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into four groups: class I (HDAC]I, -2, -3, and -8), Ila (HDAC4,
-5, -7, and -9), IIb (HDAC6 and -10), and IV (HDAC11). Class I
HDACs are ubiquitously expressed and are generally involved
in cell growth and differentiation (13), whereas class I HDACs
have a more restricted pattern of expression {skeletal muscle,
heart, and brain) and act in association with tissue-specific
transcription factors. Leukemic fusion proteins, such as PML/
RARa and AML-1/ETO, form a complex with HDACs with
higher affinities than their normal counterparts and aberrantly
suppress the expression of genes required for cell differentia-
tion and growth control, leading to the transformation of
hematopoietic progenitor cells (14, 15). Therefore, HDACs are
considered direct targets of treatment in these cases. Indeed, a
variety of small compounds that inhibit HDAC activity have
been developed and tested as therapeutic agents for hemato-
logic malignancies, including AML with fusion gene products,
and solid tumors (16).

HDAC inhibitors can induce differentiation, cell cycle arrest,
and apoptosis in AML cells irrespective of the presence of leu-
kemic fusion proteins, suggesting that HDACs are generally
involved in leukemogenesis via multiple mechanisms (16).
These effects provide a rational backbone for the clinical appli-
cation of HDAC inhibitors to AML. Intriguingly, recent clinical
trials have revealed that HDAC inhibitors have only moderate
hematologic toxicity (17, 18), but the underlying mechanisms
are to be determined. Since these observations are biologically
interesting and clinically important, their molecular basis is
worth investigating. In this study, we therefore examined the
expression of HDACs in human hematopoietic cells and their
functions during hematopoiesis and found that the expression
levels of HDACs determine the fate of hematopoietic progeni-
tor cells.

EXPERIMENTAL PROCEDURES

Cells—Human bone marrow mononuclear ceils (BMMNCs}
were purchased from Cambrex BioScience (Walkersviile, MD).
CD34" cells were purified by positive selection with CD34
MicroBeads and MACS separation columns (Miltenyi Biotec,
Gladbach, Germany). More than 95% of enriched cells were
shown to be positive for CD34 and negative for lineage markers
(19). CD34* BMMNCs represent early hematopoietic progen-
itors, since most express CD38 (data not shown). The
remaining cells were used as CD34~ BMMNC:s after deplet-
ing lineage marker-expressing cells with a lineage cell deple-
tion kit (Miltenyi Biotec). This fraction mainly consists of
committed progenitors of multiple lineages and does not
contain terminally differentiated elements, such as mature
myeloid cells, erythroblasts, and lymphocytes.

Human AML cell lines, HL60, U937, and K562, were differ-
entiated in serum-free GIT medium (Nihon Pharmaceutical,
Tokyo, Japan) containing appropriate chemicals, as described
previously (20, 21). Primary AML cells were obtained from
patients at diagnosis by sedimentation on Ficoll-Hypaque den-
sity gradients. Informed consent was obtained from all subjects
in accord with the requirements of the institutional review
board. Samples were selected for the study only when they con-
tained more than 90% leukemic cells and did not carry chromo-
somal translocations.
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Cell Culture—For clonogenic growth assays, human CD34*
BMMNCs and primary AML cells were plated at 0.5-1 X 10°
cells/ml in methylcellulose medium supplemented with full
cytokines (H4435, Stem Cell Technologies, Vancouver, Can-
ada) (19). AML cell lines were cultured in methylcellulose
medium supplemented with 10% fetal calf serum for 7 days. To
form colony-forming unit-granulocyte/macrophage (CFU-
GM) and colony-forming unit-erythroid (CFU-E), murine bone
marrow cells were plated at 2.5 X 10? cells/ml in methylcellu-
lose medium supplemented with a combination of stem cell
factor, interleukin-3, and interleukin-6 (M3534) and erythro-
poietin alone (M3334), respectively.

Semiquantitative and Real Time Quantitative RT-PCR—To-
tal cellular RNA was isolated from 1 X 10* cells and reverse-
transcribed into cDNA using SuperScript reverse transcriptase
and oligo(dT) primers (Invitrogen). We performed subsequent
semiquantitative PCR, as described previously (2), and real time
quantitative RT-PCR using Power SYBR Green PCR Master
Mix (Applied Biosystems, Warrington, UK). Detailed informa-
tion on primers, including sequences, corresponding nucleo-
tide positions, and PCR product sizes, is shown in supplemental
Table S1.

RNA Blotting—An equal amount (15 ug) of total cellular
RNA was electrophoresed in 1% agarose gels containing form-
aldehyde and blotted onto Hybond N synthetic nylon mem-
branes (Amersham Biosciences). The membranes were hybrid-
ized with 32P-labeled probes in Rapid-hyb buffer (Amersham
Biosciences).

Immunoblotting—Immunoblotting was carried out accord-
ing to the standard method using the following antibodies: anti-
HDACI (Sigma), anti-HDAC2 (MBL International, Woburn,
MA), anti-HDAC3 (BD Pharmingen, San Jose, CA), and anti-
B-actin (Ab-1; Oncogene Science, Uniondale, NY). We pur-
chased site-specific antibodies against acetylated histones (H3-
Lys®, H3-Lys'®, H4-Lys'?, and H4-Lys'®) from Cell Signaling
Technology (Beverly, MA).

Confocal Laser Microscopy—Confocal microscopic analysis
was performed using anti-HDACI1 polyclonal (Sigma) and anti-
CD34 monoclonal (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) antibodies. We used Alexa 488-conjugated goat antibody
to mouse immunoglobulin (Molecular Probes, Inc., Eugene,
OR) and Cy3-conjugated goat antibody to rabbit immunoglob-
ulin (Amersham Biosciences) as secondary antibodies.

Flow Cytometry Analysis and Fluorescence-activated Cell
Sorting—Flow cytometry analysis and cell sorting were carried
out with BD FACSaria (BD Biosciences) as described previously
(19). .

Plasmids and Transfection—Retroviral expression vector for
HDAC]1 was constructed by inserting full-length cDNA (pro-
vided by Dr. Stuart Schreiber, Harvard University, Boston, MA)
upstream of the internal ribosome entry site-enhanced green
fluorescent protein cassette of pMYs plasmid, as described pre-
viously (22). Retrovirus production was carried out by trans-
fecting the plasmids into Plat-E packaging cells. Expression vec-
tors for MZF-1, C/EBP«, C/EBPB, GATA-1, GATA-2, and Spl
were kindly provided by Drs. Robert Hromas (University of
New Mexico, Albuquerque, NM), Atsushi Iwama (Department
of Cellular and Molecular Medicine, Chiba University, Chiba,

A EVON

VOLUME 284 -NUMBER 44+ OCTOBER 30, 2009

0102 ‘22 e uo Y3 LNIO NYD NSLIHNMOM e Bioroqlmmm wouy papeojumoq



Supplemental Material can be found at:
hitp:/Awww.jbe.org/content/suppl/2009/09/07/M109.042242.0C1.htm|

Japan), and Mitsuru Nakamura (National Institute of Advanced
Industrial Science and Technology, Tsukuba, Japan).

We used a lentiviral shRNA/siRNA expression vector
pLentiLox3.7 for knockdown of HDACI. Target sequences were
designed to be homologous to wild-type cDNA sequences:
HDACI (forward), TggcaaaggcaagtattatgTTCAAGAGAcataa-
tacttgectttgec TTTTTTC; HDACI (reverse), TCGAGAAAAAA-
ggcaaaggcaagtattatgTCTCTTGA Acataatacttgectttgee. Scram-
bled sequences were used as controls. Lentiviruses were then
added to cell suspensions in the presence of 8 ug/ml Polybrene
and transduced for 24 h, as described previously (19).

Reporter Assays—We amplified the promoter regions of the
HDACI gene (—1170 to +397 and —73 to -+397) by PCR and
inserted them into pGL4.10 firefly luciferase vector (Promega,
Madison, WI) to generate reporter plasmids. HEK293 celis
were transfected with reporter plasmids along with pGL4.73
Renilla luciferase vector (Promega), which served as a positive
control to determine transfection efficiencies, in the presence
of test plasmids encoding Spl, GATA-1, GATA-2, MZF-1,
CEBPA, and CEBPB or empty vectors. After 48 h, firefly and
Renilla luciferase activities were discriminately measured using
the Dual-Luciferase reporter assay system (Promega).

Chromatin Immunoprecipitation Assays—We used the
ChIP-IT chromatin immunoprecipitation kit (Active Motif,
Carlsbad, CA) to perform chromatin immunoprecipitation
assays. In brief, cells were fixed with 1% formaldehyde and son-
icated to obtain chromatin suspensions. After centrifugation,
supernatants were incubated with antibodies of interest in the
presence of protein A-agarose beads. DNA fragments bound to
the beads were purified with washing and subjected to PCR
using primer pairs spanning —377 to —77 of the HDACI gene.

Stem Cell Transplantation in Syngeneic Mice—Bone marrow
mononuclear cells were isolated from C57BL/6 (Ly-5.1) donor
mice (8 —~12 weeks of age). c-KIT-positive cells were isolated by
CD117 MicroBeads in MACS separation columns (Miltenyi
Biotec), and cultured overnight in Iscove’s modified Dulbecco’s
medium supplemented with BIT 9500 and 50 ng/ml each of
stem cell factor, FLT3 ligand, interleukin-3, and thrombopoi-
etin. Prestimulated cells were infected with retroviruses har-
boring either pMYs-HDAC1 or an empty vector (mock) in
6-well dishes for 24 h (22, 23). Then 1-6 X 10° cells were
injected through the tail vein into lethally irradiated (9.5 grays)
C57BL/6 (Ly-5.2) recipient mice (8 —12 weeks of age). Engraft-
ment of transplanted cells was confirmed by measuring the per-
centages of GFP* and/or Ly-5.1" cells in the peripheral blood
of recipients. All animal studies were approved by the Institu-
tional Animal Ethics Committee and performed in accordance
with the Guide for the Care and Use of Laboratory Animals
formulated by the National Academy of Sciences.

