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Matrix Metalloproteinase-3 Accelerates Wound
Healing following Dental Pulp Injury
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Masataka lto,¥ Kiyomi Imabayashi,* Takeshi Into,*
Keniji Matsushita,* Hiroshi Nakamura,’
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Matrix metalloproteinases (MMPs) are implicated in a
wide range of physiological and pathological pro-
cesses, including morphogenesis, wound healing,
angiogenesis, inflammation, and cancer. Angiogene-
sis is essential for reparative dentin formation during
pulp wound healing. The mechanism of angiogene-
sis, however, still remains unclear. We hypothesized
that certain MMPs expressed during pulp wound heal-
ing may support recovery processes. To address this
issue, a rat pulp injury model was established to in-
vestigate expression of MMPs during wound healing.
Real-time RT-PCR analysis showed that expression
MMP-3 and MMP-9 (albeit lower extent) was up-regu-
lated at 24 and 12 hours after pulp injury, respec-
tively, whereas expression of MMP-2 and MMP-14 was
not changed. MMP-3 mRNA and protein were local-
ized in endothelial cells and/or endothelial progeni-
tor cells in injured pulp in vivo. In addition, MMP-3
enhanced proliferation, migration, and survival of
human umbilical vein endothelial cells in vitro. Fur-
thermore, the topical application of MMP-3 protein
on the rat-injured pulp tissue in vivo induced an-
giogenesis and reparative dentin formation at sig-
nificantly higher levels compared with controls at
24 and 72 hours after treatment, respectively. Inhi-
bition of endogenous MMP-3 by N-Isobutyl-N-(4-
methoxyphenylsulfonyl)-glycylhydroxamic acid re-
sulted in untoward wound healing. These results
provide suggestive evidence that MMP-3 released
from endothelial cells and/or endothelial progeni-
tor cells in injured pulp plays critical roles in a;
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giogenesis and pulp wound healing. (@m J Patbhol
2009, 175:1905-1914; DOIL: 10.2353/ajpatb.2009.080705)

Matrix metalloproteinases (MMPs) comprise a zinc-de-
pendent endopeptidase family of at least 24 mammalian
members.'~* MMPs act on a variety of substrates, including
extracellular matrix (ECM) proteins, proteinases, and their
inhibitors, to activate latent growth factors, cytokines, che-
mokines, receptors, and adhesion molecules or to alter
protein function, such as shedding of cell surface pro-
teins.®® Thus, MMPs have been implicated in a wide range
of physiological and pathological processes, including em-
bryonic development, wound healing, tissue remodeling,
angiogenesis, morphogenesis, inflammation, and cancer.”®

Wound healing is a multifactorial process involving the
migration, proliferation, and differentiation into several
cell populations with subsequent formation of extracellu-
lar matrix. MMPs may influence cell migration through
extracellular matrix degradation or by altering cellular
adhesive properties. MMPs may also stimulate prolifera-
tion and/or antiapoptosis by altering the extracellular ma-
trix microenvironment. They further modulate the activity
of growth factors and receptors.?®

On the basis of their ability, MMPs participate in wound
healing and angiogenesis.* Several different MMPs play
a beneficial role in wound-healing models. During the
wound-healing process of skin, CXC chemokine receptor
(CXCR) 4% cells migrating around vessels release
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MMP-9 to enhance angiogenesis.'® MMP-2 increases
between 7 and 14 days after spinal cord injury, and
MMP-2 deficiency results in an extensive astrocytic scar,
suggesting MMP-2 promotes functional recovery after
injury.’® Increased expression of MMP-2 and MMP-9 is
also associated with the healing mechanism of aneu-
rysm.' Gelatinolytic activities corresponding to pro-
MMP-2 and the active form of MMP-2 are detected at the
wound site 3 and 7 days after glaucoma filtration surgery,
suggesting its important roles in the degradation of the
ECM in the wound-healing process."®

Dental pulp is encased in dentin, which plays a role as
a barrier against bacterial, chemical, and physical stim-
uli. When the barrier is disrupted by traumatic injury or
caries, the dentin-pulp complex has a potential to repair
and regenerate. Angiogenesis is essential for this pulp
wound-healing process, because blood vessels play an
important role in nutrition and oxygen supply, as a con-
duit for transport of metabolic waste, pulp homeostasis
and metabolism, and stem/progenitor cell migration.™®
During pulp wound-healing process, dental pulp stem/
progenitor cells migrate to the injured site from perivas-
cular region in the pulp tissue deeper from the injured
site.’® They proliferate and differentiate into endothelial
cells for angiogenesis/vasculogenesis or into odonto-
blasts for reparative dentin formation.’” The angiogenic
signals, such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor, and transforming
growth factor-8, released from injured dental pulp cells,
endothelial cells, and ECM by injury contributes to the
migration of stem/progenitor cells.’®2° EphB/ephrin-B
also plays a role in restricting dental pulp stem cells
attachment and migration to maintain dental pulp stem
cells within their stem cell niche under steady-state
conditions.2! Precise mechanism for migrating stem/
progenitor cells and angiogenesis/vasculogenesis dur-
ing pulp wound-healing process, however, still remains
unclear.

We hypothesized that certain MMPs expressed during
pulp wound healing may support recovery processes.
MMP-1, -2, -9, and -14 are expressed in healthy dental
pulp.22 In inflamed pulp, MMP-9 mRNA level is increased
in the odontoblasts, fibroblasts, inflammatory infiltrates,
and endothelial cells.?® Expression and function of MMPs
during pulp wound healing, however, have not been sys-
tematically studied. To address these issues, we estab-
lished a rat pulp injury model to investigate the expres-
sion of MMPs during wound healing. Our results
demonstrated that MMP-3 induced the proliferation, mi-
gration, and survival (antiapoptosis) of endothelium in
vitro and accelerated angiogenesis and pulp wound
healing in vivo.

Materials and Methods

Antibodies

Goat anti-rat CXCR4 from Santa Cruz Biotechnology
(Santa Cruz, CA), mouse anti-rat MMP-3 from Daiichi Fine

rotec, Oxford, UK), rabbit anti-goat IgG Alexa 488, horse-
radish peroxidase-labeled goat anti-mouse |gG second-
ary antibody from Invitrogen (Carlsbad, CA), anti-
proliferating cell nuclear antigen (PCNA) antibody from
Dako (Carpinteria, CA), and horseradish peroxidase-la-
beled goat anti-rabbit IgG secondary antibody from
Zymed Laboratories (San Francisco, CA) were used.

Experimental Pulp Injury Model

Eight-week male Wistar rats, weighing 220-260 g, were
purchased (CLEA, Tokyo, Japan). The experimental pro-
tocol was approved by the animal committee of the
School of Dentistry, Aichi-Gakuin University, and the Na-
tional Institute for Longevity Sciences of Japan for animal
care. The rats were anesthetized with an i.p. injection of
sodium pentobarbital (Schering-Plough, Kenilworth, NJ)
at a dose of 30 mg/kg, and 2-mm crowns of maxillary
incisors were removed with a diamond point burr (Shofu,
Tokyo, Japan), then pulp was cut by a no. 1/2 round burr
(Shofu). The amputated pulp was thoroughly washed by
PBS and covered with spongel (Astellas Pharma, Tokyo,
Japan), and the cavities were filled with light-cured com-
posite resin (UniFil Flow GC, Tokyo, Japan) following
treatment with a bonding agent (Clearfil Mega Bond;
Kuraray, Kurashiki, Japan). One, 12, 24, 72 hours, and 7
days after injury, rats were perfused with 4% paraformal-
dehyde (Nakarai tesque, Kyoto, Japan) in PBS (pH 7.4),
and the incisors with surrounding tissue were extracted
with the animals under anesthesia as described previ-
ously. The tissues were fixed in 4% paraformaldehyde at
4°C for overnight and decalcified with 10% formic acid for
2 weeks. The tissues were dehydrated in ascending eth-
anol series and embedded in paraffin wax (Sigma, St.
Louis, MO), and 5-um-thick sections were cut and
mounted on aminopropy! triethoxysilane-coated slides
(Matsunami, Tokyo, Japan). The slides were stored at
4°C until used for in situ hybridization and H&E histolog-
ical examination. The samples for immunohistochemistry
were embedded in optimal cutting temperature com-
pound (Sakura, Tokyo, Japan), and 12-um-thick frozen
sections were cut and mounted on aminopropy! triethox-
ysilane-coated slides (Matsunami).

