoter region was deleted to —11/+65, the exog-
enous PU.1 did not affect promoter activity, whereas other longer
promoters were significantly transactivated by PU.1 (Figure 3B
top), indicating the presence of a region critical for response to
PU.1 at between —51 and —12. Similarly, the PU.1-responsive
region was identified as between —96 and —33 on the CD86-2
promoter (Figure 3B bottom) and between —98 and +1 on the CD86-1
promoter (Figure 3B middle). When J774, a mouse monocytic cell line,
was used for the reporter assay as a more relevant hematopoietic
host cell, the regions of CD80-1 (—51/+65), CD86-1 (—98/+46),
and CD86-2 (—96/+47) exhibited promoter activity (Figure 3C),
suggesting that these regions possess the cis elements for minimum
promoter, which are essential for transactivation of the minimum
promoters by endogenous transcription factors. To evaluate the
effect of IRF4 and IRF8 on PU.1-mediated transactivation of these
promoters, reporter analysis was performed with expression plas-
mid for IRF4 or IRF8 in addition to the PU.1 expression plasmid.
As shown in Figure 3D, additional expression of IRF4/8 did not
affect the PU.l-mediated activation of the CD80 and CDS86
promoters, whereas the IL.12 p40 promoter** carrying the IRF motif
was further activated by IRF4/8. Therefore, the IRF-like motifs
between —38 and —31 of CD80-1 and between —90 and —83 of
CD86-1 (Figure 1) may not be functional.

Direct binding of PU.1 to cis-enhancing elements in the CD80-1,
CD86-1, and CD86-2 promoters

EMSA was performed to examine the direct binding of PU.1 to
these identified regions in each promoter. Several PU.1-
recognizable sequences were found in the regions limited by the
reporter assay (Figure 4A). When PU.1 protein or nuclear extract of
a mouse mono-macrophage cell line was added to the probe of
CD80-1 (—41/—12), a specific shifted band appeared (Figure 4C-D
lane 2), which was further super-shifted in the presence of

121



From bloodjournal.hematologylibrary.org at University of Tokyo Library on February 29, 2012. For personal use

BLOOD, 17 FEBRUARY 2011 - VOLUME 117, NUMBER 7

A rui
16 8
12 I
& 8 4
=
=,
5 4 2
5 0 ; i 0.1k 7
= 3 unstlm LPs  IFNy LPSHFN‘%S unstim, LPS lFNy LPS+FNy
2 CD86-2
8 2 10
Q
©
1 5
o i i im io
unstim. LPS  IFNy LPSHFNy unstim. LPS  IFNy LPSHFNy
B NF-xB ps5 (Reld)
10 6
CD80-1 CD80-2
- 4
BQ
s
= 2
D W |
5 L 41l o
e unstim. LPS IFNy LPSHFNy  unstim. LPS  IFNy LPSHFHy
= 2
2 €D86-1 CDB6-2
Rl
=
F 1 I 2 I
0 0 ‘
unstim. LPS  IFNy LPSHFNy unstim. LPS  IFNy LPSHFNy
C 1rF4
8
CD8o-1 4 | coso-2
6
_-
£ 4
- 2
o
E 2
5 o 0
a2 unstim. LPS  IFNy LFSNFNy unstim, LPS IFNy LPSHFNy
- 1.0
2
K
€D
c

CD86-1 CDg6-2
0.5

unstim. LPS  IFNy LPSHFNY ‘unstim. LP§  IFNy LPSHFNy

Figure 2. In vivo binding of PU.1, NF-xB p65, and IRF4 to the CD80 or CD86 promoter
in BMDCs. Quantitative analysis of PU.1 (A), NF-«B p85 (B), and IRF4 (C) binding to the
CDB80 or CD86 promoter region was performed by ChiP assay using real-ime PCR. The
results are expressed as means + SD for 3 PCRs with duplicates using murine BMDCs
treated with IFNy (100 ng/mL.) for 24 hours and/or following stimulation by LPS (1 p.g/mL)
for 1 hour or without treatment. Closed bars, specific antibody; open bars, control antibody.
Similar results were obtained in 2 additional experiments.