RESULTS

Relative Resistance of Normal Human Hematopoietic Progen-
itors to HDAC Inhibitors—Given the relatively weak hemato-
logical toxicity reported in clinical trials (17, 18), we reasoned
that normal human hematopoietic stem/progenitor cells are
resistant to HDAC inhibitors. Indeed, normal human hemato-
poietic progenitors (CD34-positive/CD38-positive/lineage
marker-negative bone marrow mononuclear cells (CD34"
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FIGURE 1. Relative resistance of normal hematopoietic progenitor cells to
HDAC inhibitors. We seeded normal human CD34* and CD34™ BMMNCs
and primary AML cells at 1 X 10? cells/ml in methylcellulose medium supple-
mented with stem cell factor (50 ng/ml), interleukin-3 (10 ng/ml), interleu-
kin-6 (10 ng/ml), granulocyte/macrophage colony-stimulating factor (10
ng/mt), granulocyte colony-stimulating factor (10 ng/ml), and erythropoietin
(3 units/ml) and cultured in the absence or presence of either 2 nm FK228 (4)
or 10 ng/ml trichostatin A (B) for 14 days. Three AML cell lines (HL-60, U937,
and K562) were cultured in methylcellulose medium supplemented with 10%
fetal calf serum for 7 days. Each column indicates the relative colony numbers
setting untreated controls at 100%. The means = S.D. (bars) of five independ-
ent experiments are shown. p values were calculated by one-way analysls of
variance with the Bonferroni post hoc test.

BMMNC)) generated more colonies in the presence of HDAC
inhibitors than primary blasts from patients with AML and
myeloid leukemia cell lines in clonogenic growth assays (Fig. 1).
Interestingly, normal hematopoietic progenitors were more
resistant to HDAC inhibitors than their differentiated offspring
(CD34-negative and lineage marker-negative bone marrow
mononuclear cells (CD34~ BMMNC), which correspond to
committed progenitors of multiple lineages).

Differential Expression of HDACs in Normal Hematopoietic
Cells and AML Blasts—To understand the mechanisms under-
lying the relative resistance of normal hematopoietic progeni-
tor cells to HDAC inhibitors, we screened for the expression of
three major class I HDACs (HDACI, -2, and -3) by immuno-
blotting using specific antibodies. The selection was based on
the fact that these HDACs, especially HDACI, represent the
vast majority of cellular HDAC activities (13, 24) and major
class I HDACs (HDAC4, -5, and -7) were scarcely expressed in
hematopoietic cells in our pilot experiments (data not shown).
Moreover, class I HDACs, especially HDACI, are known to be
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FIGURE 2. Differential expression of HDACs in normal hematopoietic cells and AML blasts. A, whole cell lysates were prepared from the indicated cell types
isolated as described under “Experimental Procedures” and subjected to immunoblot analysis for the expression of HDAC1, HDAC2, HDAC3, and B-actin
(loading control). Signals were obtained with the ChemiDoc XRS Molecular Imager (Bio-Rad) and used without digital manipulation except for the conversion
to TIF files. See supplemental Fig. S1 for data quantification and statistical analysis. B, CD34™ and CD34~ BMNNC were stained with anti-HDAC1 (red) and
anti-CD34 (green) antibodies and analyzed under confocal microscopy. Original magnification is X600 for all panels. C, total cellular RNA was isolated from the
indicated cell types, and 2.5 ug (normal hematopoietic cells) or 1.0 ug (primary AML cells) was subjected to semiquantitative RT-PCR analysis for the expression
of HDAC1, HDAC2, HDAC3, and GAPDH (internal control). Five ul of the amplified products were visualized by ethidium bromide staining after 2% agarose gel
electrophoresis. The results of suboptimal amplification cycles are shown:35 and 30 cycles for HDAC genes and GAPDH, respectively. M, a molecular size marker
(BioMarker Low; BioVentures, Inc., Murfreesboro, TN). See supplemental Fig. $3 for data quantification and statistical analysis. D, protein samples were analyzed
by immunoblotting using specific antibodies against histone H3 acetylated at lysine 9 (H3-K9), histone H3 acetylated at lysine 18 (H3-K18), histone H4
acetylated at lysine 12 (H4-K12), histone H4 acetylated at lysine 16 (H4-K16), and B-actin (loading control). Data shown are the representative results of multiple

independent experiments.

implicated in leukemogenesis and carcinogenesis and thus are
pharmacological targets of most HDAC inhibitors (25, 26). As
shown in Fig. 24, the expression of HDAC proteins was below
the detection limit in immature progenitor cells from normal
human bone marrow (CD34* BMMNC). Immunoblotting
with different antibodies yielded the same results, negating the
possibility of the low sensitivity of the antibodies used for detec-
tion (data not shown). HDAC proteins were readily detectable
in committed progenitors of multiple lineages (Lin~/CD34~
BMMNC) and T-lymphocytes but were weakly expressed in
monocytes and nearly absent in mature granulocytes from the
peripheral blood of healthy volunteers (see quantified data in
supplemental Fig. S1). Primary leukemic cells from AML
patients showed higher expression levels of HDACs than their
normal counterparts (immature progenitor cells), although
there was a minor case-to-case variation. In particular, HDAC1
was more abundantly expressed than HDAC2 and HDACS3 in
approximately half of the cases with AML (Fig. 24). We further
confirmed the expression of HDAC1 using immunocytochem-
istry. As shown in Fig. 2B, HDAC1 was not detected in CD34™*
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BMMNC, moderately expressed in the nuclei of CD34~
BMMNC and monocytes, and apparently overexpressed in
AML cells. The differential expression of HDACs does not sim-
ply reflect the proliferative states of these cells, because the
abundance of HDACs was only modestly increased along with
cell cycle entry of mitogen-stimulated T-lymphocytes (supple-
mental Fig. S2).

Next, we carried out similar analyses with semiquantitative
RT-PCR. The expression of HDAC mRNAs was very weak in
normal hematopoietic progenitors (CD34" BMMNC) as well
as in mature myeloid cells (monocytes and granulocytes),
except for HDAC2 in CD34" BMMNC (Fig. 2C). HDAC tran-
scripts were moderately expressed in committed progenitors
(Lin"/CD34~ BMMNC), purified erythroblasts from bone
marrow, and peripheral blood T-lymphocytes. In contrast, pri-
mary AML cells strongly expressed HDAC genes, especially
HDACI. The virtually identical pattern was obtained with real
time quantitative RT-PCR (supplemental Fig. S3). Overall, the
expression pattern of HDAC transcripts is nearly equal to that
of HDAC proteins in normal and malignant hematopoietic
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cells. These results suggest that the expression of HDACs is
regulated primarily at mRNA levels, but post-translational
modification is also involved especially in HDAC2, as suggested
by previous studies (27).

Finally, we investigated whether the acetylation status of
intracellular histones reflects the distinct expression levels of
HDACs in hematopoietic cells. To this end, we performed
immunoblotting using site-specific antibodies against acety-
lated histones. As shown in Fig. 2D, histones H3 and H4 were
heavily acetylated at Lys/Lys'® and Lys*?/Lys"®, respectively, in
normal hematopoietic progenitors but not in primary AML
cells. AML cell lines also lacked the acetylation of H3-Lys® and
H4-Lys'®, but H4-Lys'? and H3-Lys'® were acetylated in all
three cell lines examined and in K562, respectively.

Lineage-specific Regulation of HDAC Expression during
Hematopoietic Differentiation—To further delineate the differ-
ential expression of HDACs in normal and malignant hemato-
poietic cells, we took advantage of the cell line model system.
To recapitulate myeloid differentiation in vitro, we cultured
HL-60 and U937 cells with chemical inducers of differentiation:
phorbol ester, dimethyl sulfoxide, and retinoic acid (20). Suc-
cessful induction of differentiation was verified by the appear-
ance of mature myelomonocytic markers, such as CD11b
and c-Fms (Fig. 3A, bottom). During myeloid differentiation,
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normal progenitors (data not
shown).