Real-Time RT-PCR Analysis

Dental pulp tissues were isolated 0, 12, 24, 48, and 72
hours after injury. The normal pulp tissue from maxillary
incisors was used as a control. Total RNA was isolated by
TRIzol (Invitrogen) from the freshly excised pulp tissues,
and 2 ug of RNA was reverse transcribed with ReverTra
Ace-a (Toyobo, Tokyo, Japan), following the manufactur-
er's recommendations. The resulting cDNA was then am-
plified by real-time RT-PCR with Light Cycler-FastStart
DNA master SYBR Green | (Roche Diagnostics, Mannheim,
Germany). Real-time RT-PCR amplifications were per-
formed at 85°C for 10 seconds, 62°C for 15 seconds, and
72°C for 8 seconds using the primers for g-actin, MMP-2,
MMP-3, MMP-9, MMP-10, MMP-13, MMP-14, VEGF, and

Chemical (Toyama, Japan), normal mouse IgG (AbD SeZZ@XCRZI (Table 1) labeled with Light Cycler-Fast Start DNA
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Table 1. Primers for Real-Time RT-PCR
Gene Sequence Product size (bp) Accession number

B-actin Forward 5'-AAGTACCCCATTGAACACGG-3' 257 NM_031144
Reverse 5'-ATCACAATGCCAGTGGTACG-3’

MMP-2 Forward 5'-GATGGCAAGGTGTGGTGTG-3’ 191 NM_031054
Reverse 5'-AATCGGAAGTTCTTGCTGTAGG-3’

MMP-3 Forward 5'-TGGCAGTGAAGAAGATGCTG-3’ 167 NM_133523
Reverse 5'-GCTTCCCTGTCATCTTCAGC-3'

MMP-9 Forward 5'-CGCTTGGATAACGAGTTCTCTC-3' 163 NM_031055
Reverse 5'~GCAGGAGGTCATAGGTCACG-3'

MMP-10 Forward 5'-ACCCCACTCACATTCTCCAG-3' 163 NM_133514
Reverse 5'-CATCGAAGTGAGCATCTCCA-3’

MMP-13 Forward 5'-GCACTACTTGAAATCATACTACCATCC-3' 183 NM_133530
Reverse 5'~ACATCAGGCACTCCACATCTTG-3’

MMP-14 Forward 5'-AGTCAGGGTCACCCACAAAG-3' 204 NM_031056
Reverse 5'-GGTATCCGTCCATCACTTGG-3'

VEGF Forward 5’-CTACCTCCACCATGCCAAGT-3' 183 NM_031836
Reverse 5'-ACACAGGACGGCTTGAAGAT-3'

CXCR4 Forward 5'-TCCGTGGCTGACCTCCTCTT-3' 210 NM_022205
Reverse 5'-CAGCTTCCTCGGCCTCTGGC-3'

master SYBR Green | (Roche Diagnostics, Pleasanton,
CA) in Light Cycler (Roche Diagnostics). The design of
the oligonucleotide primers was based on published rat
cDNA sequences. When rat sequences were not avail-
able, porcine sequences were used. The RT-PCR prod-
ucts were subcloned into pGEM-T Easy vector (Promega,
Madison, WI) and confirmed by sequencing based on
published cDNA sequences. Expression in the pulp tis-
sue immediately, and 12, 24, 48, and 72 hours after injury,
was compared with rat normal pulp tissue after normalizing
with B-actin. The experiments were repeated three times,
and one represented experiment is presented.

Immunohistochemistry

For double-staining immunohistochemistry of CXCR4 and
MMP-3, cryotome sections (12 um thick) of 24 and 72

hours after injury were used. The endogenous peroxi-

dase activity was blocked with 2% hydrogen peroxide in
methanol for 20 minutes. To avoid nonspecific staining,
the sections were incubated with 10 mg/ml blocking re-
agent (PerkinElmer, Boston, MA) for 1 hour at room tem-
perature and then reacted with goat anti-CXCR4 (1/50) in
Canget 1 buffer (Toyobo) for 1 hour at room temperature.
After three washes in PBT (PBS, 0.05% Tween 20, pH
7.4), sections were incubated with rabbit anti-goat 1gG
Alexa 488 (1/200) in PBT for 1 hour at room temperature.
Unbound antibodies were washed three times with PBT.
Sections were incubated with mouse anti-MMP-3 (0.5
wg/mlb) in Canget 1 buffer overnight at 4°C. After three
washes in PBT, bound antibodies were reacted with a
horseradish peroxidase-labeled goat anti-mouse 1gG
secondary antibody for 1 hour at room temperature. Color
was developed -using tyramide signal amplification sys-
tem Rhodamine-conjugated tyramide (Invitrogen) ac-
cording to the manufacturer’s instructions. All slides were
developed in parallel, and the reaction was stopped be-
fore detection of nonspecific staining in control preim-
mune serum-treated sections. Sections were then stained
with dye Hoechst 33342 (Sigma) and mounted with Pro-

graphed on a Zeiss Confocal LSM510 microscope (Carl
Zeiss, Berlin, Germany). To confirm the localization of
MMP-3 in blood vessels, frozen sections were treated
with 20 pug/ml proteinase K (Invitrogen) for 6 minutes at
room temperature. After three washes in PBS, sections
were stained with 20 pg/ml Fluorescein Griffonia (Ban-

~deiraea) Simplicifolia lectin (BS1-lectin) (Vector Labora-

tories, Burlingame, CA) for 15 minutes. This BS1-lectin
has been used for specific staining of endothelial cells
and endothelial progenitor cells.?* After three washes in
PBS, sections were stained with MMP-3 as described
above. As negative controls, both only primary antibodies
and only secondary antibodies were used. Normal
mouse 1gG was also used for determination of nonspe-
cific binding of anti-mouse MMP-3 antibody.

In Situ Hybridization Analysis

In situ hybridization staining of sections was done as
described previously.?® The cryotome sections obtained
24 and 72 hours after injury were observed by in situ
hybridization analysis using a rat MMP-3 anti-sense
probe. The probes were constructed out of the plasmids
after subcloning the PCR product using the same primers
designed for real-time RT-PCR (Table 1).

Proliferation, Migration, and
Antiapoptosis Analysis

For proliferation analysis, human umbilical vein endothelial
cells (HUVECs) (KURABO Industries, Osaka, Japan) at
third passage were seeded with 1000 cells per 96-well.
They were cultured in endothelial basal medium-2 in the
presence of human MMP-3 (50 ng/ml; Chemicon, Temecula,
CA) with or without N-Isobutyl-N-(4-methoxyphenylsulfonyi)-
glycylhydroxamic acid (NNGH) (0.13 wmol/L; Biomol, Ply-
mouth Meeting, PA), NNGH only, MMP-10 (50 ng/ml; R&D
Systems, Minneapolis, MN), or VEGF-A (50 ng/ml; Pepro-
Tech, London, UK). NNGH is highly specific for MMP-3 at

long Gold antifade reagent (Invitrogen) and photc22 ]the concentration used.?® Ten microliters of Tetra-color one
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(Seikagaku Kogyo, Tokyo, Japan) was added to the
96-well plate, and cell numbers were measured using spec-
trophotometer at 450 nm absorbance at 2, 12, 24, 36, 48,
and 60 hours of culture. As a control, cells were cultured
without any supplement. Wells without cells were served as
negative controls.

For migration analysis, modified Boyden chamber as-
says were performed for 24 hours at 37°C with polyeth-
ylene terepthlate membrane (BD Biosciences, Franklin
Lakes, NJ) in 24-well plates. In brief, HUVECs (10,000/
well) were cultured in the upper chamber in the presence
of 10 or 100 ng/ml MMP-3 with or without 0.13 umol/L
NNGH, 50 ng/ml MMP-10 with or without 0.13 umol/L
NNGH, NNGH only, or 50 ng/ml VEGF-A. As a control,
0.2% bovine serum albumin (Sigma) was used. After the
incubation period, the migrated HUVECs attached to the

A

lower side of the filter were harvested by trypsinization
and counted. The numbers of migrated cells were enu-
merated. The nonmigrated cells on the upper side of the
filter were scraped off with a rubber scraper.

To evaluate the effect of MMP-3 on anti-apoptosis,
HUVEC at passage 6 or less were grown in endothelial
growth medium-2 in a 35-mm dish for 3 days and then
incubated with 100 nmol/L staurosporine (Sigma) in
EBM-2 supplemented with 50 ng/ml MMP-3 with or with-
out 0.13 umol/L NNGH, NNGH only, 50 ng/m! MMP-10, or
VEGF-A. NNGH was added 30 minutes before adding
MMP-3. As a control, cells were cultured in EBM-2 without
any supplement in the presence of staurosporine. After 4
hours, HUVECs were harvested, and the cell suspen-
sions were stained with Annexin V-FITC (Roche) and
propidium iodide (Roche) for 15 minutes and then ana-

Figure 1. Morphological analysis by H&E staining of wound-healing process in rat-injured pulp. A: Schematic diagrams of amputation and filling of rat upper
incisor. Left to right: rat upper incisor, removing the upper part of crown with a diamond point burr, amputation of pulp with a round burr, washing and stop
bleeding, and filling with spongel and resin. B: Low power normal pulp. Arrows indicate imaginary amputated site. C: High power normal pulp; from the boxed
area in B. D: A lower power image of the wound-healing event under the amputated site (arrows) at 12 hours after injury. E and F: One hour after injury,
hyperemia, dilatation of blood vessels, and infiltration of neutrophils were observed in upper part of pulp tissue under the amputated site. Twenty-four hours after
injury, no inflammatory cells were found, and the denatured tissue was seen under the amputated site. G and H: A large number of polygonal-shaped cells in
pulp can be observed. I and J: Seventy-two hours after injury, spindle-shaped cells were embedded in collagenenous matrix. K and L: Seven days after injury,
odontoblast-like cells and tubular dentin are seen. OD, osteodentin; V, ne; 1 blood vessels; OB, odontoblast-like cells; TD, tubular dentin. The upper
panels (E, G, I, K) represent the amputated site. The lower panels (F, Hﬁ,ﬁﬁmgmﬁed from the corresponding boxes in the panel above.
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lyzed by flow cytometry (Bay bioscience, Kobe, Japan).
The experiments were repeated three times, and one
represented experiment is presented.