anti-PU.1 antibody (lane 3), indicating that PU.1 directly binds to
one or more of the possible sequences. EMSA also showed that the
PU.1-binding sequences are located between —54 and —25 of the
CD86-1 promoter and between —53 and —35 of the CD86-2
promoter (Figure 4C-D). Binding of the PU.1/IRF-complex to
probes of CD80-1, CD86-1B, and CD86-2 was not observed,
whereas the PU/IRF probe?® formed a ternary complex with
PU.1/IRF4 or IRF8, accompanied by the disappearance or decrease
of the probe/PU.1 complex, when IRF4 or IRF8 was added to the
EMSA mixture (Figure 4E). In the competition assay with mutant
oligonucleotides, M2 of CD86-1B and M1 of CD86-2 did not
completely inhibit the binding between each probe and PU.1
(Figure 4F lanes 12 and 17), suggesting that PU.1 binds CD86-1B
and CD86-2 via mainly GGAA at —43/—40 and TTCC at —49/—46,
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respectively. Complete inhibition of binding between CD80-1 and PU.1
by all mutant competitors (Figure 4F lanes 3-7) suggests that PU.1 binds
CD80-1 via multiple Ets sites in —41/—12.

Overexpression of PU.1 induced the expression of CD80
and CD86

We then evaluated the effects of PU.1 on the expression of the
CD80 and CD86 molecules by transfecting Lin™ cells with a
retrovirus vector directing production of GFP with wild-type PU.1
or with an empty vector (mock) in medium supplemented with a
cytokine cocktail (IL3, IL6, SCF, TPO, EPO, GM-CSF, G-CSF,
M-CSF, and FIt3L) that can result in multi-lineage development.
The cytokine cocktail induced high levels of CD80 and CD86
expression, even in mock transfectants (Figure 5C), and no
significant differences were seen between PU.1 and mock transfec-
tants (supplemental Figure 4). We then repeated this experiment using a
cytokine cocktail without GM-CSF, G-CSE, M-CSE and FIt3L, which
potentially induce the development of the DC/macrophage lineage. As
expected, overexpression of PU.1 in Lin~ cells in the presence of
cytokine cocktail without GM-CSFE, G-CSF, M-CSF, and Flt3L induced
the expression of CD80 and CD86 on the cell surface, whereas mock
transfectants did not exhibit such expression (Figure 5D). Moreover,
when stimulated with LPS, both CD80 and CD86 were expressed at
much higher levels in PU.1 transfectants than in mock transfectants. The
expression levels of CD86 with stimulation by LPS and IFNvy were
comparable to those in the presence of the cytokine cocktail containing
GM-CSF, G-CSF, M-CSF, and FIt3L. To further clarify the effect of
PU.1, the Ets domain of PU.1 was overexpressed in Lin~ as a
dominant-negative form of PU.1 (Figure 5B). After 10 days of culture
for puromycin selection, the population of CD80- or CD86-positive
cells was markedly reduced by overexpression of the Ets domain
(Figure SE). This result suggests that the Ets domain suppresses the
CD80 and CD86 expression induced by endogenous PU.1. Western
blotting was performed to compare endogenous and exogenous PU.1
protein levels (Figure SF). Although endogenous PU.1 expression was
down-regulated by maintenance in cytokine cocktail without GM/G/M-
CSF and FIt3L for 10 days, when PU.1 was exogenously produced, the
exogenous protein (which was found in a much higher amount than that
of the endogenous PU.1 in the mock transfectants) induced higher
endogenous expression. These data indicate that PU.1 plays a crucial
role in the regulation and expression of CD80 and CD86.