Regulation of HDACI Promoter by Hematopoietic Transcrip-
tion Factors—Our analyses demonstrated that HDAC expres-
sion was very low in immature hematopoietic progenitors,
induced in more differentiated progenitor cells, and down-reg-
ulated during myeloid differentiation with nearly complete dis-
appearance in mature granulocytes, whereas it was retained
during erythroid and megakaryocytic differentiation. In con-
trast, HDACs, especially HDAC1, were overexpressed in virtu-
ally all AML cases and cell lines. To corroborate the regulatory
mechanisms underlying this unique expression pattern, we iso-
lated putative promoter regions of the HDACI gene and sub-
jected them to functional analysis. The HDAC1 promoter con-
tains canonical binding sites of Sp1 (GC box), MZE-1, C/EBPs
(CCAAT box), and GATA transcription factors (supplemental
Fig. $S6). We subcloned two promoter fragments, —1179 to
+397 and —73 to +397, into pGL4 luciferase vector to generate
reporter plasmids as illustrated in Fig. 4A4. The selection of ana-
lyzed regions was based on previous studies on the murine
Hdacl promoter (28) and the results of our pilot experiments in
which the segment between —1179 and +397 confers full pro-
moter activity (data not shown). We carried out reporter assays
with HEK293, because this cell line lacks the expression of tran-
scription factors to be tested except for Spl (data not shown).
When the —1170 construct was used, reporter assays revealed
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FIGURE 4. Regulation of HDACT promoter by hematopoietic transcription factors. A, top, schematic representation of HDACT promoter constructs used in
this study. Promoter regions of the HDACT gene (—1170to +397 and —73 to +397) were linked to the luciferase gene in pGL4.10 vector as indicated. Relative
locations of the putative binding sites of hematopoietic transcription factors are approximated by the symbols shown in the box. See supplemental Fig. S6 for
the nucleotide sequence. Bottom, we transfected pGL4.10 plasmid containing HDACT promoter sequences between —1170 and +397 (—1170) or between
—73 and +397 {—73) into HEK293 cells along with expression vectors encoding Sp1, GATA-1, GATA-2, MZF-1, CEBPA, and CEBPB at various doses (1, 2, and 4 pg)
and measured luciferase activities after 48 h. HDAC1T promoter activity (y axis) was calculated as firefly luciferase activities of cells transfected with either
pGL4.10-1170 or pGL4.10—-73 and an empty expression vector setting at 1.0 after normalization of transfection efficiencies using Renilla luciferase activity.
Data shown are the means * S.D. of three independent experiments. B, top, we transfected pGL4.10—1170 reporter plasmid into HEK293 cells along with
expression vectors encoding GATA-1, GATA-2, and MZF-1 at the indicated doses (11g) and measured luciferase activity after 48 h. HDAC1 promoter activity {y
axis) was calculated as firefly luciferase activities of cells transfected with pGL4.10—1170 and an empty expression vector set at 1.0 after normalization of
transfection efficiencies using Renilla luciferase activities. Bottom, we transfected pGL4.10— 1170 reporter plasmid and 1 ug of GATA-1 expression vector into
HEK293 cells in the absence or presence of 1 g of expression plasmids encoding GATA-2, MZF-1, CEBPa, and CEBPB and measured luciferase activities after
48 h. Relative promoter activity (y axis) was calculated as firefly luciferase activities of cells transfected with pGL4.10~1170 and GATA-1 expression vector
setting at 100% after normalization of transfection efficiencies using Renilla luciferase activities. Data shown are the means + S.D. of three independent
experiments. p values were calculated by one-way analysis of variance with the Student-Newman-Keuls multiple comparisons test. C, HL60 and K562 were
cultured in the presence of PMA for 4 days and harvested before and after differentiation for chromatin immunoprecipitation assays. Chromatin suspensions
were immunoprecipitated with the indicated antibodies and corresponding control antibodies. The resulting precipitants were subjected to PCR to amplify
the promoter region (—377 to —77) of the HDACT gene. The amplified products were visualized by ethidium bromide staining after 2% agarose gel electro-
phoresis. Representative data of 50 cycles are shown. Input, PCR was performed with genomic DNA.
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that HDACI transactivation was driven by Spl and GATA-1
(Fig. 4A, middle). In contrast, members of the C/EBP family
transcription factors, C/EBP«a and C/EBPf, negatively regu-
lated transcription of the HDACI gene. GATA-2 and MZF-1
showed only a modest effect on promoter activity. Spl was able
to activate the —73 construct to a similar extent as the —1170
construct, suggesting that GC boxes surrounding the transcrip-
tion start site are responsible for Spl-mediated transactivation
of HDACI (Fig. 4A, bottom). However, the activity of GATA-1
was significantly diminished when the —73 construct was used,
implying that consensus sequences at the positions —973 and
—91 are necessary for GATA-1 to fully activate the HDACI
promoter. In contrast, C/EBPa and C/EBPS were still able to

"repress the HDACI promoter in the —73 construct. Since the
—73 construct lacks CCAAT boxes, the suppressor function of
C/EBPs may be mediated via interaction with activator pro-
teins, most likely GATA-1 (7, 29). To verify this hypothesis, we
examined the effects of C/EBPa and C/EBPS3 on GATA-1-me-
diated transactivation of the HDACI gene using co-transfec-
tion. As anticipated, both C/EBPa and C/EBPS significantly
suppressed HDACI promoter activation by GATA-1. In partic-
ular, C/EBPa suppressed the activity of GATA-1 to about one-
tenth (Fig. 4B, bottom). More importantly, GATA-2 and MZF-1
individually antagonized GATA-1-mediated activation of the
HDACI promoter in a dose-dependent manner (Fig. 4B, top),
and the two factors synergistically suppressed it (Fig. 4B,
bottom).

Next, we investigated the binding of these factors to HDACI
promoter in vive and its changes during hematopoietic differ-
entiation using chromatin immunoprecipitation assays. In an
undifferentiated HL-60 cell line, Sp1 and GATA-1 bound to the
sequence between —377 and —77, which was shown to be the
active regulatory region by reporter assays (Fig. 4C, day 0). This
suggests that these two factors confer the base-line expression
of HDAC1 in the myeloid-committed cell line HL-60. Upon
differentiation, both Sp1 and GATA-1 dissociated from the
HDACI promoter, and GATA-2 and a small amount of
C/EBPa became detectable (Fig. 4C, day 4). These results sug-
gest that the exchange of positive to negative regulators on the
promoter contributes to the silencing of HDACI during mye-
loid differentiation. On the other hand, the binding of Spl,
MZE-1, and GATA-2 was demonstrated in an untreated K562
cell line, whereas GATA-1 binding was not observed (Fig. 4C,
day 0). The difference of binding factors may be attributed to
the fact that K562 is more immature than HL-60 and possesses
pluripotency (21). Spl and GATA-2 may render the base-line
expression of HDACI in K562 cells, because GATA-2 appears
to be a weak activator in the absence of GATA-1 in reporter
assays. Upon megakaryocytic differentiation, the strongest acti-
vator GATA-1 was recruited to the promoter along with the
dissociation of its inhibitors MZF-1 and GATA-2 in K562 cells.
In addition, there was a slight increase in the binding of Sp1
(Fig. 4C, day 4). These changes may underlie the sustained
expression of HDACI during megakaryocytic differentiation.

Expression Levels of HDACI Affect the Differentiation Pro-
gram of Hematopoietic Progenitor Cells—One important ques-
tion regarding the expression pattern of HDACs during differ-
entiation is whether the change is a simple consequence of
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differentiation or if it has a functional meaning. To address this
question, we carried out loss-of-function studies using siRNA
against HDAC1, which represents more than half of HDAC
activities in mammalian cells and cannot be compensated by
other class | HDACs (13, 24). In a myeloid-committed cell line
HL-60, siRNA-mediated knockdown of HDAC1 promoted
myeloid differentiation, as revealed by a decrease in the expres-
sion of CD33, a marker of immature myeloid cells (30) (Fig. 54).
This suggests that HDACI is indispensable for the mainte-
nance of an immature state in HL-60 cells. In multipotent K562
cells, the suppression of HDAC1 caused a decrease of an eryth-
roid marker CD235a and a reciprocal increase of a mature mye-
loid marker CD11b (Fig. 5B). This implies that overexpressed
HDAC1 maintains the erythroid properties of K562 cells, and
its reduction results in retrograde differentiation into a myeloid
lineage. This is compatible with the expression pattern of
HDACs in hematopoietic cells. In addition, we examined the
effects of HDAC1 knockdown on normal progenitor cells in
clonogenic assays. CD34" human BMMNCs were transduced
with siRNA expression vectors and cultured in methylcellulose
medium with full cytokines to induce both myeloid and eryth-
roid differentiation. HDAC1 knockdown reduced the numbers
and sizes of erythroid colonies, CFU-E and burst-forming unit-
erythroid (BFU-E), with a reciprocal increase in granulocyte/
macrophage colonies (Fig. 5C). Taken together, these results
point to an instructive role of HDACs in lineage specification
during hematopoiesis.

HDACI Overexpression Blocks Myeloid Differentiation in a
Murine Stem Cell Transplantation Model—The data so far sug-
gest that HDAC expression should be repressed in normal
hematopoietic progenitors, and HDAC overexpression alters
the differentiation program, leading to myeloid leukemogene-
sis. To investigate whether HDAC overexpression actually
results in the deregulation of hematopoietic differentiation, we
performed stem cell transplantation studies in syngeneic mice
(22, 23). We isolated ¢-KIT-positive bone marrow mononu-
clear cells from C57BL/6 (Ly-5.1) mice and infected them with
retroviruses carrying either HDACI cDNA with green fluores-
cent protein (GFP) or GFP alone {mock). The validity of the
expression vector was confirmed by checking HDAC1 overex-
pression and target gene silencing in transfected cells (supple-
mental Fig. $7). We transplanted HDAC1- or mock-transfected
cells into a lethally irradiated C57BL/6 (Ly-5.2) strain and mon-
itored engraftment by measuring the percentages of GFP-pos-
itive and/or Ly-5.1- positive cells in peripheral blood serially. As
shown in Fig. 64, both HDAC1- and mock-transfected progen-
itor cells successfully reconstructed hematopoiesis in recipient
mice 4 weeks after transplantation. However, donor-derived
leukocytes gradually declined in the peripheral blood of mice
that received HDACI1-transduced cells after 12 weeks and
became nearly undetectable after 28 weeks (Fig. 64). In con-
trast, there were no significant changes in the numbers of red
blood cells and platelets between HDAC1- and mock-trans-
planted mice (data not shown). This is in line with the results of
our in vitro studies indicating that HDAC expression is
required for erythro-megakaryocytic differentiation. Leukemic
transformation of transplanted cells was not observed up to 60
weeks after transplantation.
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Next, we analyzed the components of bone marrow 10 weeks
after transplantation. In HDAC1-transduced mice, there was a
significant reduction of c¢-KIT-positive progenitors and
CD11b-positive myeloid cells, whereas CD3- and B220-positive
lymphoid cells were relatively increased compared with mock-
transfected mice (Fig. 6B). Consistent with normal numbers of
red blood cells and platelets in peripheral blood, immature cells
of both lineages were normal or slightly increased in the bone
marrow of HDAC]1-transduced mice. These results indicate
that HDAC1 exclusively perturbs myelopoiesis when overex-
pressed in hematopoietic progenitor cells. To corroborate this
notion, we isolated c-KIT/GFP double-positive cells from bone
marrow of mice transplanted with either HDAC1- or mock-
transduced progenitors and subjected them to in vitro clono-
genic growth assays. As shown in Fig. 6C, HDAC1 overexpres-
sion reduced the formation of CFU-GM, which corresponds to
committed progenitors of myeloid lineage, without affecting
mature erythroid progenitors CFU-E. HDAC1-transduced pro-
genitors did not produce spontaneous colonies in this assay
(Fig. 6C, No CSF). Furthermore, replating experiments yielded
few or no secondary and tertiary colonies in semisolid medium
even in the presence of growth factors (data not shown). These
results suggest that HDAC1 overexpression alone cannot
immortalize hematopoietic stem/progenitor cells, which is in
line with the observation of transplantation studies.