MMP-3 Protein Application on the
Amputated Pulp

After amputation of rat incisor pulp as described above,
50 ng of MMP-3 absorbed in spongel was applied on the
amputated pulp. As controls, PBS absorbed in spongel
or NNGH together with MMP-3 was used. The cavities
were filled with the bonding agent and resin as de-
scribed above. The paraffin sections (5-um thickness) of
24 hours, 72 hours, and 7 days after treatment were
morphologically examined after H&E staining or Masson
trichrome staining.

For quantitative analysis of newly formed blood ves-
sels, each five frozen sections at 24 hours after treat-
ment, both with MMP-3 and control PBS from four
incisors each, a total of 40 sections were stained with
Fluorescein Griffonia (Bandeiraea) Simplicifolia lectin
(BS1-lectin) as described above. Three rectangles of a
standardized size (0.1 mm?) were drawn in the upper part
of pulp tissue under the amputated site in every five sec-
tions from one sample. The lectin-positive area relative to
total area (1.5 mm?) was quantitatively analyzed in a stan-
dardized procedure using BZ-Il Analyzer (Keyence, Tokyo,
Japan) software on a Keyence BZ-9000 fluorescence mi-
croscope (Keyence). The data were presented as means =
SD at four determinations.

To evaluate effect of MMP-3 on proliferation, immuno-
histochemical analysis of PCNA was performed. Paraffin
sections of 24 hours after treatment were deparaffinized,
and antigen was retrieved by antigen unmasking solution
(Vector Laboratories), according to the manufacturer's
instructions. Endogenous peroxidase activity and non-
specific staining were blocked as described earlier. The
sections were incubated with anti-PCNA antibody (Dako)
at dilutions of 1/100 in antibody diluent (Dako) overnight
at 4°C and further incubated with a peroxidase-conju-
gated secondary antibody (ImmPRESS reagent; Vector
Laboratories) for 30 minutes at room temperature. After
development by DAB-+Liquid System (Dako), sections
were counterstained with hematoxylin and photographed
on an Olympus Vanox-s microscope (Olympus, Tokyo,
Japan). For quantitative analysis of proliferating cells,
each three paraffin sections at 24 hours after treatment,
both with MMP-3 and control PBS from 4 incisors each,
were used. Three rectangles of a standardized size (0.1
mm?) were drawn in the upper part of pulp tissue under
the amputated site in every three sections. The positive
staining cells were counted and quantitatively ana-
lyzed. The data were presented as means = SD at four
determinations.

For quantitative analysis of matrix formation, three fields
of each five paraffin sections at 72 hours after treatment,
both with MMP-3 and control PBS from four incisors each,
and three fields of five sections at 7 days after treatment with
MMP-3, MMP-3+NNGH, PBS+NNGH, and control PBS

from four incisors each were stained with Masson trichromg
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staining. The positive area was quantitatively analyzed in
the upper part of pulp tissue under the amputated site, 2
mm in depth from the amputated site, using BZ-Il Analyzer
software. The data were presented as means = SD at four
determinations.
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Figure 2. Real-time RT-PCR analysis of expression of mRNAs during pulp
wound-healing process. A: Expression of MMP-2, MMP-3, MMP-9, MMP-
13, and MMP-14 during pulp wound-healing process. MMP-3 showed a
ninefold peak at 24 hours after injury and decreased to twofold at 72
hours. MMP-9 showed twofold expression at 12 hours. MMP-2 and
MMP-14 didn't show any expression change during the healing process.
B: MMP-13 showed 470-fold expression at immediately after injury.
MMP-10 was not expressed both in normal and injured pulp. C: Expres-
sion of VEGF and CXCR4. VEGF showed 3.5-fold expression immediately
after injury, then increased to fivefold at 24 hour after injury. CXCR4
showed 3.5-fold expression at 24 hours after injury. The experiments

2 3’\éere repeated three times, and one representative experiment is pre-

nted ("P < 0.05; compared with 0 hour).
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Statistical Evaluation

All data were expressed as means *+ SD at four determi-
nations. P values were calculated by using the unpaired
Student’s t-test. Differences were considered to be sta-
tistically significant at the P < 0.05 level.

Results

Histology of Pulp Tissues during
Wound-Healing Process

Pulp normal and wound-healing models were con-
structed using rat upper incisors (Figure 1, A-D). One
hour after injury, red blood cells and dilatation of blood
vessels were observed. Acute inflammatory cells, such
as neutrophils, infiltrated in the pulp tissue under the
amputated site (Figure 1, E and F). Twenty-four hours
after injury, the inflammatory cells disappeared, and a
large ‘number of fibroblast-like cells and polygonal
shaped cells and new blood vessels were found in the
pulp tissue under the amputated site (Figure 1, G and H).
Seventy-two hours later, spindle-shaped cells were sur-
rounded by immature collagenous matrix to form osteo-
dentin in the upper pulp tissue under the amputated site
(Figure 1, 1 and J). Seven days after injury, one to two
layers of well-arranged odontoblast-like cells were found
to form tubular dentin under the osteodentin (Figure 1, K
and L). Pulp injury completely healed with optimal angio-
genesis (Figure 1K) and accompanied by osteodentin/
tubular dentin formation. Thus, these results suggested
that this pulp injury model was useful for analyzing ex-
pression and function of MMPs during pulp wound-heal-
ing process.

M

MMP-3 100pm

MMP-3

224

RNA Expression during Wound-Healing Process

Expression of MMP-2, -3, -9, -10, -13, -14, VEGF, and
CXCR4 mBNA was analyzed with real-time RT-PCR at O,
12, 24, 48, and 72 hours after injury. As shown in Figure
2A, MMP-3 was expressed nearly ninefold at 24 hours
compared with control normal pulp tissue, then de-
creased to fourfold at 48 hours and twofold at 72 hours.
MMP-9 expression showed twofold compared with control
at 12 hours and decreased to the same level as 0 hour at 72
hours. MMP-13 expression was 470-fold at 0 hour, immedi-
ately after injury compared with control normal pulp, and
rapidly decreased at 12 hours (Figure 2B). In contrast,
expression of MMP-2 and MMP-14/MT1-MMP was continu-
ously at the same level as control normal pulp during the pulp
wound-healing process (Figure 2A). MMP-10 mRNA was not
detected both in rat normal pulp and the injured pulp.

On the other hand, VEGF showed 3.5-fold expression
at 0 and 12 hours after injury, then increased to 5-fold at
24 hours after injury and decreased to basal expression
level at 72 hours. CXCR4 showed 3.5-fold increase in
expression at 24 hours after injury (Figure 2C).

Localization of MMP-3 and CXCR4 during
Pulp-Healing Process

Immediately after injury, neither MMP-3 nor CXCR4 was
found in pulp (data not shown). Twenty-four hours after
injury (Figure 3J), MMP-3 protein was detected in endo-
thelial cells and/or endothelial progenitor cells in newly
formed microvessels and larger vessels under the ampu-
tated site (Figure 3, A, D, and K), which positively stained
with BS1-lectin (Figure 3, B and C). MMP-3 mRNA was
also strongly expressed in vascular region (Figure 3M).

Figure 3. Immunohistochemical and i situ hybridization anal-
ysis of localization of MMP-3 and CXCR4 during pulp-healing
process. MMP-3 and CXCR4 expression at 24 hours (A-F, J, K,
B M) and 72 hours (G-I, L, N) after injury. MMP-3 protein and
RNA were expressed in endothelial cells and/or endothelial
progenitor cells, which were positively stained with BS1-lectin
(A~C). MMP-3 mRNA expression overlapped CXCR4 in the
vascular region (D~I). MMP-3 expression was reduced at 72
hours after injury (N). Arrows indicate the positive signals
(A-1, M, N). H&E staining (J-L). Arrowheads indicate the
amputated site (J). Arrows indicate microvessels (K and L).
MV, microvessel; LV, larger vessel.

100um

100um 4



Double-staining immunohistochemistry showed that MMP-3
expression overlapped CXCR4 in vascular region (Figure 3,

-F). Seventy-two hours after injury (Figure 3L), MMP-3
expression also overlapped CXCR4 in microvascular and
larger vessesl (Figure 3, G-1). MMP-3 mRNA expression was
weakly detected in vascular region (Figure 3N).

MMP-3 Stimulates Proliferation and Migration
and Inhibits Apoptosis of HUVECs in Vitro

We next examined whether MMP-3 could induce the
proliferation, migration, and survival (antiapoptosis) of
HUVECs. As shown in Figure 4A, MMP-3 significantly
increased proliferation activity of HUVECs compared with
control similarly to the positive control VEGF. The prolif-
erative effect of MMP-3 was significantly blocked by
NNGH, a specific MMP-3 inhibitor. HUVECs cultured with
NNGH showed a significantly reduced proliferation.

MMP-3 significantly stimulated migration activity of
HUVECs in a dose-dependent manner. This effect was
two times stronger compared with VEGF as a positive
control and significantly blocked by NNGH (Figure 4B).