Inhibition of PU.1 expression down-regulates CD80 and
CD86 expression

To confirm the involvement of PU.1 in CD80 and CD86 expres-
sion, PU.1 siRNA was introduced into murine BMDCs by electro-
poration. PU.1 mRNA levels were reduced by more than 80% at
24 hours after PU.1 siRNA electroporation, and this effect was
maintained for at least 48 hours. At 48 hours after electroporation,
PU.1 siRNA reduced both CD80 and CD86 mRNA levels by more
than 90% compared with control siRNA (Figure 6A). These results
suggest that PU.1 siRNA successfully down-regulates PU.1 expres-
sion in BMDCs, resulting in the subsequent suppression of CD80
and CD86 transcription. FACS analysis demonstrated that the
cell-surface expression levels of CD80 and CD86 were markedly
decreased by PU.1 knock down (Figure 6B). From these results, we
conclude that PU.1 is essential for the expression of CD80 and
CD86 genes and proteins.
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Figure 3. Transcriptional activity of the CD80 or CD86 promoter. (A) Effects of PU.1 on each promoter. (B) Reporter assay with deletion constructs to identify
PU.1-responsive elements. CV-1 cells were transfected with 2 g of reporter plasmid, 2 ng of expression plasmid, and 2 ng of pRL-CMV (Promega) as an internal
control of transfection efficiency. After 24 hours of culture, cells were harvested, luciferase activity was measured, and relative luciferase activity was calculated as
described previously.24 m, co-expression of mock (pCR-3.1); P, co-expression of PU.1 (pCR-PU.1). (C) Transcriptional activity of the CD80 or CD86 promoter in
hematopoietic cells. J774 cells were transfected with 2 g of reporter plasmid and 125 ng of pRL-null. (D) Effects of IRF4/8 on transactivation activity of PU.1. CV-1 cells
were transfected with 2 pg of reporter plasmid, a total of 2j.g of expression plasmid (adjusted with mock vector as in our previous study?®), and 125 ng of pRL-null.
CD80-1 (—51/+65), CD86-1 (—98/+46), CD86-2 (—96/+47), and iL12 p40 (—315/+14) were used. m, pCR-3.1; P, pCR-PU.1; 4, pCR-IRF4; 8, pCR-IRF8. Relative
luciferase activity is represented as the ratio of activity to that of pGL4-Basic (C) with pCR3.1-mock (A, B, D). Data represent the mean + SD of triplicate samples. A
representative result of 3 independent experiments is shown.
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Figure 4. Direct binding of PU.1 to cis-enhancing sequences in the CD80 and CD86 promoters. EMSA with each probe and in vitro-translated PU.1 protein. Common

Ets-motif (GGAA) and PU.1-recognizable sequence (AGAA) in the probes are boxed

(top). PU/IRF probe is bound with PU.1/IRF4 or IRF8 heterodimer via overlapping Ets

(GGAA; boxed) and IRF (AANNGAAA; underlined) sequence.?® Protein, in vitro transcription/transiation reacted mixture using empty vector pCR3.1 (E), pCR-PU.1 (PU.1, PU,
or P), pCR-IRF (4), pCR-IRF8 (8), or nuclear extract prepared from PU.1-overexpressing RAW264.7 (nuclear). antibody, anti-PU.1 goat IgG antibody (PU), anti-IRF4 goat IgG

antibody (4), anti~IRF8 goat IgG antibody (8), or control goat IgG (Ig). CD80-1 M1-5, C!

D86-1B M1-3, and CD86-2 M1 and M2 (F) are competitive oligonucleotides with mutant

sequences at each indicated site (B). WT is each self competitor with a wild-type sequence (F).

Topical application of PU.1 siRNA inhibits CHS

Treatment with an anti—CD80 or an anti-CD86 mAb at the time of
challenge partially inhibited CHS in a mouse model.** In addition,
Ritprajak et al reported that treatment with CD86 siRNA inhibited
CHS.*6 Based on these reports and the results of the present study,
we expected that PU.1 siRNA would inhibit CHS. Before verifying
the effect of siRNA in vivo, we used BMDCs to confirm that CD80