DISCUSSION

Class I histone deacetylases are globally implicated in the
growth and differentiation of mammalian cells by modifying
chromatin structures and gene expression (12, 13). However,
relatively little is known about their specific roles in normal
hematopoiesis. In this study, we investigated the expression
and function of major class | HDACs in normal human hema-
topoietic cells and obtained the following novel findings. First,
the expression of HDAC:s is very Jow in CD34™ hematopoietic
progenitor cells. Second, HDACI plays an instructive role in
lineage specification during hematopoiesis. Finally, HDAC1 is
overexpressed in AML cells and contributes to leukemogenesis
by perturbing myeloid differentiation. Overall, these findings
indicate that HDAC is not merely an auxiliary factor of genetic
elements but plays a direct role in the cell fate decision of hema-
topoietic progenitors.

The biological significance of the low level expression of
HDAC:s in hematopoietic progenitor cells has yet to be deter-
mined; however, this phenomenon explains why hematological

cells were transfected with lentiviral vectors carrying shRNA/sIRNA against
scrambled sequences or HDACT and subjected to flow cytometric analysis at
theindicated time points. Data shown are the means + S.D. (bars) of themean
fluorescence intensity of CD235a and a percentage of CD11b-positive cells in
GFP-positive fractions (n = 3). p values were calculated by paired Student’s t
test (*, p < 0.05). C, CD34* human bone marrow mononuclear cells were
transfected with lentivirus vectors carrying shRNA/siRNA against scrambled
sequences or HDACT. GFP-positive cells were sorted and seeded at 0.5-1 X
10° cells/ml in methylcellulose medium supplemented with full cytokines as
described in the legend to Fig. 1. The numbers of CFU-GM/CFU-E and CFU-
GM/BFU-E were counted after 7 and 10 days of culture, respectively, and
expressed as relative percentages. Data shown are the means + 5.D. of three
independent experiments. p values were calculated by paired Student’s t test
(*, p < 0.05). Representative photographs are shown below (original magni-
fication, X100).
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Colonies/5000 cells

toxicity is relatively weak in patients treated with HDAC inhib-
itors (17, 18). Inoue et al. (31) have also reported that the
expression of HdacI mRNA is extremely low in purified murine
hematopoietic stem cells compared with cumulus and other
somatic cells. They speculate that low HDAC activity underlies
insufficient reprogramming of the genome from hematopoietic
stem cells after nuclear transfer, which is consistent with the
general consensus that hematopoiesis is difficult to reconstruct
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in vitro by genetic manipulation (32). Our findings fully support
their view and further suggest that hematopoietic stem/pro-
genitor cells may possess a unique genetic program, which
characterizes the hematopoietic system.

Accumulating evidence indicates that hematopoietic stem/
progenitor cells express a wide variety of genes required for
multiple differentiation programs, most of which become
repressed as lineage choices are restricted during terminal dif-
ferentiation (33—35). This “priming” of multiple genes is con-
sidered to be essential for hematopoietic stem/progenitor cells
to maintain multipotency. To accomplish this unique property,
hematopoietic stem/progenitor cells have an open chromatin
state, which is achieved by hyperacetylation of promoter his-
tones. The low abundance of HDACs should contribute to his-
tone hyperacetylation of “primed” genes in hematopoietic
stem/progenitor cells. Indeed, multiple sites of core histones
were hyperacetylated in CD34™ progenitor cells compared
with AML cells in our study. Moreover, up-regulation of
HDACs in more differentiated/committed progenitors is con-
sistent with this notion. If this scenario is true, exogenous inter-
ference with the up-regulation of HDACs may inhibit the dif-
ferentiation of progenitor cells, leading to their expansion.
Recent investigations suggest that this is the case: pharmaco-
logical down-regulation of HDAC:s effectively expands hema-
topoietic progenitor cells ex vivo (36, 37). Similarly, Haumaitre
et al. (38) succeeded in amplifying endocrine progenitor cells
using HDAC inhibitors.

In this study, we also found that HDACI has an instructive
role in lineage specification of human hematopoietic cells.
HDACI is up-regulated in differentiating progenitor cells of
multiple lineages by down-regulation of GATA-2 and MZF-1,
which are abundantly expressed in early progenitor cells (39,
40). Common myeloid progenitors differentiate into erythro-
megakaryocytic lineages when HDACI expression is sustained
by GATA-1. In contrast, they differentiate into myeloid cells,
especially granulocytes, when HDACI is down-regulated by
C/EBPs. This view is compatible with the recent report by
Yamamura ef al. (41), in which pharmacological inhibition of
HDAC activities enhances interleukin-3 and stem cell factor-
mediated generation of committed progenitors from human
peripheral blood-derived CD34™ cells and inhibits erythropoi-
etin-induced erythroid differentiation of committed progeni-
tors. Furthermore, experiments using HDAC inhibitors have
revealed the roles of HDACs in the differentiation of several cell
types, including neurons, oligodendrocytes, osteoblasts, intes-
tinal epithelial cells, adipocytes, and regulatory T cells (42— 44).
Our results provide the molecular basis of these observations
and the rationale for medical application of HDAC inhibitors to
tissue regeneration.

Finally, we found that HDACs are overexpressed in nearly all
primary AML cells and cell lines without fusion gene products
caused by chromosomal translocations. The involvement of
HDAC:s in leukemogenesis in AML cells carrying fusion gene
products has been well characterized and provides a theoretical
basis for the efficacy of HDAC inhibitors for acute leukemias
with chromosomal translocations (14, 15). Our findings extend
this view and propose more generalized roles of HDACs in leu-
kemogenesis and the validity of class | HDACs as therapeutic
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targets in various hematological malignancies. As a result of
HDAC overexpression, histone acetylation was diminished at
multiple residues, including histone H4-lysine 16. Loss of acety-
lation at histone H4-lysine 16 was shown to be an epigenetic
hallmark of human cancer, including AML, by Fraga et al. (45).
Therefore, overexpression of HDACs may be a common fea-
ture of malignant cells, playing a fundamental role in oncogen-

esis. Indeed, overexpression of HDACs, mostly HDAC], has-

been described in gastric, prostate, breast, cervical, and colon
cancers (46, 47). As for the mechanisms of HDAC overexpres-
sion in AML, we speculate that loss-of-function mutations of
C/EBP or abnormalities in the expression of MZF-1 and
GATAZ2 cause aberrant expression of HDACI in hematopoietic
stem/progenitor cells. Although further investigation is
required to elucidate the underlying mechanisms, HDAC over-
expression justifies the application of HDAC inhibitors for can-
cer treatment.

According to the two-hit theory, two independent genetic
abnormalities are required for the development of AML (11).
Class I mutations confer a growth advantage on hematopoietic
stem cells, and class II mutations block differentiation. The
results of our transplantation studies suggest that HDACI acts
as a novel class II transforming gene upon overexpression in
hematopoietic stem/progenitor cells. From a mechanistic
standpoint, two questions emerge immediately. What is the
identity of the downstream effectors? What are the accompa-
nying class I mutations? To address the first question, we per-
formed DNA microarray analysis of HDACI-transduced
¢-KIT-positive bone marrow cells from recipient mice. Among
22,201 genes screened, the expressions of 153 genes (0.69%)
were up-regulated more than 2-fold in HDAC1-transduced
¢-KIT™ progenitor cells compared with mock-transfected con-
trol (supplemental Fig. S8). Similarly, down-regulation was
observed in 63 genes (0.28%). Supplemental Table S2 shows
part of the HDAC1-regulated genes, in which the alteration of
the expression levels was confirmed by real time quantitative
RT-PCR. Among them, up-regulation of c-Mpl is most inter-
esting, because it is essential for megakaryocyte development
(48) and for maintaining hematopoietic stem cells in the G,
phase of the cell cycle (49). It is possible that up-regulated
¢-MPL directs HDAC1-expressing progenitors into quiescence
and also skews their differentiation program into erythro-
megakaryocytic lineage. Regarding the second question, we
have found a positive correlation of the presence of internal
tandem duplication of FLT3 (FLT3-ITD), the most frequent
class I abnormality in de novo AML (50), with the expression
levels of HDACI (supplemental Fig. $9). This strongly suggests
that HDACI overexpression and FLT3 mutations collaborate
to transform progenitor cells into leukemic clones. Extensive
investigation is currently under way in our laboratory to
address the functional interplay between HDAC]1 overexpres-
sion and c¢-MPL up-regulation and/or FLT3 mutations in
leukemogenesis.

In summary, our findings add new insight into the epigenetic
regulation of normal and malignant hematopoiesis and ulti-
mately contribute to the development of better treatment strat-
egies in diseases of the hematopoietic system.
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Integrin «llbB3 is expressed in mast cells as well as in
megakaryocytes/platelets. A recent study has shown that sur-
face expression levels of integrin &V 3 are elevated in integrin
ollb-deficient bone marrow-derived mast cells (BMMCs) as
compared with wild-type (WT) counterparts, but the underly-
ing mechanism remains obscure. Here we demonstrate by trans-
ducing integrin alIb into integrin allb-deficient BMMCs that
surface expression levels of integrin aVB3 are inversely related
to those of integrin «lIbg3. Thus, competitive association of
integrin B3 with integrin a1lb or integrin oV determines surface
expression levels of integrin allbf3 or aVB3 in mast cells, We
compared WT and integrin allb-deficient BMMCs as well
as integrin allb-deficient BMMCs transduced with integrin
alIb(WT) or non-functional allb(D163A) mutant and found
that enhancement of proliferation, degranulation, cytokine pro-
duction, and migration of BMMCs through interaction with
fibrinogen (FB) depended on integrin oIIbB3. In addition, ele-
vated surface expression of integrin aV B3 failed to compensate
for loss of FB-assaciated functions in integrin allb-deficient
BMMCs while enhancing adhesion to vitronectin or von Will-
ebrand factor. Importantly, integrin allb deficiency strongly
suppressed chronic inflammation with the remarkable increase
of mast cells induced by continuous intraperitoneal administra-
tion of FB, although it did not affect acute allergic responses
or mast cell numbers in tissues in steady states. Interestingly,
soluble FB promoted cytokine production of BMMCs in re-
sponse to Staphylococcus aureus with FB-binding capacity,
through integrin «allbf3-dependent recognition of this patho-
gen. Collectively, integrin allbf3 in mast cells plays an impor-
tant part in FB-associated, chronic inflammation and innate
immune responses.