We also analyzed whether MMP-3 could inhibit the
apoptosis of HUVECs. The cells cultured with 100 nmol/
L/ml staurosporine for 4 hours caused apoptosis in 52%
HUVECs. When cells were treated with staurosporine and
MMP-3 coincidently, only 20% of cells showed apoptosis,
indicating reduced apoptosis. This reduced apoptosis
was completely blocked with NNGH. HUVECs cultured
with staurosporine and VEGF also showed reduced ap-
optosis (Figure 4C).

However, MMP-10/stromelysin-2, which is a structural
homologue of MMP-3, did not have any effect on prolifera-
tion, migration, and survival (antiapoptosis) of HUVECs as
MMP-3 (Figure 4, A-C).

MMP-3 Induces Angiogenesis and Reparative
Dentin Formation during Pulp Wound Healing

Next, we investigated whether MMP-3 induces angiogen-
esis in injured pulp in vivo (Figure 5A; Supplemental Fig-
ures S1-83, see http.//ajp.amjpathol.org). The rat incisor
pulp was treated with MMP-3 in the presence or absence
of NNGH. PBS was used as a negative control. Twenty-
four hours after treatment, BS1-lectin-stained sections
showed that the MMP-3-treated pulp exhibited more
newly formed vessels compared with PBS control (Figure
5, B and C). Quantitative analysis indicated 2.0-fold in-
crease in blood vessels in MMP-3-treated pulp compared
with PBS control in the upper pulp tissue under the am-
putated site (Figure 5D). The presence of PCNA, a
marker of cell proliferation, was examined in the sections
of pulp at 24 hours after treatment. The PCNA-positive
staining cells were observed significantly more—a 2.7-
fold increase in number in the MMP-3-treated pulp
(98.5 = 17.7 cells/mm?®) compared with PBS control
(36.0 = 14.1 cells/mm?) under the amputated site (Figure
5, E, F, and Q). Seventy-two hours after treatment, a large
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Figure 4. Effect of MMP-3 on proliferation, migration, and survival in cul-
tured HUVECs. A: Enhanced proliferation by MMP-3 and VEGF. HUVECs
seeded with 1000 cells per 96-well were cultured in the presence of human
MMP-3 (30 ng/ml) with or without NNGH (0.13 umol/L), MMP-10 (50 ng/mD),
or VEGF-A (50 ng/mD). Cell numbers were measured by adding Tetra-color
one. NNGI1 significantly blocked the effect of MMP-3. B: Induced migration
by MMP-3 in a dose-dependent manner. Modified Boyden chamber assays
were performed for 24 hours with polyethylene terepthlate membrane in a
24-well plate. HUVECs (10,000/well) were cultured in the upper chamber in
the presence of 10 or 100 ng/ml MMP-3 with or without 0.13 wmol/L NNGH,
50 ng/ml MMP-10 with or without 0.13 umol/L. NNGH, NNGH only, or 50
ng/ml VEGF-A. The induced effect by MMP-3 was blocked by NNGH. C:
Reduced apoptosis by MMP-3. HUVECs grown in endothelial growth medi-
um-2 for 3 days were incubated with 100 nmol/L staurosporine in endothelial
basal medium-2 supplemented with 50 ng/ml MMP-3 with or without 0.13
umol/L NNGH, NNGH only, 50 ng/ml MMP-10, or VEGF-A. After 6 hours, the
cell suspensions stained with Annexin V-FITC and propidium iodide were
analyzed by flow cytometry. The cells cultured with 100 nmol/L staurospor-
ine for 4 hours caused apoptosis in 52% of the cells. When treated together
with MMP-3, only 20% of the cells showed apoptosis, indicating reduced
effect on apoptosis. This effect was blocked by NNGH. Note no effect by
MMP-10, a structural homologue of MMP-3. Data were expressed as means *
8D at four determinations (" < 0.05; **P < 0.01, compared with the control
group; “P < 0.05, compared with the MMP-3 group). Statistical analyses were
performed by the nonpaired Student’s t-test. The experiments were repeated
three times, and one represented experiments is presented. P < 0.01,
compared with the MMP-3 group.

the MMP-3-treated pulp compared with the PBS control
(Figure 5, G-J). Intense blue-stained collagen by Masson
trichrome was observed around newly differentiated
odontoblasts/osteodentinoblasts in the MMP-3-treated
pulp (Figure 5K). In situ hybridization analysis in the se-
ries sections showed that DSPP mRNA was expressed in
the newly differentiated odontoblasts/osteodentinoblasts
confined in osteodentin matrix (Figure 5L). There is no
obvious odontoblasts/osteodentinoblasts in the pulp that

amount of reparative dentin formation was observed |225vas treated with MMP-3 in the presence of NNGH (Figure
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Figure 5. Acceleration of angiogenesis and pulp wound healing by MMP-3. Schematic diagrams of MMP-3 protein application on amputated pulp of rat upper
incisor. A: The pulp cavity was filled with MMP-3 protein absorbed in spongel and resin filling. p, amputated pulp tissue; m, MMP-3 protein; , resin (Supplemental
Figures S1-83, see hiip://ajp.amjpathol.org). Twenty-four hours after treatment (B-F and Q). Seventy-two hours after treatment (G-N and R). Seven days after
treatment (O, P, 8). BS-1-lectin staining (B and €), PCNA immunohistochemistry (E and F), H&E staining (G-J), Dentin slalophosphoprotein 7 sifu hybridization
(L), and Masson’s trichrome staining (K and M-P) were used. B: Newly formed vessels in the upper part of pulp tissue under the amputated site in MMP-3-treated
pulp. C: A few newly formed vessels in PBS control pulp. E: Many PCNA-positive staining cells were detected in MMP-3-treated pulp. F: A few PCNA-positive
staining cells in PBS control pulp. G, magnified in H: A large amount of osteodentin formed under the amputated site. I, magnified in J: No osteodentin formation.
K: Intense blue-stained collagen around newly formed osteodentinoblasts (arrows). L: Dentin slalophosphoprotein mRNA was detected in newly formed
osteodentinoblasts (arrows). M: No intense blue-stained collagen and no osteodentinoblasts in PBS control. N: NNGH, a specific MMP-3 inhibitor, blocked the
MMP-3-induced effect on osteodentin formation. O and P: Blue-stained collagen was broader in PBS control compared with that in NNGH-treated pulp on day 7. MMP-3-treated
pulp (B, G, H, K) consisted of more newly formed vessels and more osteodentin compared with PBS control group (C, L J, M). Quantitative analysis indicated that a twofold
increase of blood vessels was induced by MMP-3 in the upper part of pulp tissue under the amputated site (ID). Quantitative analysis of the PCNA-positive staining cells and
collagenous matrix formation at 24 hours, 72 hours, and 7 days after treatment (Q, R, 8). "P < 0.01.

5N), as well as in the PBS control pulp (Figure 5, 1, J, and Discussion
M) at 72 hours after treatment. The dentin matrix forma-

tion was observed significantly more—a 3.8-fold increase This is the first study to systemically detect the MMPs
in area in the MMP-3-treated pulp compared with PBS expressed during pulp wound-healing process and to
control under the amputated site (Figure 5R) at 72 hours. assess the role of MMPs in injured pulp tissue. Pulp
Seven days after treatment, NNGH, a MMP-3-specific amputation is a commonly performed operation, and it
inhibitor, inhibited the dentin matrix formation significantly leaves a clean wound, and this is a good representative

more compared with PBS control (Figure 5, O, P, and 8226oute wound model to study the profiles of biological

226



factors, MMPs. Rat incisor is continuously erupting tooth,
and the pulp tissue has a high potential to heal after pulp
injury. Rat incisor has also advantages to get many ho-
mogenous samples of injured pulp tissue at once, and
not take so much time before complete healing com-
pared with canine teeth. Therefore, we have used the rat
pulp injury model?” to examine expression of MMPs dur-
ing pulp wound healing process.

We have recently isolated pulp-derived CD317;
CD146™ side population cells having a highly vasculo-
genic potential. MMP-3 was highly expressed in CD317;
CD146~ side population cells compared with CD31%;
CD146™ side population cells without vasculogenic
potential as well as total pulp cells.?® Both MMP-9 and
MMP-2 were very weakly expressed in those cell frac-
tions.?® When CD317;CD146™ side population cells were
transplanted on the amputated pulp in dogs, the trans-
planted cells were migrating in the vicinity of the newly
formed vasculature and expressed proangiogenic fac-
tors, including MMP-3, implying trophic actions on endo-
thelial cells (K. lohara et al, unpublished data). A previous
report has shown that MMPs are induced immediately
following injury and show reproducible expression pat-
terns.?® In the present study, MMP-3 significantly in-
creased at 24 hours after pulp injury, and MMP-9 weakly
increased at-12 hours. MMP-13 was highly increased
immediately after injury and rapidly decreased at 12
hours. MMP-2 and MMP-14 were not found to be
changed. Therefore, we have focused our further study
on MMP-3 to assess the role of MMPs in angiogenesis
and pulp wound healing.