and CD86 siRNA reduced the expression of CD80 and CD86,
respectively, and that neither siRNA had any effect on the
expression of PU.1 mRNA (supplemental Figure 5). PU.1 siRNA,
CD80 siRNA, CD86 siRNA, a combination of CD80 siRNA. and
CD86 siRNA, nonsilencing control siRNA formulated as a cream-
based ointment, or cream-based ointment alone was applied to the
right ears of sensitized BALB/c mice 24 hours before challenge.
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Figure 5. Effects of enforced expression of PU.1 on cell-surface expression of CD80 and CD86. (A) Schematic drawing of plasmids pMX-IG (IG-mock) and pMX-1G-PU.1
(IG-PU.1) used in Figures 5C-D and 7D). (B) Schematic drawing of plasmids pMX-puro (mock), pMX-puro-PU.1 (puro-PU.1), and pMX-puro-Ets (puro-Ets) used in Figure 5E
and F. Lin~ cells were transfected with the pMX-IRES/GFP series and transfectants were monitored as GFP-positive cells. Cells were incubated with infectious viruses for
3 days in the presence of IL3, IL6, SCF, TPO, and EPO with (C) or without (D) GM-CSF, G-CSF, M-CSF, and FIt3L. Three days after infection, cells were stimulated with or
without 1 pg/mL of LPS and/or 100 ng/mL of IFNy for 24 hours, followed by staining with PE-labeled mAbs, and transfectants were monitored as GFP-positive cells (C-D). Lin~
cells transfected with the pMX-puro series were incubated with the cytokine mixture as in panel C (for E) or panel D (for F). To concentrate transfectants, cells were maintained
for 10 days in the presence of puromycin (2 pg/mL). Solid line histogram represents cells with each antibody. Dotted line histogram represents negative control with
2.4G2 alone. Representative results are shown. (F) Western blotting to compare endogenous and exogenous PU.1 protein levels in retrovirus transfectants. Green, anti-Flag
antibody; red, anti-PU.1 antibody.

Although no significant differences were observed in ear swelling emulsified nonsilencing control siRNA, ear swelling in the group

at 48 hours after challenge between the group treated with treated with cream-emulsified PU.1 siRNA or a combination of
cream-based ointment alone and the group treated with cream- CD80 and CD86 siRNA was significantly reduced (Figure 6C).
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Figure 6. Suppression of CD80 and CD86 expression and CHS by PU.1 siRNA. Murine BMDCs were transfected with 2 g of PU.1 siRNA or negative control siRNA
(N.CTRL; A-B). (A) After a 24- or 48-hour culture, total RNA was extracted from each transfectant, and the amounts of PU.1, CD80, CD86, and B-actin mRNAs were analyzed
by ABI7500. PU.1, CD80, and CD86 mRNA levels are represented as a ratio relative to those in negative controls. Results are expressed as means + SD for 3 PCRs
performed in duplicate. (B) After a 48-hour culture, cells were harvested and subjected to analysis for CD80 or CD86 by flow cytometry. Solid line histogram represents cells
with each antibody. Dotted line histogram represents negative control with 2.4G2 alone. Representative resuits of 3 independent experiments are shown. CHS against TNCB
was induced as described in “Introduction of contact hypersensitivity and treatment with siRNA” (C-D). Nonsilencing control (N.CTRL), PU.1 siRNA, CD80 siRNA, CD86
siRNA, or a CD80/CD86 siRNA combination mixed with a cream-based ointment was applied (C), or each siRNA was subcutaneously injected (D) and the ear was challenged
with TNCB. Ear swelling was measured at 24 and 48 hours after challenge. Sterile water mixed with the cream-based ointment was used as a control (vehicle, C).
Diethylpyrocarbonate-treated water was subcutaneously injected as a control (vehicle, D). Data are representative of 2 or 3 independent experiments (n = 4~86) and significant
differences from the nonsilencing control siRNA group (*P < .1; **P < .01) were observed. Forty-eight hours after the challenge, ear swelling in the PU.1 siRNA group was

significantly reduced compared with the CD80 siRNA group (*P < .05).

However, a significant suppression of ear swelling was not seen in
any group at 24 hours after challenge. We believe that this was due
to the time necessary for the siRNA to infiltrate into the dermis;
therefore, we injected siRNA subcutaneously into the right ears of
sensitized mice at 24 hours before the challenge. As a result, PU.1
siRNA and the combination of CD80 and CD86 siRNA suppressed ear
swelling significantly at 24 hours after challenge, and the effects of PU.1
siRNA were sustained at 48 hours (Figure 6D). These results suggest
that PU.1 siRNA down-regulates PU.1, CD80, and CD86 transcription
and expression in vivo, thereby reducing CHS.

Roles of PU.1 in other phenotypes and functions of DCs

To evaluate the effect of PU.1 on overall DC phenotype and
function, cell-surface expression of DC-related molecules, T cell-
stimulation activity, and TLR responses of PU.1 siRNA-introduced
BMDCs were analyzed. Expression of MHC class II, CD11b, and
CD11c were reduced in PU.1 siRNA-introduced BMDCs, whereas
marked reduction was not observed in the expression of other
molecules, including TLR2 and TLR4 (Figure 7A). T cell-
stimulation activity was significantly suppressed by PU.1 knock-
down (Figure 7B). Although LPS-induced production of tumor
necrosis factor-a (TNF-a) and IL12 p40 was down-regulated by
PU.1 siRNA, the IL6 production level was comparable between
PU.1-knocked-down BMDCs and the control (Figure 7C).