Mast cells play a critical role in IgE-associated allergic disor-
ders, but recent advances have delineated the involvement of
mast cells in IgE-independent physiological and pathological
processes, including certain innate immune responses. In fact,
various stimuli, in addition to IgE and specific antigens, can
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activate mast cells to release a diverse array of preformed and
newly synthesized pro-inflammatory mediators such as hista-
mine, lipids, cytokines, and chemokines (1~4). Although mast
cell numbers and activation in tissues are closely related to mast
cell-mediated immunity, the underlying mechanism remains
incompletely understood. As one of the key phenomena, mast
cells interact with the extracellular matrix (ECM)? through
integrins composed of two subunits (a and B), thereby regulat-
ing mast cell functions. As previously reported (5-9), integring
a4fB1and a581, or integrin aV B3, expressed in mast cells medi-
ate binding to fibronectin (FN) or vitronectin (VN), respec-
tively. Interestingly, integrin a4pB7 is involved in intestinal
homing of mast cell progenitors via interaction with mucosal
vascular addressin cell adhesion molecule-1 (10). In view of the
implication of mast cell integrins in innate immunity, integrin
@21 expressed in peritoneal mast cells is required for the
induction of inflammatory responses to infection (11). In addi-
tion, integrin V86 is essential for nematode-induced mucosal
mast cell hyperplasia and for expression of the granule chymase
(12).

Integrin allb, also known as CD41, which forms a complex
with integrin 83, is a well known marker of the megakaryocyte/
platelet lineage. Integrin ol1bB3 is required for normal platelet
hemostatic function (13~17). Previously, we reported that inte-
grin olIbB3 is also highly expressed in mast cells (9, 18). In
addition, we demonstrated that mast cell interaction with
fibrinogen (FB) via integrin ollbB3 enhances i vitro mast cell
functions, by using a blocking Ab specific for integrin allb (9),
On the other hand, higher surface expression levels of integrin
@V and enhanced adhesion to VN were found in integrin alIb-
deficient BMMCs as compared with wild-type (WT) counter-
parts (18), suggesting that integrin ollb and integrin oV coun-
ter-regulate their surface expression levels and functions in
mast cells. Therefore, we attempted to carefully analyze the
regulatory mechanisms by utilizing retroviral transduction
with integrin allb WT or non-functional mutant into integrin
allb-deficient BMMCs.

2The abbreviations used are: ECM, extracellular matrix; BMMCs, bone mar-
row-derived mast cells; B, fibrinogen; FN, fibronectin; SA, fixed S. aureus
Cowan; PCA, passive cutaneous allergic reaction; SCF, stem cell factor; VN,
vitronectin; vWF, von Willebrand factor; WT, wild type; Ab, antibody; mAb,
monocional antibody; IL-3, interleukin-3; BSA, bovine serum albumin; P8BS,
phosphate-buffered saline; LPS, lipopolysaccharide; TNP, trinitrophenol;
DNP, dinitrophenol; WT, wild type; KO, knockout.
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FB abundant in plasma contributes to blood clotting (19). In
addition, FB as well as its degradation product fibrin are also
present in ECM outside blood vessels, where they play impor-
tant roles in inflammation and wound healing through recruit-
ment and activation of inflammatory cells expressing FB-bind-
ing receptors (19-22). Interestingly, surface proteins that bind
to EB are also expressed by several types of bacteria, such as
Staphylococcus aureus and Streptococcus pyogenes, which mod-
ulate immune responses to bacterial infections (23-25).

In the present study, we showed that integrin oIIb expression
Jevels regulate surface expression levels of integrin oV 33 as well
as integrin allbf3 in mast cells and that mast cell functions
augmented by interaction with EB are dependent on integrin
olIbp3 and independent of integrin &V B3. In accordance, inte-
grin ollb deficiency strongly suppressed FB-induced chronic
inflammation. Notably, the interaction with soluble FB via inte-
grin oI1bf33 helps mast cells recognize and respond to S. aureus
(Cowan I) with FB-binding capacity. Thus, integrin a1lbB3 in
mast cells modulates FB-associated, chronic inflammation and
innate immune responses.

EXPERIMENTAL PROCEDURES

Mice—All experimental mice were sex- and age-matched
(6-16 weeks old). Balb/c mice were purchased from Charles
River Japan (Tokyo, Japan). Integrin allb™/~ mice were gener-
ated as described previously (14) and backerossed to Balb/c
mice for at least six generations. Animal studies were per-
formed according to the guidelines of the animal care commit-
tee of the Institute of Medical Science, University of Tokyo.

Antibodies and Other Materials—Source of antibodies (Abs)
were as follows: anti-mouse integrin allbB3 mAb (1B5) was a
kind gift from Dr. B. S. Coller (Rockefeller University, New
York, NY) (26). Anti-mouse integrin oV (8B3) and anti-mouse
integrin 83 (8B11) mAbs were kind gifts from Drs. D. ]. Gerber
and S. Tonegawa (Picower Center, Massachusetts Institute
of Technology, Boston, MA) (27). Anti-dinitrophenol (DNP)
IgE (SPE-7) was from Sigma. Anti-trinitrophenol (TNP) IgE
(C38-2), anti-mouse allb (MWReg30), anti-mouse aV (RMV-7
and H9.2B8), anti-mouse a4 (9C10), anti-mouse a5 (5H10-27),
anti-mouse LEA1(M17/4), anti-mouse 1 (Ha2/5), anti-mouse B2
(GAME-46), and anti-aV3 (2C9.G2) mAbs and other Abs were
from BD Pharmingen. Cytokines such as mouse 1L-3 and SCF
were obtained from R&D Systems. Bovine serum VN and TNP-
conjugated BSA (TNP-BSA) were from Sigma. Human plasma FB
and von Willebrand factor (vWF) were from Chemicon. Formalin-
fixed S. aureus Cowan | was purchased from Calbiochem.

Cells—To generate BMMCs with 95% purity (c-kit* /FceRI™
by flow cytometry), bone marrow cells from 6-week-old male
mice were cultured for 5-8 weeks in the presence of 10
ng/ml IL-3 with or without 20 ng/ml SCF as described pre-
viously (9, 28).

DNA Constructs, Transfection, and Infection—To generate
mouse integrin allb(D163A) mutant, two-step PCR mutagen-
esis was performed by using mouse integrin allb wild-type
(WT) cDNA (provided by Dr. R. B. Basani, Children’'s Hospital
of Philadelphia, PA) as a template. Retroviral transfection was
as described in a previous study (29). Briefly, integrin allb(WT)
or allb(D163A) mutant cDNA was subcloned into pMXs-

31464 JOURNAL OF BIOLOGICAL CHEMISTRY

IRES-puro’ (pMXs-1P) to generate pMXs-IP-integrin allb(WT)
or alIb(D163A), respectively. To generate recombinant retrovi-
ruses, pMXs-IP plasmids were transfected into PLAT-E packaging
cells (30) with FuGENE 6 (Roche Diagnostics). Cells were infected
with retroviruses in the presence of 10 ug/ml Polybrene. Selection
with puromycin was started 48 h after infection.

Flow Cytometric Analysis—Cells were stained as described
before (9, 28). Cells stained with the indicated Abs were ana-
lyzed with a FACSCalibur equipped with CellQuest software
(BD Biosciences) and Flowjo software (Tree Star).

Adhesion Assay and Migration Assay—Adhesion assay was
done as described (6, 9). In brief, 96-well plates were coated
with 20 pg/ml FB, EN, VN, or vWF. BMMCs resuspended at
5 X 10° cells/m] were transferred into coated wells with or
without stimulant for 1 h at 37 °C. After washing, cell adhesion
was quantitated using CellTiter-Glo™ (Promega, Madison,
W1) and a Micro Lumat Plus luminometer (EG&G Berthold),
according to the manufacturer’s instructions. In assays using
blocking Abs, BMMCs were preincubated with 20 p.g/ml Abs
for 1 h before adding the cells to the plate. Migration assays
were carried out as described (7, 9), using 24-well Transwell
chambers with 5-m polycarbonate filters {Corning).

Measurement of Cytokines—The cells were transferred into
FB-coated 96-well plates (1 X 10% cells/well) with or without
stimulants. After incubating for 12 h at 37°C, the supernatant
of each well was collected, and the concentration of IL-6 or
TNF-a was quantified by enzyme-linked immunosorbent assay
with OptiEIA for IL-6 or TNF-a (BD Pharmingen) as described
(9, 28).

B-Hexosaminidase Release Assay—B-Hexosaminidase release
assay was as described before (31). Briefly, 5 X 10* cells of 1gE-
sensitized BMMCs in Tyrode buffer (10 mm HEPES buffer (pH
7.4), 130 mm NaCl, 5 mm KCl, and 5.6 mm glucose) containing
0.1% BSA, 1 mm CaCl,, and 0.5 mm MgCl, were stimulated with
the indicated concentration of TNP-BSA in BSA- or FB-coated
96-well plates for 1 h at 37°C. Cell supernatants and total
cell lysates solubilized with 1% Nonidet P-40 were collected,
and B-hexosaminidase in the supernatants and cell lysates
was quantified by spectrophotometric analysis of hydrolysis
of p—nitrophenyl-N—acetyl-B—D—glucopyranoside (Sigma). The
percentage of B-hexosaminidase release was calculated.