In the present study, MMP-3 was localized in endothe-
lial cells and/or endothelial progenitor cells. MMP-3-pos-
itive cells expressed CXCR4, a marker of endothelial
cells.®% MMP-3 enhanced proliferation and migration ac-
tivities and had an antiapoptotic effect on endothelial
cells in vitro. The similar stimulatory effects of MMP-3 on
cell proliferation and migration have also been reported
in a human glioblastoma cell line after enhanced gene
expression of MMP-3 by platelet-derived growth factor
receptor-a.3" The high expression of MMP-3 is also re-
ported in the endometrial regenerative cells, a novel stem
cell population from the endometrium, which is involved
in the angiogenesis phase of the menstrual cycle.®2 Fur-
thermore, topical MMP-3 protein application on the in-
jured pulp significantly enhanced angiogenesis and pro-
liferation under the amputated pulp at 24 hours after
treatment. Therefore, these results suggest that MMP-3
induces proliferation, migration, and survival of endothe-
lial cells, leading to angiogenesis. On the other hand,
angiogenic factors, such as VEGF, basic fibroblast growth
factor, and transforming growth factor-g, can be released
from extracellular matrix/basement membrane by MMPs
degradation,®® suggesting that MMP-3 also regulates an-
giogenesis in an indirect way. '

Protein application of growth/differentiation factors
such as transforming growth factor-g1, insulin-like growth
factor-l and bone morphogentic proteins has been dem-
onstrated to promote reparative dentin formation on the
injured/amputated pulp because of their inductive effect
on odontoblast differentiation.’™ However, there ha
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been no report thus far on reparative dentin formation by
an endopeptidase catalyzing the turnover and degrada-
tion of ECM protein. In the present study, MMP-3 had no
stimulatory effect on differentiation of pulp stem/progen-
itor cells into odontoblasts in vitro (data not shown), al-
though it enhanced activity of proliferation, migration, and
survival of endothelial cells. Angiogenesis and reparative
dentin formation were accelerated in MMP-3-treated pulp
compared with PBS control in the rat pulp injury model.
Therefore, induced reparative dentin formation might be
indirect effect of MMP-3. However, the liberation and
modification of the variety of growth/differentiation factors
and cytokines embedded in dentin matrix and/or extra-
cellular substrate by MMP-3 might cause some inductive
effects on differentiation of pulp stem/progenitor cells into
odontoblasts and reparative dentin formation in vivo.®
MMPs, including MMP-3, are associated with re-epitheli-
alization, which is the regrowth of epithelia over a de-
nuded surface.®* Wound healing is delayed in MMP-3
null mice, suggesting MMP-3 also contributes to wound
healing.®® MMP-1 protein application in mouse muscle
injury increases myofibril formation and myogenic regen-
eration through either the digestion of scar tissues or
activation of muscle cell migration.®® However, there has
been no report on direct topical application of MMP-3
protein in any disease and any injury thus far. Our present
results of stimulatory effect on angiogenesis and accel-
eration of wound-healing events by MMP-3 in the pulp
injury might be a useful clue for future clinical treatment
for dental pulp. Developing rational therapy for dentin/
pulp regeneration requires further identification of spe-
cific MMP-3 substrates and characterization of the down-
stream consequences of MMP-3 proteolytic activity.
MMP-3 may also have a more general role in accelerating
wound healing or improving angiogenesis.
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IL-4 alters expression patterns of storage components of vascular endothelial
cell-specific granules through STAT6- and SOCS-1-dependent mechanisms
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ARTICLE INFO ABSTRACT
Article history: IL-4 develops Th2-biased immunity or allergic inflammation through activation of STAT6-dependent sig-
Received 9 January 2009 naling. In vascular endothelial cells (ECs), IL-4 elicits regulatory effects on chemokine production and
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adhesion molecule expression to recruit T cells and eosinophils. In this study, we examined how IL-
4 affects Weibel-Palade bodies (WPBs), EC-specific storage granules capable to store multiple protein
components, including von Willebrand factor (VWF), P-selectin, eotaxin-3, IL-8 and angiopoietin-2 (Ang-
2). Among 11 WPB component genes that we examined, IL-4 potently upregulated the expression levels

xﬁ iv;g(_i;’;ﬂa de body of P-selectin and eotaxin-3, whereas it downregulated the expression levels of IL-S and Ang-2. Both reg-
IL-4 ulatory effects were dependent on STAT6. In addition, the IL-4-induced downregulatory effect on WPB
STATG component genes depended on the negative feedback regulation by SOCS-1 induced by STAT6 signaling.
SOCS-1 Furthermore, IL-4-regulated gene expression through STAT6 and SOCS-1 was consistent with WPB com-

Vascular endothelial cell positional changes in cultivated ECs and capillary-like tube networks. Since WPBs enable ECs to rapidly
regulate multiple critical functions of vasculatures, [L-4-induced alteration of expression patterns of WPB

storage components may convert the physiological functions of WPBs into Th2-biased immune functions

or allergic functions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The pleiotropic cytokine IL-4 is produced by Th2 cells,
eosinophils, basophils and mast cells and is associated with
immune protection against helminthic parasites. Dysregulation of
IL-4 expression often leads to the development of allergic reactions
and chronic inflammatory diseases (Lee and Hirani, 2006; Li-Weber
and Krammer, 2003; Tepper et al., 1990; Wills-Karp, 1999). IL-4
exerts its activities via binding to cell surface IL-4 receptor com-
plexes, IL-4Ra with the common <y chain (type I IL-4 receptor)
or with IL-13Ra1 (type II IL-4 receptor) (Chatila, 2004; Nelms et
al.,, 1999). IL-4 ligation triggers activation of tyrosine kinases JAK1
and JAK3, which phosphorylate tyrosine residues in the cytoplas-
mic domain of IL-4Ra and common <y chain, respectively. This

Abbreviations: Ang-2, angiopoietin-2; EC, endothelial cell; LAMP-3, lysosomal-
associated membrane protein 3; OPG, osteoprotegerin; gRT-PCR, quantitative
real-time reverse transcription-polymerase chain reaction; SOCS, suppressor of
cytokine signaling; STATS, signal transducer and activator of transcription 6; t-
PA, tissue plasminogen activator; VWF, von Willebrand factor; WPB, Weibel-Palade
body.
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event then activates signal transducer and activator of transcrip-
tion 6 (STAT6), resulting in its homodimerization and subsequent
translocation into the nucleus, where it regulates gene transcription
(Chatila, 2004; Takeda et al., 1996). So far, more than 35 different
STAT6 target genes have been identified, and it has been shown that
many of them are involved in Th2-associated immune processes
(Hebenstreit et al., 2006).

In vascular endothelial cells (ECs), IL-4 regulates expression
of adhesion molecules, with an upregulatory effect on VCAM-1
and a downregulatory effect on E-selectin, and regulates produc-
tion of CC chemokines, including MCP-1 and eotaxins (Lampinen
et al, 2004; Lukacs, 2001; @Qynebriten et al, 2004; Schleimer
et al,, 1992; Shinkai et al, 1999; Yao et al,, 1996). This shift in
the balance of expression of adhesion molecules and chemokine
production by IL-4 is thought to favor the recruitment of T cells
and eosinophils, rather than neutrophils and basophils, from the
bloodstream to the surface of the endothelium, leading to their infil-
tration into a site of allergic inflammation (Schleimer et al., 1992;
Shinkai et al., 1999; Thornhill et al., 1990). In addition, IL-4-induced
selective recruitment of such cells is partly mediated by STAT6-
dependent expression of P-selectin/CD62P and eotaxin-3/CCL26 in
ECs (Lampinen et al,, 2004). However, it is not fully understood
how IL-4 alters normal functions of ECs into Th2-biased or allergic
functions.
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ECs have specific storage granules, designated Weibel-Palade
bodies (WPBs) (Weibel and Palade, 1964). WPBs were originally
identified as an intracellular storage vehicle for von Wille-
brand factor (VWF), a plasma protein that mediates platelet
adhesion, but an increasing number of other components,
including P-selectin, eotaxin-3, IL-8/CXCL8, angiopoietin-2 (Ang-
2), lysosomal-associated membrane protein 3 (LAMP-3)/CDG63,
endothelin-1, tissue plasminogen activator (t-PA) and osteoprote-
gerin (OPG), has been revealed to be present within WPBs (Metcalf
et al., 2008; Rondaij et al., 2006). The features of WPB compo-
nents indicates a crucial role for degranulation of WPBs, which
provides the endothelium with the ability to rapidly respond to
changes in the micro-environment and to regulate multiple biolog-
ical functions of vasculatures, such as inflammation, hemostasis,
vascular tone regulation and angiogenesis. Regulated degranula-
tion of WPBs can be initiated through an increase in intracellular
calcium or cyclic adenosine monophosphate level following stim-
ulation of ECs with thrombin, histamine, TNF, bacterial products or
extracellular adenosine triphosphate (Inomata et al., 2007; Into et
al., 2007; Metcalf et al., 2008; Rondaij et al., 2006).

Several studies have demonstrated thatinflammatory cytokines,
such as TNF-a and IL-1f, induce proinflammatory [L-8 production
in ECs, enabling storage of IL-8 within WPBs as “memory” of past
EC reactions (Utgaard et al., 1998; Wolff et al., 1998). Such a change
in WPB components may lead to alteration of normal physiologi-
cal features of WPBs into proinflammatory features. We therefore
hypothesized that IL-4 alters the normal expression pattern of WPB
components into patterns associated with Th2-biased immunity or
allergic diseases. In this study, we first examined whether IL-4 alters
expression levels of WPB component genes in ECs. We here report
that IL-4 regulates expression levels of several WPB component
genes through a STAT6-dependent mechanism. We also examined
whether such changes in gene expression are indeed consistent
with WPB compositional changes.