Furthermore, overexpression of PU.1 in Lin~ induced the
expression of CD11b but not the expression of the others (Figure
7D); profiles of unstimulated cells are shown and similar results
were observed in cells stimulated by LPS and/or IFN-vy [data not
shown]). The results shown in Figure 7A and D indicate that
PU.1 is involved in the expression of MHC class II, CD11b, and
CDllc, and that PU.1 is enough for CD11b induction but needs
the cooperation of additional factor(s) for the expression of
MHC class IT and CD11c.

Discussion

Because of their role in immune function, CD80 and CD86 are potential
targets for clinical treatments in autoimmunity or transplantation 547
However, the critical factor for the regulation and expression of CD80
and CD86 remains unknown. In the present study, we describe the
essential transcription factor in the regulation of CD80 and CD86.
Previous reports have suggested the involvement of transcription
factors such as NF-«B or IRF-family proteins in the regulation and
expression of CD&0 and CD86. However, we predicted the involvement
of another transcription factor, PU.1, which is necessary for the
development of DCs. As expected, the ChIP assay showed that the
binding of PU.1 to the promoter region of CD80-1, CD86-1, and
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Figure 7. Effects of PU.1 on phenotype and function of DCs. (A) Cell-surface expression of DC-related molecules in PU.1-siRNA-introduced BMDCs. Solid line histogram represents
cells with each antibody. Dotted line histogram represents negative control with 2.4G2 alone (A and D). Representative results of 3 independent experiments are shown.
(B) T cell-stimulation activity of PU.1-knocked-down BMDCs (*P < .05; **P < .005). LPS-stimulated BMDCs (Balb/c) transfected with control siRNA (O) or PU.1 siRNA (@) were used as
a stimulator for T cells from B6 mice. Representative results of 2 independent experiments are shown. (C) Cytokine production of PU.1—knocked-down BMDCs in response to LPS
stimulation (*P < .05; **P < .005; ***P < .001). Cytokine concentration in the supemnatant at 6 hours {for TNF-o and IL6) and at 24 hours (for IL12 p40) after the addition of various
concentrations of LPS was measured by ELISA. Results are expressed as means + SD of 2 independent experiments performed in duplicate. (D) Cell-surface expression of DC-related
molecules in PU.1-overexpressing hematopoietic stem cells. Lin~ cells were transfected by retrovirus vector carrying IG-mock or IG-PU.1 (Figure 5A) and maintained in the same condition
as that of Figure 5D with supplementation of IL3, IL6, SCF, TPO, and EPO. Similar results were obtained in 2 additional independent experiments.

CD86-2 was constitutive. In contrast, PU.1 binding to the promoter  reporter assay showing that co-expressed PU.1 did not affect CD80-2
region of CD80-2 was not observed, and this was supported by the promoter activity. On the other hand, promoter activity of CD80-1,
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CD86-1, and CD86-2 were significantly increased by co-expression of
PU.1. These results indicate that PU.1 transactivates the CDS80-1,
CD86-1, and CD86-2 promoters via binding to these promoter regions.
A reporter assay with deleted constructs and EMSA suggested that the
PU.1-recognizing, cis-enhancing elements are any of 4 motifs in
—41/—12 of CD80-1, 3 motifs in —54/—25 (probably —43/—40) of
CD86-1, and 2 motifs in —53/—35 (probably —49/—46) of CD86-2.
Further detailed analyses to identify the elements critical to PU.1-
mediated promoter activity, including reporter assay with mutant
plasmids lacking each of candidate motifs, will be useful in confirming
this hypothesis.

Although significant binding and transactivation of PU.1 on the
CD80-2 promoter were not detected, a possible role for PU.1 in the
CD80-2 promoter cannot be excluded. Considering the adjacent loca-
tions of CD80-1 and CD80-2 (approximately 1.5 kb apart), PU.1
binding to cis-enhancing element(s) in the CD80-1 promoter region may
participate in the activation of RNA polymerase machinery regulating
the CD80-2 promoter. PU.1 siRNA reduced CD80 mRNA and CD86
mRNA to a similar degree (Figure 6), suggesting the possibility that
PU.1 knock-down successfully suppresses not only the CD80-1 pro-
moter but also the CD80-2 promoter. Regardless, these results demon-
strate that PU.1 siRNA is a useful tool for the suppression of CD80 and
CD86 expression.