PCA Reactions—DPassive cutaneous anaphylactic (PCA) reac-
tions were performed as described (32-34). Briefly, anti-DNP
IgE was intradermally injected into the ears of mice. After 24 h,
250 g of DNP-BSA and 0.5% Evans blue dye was intravenously
injected. The amounts of extravasated dye were measured after
30 min by extracting ears. In another type of experiment, mice
received anti-DNP IgE intravenously. After 24 h, a skin reaction
was elicited by applying 0.75% dinitrofluorobenzene acetone-
olive oil solution to both sides of the ears. The reaction was
assessed by measuring the ear thickness 1 h and 12 h after anti-
gen challenge.

EB-induced Chronic Inflammation Model—200 wl of 0.5
mg/ml FB or PBS was intraperitoneally injected into WT or
integrin allb™’~ mice every 2 days. After 1 month, total peri-
toneal cells of the sacrificed mice were collected by using 3 ml of
PBS. Total cell numbers were counted by using a hemocytom-
eter; the percentages of mast cells (c-kit* /FceRl™), granulo-
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cytes (Gr-1"'8"/CD11b*), and macrophages (F4/80™) were cal-
culated by fluorescence-activated cell sorting analysis.

Responses to Fixed S. aureus Cowan I in BMMCs—Fixed S.
aureus Cowan I (SA) purchased from Calbiochem was stained
with Cell Tracker Orange (Molecular Probes). Five X 10*
BMMCs suspended in 10% BSA/Tyrode buffer were incubated
with SA in the presence or absence of 0.5 mg/ml soluble FB in
BSA-coated 96-well plates for 2 h. The interaction between
mast cells and SA was observed by using a fluorescence micro-
scope. After the supernatant of each well was collected, bacte-
rial cells were removed with a 0.22-pum filter. Cytokine concen-
trations in the supernatants were quantified by enzyme-linked
immunosorbent assay.

Quantitation of Tissue Mast Cells—Tissue mast cells in ear
skin, back skin, peritoneal wall, and intestine were quantified by
light microscopy at X400 by an observer who was unaware of
the identity (i.e. mouse genotype) of the individual specimens,
in Giemsa-stained sections, as previously described (28, 35, 36).
Results were expressed as mast cells (mean *+ S.E.) per mm?2.

Statistical Analysis—Data are shown as the mean * S.D. Sta-
tistical significance was determined by Student’s ¢ test, with r<
0.01 (**) and p < 0.05 (*) taken as being statistically significant.

RESULTS

Surface Expression Levels of Integrin aV Are Elevated in Inte-
grin allb-deficient BMMCs—To investigate the role of integrin
allb in mast cells, bone marrow cells from WT and integrin
alIb™~ mice were cultured in the presence of IL-3 for 5 weeks
to generate comparable numbers of morphologically pure
(>95%) mast cells. BMMCs from WT and integrin allb™/~
Balb/c mice exhibited similar levels of FceRI and c-kit on their
cell surfaces as determined by flow cytometry (Fig. 14). In addi-
tion, proliferative responses to IL-3 as well as apoptosis induced
by growth factor (IL-3) deprivation were comparable between
both BMMC:s (Fig. 1, C and D). Thus, integrin ollb deficiency
did not affect Balb/c mice-derived mast cell development and
growth in suspension culture, as previously reported in
C57BL/6 mice (18). Moreover, when IgE-sensitized BMMCs
were stimulated with the indicated doses of antigen, we found
comparable levels of B8-hexosaminidase release and cytokine
(IL-6 and TNF-a) production (Fig. 1, E and F, and data not
shown). This also suggested that integrin ollb deficiency did
not modulate FceRI signaling in suspension culture of mast
cells. However, in keeping with previous findings (18), we con-
firmed the striking differences between the two cell types: sur-
face expression levels of integrin aV and integrin aV33 were
10-fold higher in integrin allb-deficient BMMCs as compared
with WT counterparts, despite comparable expression levels of
other integrins such as integrins a4, &5, and 1, and no detect-
able expression of integrin B2 in either BMMC (Fig. 1E). Col-
lectively, these results led us to postulate that integrin alIb defi-
ciency influenced mast cell functions through interaction with
ECM.

Surface Expression Levels of Integrin oV Are Inversely Corre-
lated with Those of Integrin allb—We next investigated the
mechanism by which surface expression levels of integrin aV
were elevated in integrin allb-deficient BMMCs. As previously
reported (18), mRNA levels of integrin &V and integrin 83 were

NOVEMBER 6, 2009+VOLUME 284-NUMBER 45  NASHDH

comparable between WT and integrin allb-deficient BMMCs
(data not shown), suggesting the post-translational regulation
of surface expression levels of integrin &V in BMMCs. Because
integrin 83 forms a complex with integrin olIb or integrin oV,
we hypothesized that integrin &V competed with integrin allb
in the association with integrin 83. To test this, integrin allb-
deficient BMMCs were retrovirally transduced with integrin
ollb WT or mock. Notably, flow cytometric analysis demon-
strated that transduction with integrin allb(WT) strongly
down-regulated surface expression of integrin aV in integrin
allb-deficient BMMCs (Fig. 24). In addition, integrin allb-
(D163A) mutant (37), which lost the capacity to bind to FB, was
transduced into integrin allb-deficient BMMGCs. Consistent
with a previous report (37), surface expression levels of integrin
allb(D163A) mutant were weaker than those of integrin
allb(WT) in the transduced cells. In proportion to less induc-
tion of integrin aIIb(D163A), surface expression levels of inte-
grin &V in integrin allb(D163A) mutant-transduced cells were
less down-regulated as compared with those in integrin
alIb(WT)-transduced BMMCs (Fig. 2A). Furthermore, similar
experiments were performed using murine T cell lymphoma
cell line BW5147, which originally expressed integrin aV B3 but
not integrin oIIbB3. As shown in Fig. 2B, transduction with
integrin alIb(WT) into BW5147 cells down-regulated surface
expression of integrin aV to a greater degree as compared with
transduction with integrin alIb(D163A) mutant, Collectively,
surface expression levels of integrin oV were inversely related
to those of integrin allb, and even non-functional integrin allb
competed with integrin a'V for integrin 3.

Reduced Adhesion to FB and Enhanced Adhesion to VN and
vWF in Integrin allb-deficient BMMCs—Next, we examined
the effects of integrin ollb deficiency on mast-cell adhesion to
ECM proteins such as FN, FB, VN, and vWF. IgE stimulation-
dependent adhesion to FB was strongly suppressed in integrin
allb-deficient BMMCs, whereas adhesion to VN or vWF was
drastically enhanced in integrin allb-deficient BMMCs, pre-
sumably because of increased surface expression of integrin
aV B3 in integrin allb-deficient BMMCs when compared with
WT BMMCs (Fig. 34). On the other hand, integrin alIb defi-
ciency did not significantly affect the adhesion to EN (Fig. 34).
In addition, we examined the inhibitory effect of pretreat-
ment with blocking Abs against integrin allbB3 or integrin
aVB3 on mast-cell adhesion to ECM proteins, confirming
that, in WT BMM(Cs, the binding to FB, VN, or vWF was
dependent on integrin allbp3, integrin aVB3, or both (Fig.
3B). Similar experiments were also performed with regard to
integrin ollb-deficient BMMCs, demonstrating that pre-
treatment with blocking Abs against integrin aV dampened
IgE stimulation-dependent strong adhesion to VN or vWF as
well as weak adhesion to FB, whereas it did not affect the
adhesion to FN (Fig. 3B). In contrast, pretreatment with
blocking Ab for integrin allb did not reduce the adhesive
property at all (Fig. 3B). Collectively, these results suggested
that elevated surface expression levels of integrin V3 in
allb-deficient BMMCs enhanced the adhesion to VN or
vWF, but it did not compensate for the defective adhesion to
FB owing to integrin allbB3 deficiency.
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FIGURE 1. Functional analysis of WT and integrin allb-deficient BMMCs in in vitro suspension culture. A and B, surface expression levels of FceRI and c-kit
as well as several integrins such as integrin allb, aV, aVg3, a4, a5, B1, and B2inWT and integrin odib-deficient BMMCs. Mean fluorescent intensities of staining
were indicated. Data are representative of three independent experiments. C, In vitro growth curves of bone marrow cells derived from WT and integrin
alib-deficient mice. Numbers of trypan blue-excluding cells in bone marrow cell cultures in IL-3-containing medium were counted weekly. Data are repre-
sentative of three independent experiments. All data points correspond to the mean = S.D. D, IL-3 deprivation-induced apoptosis of WT and integrin
alib-deficient BMMCs. Percentage of annexin V-positive cells after 48 h was measured by flow cytometric analysis. Data represent three independent exper-
iments. All data points correspond to the mean + S.D. Eand F, after IgE-sensitized WT and integrin allb-deficient BMMCs were stimulated with the indicated
concentrations of antigen for 50 min or 24 h, the amounts of B-hexosaminidase (£) or IL-6 (F), respectively, released into medium were measured. Data
represent three independent experiments. All data points correspond to the mean = S.D.
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functions through interaction with
FB, we performed similar experi-
ments on adhesion and cytokine
production in integrin «llb-defi-
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75 depicted in Fig. 54, transduction

with integrin olIb(WT), but not
integrin ollb(D163A) mutant, aug-
mented the adhesion to FB as com-
pared with transduction with mock.

Integrin aV

staining were indicated. Data represent three independent experiments.