2. Materials and methods
2.1. Reagents, plasmids and cell culture

Human rIL-4 was obtained from R&D Systems. Histamine was
obtained from Sigma-Aldrich. An expression plasmid encoding
myc-SOCS-1 was a kind gift from Akihiko Yoshimura (Division of
Molecular and Cellular Immunology, Medical Institute of Bioregu-
lation, Kyushu University). Human umbilical vein endothelial cells
(HUVECs) were purchased from Cambrex (at least 3 different lots
isolated from different donors), grown in EBM-2 complete endothe-
lial growth medium (Cambrex) under 5% CO, at 37 °C and used for
experiments from passages 4 to 8. HUVECs were stimulated with
IL-4 after reaching confluence. IL-4 did not influence cell survival
and proliferation in the confluent HUVEC culture (data not shown).

2.2. Gene expression analysis by quantitative real-time reverse
transcription-polymerase chain reaction

Total RNA was prepared from HUVECs using an RNeasy extrac-
tion kit (Qiagen). One g of total RNA was reverse-transcribed
using ReverTraAce reverse transcriptase (TOYOBO) with both an
0ligo21dT primer and a random 6 primer set. gRT-PCR was
performed using Power SYBR Green PCR Master Mix (Applied
Biosystems) on a 7300 Fast Real-Time PCR System (Applied Biosys-
tems) according to the manufacturer’s instructions. All primer
sequences are listed in Supporting Table 1. We confirmed that there
was no critical difference between the values normalized to the lev-
els of three different house-keeping genes, Gapdh, Ppial and Hprt1.
Results shown in this study were normalized to the level of Gapdh.
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2.3. DNA transfection and RNA interference

DNA transfection in HUVECs was performed using Opti-MEM |
(Invitrogen) and Lipofectin reagent (Invitrogen) as described previ-
ously (Into et al., 2007). ‘ON-TARGET plus’ siRNAs for human Stat6
(006690) and Socs1 (011511) and a non-targeting control RNA (D-
001810-01) were purchased from Dharmacon. siRNA sequences
were provided by the manufacturer. Transfection of siRNA in
HUVECs was performed as described previously (Inomata et al,,
2007). After 24h of incubation, the transfection media were
changed and cells were used for experiments.

2.4. Capillary-like tube formation

For formation of capillary-like tube networks in vitro, HUVECs
were harvested and resuspended in 200 i EBM-2 and then seeded
at a density of 1x 105 cells in 24-well plates onto the surface of
150 pl of polymerized Matrigel (Becton Dickinson). After 12h of
incubation at 37°C, Matrigel containing EC tubes was pervaded
with EBM-2 containing 10ng/ml IL-4 and then incubated for an
additional 48 h. IL-4 did not affect the number of capillary-like
tubules when experiments were performed after tubule formation
(data not shown). To fix the tubes in gels, incubation media were
carefully removed and 1 ml of methanol was added to the culture,
followed by incubation at room temperature for 30 min.

2.5. Immunofluorescent staining of WPBs

Immunofluorescent staining of WPBs was performed by refer-
ence to our protocols described previously (Into et al.,, 2008; Into et
al., 2007). Briefly, HUVECs were fixed at —20°C with methanol for
30min. Then cells or capillary-like cells in Matrigel were treated
with an anti-vWF rabbit polyclonal antibody (sc-14014, Santa Cruz
Biotechnology) and an anti-P-selectin mouse monoclonal anti-.
body (sc-19672, Santa Cruz Biotechnology) at room temperature
for 1h. The former primary antibody was detected with Alexa
Fluor 488-conjugated anti-mouse IgG antibody (Invitrogen) and
the latter antibody was detected with Alexa Fluor 568-conjugated
anti-rabbit IgG antibody (Invitrogen). To avoid background staining
of Matrigel by antibodies, potassium chloride at a final concen-
tration of 200mM was added to the antibody solution while
staining. The detection of Ang-2 was performed using an anti-Ang-
2 goat polyclonal antibody (AF623, R&D Systems) and Alexa Fluor
568-conjugated anti-goat IgG antibody (Invitrogen). Images were
obtained by a fluorescent microscope IX71 with DP70 image cap-
ture (Olympus) in the presence of Prolong Gold antifade reagent
(Invitrogen) and then processed using Adobe Photoshop, version
7.0.

2.6. Immunoblotting

Confluent HUVEC seeded on 60 mm plates were stimulated or
unstimulated with IL-4 for 48 h. The cytoplasmic cell lysates were
obtained by incubating cells with a buffer consisting of 20 mM
Tris-hydrochloride (pH 7.2), 150 mM sodium chloride, 5mM EDTA
and 1% Triton X-100 and protease inhibitor cocktails (Roche)at 4°C
for 15 min, followed by clarification by centrifugation at 12,000 x g
for 10 min. These cell lysates were diluted by an equal volume of
SDS sample buffer consisting of 0.5 M Tris-hydrochloride (pH 7.2),
10% glycerol, 2% SDS, 5% 2-mercaptoethanol and 0.05% bromphenol
blue. Samples were boiled for 5min and separated under reduc-
ing conditions on 12% SDS-PAGE gels and then transferred onto
polyvinylidene fluoride membranes. Membranes were blocked at
room temperature for 1h with 5% non-fat skim milk solved in
PBS and then reacted with primary antibodies to IL-8 (sc-7922),
eotaxin-3 (sc-19353), Ang-2 (sc-20718) and GAPDH (sc-25778) (all
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from Santa Cruz Biotechnology) for 1h. Immunoreactive bands
were visualized by an ECL system (Amersham Pharmacia Biotech)
after being treated with HRP-conjugated secondary antibodies to
anti-mouse and anti-rabbit IgG.

2.7. Statistics

All values were evaluated by statistical analysis using one-way
ANOVA and Student-Newman-Keul’s test. Differences were con-
sidered to be statistically significant at the level of p<0.05.

3. Results
3.1. IL-4 regulates expression patterns of WPB component genes

WPBs are vWF-containing condensing vesicles, the formation
of which involves several steps of vVWF protein processing, includ-
ing intramolecular disulfide bonding, maturation by the propeptide
portion within the molecule, and multimerisation (Metcalf et al.,
2008; Rondaij et al., 2006). WPBs have the capability to store mul-
tiple protein components, but these components are required to
be abundantly expressed with vWF to be processed and recruited
to WPBs at the trans-Golgi network. Utilizing qRT-PCR, we first
examined the effect of IL-4 on gene expression levels of 11 WPB
components in HUVECs. IL-4 decreased mRNA expression of vVWF
(Vwyf), but the effect was very modest during stimulation for 48 h
(Fig. 1). Consistent with previous results for human ECs (Shinkai
et al, 1999; Stein et al, 2008; Yao et al, 1996), IL-4 greatly
increased mRNA expression levels of P-selectin (Selp) and eotaxin-
3 (Ccl26) and slightly increased the levels of OPG (Tnfrsf11b) and
fucosyltransferase 4 (Fut4) (Fig. 1). In contrast, IL-4 gradually
decreased mRNA expression levels of IL-8 (II8), Ang-2 (Angpt2)
and LAMP-3/CD63 (Lamp3). Also, the levels of endothelin-1 (Edn1),
endothelin-converting enzyme 1 (Ece1)and t-PA (Plat) were slightly
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deceased (Fig. 1). Thus, IL-4 has the capability to both posi-
tively and negatively regulate expression levels of WPB component
genes.

3.2. IL-4-regulated proteins are stored in WPBs

We next examined whether such changes in gene expression
levels are indeed consistent with WPB compositional changes. One
of the best understood and most important storage components
of WPBs is P-selectin, a type I transmembrane adherent protein
expressed in platelets and ECs (Hannah et al, 2002; Johnston
et al,, 1989; McEver et al,, 1989). Immunofluorescent staining of
HUVECs revealed the presence of a considerable amount of vWF-
positive granules, indicative of WPBs, but a considerably low level
of P-selectin expression (Fig. 2A, left). After IL-4 stimulation, a con-
siderable amount of P-selectin was produced in more than 60% of
cells (Fig. 2A, middle) and was stored partly within WPBs (Fig. 2A,
middle and right). Remarkable changes in vWF expression or num-
bers of WPBs were not observed in the cells. These vVWF- and
P-selectin-positive granules completely disappeared from the cells
after stimulation with histamine (Supporting Fig. 1), indicating that
P-selectin was stored and released as a WPB component. P-selectin
was not stored within specific organisms in several cells lacking
vWE-positive granules but was diffusedly present in the cell mem-
brane (Fig. 2A, middle).

ECs on culture plates show a cobblestone-like morphology,
whereas ECs cultured in extracellular matrix gels undergo for-
mation of capillary-like tube networks. We investigated whether
IL-4-induced P-selectin storage in WPBs also occurs in ECs forming
tube networks. vVWF-positive WPBs were observed in tube-forming
HUVECs (Fig. 2B). We found that P-selectin-positive WPBs were
increased in cells stimulated with IL-4 (Fig. 2B).