Based on the results of the ChIP assay, we expected that PU.1 was
the key player in the expression of CD80 and CD86, so we examined the
role of PU.1 in their expression. The co-expression reporter assay, the
overproduction of PU.1, and the inhibition of PU.1 by siRNA confirmed
that PU.1 is a critical factor in the expression and regulation of CD80
and CD86. The results of overproduction and inhibition of PU.1 were
particularly surprising, because simply regulating a single transcrip-
tional factor caused marked changes in the expression levels of
cell-surface molecules without any extracellular stimulation. This is the
first report describing the induction of the costimulatory molecules
CD80 and CD86 in hematopoietic stem cells without growth factors and
cytokines such as GM-CSFE, TNF-a, and IL4, but with the targeting of a
single transcription factor.

Considering that IRF4 functions by forming a heterodimer with
PU.1, PU.1 siRNA may suppress the gene expression regulated by PU.1
alone and by PU.1/IRF4. The critical requirement for IRF4 in CD80
expression® or LPS-induced up-regulation of CD80 and CD86% on
GM-CSF-induced BMDCs has been shown in previous studies, al-
though the role of the PU.1/IRF4 heterodimer with regard to the CD80
and CD86 promoters has not been demonstrated to date. In the present
study, the involvement of PU.1/IRF4 in the function of the CD80 and
CD86 promoters was not observed. IRF4 may regulate the CD80 and
CD86 promoters through other regions. A further detailed analysis
targeting other regions (including far upstream of the minimum promot-
ers) may be useful in clarifying this possibility. Alternatively, a study
using PU.1 mutants lacking the proline, glutamate, serine, and threonine
(PEST) domain, which is necessary for interaction with IRF4, is
required to address this issue.

Most reports have focused on CD80 and CD86 as direct targets of
clinical treatment with antibody, siRNA, or forced expression,*-50
Another report recently showed that NF-kB pathway suppression by
RelB siRNA succeeded in inhibiting DC maturation with CD80 and
CD86 repression, resulting in the prevention of allograft rejection.! In
the present study, we demonstrated the significant effects of PU.1
siRNA treatment in a murine CHS model. The use of PU.1 siRNA for
the treatment and/or prevention of other autoimmune diseases and for
transplantation should be explored, because while PU.1 siRNA regu-
lates the basic expression of CD80 and CD86, its effects on such
diseases are unknown.

only.
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The effects of PU.1 siRNA were comparable to treatment by the
CD80/CD86 siRNA combination in this study. Thus, one of the main
effects of PU.1 siRNA is to suppress the expression of CD80 and CD86,
and it may also cause the suppression of antigen-specific T-cell
responses in the regional lymph nodes. Although the mechanisms of
hypersensitivity suppression by PU.1 siRNA are uncertain, we have
shown that transcription factor PU.1 may be a target for clinical
treatment. PU.1 is involved in the development of a certain subsets of
DCs, including myeloid DCs, by regulating cell-type-specific gene
expression, suggesting the possibility that the effects of PU.1 siRNA are
not limited to CD80 and CD86. In fact, in addition to its role in CD80
and CD86 expression, PU.1 siRNA suppressed some of the characters
of DCs, including MHC class II expression and its subsequent T cell-
stimulation activity and TNF-a and IL12 production. A slightly stronger
reduction of CHS by PU.1 siRNA than by the combination of siRNAs
for CD80 and CD86 was possibly due to the suppression of other
functions of DCs. Although PU.1 overexpression induced the expres-
sion of CD80 and CD86 in Lin~ with LPS/IFNy stimulation, MHC
class I and CD11c were not expressed in the same conditions, whereas
CD11b expression was simply induced by PU.1 itself. Furthermore,
PU.1 siRNA reduced the LPS-induced production of TNF-o and IL12
but not IL6. These observations indicate that the role of PU.1 in the
expression of DC-related molecules is different. Regardless, further
studies analyzing the gene-expression profile of PU.1 siRNA-
introduced DCs and revealing the mechanism of PU.1-mediated expres-
sion of each gene should be performed to clarify the effects of PU.1
siRNA.