Enhancement of Migration, Proliferation, Degranulation, and
Cytokine Production of BMMCs through Interaction with FB Is
Dependent on Integrin ollb—We next examined the effect of
integrin allb deficiency on mast-cell functions through inter-
action with FB. As previously reported, SCF induced migration
of WT BMMCs when the lower membranes of the Transwells
were pre-coated with FB, FN, or VN. Comparison of the migrat-
ing cell numbers between WT and integrin allb-deficient
BMMCs revealed that integrin allb deficiency strongly dimin-
ished or enhanced the migration of BMMCs through interac-
tion with FB or VN, respectively, whereas it did not affect mast
cell migration through interaction with FN (Fig. 3C). These
results also suggested that, in integrin aIlb-deficient BMMCs,
both the adhesive and migratory ability were altered toward
integrin aV 83, whereas there was little interaction with FB, a
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FIGURE 2. Elevated surface expression levels of integrin oV in integrin allb-deficient BMMCs were
reduced by transduction with integrin allb. A and B, integrin allb-deficient BMMCs (A) or BW5147 cells (8)
were transduced with integrin allo(WT), alib(D163A) mutant, or mock. Surface expression levels of integrin
allb or integrin aV in these transfectants were analyzed by flow cytometry. Mean fluorescent intensities of

On the other hand, transduction
with integrin oIIb(D163A) as well as
integrin oIIb(WT) diminished the
adhesion to VN, with the degree of
the former being a little lower than
that of the latter, which was consist-
ent with surface expression levels of integrin ¢V33 in integrin
allb-deficient BMMCs transduced with integrin oIIb(WT) and
(D163A) mutant (Fig. 24). Moreover, transduction with inte-
grin alIb(WT), but not integrin oIIb(D163A), induced the
enhancement of cytokine production through interaction with
FB in integrin allb-deficient BMMC:s (Fig. 5B). Collectively,
these results definitively confirmed that enhanced mast cell
functions through interaction with FB were dependent on inte-
grin allbB3 but not integrin oV 3.

Integrin alib Deficiency Affected Neither Tissue Mast Cell
Numbers in Steady States nor Mast Cell-mediated Acute Aller-
gic Reactions—Because enhanced proliferation and migration
of BMMCs through interaction with FB were suppressed by
integrin alIb deficiency, we compared the quantity of tissue
mast cells in WT and in integrin alIb™/~ mice. Microscopic
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tissue mast-cell numbers and distri-
butions in steady states or IgE-me-
diated acute allergic responses.
Integrin ollb Deficiency Sup-
pressed Peritoneal Chronic Inflam-
mation with a Remarkable Increase
of Mast Cells Induced by Repetitive
Intraperitoneal FB Administration—
We next asked whether integrin
allb deficiency influenced chronic
o inflammation with extravascular FB
and fibrin deposition. To explore
the direct effects of FB, we adopted
FB-induced chronic inflammation