We next investigated Ang-2 expression in WPBs, since Angpt2
expression was decreased after IL-4 stimulation as shown in Fig. 1.
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Fig. 1. IL-4 modulates gene expression patterns of WPB components. HUVECs were stimulated with 10 ng/ml IL-4 for the indicated periods. Then the mRNA expression levels
of WPB component genes were determined by gRT-PCR. Each value is normalized to the mRNA level of GAPDH. Results were calculated as ‘fold increase’ when the control
cells were taken as 1 and are expressed as means = SD of three independent deten?af’)smi.
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P-gelectin

Eotaxin-3
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Merged

Fig. 2. IL-4-induced P-selectin protein is stored in WPBs. (A HUVECs that had been cultured with or without 10 ng/mlIL-4 for 48 h were fixed and stained immunofluorescently
with antibodies to P-selectin (red) and vWF (green). Scale bar: 50 wm. (B) Capillary-like tube networks were formed by culturing HUVECs in Matrigel. Tubes were cultured
with or without 10 ng/ml IL-4 for 48 h. The cells were then fixed and stained immunofluorescently with antibodies to P-selectin (red) and vWF (green) in the presence of
200 mM potassium chloride. Scale bar: 50 pm. (C) HUVECs stimulated with or not stimulated with 10 ng/ml IL-4 for 48 h were fixed and stained immunofluorescently with
antibodies to Ang-2 (red) and vVWF (green). All results are representative of three independent experiments. (D) HUVECs stimulated with or not stimulated with 10 ng/ml IL-4
for 48 h were lysed for immunoblot analysis for the intracellular expression of Ang-2, IL-8, eotaxin-3 and GAPDH. Results are representative of two independent experiments.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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[7] Control siRNA
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Fig. 3. STAT6 mediates IL-4-induced alteration of the expression levels of WPB component genes. HUVECs transfected with STAT6-specific or control siRNA were cultured
with or without 10ng/ml IL-4 for 48 h. The mRNA expression levels of STAT6, P-selectin, eotaxin-3, IL-8, Ang-2 and LAMP-3 were determined by qRT-PCR. Each value is
normalized to the mRNA level of GAPDH and is expressed as the mean £ SD (n=3). *, versus cells transfected with control siRNA, P<0.05.

Immunofluorescent staining revealed that Ang-2 was stored in
vWE-positive WPBs (Fig. 2C). Although IL-4 stimulation slightly
decreased Ang-2 expression, the effect was very modest, as was
found for vWF and number of WPBs. Thus, by this method, it was
difficult to clearly detect decreased WPB components stored in
WPBs at least within 48 h of stimulation. To detect intracellular
Ang-2 protein more clearly, we performed immunoblotting for the
cytoplasmic lysates obtained from HUVECs. As the result, IL-4 obvi-
ously decreased the intracellular expression level of Ang-2 (Fig. 2D).
Furthermore, IL-4 also decreased the basal intracellular expression
level of IL-8. In contrast to Ang-2 and IL-8, IL-4 increased expression
level of eotaxin-3 (Fig. 2D). These results suggest that decreased
gene expression levels of WPB components are also correlated with
WPB storage.

3.3. STAT6 mediates IL-4-induced alteration of expression levels
of WPB component genes

STATS6, the critical signaling molecule in the IL-4R pathway,
is known to serve as a positive and negative regulator of IL-4-
induced gene expression (Hebenstreit et al.,, 2006). To assess the
involvement of STAT6 in IL-4 regulation of expression levels of WPB
component genes, we utilized Stat6-specific siRNA. Expression of
STAT6 mRNA (Stat6) was observed in HUVECs and was not altered
by IL-4 stimulation (Fig. 3). Effective Stat6 reduction was confirmed
in cells transfected with Stat6 siRNA (Fig. 3). IL-4-induced expres-
sion of P-selectin and eotaxin-3 mRNAs was remarkably decreased
by Stat6 knockdown (Fig. 3). Furthermore, IL-4-induced decrease in
mRNA expression of Ang-2, IL-8 and LAMP-3 was restored by Stat6
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Fig. 4. SOCS-1 is induced by IL-4 in ECs. (A) HUVECs were stimulated with 10 ng/ml IL-4 for the indicated periods. The mRNA expression levels of SOCS-1 and SOCS-3 were
deterrnined by gRT-PCR. Results were calculated as ‘fold increase’ when the control cells were taken as 1 and are expressed as means + SD of three independent determinations.
(B) HUVECs transfected with STAT6-specific or control siRNA were cultured with or without 10 ng/m! IL-4 for 48 h. The mRNA expression level of SOCS-1 was determined by
quantitative gRT-PCR. Each value is normalized to the mRNA level of GAPDH and isgpgsﬁ as the mean£SD (n=3). * versus cells transfected with control siRNA, P<0.05.
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Fig. 5. Endogenous SOCS-1 is a regulator of IL-4-induced alteration of the expression levels of WPB component genes. HUVECs transfected with SOCS-1-specific or control
siRNA were cultured with or without 10 ng/ml IL-4 for 48 h. The mRNA expression levels of SOCS-1, STAT6, P-selectin, eotaxin-3, IL-8, Ang-2 and LAMP-3 were determined by
QRT-PCR. Each value is normalized to the mRNA level of GAPDH and is expressed as the mean=SD (n=3). *, versus cells transfected with control siRNA, P<0.05.

knockdown (Fig. 3). Thus, not only upregulatory but also downreg-
ulatory effects of IL-4 on expression levels of WPB component genes
are dependent on STAT6.

3.4. SOCS-1 mediates IL-4-induced alteration of expression levels
of WPB component genes

It is known that SOCS-1 and SOCS-3, members of inducible
feedback inhibitors of cytokine signaling pathways, are potent
inhibitors of the IL-4R-STAT6 pathway (Yoshimura et al., 2007).
In HUVECs, 1L-4 could induce SOCS-1, but not SOCS-3, after IL-
4 stimulation (Fig. 4A). Consistent with previous results in other
cell types (Hebenstreit et al, 2003; Losman et al, 1999), IL-4-
induced Socs1 expression was dependent on STAT6 (Fig. 4B). To
assess the involvement of SOCS-1 in IL-4 regulation of expres-
sion levels of WPB component genes, we utilized Socs1-specific
siRNA. We confirmed that IL-4-induced SOCS-1 expression was effi-
ciently reduced in HUVECs transfected with Socs1 siRNA (Fig. 5).
Expression of STAT6 mRNA was not altered by knockdown of Socs1.
IL-4-induced mRNA expression of P-selectin and eotaxin-3 was con-
siderably enhanced by knockdown of Socs1 (Fig. 5). In addition,
the downregulatory effect of IL-4 on mRNA expression of IL-8 and
Ang-2 was clearly attenuated by knockdown of Socs1 (Fig. 5). The
expression level of LAMP-3 mRNA was not restored by knockdown
of Socs1, indicating that LAMP-3 downregulation is mediated by
another mechanism.

To confirm the effects of SOCS-1 on IL-4 regulation of gene
expression, we utilized a DNA construct encoding c-Myc epitope-
tagged SOCS-1 (myc-SOCS-1), the expression of which could be
discriminated from that of endogenous Socs1 in HUVECs (Fig. 6A).
Expression of P-selectin and eotaxin-3 was significantly attenu-
ated by myc-SOCS-1 expression (Fig. 6B). In contrast, myc-SOCS-1
enhanced the downregulatory effect of IL-4 on expression levels

234

of IL-8 and Ang-2 mRNAs, but not LAMP-3 mRNA (Fig. 6B). Thus,
these results clearly indicate that IL-4 increases SOCS-1 expression
through STAT6 and then downregulates IL-8 and Ang-2 via negative
feedback regulation.

3.5. STAT6 and SOCS-1 are regulators of IL-4-induced P-selectin
storage in WPBs

Experiments were then carried out to determine whether STAT6
and SOCS-1 regulated IL-4-induced P-selectin storage within WPBs.
P-selectin-positive granules were not observed in IL-4-stimulated
HUVECs transfected with STAT6 siRNA (Fig. 7A). Similarly, P-
selectin-positive granules were not observed in IL-4-stimulated
HUVECs expressing myc-SOCS-1 (Fig. 7A). Stat6 siRNA and myc-
SOCS-1 did not alter vWF expression and the number of WPBs
(Fig. 7A). Similar results were obtained in HUVECs forming
capillary-like tubes (Fig. 7B). These resuits indicate that STAT6 and
SOCS-1 are important mediators of IL-4-induced storage compo-
nent changes in WPBs.