In the present study, we succeeded in both the suppression and
induction of CD80 and CD86 expression by targeting a single
transcription factor. One crucial role of CD80 and CDS86 is the
costimulation of the T-cell response and the induction of T cell-
mediated immunity, such as the rejection of tumors.’253 Con-
versely, their other crucial role is to block the development of
several autoimmune diseases or to induce donor-specific tolerance
to allografts by abrogation of CD28/B7 signals.#->0 Through these
apparently opposing roles of CD80 and CD86, PU.1 can be targeted for
clinical treatment due to its inducible and inhibitory effects.
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Table S1. Nucleotide sequences of synthesized oligonucleotides for quantitative
RT-PCR
For CD80-1 transcript,
forward primer CD80-1F 5’-TAGTAACCAGAGGCCGCAAGA-3’
reverse primer CD80-1R
5’-TCTACTAAGGTGTCCCATAGCATGAT-3’
TagMan probe CD80-1T
5’-FAM-TATACACGGGCCCCATC-MGB-3’
For CD80-2 transcript,
forward primer CD80-2F 5’-TTTTCAGGTTGTGAAACTCAACCTT-3’
reverse primer CD80-2R 5’-TCCACCCGGCAGATGCTA-3’
TagMan probe CD80-2T
5’-FAM-CCATTTCTGTGGACTA AT-MGB-3’
For CDg6-1 transcript,
forward primer CD86 Ex4-F 5’-GGCAGCACGGACTTGAACA-3’
reverse primer CD86 Ex6-R 5’-TCCACGGAAACAGCATCTGA-3’
TagMan probe CD86 Ex6/7-T 5’-FAM-TCTTTGTGACAGTCTTGC-MGB-3’
For CD86-2 transcript,
forward primer CD86 Ex5-F 5’-ACCTGGTGAGCACGGGATAC-3’
reverse primer CD86 Ex6-R same as for CD86-1 transcript

TagMan probe CD86 Ex6/7-T same as for CD86-1 transcript
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Table S2. Nucleotide sequences of synthesized oligonucleotides for ChIP assay
For promoter region of CD80-1 gene,
forward primer -130F  5’-CCTAGCGCTTCCTCTTCTTTGA-3’
reverse primer -12R 5’-GGAATTTCCCCTTTCCAACTTC-3’
TagMan probe -59T 5’-FAM-AGCTTCCTCCGAGGTC-MGB-3’
For promoter region of CD80-2 gene,
forward primer -659F  5’-ACCTCCTGAGTGCTGGGAATT-3’
reverse primer -545R 5’-GCTTGTCTATCTTTTCTTTTTTCTTCCA -3’
TagMan probe -605T 5’-FAM-CATTCGTTTTCATTTCTC-MGB-3’
For promoter region of CD86-1 gene,
forward primer -115F  5’-CTGAAACCGAACTCGAATAATCTACA-3’
reverse primer -38R 5-TGTTCCTCTTTTCTTAGACTTGAGGAA-3’
TagMan probe -88T 5’-FAM-AGCAAAGAAAGGGTTAAAGA-MGB-3’
For promoter region of CD86-2 gene,
forward primer -125F  5’-GCCCACCTACCAGCAGAAGTTAT-3’
reverse primer +11R 5’-GCCCACCTACCAGCAGAAGTTAT-3’