100 s

models where FB was administered

into peritoneal cavities every other

~~~~~~~~~ - day. After 1 month, we counted
total peritoneal cell numbers and

infibiton (%)

estimated cell populations by flow

-------- cytometric analysis. In steady states
before the stimulation, we found no

significant differences in total peri-

oePBs

C

. i
15 !E.BS.‘.A_.,......-4.;_%.”..‘_H,,.._. - SCF 15 B

10

Cell (X109)

toneal cell numbers or in mast cell
o numbers between WT and integrin
allb™’~ mice (Fig. 6A and data not

shown). Interestingly, repetitive in-
traperitoneal injection of FB, but
not PBS as a control, induced severe
chronic inflammation with a re-
markable increase of mast cells as
well as total inflammatory cells in

e

} the peritoneal cavities of WT mice
(Fig. 6, A and B). Thus, an FB-in-

Cell (X109)

KO

RV KO

duced chronic inflammation model
was established. Intriguingly, inte-
grin allb deficiency strongly sup-
pressed the number of mast cells as

FIGURE 3. Enhanced adhesion to VN or VWF and deteriorated adhesion to FB in integrin allb-deficient
BMMCs. A, WT and integrin allb-deficient BMMCs were incubated with orwithout 5 pg/ml SPE-7 IgEin FN-, FB-,
VN-, or VWF-coated plates. Percentage of adherent cells was measured. Data are representative of three inde-
pendent experiments. All data points correspond to the mean % 5.D.>* {p < 0.01) and * (p < 0.05) indicate
statistical differences. B, pretreatment with blocking Ab for integrin allb or integrin aV inhibited to various

well as the total number of inflam-
matory cells in the peritoneal cavi-
ties (Fig. 6, A and B), although the
percentages of granulocytes and

degrees the adhesion of WT- or integrin allb-deficient BMMCs stimulated by 5 pg/ml IgE in FN-, FB-, VN-, or

vWE-coated plates. Percentage of inhibition was measured. Data are representative of three independent macrophages were not significantly
experiments. All data points correspond to _the mean * 5.D. C, WT or integrin allb-deficient BMMCs in the  different in the WT and integrin
upper wells were attracted by 100 ng/mi SCF in the lower wells through BSA-, FB-, FN-, orVN-coated Transwells.  ryp —/— oo (Fig. 6B, right panel).

Migrated cells were counted. Data represent three independent experiments. All data points correspond to the

mean * $.D.** (p < 0.01) indicates statistical differences.

analysis demonstrated that mast-cell numbers in the ear skin,
back skin, peritoneum wall, and small intestine were not differ-
ent in these mice (Table 1). Based on this, we addressed the
question of whether tissue FB extravasated by acute inflamma-
tion modulated mast cell-associated allergic reactions of WT
and integrin aIIb~/~ mice. However, no significant difference
of two types of PCA reaction was observed in these mice (data
not shown), despite enhanced in vitro degranulation and cyto-
kine production of mast cells through integrin a11bB3-depend-

31468 JOURNAL OF BIOLOGICAL CHEMISTRY

Considering the in vitro roles of
mast cell integrin oII33-FB interac-
tion, these results strongly suggested that in vivo FB-induced
chronic inflammation was largely dependent on integrin
alIbB3 in mast cells, although the effect of few, if any, platelets
in the peritoneal cavities on this phenomenon was not com-
pletely ruled out. In addition, we found comparable numbers of
inflammatory cells in WT and integrin allb-deficient mice 24h
after single dose of FB injection (data not shown). Therefore,
EB-induced chronic inflammation required continuous admin-
istration of FB. Collectively, integrin allbf3 in mast cells played
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FIGURE 4. Enhanced proliferation, degranulation, and cytokine produc-
tion of WT, but not integrin allb-deficient, BMMCs through interaction
with FB. A, cell numbers of WT or integrin allb-deficient BMMCs stimulated
by 10 ng/ml IL-3 plus 100 ng/mi SCF for 5 days in BSA- or FB-coated plates.
B, B-hexosaminidase release of IgE-sensitized WT or integrin allb-deficient
BMMCs stimulated by 30 ng/ml TNP-BSA for 60 min in BSA- or FB-coated
plates. C and D, IL-6 (C} and TNF-a (D) production of IgE-sensitized WT or
integrin allb-deficient BMMCs stimulated by 30 ng/ml TNP-BSA for 16 h in
BSA- or FB-coated plates. All data are representative of four independent
experiments. All data points correspond to the mean = S.D. * (p < 0.05)
indicates statistical differences.

an important role in FB-mediated chronic, but not acute,
inflammatory responses. ’

Soluble FB Enhanced Cytokine Production of WT, but Not
Integrin allb-deficient BMMCs, in Response to S. aureus Cowan I
with FB-binding Capacity— As previously reported, mast cells
adhered to soluble FB as well as plate-coated FB via integrin
al1bf33. Because soluble FB is bound by certain types of bacteria
such as S. aureus (Cowan I), the immune cells expressing
FB-binding receptors are thought to modulate the immune
responses to these pathogens (23-25). We then investigated
whether soluble FB influenced the response of mast cells to
S. aureus (Cowan I). When WT or integrin allb-deficient
BMMCs were incubated with S. aureus (CowanI) for 2 hin the
presence of soluble FB, fluorescent microscopic analysis dem-
onstrated that WT, but not integrin allb-deficient, BMMCs
were completely surrounded by aggregated S. aureus (Cowan 1)
probably through interaction with soluble FB (Fig. 74). On
the other hand, BMMCs were not apparently covered with S.
aureus (Cowan 1) in the absence of soluble FB. These results
suggested that integrin ollbf3-dependent interaction of
BMMCs with S. aureus (Cowan I) via soluble FB probably
helped mast cells recognize this pathogen. Moreover, 1L-6
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FIGURE 5. Transduction with integrin ollb{WT) enhanced or suppressed
the adhesion to FB or VN, respectively, in integrin allb-deficient BMMCs,
A, integrin allb-deficient BMMCs transduced with integrin  alib{WT),
allb(D163A) mutant, or mock were incubated with 5 ug/ml SPE-7 IgE for 60
min in FB- or VN-coated plates. The percentage of adherent cells was meas-
ured. Data are representative of three independent experiments. All data
points correspond to the mean = S.D. ** (p < 0.01) and * (p < 0.05) indicate
statistical differences. B, integrin allb-deficient BMMCs transduced with inte-
grin allb(WT), alib(D163A) mutant, or mock were incubated with 5 ug/mi
SPE-7 IgE for 16 h in FB-coated plates. The amounts of IL-6 released Into
medium were measured. Data are representative of three independent
experiments. All data points correspond to the mean % S.D. * (p < 0.05)
indicates statistical differences.
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TABLE 1

Numbers of mast cells in ear skin, back skin, peritoneum wall, and
small intestine

Numbers of mast cells per ten randomly selected high power fields were determined

under light microscopy. Results are the mean values * S.E. for four mice/group.
WT, wild type; KO, knockout.

Tissue wT KO
Ear skin 112 + 117 109 3.2
Back skin 29.7 £ 23 413+ 13
Peritoneum wall 9350 10*2

Small intestine 53+33 6+3.0

released into each supernatant was quantified by enzyme-
linked immunosorbent assay, demonstrating that soluble FB-
induced enhancement of IL-6 production was observed only in
WT, but not integrin ollb-deficient, BMMCs in response to S.
aureus (Cowan I) (Fig. 7B). To examine the specificity of this
phenomenon, similar experiments were performed using Esch-
erichia coli without FB-binding capacity. As shown in Fig. 7B,
soluble FB-dependent enhancement of IL-6 production of
BMMC:s stimulated by E. coli was not observed irrespective of
integrin aIlb expression, suggesting that soluble FB induced the
enhancement of cytokine production of BMMCs in response to
bacteria with, but not without, FB-binding capacity. Because
Toll-like receptors primarily play an important part in the rec-
ognition of and response to bacteria (3), we also asked if soluble
FB or immobilized FB enhanced cytokine production of both
BMMCs stimulated by LPS, a Toll-like receptor 4 agonist. As
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FIGURE 6. Repetitive injection of FB into peritoneal cavities induced
chronic inflammation more severely in WT mice in comparison to inte-
grin alib-deficient mice. A, peritoneal mast cell numbers of WT and integrin
allb-deficient mice before (left panel) and after (right panel) FB injection.
B, total peritoneal cell numbers (left panel) and cell populations (right panel) of
WT and integrin allb-deficient mice after continuous intraperitoneal inocula-
tion of FB or PBS for 1 month (n = 5/genotype). All data points correspond to
the mean = $.D.** (p < 0.01) indicates statistical differences.

WT KO WT KO

depicted in Fig. 7 (B and C), soluble FB did not affect 1L-6
production of either WT or integrin allb-deficient BMMCs
stimulated by LPS, whereas immobilized FB enhanced IL-6
production of WT, but not integrin allb-deficient, BMMCs
stimulated by LPS. These results suggested the synergism of
Toll-like receptor 4 signaling and integrin allbS3 signaling
through interaction with immobilized FB, but not soluble
EB. Altogether, soluble FB enhances the cytokine production
of BMMCs in responses to S. aureus {Cowan I), probably
because mast cell-soluble FB-S. aureus (Cowan I) complex
formation promoted the quick and tight recognition of this
pathogen by mast cells.

DISCUSSION

In a previous study, we found that integrin ollbg3 is highly
expressed in mast cells, in addition to the megakaryocyte/plate-
let lineage and a subset of hematopoietic progenitors (9, 14, 18).
Experiments using blocking Abs specific for integrins demon-
strated that adhesion to FB, VN, or vIWF was mediated through
integrin alIbB3, integrin aV 33, or both, respectively (9). In the
follow-up study, we first paid attention to the interesting results
shown by Berlanga O et al. that integrin allb-deficient BMMCs
displayed extremely higher surface expression levels of integrin
aV3 as compared with WT counterparts (18). Because coun-
ter-regulation of integrin allbB3 and integrin aVB3 on their
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FIGURE 7. Soluble FB enhanced cytokine production of WT, but notinte-
grin allb-deficient, BMMCs in response to S. aureus with FB-binding
capacity. A, WT or integrin allb-deficient BMMCs were incubated with heat-
killed S. aureus labeled by Cell Tracker Orange in the presence or absence of
500 ug/mi soluble FB for 2 h. WT, but notintegrin allb-deficient, BMMCs were
covered with SA aggregates in the presence of soluble FB (arrowhead). B, WT
or integrin allb-deficient BMMCs were incubated with 100 ng/ml LPS, 100
po/miheat-killed E. coli, 100 ng/mi S. aureus, or PBS as controlin the presence
or absence of 500 ug/mi soluble FB for 8 h. The ratio of the amounts of IL-6
released in the presence of soluble FB to those of IL-6 in the absence of solu-
ble FB was measured. Data are representative of three independent experi-
ments. All data points correspond to the mean * 5.D. ** (p < 0.01) indicates
statistical differences. C, WT or integrin alib-deficient BMMCs were incubated
with the indicated concentrations of LPS in FB- or BSA-coated plates. Data
represent three independent experiments. All data points correspond to the
mean =* S.D. * (p < 0.05) indicate statistical differences.

surface expression levels might affect in vivo functions of inte-
grin oIIbB3 in mast cells, we attempted to delineate the under-
lying mechanism. Our hypothesis that integrin allb competed
with integrin oV in heterodimerization with integrin 33 in mast
cells was illustrated by experimental results as follows: retrovi-
ral transduction with integrin olIb(WT) into integrin aIlb-de-
ficient BMMCs reduced surface expression of integrin aV33 at
levels comparable to those in WT BMMCs (Fig. 24). In addi-
tion, transduction with integrin «lIb(D163A) mutant led to
less reduction in surface expression levels of integrin oV 33
together with less induction in those of integrin aIIbf3 in inte-
grin allb-deficient BMMCs. Thus, surface expression levels of
integrin aVB3 were conversely related to those of integrin
allbB3 in mast cells (Fig. 24). Notably, this phenomena was
true for BW5147 cells transduced with integrin allb(WT) or
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allb(D163A) mutant (Fig. 2B). However, integrin ollb defi-
ciency did not affect surface expression levels of integrin «V33
in platelets (data not shown). These results suggested that reg-
ulatory mechanisms on surface expression levels of integrin
aV B3 differed between mast cells and platelets. One possible
explanation is as follows: integrin allb deficiency might fail to
influence surface expression levels of integrin aV g3 if integrin
B3 expression were sufficient in platelets, whereas it might pro-
mote the association of integrin oV with integrin 83 if integrin
B3 expression were insufficient in mast cells. Further examina-
tion is necessary to fully understand the mechanism. Impor-
tantly, all the functional analyses (Figs. 2— 4) showed that higher
surface expression levels of integrin aV33 in integrin allb-de-
ficient BMMCs enhanced adhesion to VN or vWF but did not
compensate for the loss of mast-cell functions through interac-
tion with FB. Based on this, we compared in vivo mast cell
functions between WT and integrin allb-deficient mice.

First, integrin allb deficiency did not affect mast-cell num-
bers in tissues under normal conditions (Table 1). This seems
reasonable, given that FB is not abundant outside blood vessels
under normal conditions. Second, integrin olIb deficiency did
not affect two types of PCA estimated by ear dye extravasation
or swelling (data not shown), which was reported to be mast
cell-dependent (32~34). These results indicate that extravascu-
lar FB and fibrin accompanied by acute inflammation are
unable to enhance mast-cell functions. On the other hand,
recent advances demonstrate that FB is a central regulator of
the inflammatory response as well as of hemostasis. Analysis of
gene-targeted mice expressing a mutant form of FB, lacking the
integrin o, 82-binding motif, demonstrated that the high affin-
ity engagement of FB by integrin a,,32 in neutrophils and mac-
rophages was critical for inflammatory responses (38, 39).
Therefore, we speculated that FB extravasated at acute inflam-
matory sites activated neutrophils and macrophages via inte-
grin o, 82 but failed to enhance mast-cell functions via integrin
allbf3. In contrast, we found striking differences between WT
and integrin allb™/~ mice in FB-induced chronic inflamma-
tion: integrin allb deficiency strongly suppressed the increase
of total inflammatory cells with mastocytosis in the peritoneal
cavities. However, administration of single dose FB did not lead
to any significant difference of initial inflammatory responses
in these mice 24 h after inoculation (data not shown), confirm-
ing the negligible role of integrin allb in acute inflammation.
Taking into consideration that platelets are absent in the peri-
toneal cavities and that integrin oVB3 did not significantly
affect in vitro mast-cell functions through interaction with FB,
we concluded that FB-induced chronic inflammation
depended on integrin oI1bB3 in mast cells. The relevant mech-
anism might be as follows: FB activates macrophages and gran-
ulocytes via integrin a,,82 to produce inflammatory cytokines
and chemokines in the initial phase, leading to the gradual
recruitment, proliferation, and activation of mast cells in the
presence of FB. Alternatively, activated mast cells also produce
a diverse array of chemical mediators, accelerating chronic
inflammation. Thus, FB-mediated inflammation appears to be
augmented with the increase of mast cells in tissues. This sce-
nario may explain in part why mast cell numbers increase in a
variety of chronic inflammatory diseases such as atopic derma-
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titis and asthma that are thought to cause continuous extrava-
sation of FB in tissues. Further analysis of WT and integrin
allb-deficient mice using different types of chronic inflamma-
tion models will be required to delineate the role of mast cell
integrin allbB3 in chronic inflammatory diseases.

Another important finding in this study was that soluble FB
enhanced IL-6 production of WT, but not integrin allb-defi-
cient, BMMCs in response to S. aureus (Cowan 1) with FB-
binding capacity. On the other hand, soluble FB failed to
enhance IL-6 production of WT BMMCs stimulated by E. coli
harboring no FB-binding capacity, LPS, or bacterial lipopeptide
(Fig. 7B and data not shown). Because WT, but not integrin
allb-deficient, BMMCs apparently kept a strong contact with
aggregated S. aureus (Cowan I} in the presence of soluble FB,
integrin allb@3-dependent recognition of S. aureus (Cowan I)
inmast cells may augment the innate response to this pathogen.
Considering that soluble FB facilitates the interaction of plate-
lets with S. aureus by bridging clumping factor A in S. aureus
and integrin ollbp3 in platelets (23-25), a similar mechanism
probably occurs in mast cells: the complex formation of mast
cell integrin allbB3-FB-S. aureus (Cowan I) promotes quick
and tight recognition of this pathogen by mast cells, thereby
enhancing innate immune responses. Collectively, these results
suggested that integrin alIbB3 plays an important part in the
innate responses of mast cells to certain types of bacteria with
FB-binding capacity.

In conclusion, the integrin allbB3-dependent interaction of
mast cells with FB augments FB-associated chronic inflamma-
tion or innate responses to FB-binding bacteria. Elucidation of
the in vivo function of integrin al1bB3 in mast cells will lead to
new approaches in the prevention of and therapy for the rele-
vant inflammatory and infectious diseases.
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