4. Discussion

Our study demonstrated that IL-4 affects expression patterns
of WPB component genes through STAT6- and SOCS-1-dependent
mechanisms. 1L-4 could induce WPB compositional change after
alteration of gene expression, at least of the upregulated com-
ponents P-selectin (Fig. 2) and eotaxin-3 (@ynebrdten et al.,
2004). Although we could not demonstrate apparent changes in
IL-4-downregulated components within WPBs by immunofluores-
cent staining, immunoblot analyses revealed that IL-4 stimulation
clearly decreased the expression of such components within intra-
cellular compartments (Fig. 2D). Given that WPBs enable ECs to
rapidly regulate multiple critical functions of vasculatures, IL-4-



2086 M. Inomata et al. / Molecular Immunology 46 (2009) 2080-2089
GV Socst Mock  Myc-SOCS-1
> 1 . ,
i § # Myc-epitope
Zg é [ Mock
Og:x;{ B Myc-S0CS-1 Socs?
2= 4
E 4 Gapdh
@ 0
o
Q¥
® 2
3120 Selp 500 Ccl26
g 100 400
z & 300 .
£ 28 s 200
fé 20 100 l ] Mock
= . -1
e 0 S = > o <) < > B vyc-S0CS
D ®§> N Y
W N4 N ®
8 I8 Angpt2 i Lamp3
s 14 1.2 »
212 10 1.0
g0 0.8 0.8
[P 0.6 0.8
E 06 * 0.4
o 04 5 0.4 ;
Z 002 0.2 0.2
) 0 0
v > > >
o &e}@ X\;b‘ &5@ \\}* &\3& N, &§ \\} &\}@ N &o@ N
‘@‘Q’ . @Q §\® é\e‘ @@ %\\Q)

Fig. 6. Exogenous SOCS-1 regulates IL-4-induced alteration of the expression levels of WPB component genes. (A) HUVECs transfected with a plasmid encoding myc-SOCS-1 or
a control plasmid (mock) were cultured with or without 10 ng/m! IL-4 for 48 h. The mRNA expression levels of SOCS-1 were determined by qRT-PCR. Each value is normalized
to the mRNA level of GAPDH and is expressed as the mean+ SD (n=3). Expression levels of myc-SOCS-1, total SOCS-1 (endogenous SOCS-1 and myc-SOCS-1) and GAPDH
were also analyzed by agarose gel electrophoresis (right picture). *, versus cells transfected with a control plasmid, P<0.05. (B) HUVECs transfected with a plasmid encoding
myc-SOCS-1 or a control plasmid (mock) were cultured with or without 10 ng/ml IL-4 for 48 h. The mRNA expression levels of P-selectin, eotaxin-3, IL-8, Ang-2 and LAMP-3
were determined by qRT-PCR. Each value is normalized to the mRNA level of GAPDH and is expressed as the mean + SD (n=3). *, versus cells transfected with a control plasmid,

P<0.05.

induced alteration of the expression pattern of WPB components
may convert the physiological functions of WPBs into the functions
for Th2-biased immunity or allergic inflammation through STAT6
and SOCS-1.

STAT6 has been thought to be essential for IL-4- and IL-
13-mediated immune functions. It is currently known that
IL-4-induced cell differentiation is largely dependent on STATS,
whereas IL-4 can regulate cell proliferation and survival at least
partially through STAT6-independent mechanisms, such as via PI3K
and MAPKs (Hebenstreit et al., 2006; Jiang et al., 2000). Indeed, IL-4
regulates many gene expression levels through STAT6-dependent
and STAT6-independent mechanisms (Chen et al., 2003; Levings
and Schrader, 1999). Our results showed that both positive and
negative regulatory effects of IL-4 on expression of several WPB
component genes were completely dependent on STAT6 (Fig. 3).
Such effects of STAT6 are consistent with results of previous stud-
ies showing that STAT6 serves as a positive and negative regulator
of IL-4-induced gene expression in T and B lymphocytes (Chen
et al., 2003; Schroder et al.,, 2002). These effects are thought to
be mediated partly through STAT6-dependent induction of several
transcriptional factors and SOCSs (Chen et al., 2003; Canfield et
al., 2005; Losman et al., 1999). Since STAT6-deficient mice exhibit
impaired immune responses to infection with nematodes and aller-
gic responses in murine models of asthma because of impaired
differentiation of T and B lymphocytes (Akimoto et al., 1998; Takeda
et al., 1996), future studies must focus on how STAT6-dependent
WPB component regulation affects such immune or allergic reac-
tions.
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The SOCS family is comprised of eight members, each of which
contains an SH2 domain and a conserved C-terminal module
termed the SOCS box (Yoshimura et al., 2007). Most SOCS pro-
teins are induced by cytokines and therefore act in a negative
feedback loop to inhibit cytokine signal transduction. It has been
reported thatIL-4 induces expression of two SOCSs, SOCS-1 through
a STAT-6-dependent mechanism and SOCS-3 through a STAT6-
independent but p38 MAPK-dependent mechanism (Canfield et al.,
2005). In ECs, however, IL-4 could only induce expression of SOCS-
1 through STAT6 (Fig. 4). We therefore focused on SOCS-1 in this
study, although the IL-4R-STAT6 pathway has been reported to be
negatively regulated by both SOCS-1 and SOCS-3 (Hebenstreit et al.,
2005).SOCS-1 is known to inhibit the STATG pathway through direct
interaction with JAK via a kinase inhibitory region and to promote
its degradation in proteasome via an activity like E3 ubiquitin ligase
(Yoshimura et al., 2007). Indeed, we showed that SOCS-1 elicited a
negative regulatory effect on IL-4-induced expression of P-selectin
and eotaxin-3 (Fig. 5). We also found that [L-4 downregulatory
effects on IL-8 and Ang-2 were mediated by SOCS-1 (Fig. 5), indi-
cating that STAT6-dependent downregulatory effects are negative
feedback regulation by SOCS-1. SOCS-1 did not affect the expres-
sion of STAT6 (Fig. 5). Although the reason for the downregulatory
effects by SOCS-1 is not completely clear, several lines of evidence
obtained in previous studies may partly provide an explanation. For
example, SOCS-1 has the ability to directly interact with the p65
subunit of NF-kB and enhance its ubiquitinylation and degradation
(Ryo et al., 2003), which may lead to downregulation of the expres-
sion of NF-kB-driven genes, including IL-8 and E-selectin. Further
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Fig. 7. STAT6 and SOCS-1 regulate IL-4-induced P-selectin protein storage in WPBs. (A) HUVECs were transfected with STAT6-specific or control siRNA or with a plasmid
encoding myc-SOCS-1 or a control plasmid (mock). Cells were stimulated with 10ng/ml IL-4 for 48 h and then fixed and stained immunofluorescently with antibodies to
P-selectin (red) and vWF (green). Results are representative of three independent experiments. (B) HUVECs were transfected with STAT6-specific or control siRNA or with
a plasmid encoding myc-SOCS-1 or a control plasmid (mock). Capillary-like tube networks were formed by culturing these HUVECs in Matrigel. Cells were stimulated with
10ng/ml 1L-4 for 48 h and then fixed and stained immunofluorescently with antibodies to P-selectin (red) and vWF (green). Results are representative of three independent
experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

research is needed to determine in detail the effects of STAT6 and
SOCS-1 on IL-4 regulation of WPB components and EC functions.
Condensed storage pools of multiple components within WPBs
are a preliminary arrangement of ECs for a rapid release of them in
response to acute extracellular stimuli to regulate multiple func-
tions in vasculatures (Rondaij et al., 2006). The importance of
component localization within WPBs has been shown by stud-
ies using VWF knockout mice, lacking the formation of WPBs in
ECs (Denis et al., 2001). These animals show inflammatory defects,
similar to those seen in P-selectin knockouts, partially because of
mislocation of P-selectin and defects of its transportation to the cell
membrane. P-selectin, eotaxin-3 and IL-8 are known to be directly
involved in rapid recruitment of bloodstream leukocytes to the
endothelium. Ang-2 regulates destabilization of quiescent endothe-
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lia and then sensitization of them towards angiogenic factors and
proinflammatory cytokines (Fiedler et al., 2006). Although the func-
tion of LAMP-3 in ECs has been unclear, it is known that a blocking
Ab to LAMP-3 inhibits neutrophil adhesion to ECs stimulated with
thrombin (Toothill et al., 1990). We demonstrated that IL-4 potently
promoted the expression of P-selectin and eotaxin-3 and decreased
the expression of IL-8, Ang-2 and LAMP-3 (Fig. 1). Therefore, upon
secondary stimulation, such as stimulation by mast cell-derived
histamine, of IL-4-primed ECs, profuse amounts of P-selectin and
eotaxin-3 may be released from WPBs to the luminal surface of
ECs. Such reactions may provide a rapid pathway for Th2-biased
responses of ECs, such as specific recruitment of eosinophils to sites
of allergic and chronic inflammation. Although IL-4 can attenuate
angiogenesis (Nishimura et al., 2008; Volpert et al., 1998), the role
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of the EC reactions in dysregulation of angiogenesis, which is often
seen in allergic or chronic inflammatory diseases (Puxeddu et al.,
2005), is currently unknown.

5. Conclusions

IL-4 plays a role in immune protection against helminthic para-
sites and pathogenesis of allergic inflammation through promoting
IgE production, Th2 cell differentiation and Th2 cytokine-mediated
immune activation through activation of STAT6 signaling. Although
the importance of WPBs in Th2-biased or allergic functions of
ECs has not been clear, our current study revealed the possibil-
ity that IL-4 also has a priming role in regulation of EC functions
through WPB compositional changes through STAT6- and SOCS-1-
dependent mechanisms. Studies in progress will further elucidate
its role and importance in mediating the biological effects of WPBs
in the immune regulation and development of allergic or chronic
inflammation.
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