TagMan probe -60T 5’-FAM-TCTCTAGTCAGTTCCC-MGB-3’
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Table S3. Nucleotide sequences of synthesized oligonucleotides for cloning
promoter regions
For promoter region of CD80-1 gene,
forward primer CD80-pro-F1-Xhol
5’-GCCTCGAGAATCTGGAAACCATGACCTTTTGTTCAAGA-3’
reverse primer CD80-pro-R1-HindIII
5’-GCAAGCTTAATCAAAAGATGGGGCCCGTGTATATACAA-3
For promoter region of CD80-2 gene,
forward primer CD80-pro-F2-Xhol
5’-GCCTCGAGCCAGTTGTAGGCATGATGTCTGTCTCCCTC-3’
reverse primer CD80-pro-R2-Bg/II
5’-GCAGATCTGGCATCCACCCGGCAGATGCTAAAGATGAT-3’
For promoter region of CD86-1 gene,
forward primer CD86-pro-F1-Xhol
5’-GCCTCGAGAGCTCTGATGGAGGGGCTCCAGCACTGCCT-3’
reverse primer CD86-pro-R1-HindIII
5’-GCAAGCTTGAGCCACTCTTACGCGTCTGCTTGCTCCTC-3’
For nested PCR to amplify CD86-1 promoter,
forward primer CD86-pro-F1-Xhol-nest
5’-GCCTCGAGGATGTTATAGACTTCTCCTCAGCAGGGTGG-3’
reverse primer CD86-pro-R1-HindIII-nest

5’-GCAAGCTTACAGGAGTCTGGTTGTTCAAGTCCGTGCTG-3’
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For promoter region of CD86-2 gene
forward primer CD86-pro-F2-Xhol
5’-GCCTCGAGTGGGAGTGAGACAGACGCTGCACAGAGCTT-3’

reverse primer CD86-pro-R2-HindIll
5’- GCAAGCTTAAGTAAAAGGAGCCTTGTCCGCTCCCCAGG-3
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Figure S1. Expression of CD80 and CD86 in murine BMDCs with various stimuli

Murine BMDCs were stimulated with/without LPS (1 ocg/mL) and/or IFNy (100 ng/mL)
for 24 hours, followed by analysis of CD80 or CD86 by flow cytometry. A, Solid line
histogram represents cells with each Ab. Dotted line histogram represents negative
control with 2.4G2 alone. “Unstim.” refers to treatment without any agents. B, Graph
was generated with the relative mean fluorescence intensity (MFI) values obtained after

normalization with MFI of negative control.

Figure S2. Schematic drawing of primer sets used for 5’~-RACE (thin arrow) and for

detection of transcripts in Fig. S3 (thick arrow)

Figure S3. mRNA expression levels of CD80 and CD86 in BMDCs
mRNA was prepared from murine BMDCs treated with IFNy (100 ng/mL) for 24 hours,
and/or following stimulation by LPS (1 ogg/mL) for 1 hour or without any treatment.

Quantification of CD80 and CD86 mRNAs was performed by real-time PCR.

Figure S4. Cell surface expression of CD80 and CD86 understimulation by
multi-cytokine cocktails. Lineage-negative cells were transfected with pMX-IRES/GFP
series and transfectants were monitored as GFP-positive cells. Histogram represents

cells transfected with retrovirus vector encoding PU.1 cDNA or mock vector. Cells
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were incubated with infectious viruses for 3 days in the presence of IL-3, IL-6, SCF,
TPO and EPO with GM-CSF, G-CSF, M-CSF, and FIt3L. At 3 days after infection,
cells were stimulated with/without 1 oqg/ml LPS and/or 100 ng/ml IFNy for 24 hours,
and were then stained with PE-labeled mAbs and transfectants are monitored as
GFP-positive cells. Solid line histogram represents cells with each Ab. Dotted line
histogram represents negative control with 2.4G2 alone. Representative results are

shown.

Figure S5. CD80 and CD86 siRNA suppressed CD80 and CD86 expression,
respectively, but did not suppress PU.1 expression. Murine BMDCs were transfected
with 2 og of CD80 siRNA, CD86 siRNA, negative control siRNA (N.CTRL) or
distilled water (vehicle). A, After 48-hour culture, total RNA was extracted from each
transfectant, and the amounts of PU.1, CD80, CD86 and (-actin mRNAs were analyzed
by ABI7500. PU.1, CD80 and CD86 mRNA levels are represented as the ratios against
those of negative controls. The results are expressed as means + SD for 3 PCRs
performed in duplicate. B, After 48-hour culture, cells were harvested and subjected to
analysis for CD80 or CD86 by flow cytometry. Solid line histogram represents celis
with each Ab. Dotted line histogram represents negative control with 2.4G2 alone.
Representative results of two independent experiments are shown. C, mRNA expression
levels of PU.1, CD80, and CD86 in siRNA-injected ears. Vehicle and negative control

(n =2), PU.1 siRNA (n = 4), CD80 siRNA and CD86 siRNA (n = 3).
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