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FIGURE 2. Oxidative stress on DNA in cardiomyocytes. A, Representa-
tive immunohistochemical analysis images for 8-hydroxy-2'-deoxyguano-
sine (8-OHdG) were obtained with specific monoclonal antibody. Stained
nuclei are indicated by arrows. Bar represents 50 um. B, Quantification
of oxidative stress on DNA, as indicated by 8-hydroxy-2’-deoxyguanosine
index. All values shown as mean £ SD.

substrate in caspases known to play an important role in reg-
ulating apoptosis, to be blocked by EGCG. In particular,
EGCG has been shown to reduce the levels of p38 MAPK
phosphorylation,20 and several studies have confirmed inhi-
bition of p38 MAPK phosphorylation to decrease apoptosis
and improve cardiac function after myocardial IRL?’
Consistent with these findings, our Western blotting analysis
demonstrated EGCG to protect against myocardial apoptosis
by blocking p38 MAPK phosphorylation and caspase-3
cleavage, indicating that oral pretreatment with EGCG
preserved LV function possibly by inhibiting myocardial
apoptosis.

Dose Effects of EGCG

In this study, oral pretreatment with a high dose of EGCG
did not yield the most potent cardioprotective effects. The
cardiac function recovery rates after reperfusion were actu-
ally lower in the 10-mmol/L group than in the 1-mmol/L
group, despite the blood EGCG concentration remaining

higher in the 10-mmol/L group. The plasma EGCG levels
of rats given 1-mmol/L EGCG for 2 weeks may have ex-
ceeded the saturation point for cardioprotective effects.
This result may also, however, be related to some additional
adverse effects of EGCG. One possible adverse effect is that
EGCG at high concentrations produces an excess of nitric
oxide through activation of endothelial nitric oxide synthase.
If nitric oxide exceeds a certain level, it reacts with superox-
ide anion under postischemic reperfusion conditions and
yields more toxic radicals, such as hydroxyl radical and
peroxynitrite anion, as demonstrated in several studies.”
The toxic activity of these reaction products may exceed
the scavenger activity of EGCG, possibly leading to the sup-
pression of heart function. These results underscore the im-
portance of establishing the optimal oral EGCG dose to
maintain recovery of cardiac function and minimize surgical
complications, in anticipation of clinical application of
EGCG.

Optimal Delivery of EGCG

We advocate that EGCG should be administered orally as
a preoperative measure. Recently, with respect to the safety
of EGCG, excessively high concentrations have been shown
to be cytotoxic and to trigger genotoxic events in mamma-
lian cells.” Direct administration of EGCG to the myocar-
dium, such as by intravenous or intracoronary injection,
reportedly produces harmful side effects, particularly at
high doses. Oral EGCG, however, even when given as
a very high bolus dose, is safe in human beings, as shown
by clinical trial.** In this study, we selected the 2-week
oral protocol for administration of EGCG on the basis of
areport on the bioavailability of green tea polyphenols in ro-
dents during long-term green tea consumption in drinking
fluid.>> Plasma concentrations of EGCG were shown to
gradually increase in the first 2 weeks and then reach a pla-
teau in rats given EGCG in drinking fluid.*® In considering
clinical applications, we will need to establish a period of
oral administration of EGCG before heart surgery, referring
to several clinical studies to determine the safety and phar-
macokinetics of green tea polyphenols with long-term oral
administration of EGCG.**

Study Limitations

This study has several limitations. First, the heart model
used in our experiment may not fully reflect in vivo condi-
tions because of the lack of blood components such as neu-
trophils, platelets, and blood-derived cytokines. Several
studies have demonstrated that neutrophils play an important
role in the pathogenesis of IRI. An in vivo study taking into
account the influence of blood is therefore in progress. Sec-
ond, the type of ischemia used in this experimental model
was global no-flow ischemia without cardioplegia, which
is unlike the type of ischemia used in human heart surgery.
This type of ischemia was adopted for this model to facilitate
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FIGURE 3. Western blotting analysis for apoptosis-related proteins. A, p38 mitogen-activated protein kinase (MAPK), as phosphorylated p38 (p-p38) and
nonphosphorylated p38 (r-p38). B, Caspase-3. All values shown as mean % SD.

the evaluation of the cardioprotective effect of EGCG alone,
eliminating other cardioprotective factors as far as possible.
In the future, further investigations are needed to clarify the
cardioprotective effects of oral pretreatment with EGCG in
a larger animal model of ischemia with cardioplegia and
cardiopulmonary bypass, in view of its clinical application
to human heart surgery. These issues will be addressed in fu-
ture green tea polyphenol clinical trials. Third, in this study,
we did not incorporate preischemic measurement of oxida-
tive stress or apoptosis. Although the baseline cardiac func-
tion did not differ among the groups, we cannot rule out the
possibility that preischemic oxidative stress and apoptosis
were suppressed in the EGCG groups. This point needs fur-
ther investigation. Fourth, the involvement of p38 MAPK
expression in apoptosis is still controversial. We cannot def-
initely conclude that the cardioprotective effect of EGCG
exhibited in this study is attributable to p38-mediated apo-
ptosis suppression. We selected p38 for evaluation in this
study because in several previous reports EGCG was shown
to suppress apoptosis through inhibition of p38 activation
under conditions of myocardial IRI1.?

CONCLUSIONS

Oral pretreatment with EGCG, a green tea polyphenol, at-
tenuated myocardial IRI and enhanced cardiac function re-
covery after ischemia followed by reperfusion in an
isolated rat heart model. The mechanisms of oxidative stress
suppression and myocardial apoptosis suppression may be
involved in the cardioprotective effects of EGCG. In addi-
tion, oral intake of a high dose of EGCG did not dramatically
improve cardiac function after ischemia—reperfusion. EGCG
pretreatment by oral intake could be a novel and simple pre-

conditioning cardioprotective method for preventing perio-
perative cardiac dysfunction in cardiac surgical patients.

We thank Ms Fumiyo Kataoka for her expert technical assis-
tance and Dr Fumio Nanjo and Mr Shuichi Otani (Mitsui Norin
Co, Ltd, Food Res Labs, Fujieda, Japan) for measuring EGCG con-
centrations in blood.
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The objective of this study is to evaluate the angiogenic effects induced by biodegradable gelatin hydrogel
granules incorporating mixed platelet-rich plasma (PRP) growth factor mixture (PGFM) and bioactive
basic fibroblast growth factor (bFGF). The PRP was prepared by a double-spinning technique for isolating
animal bloods, followed by treatment with different concentrations of calcium chloride (CaCl,) solution.
The Ca(l, solution treatment activated the platelets of PRP, aliowing the release of various growth factors,
such as platelet-derived growth factor (PDGF)-BB, vascular endothelial growth factor (VEGF), transform-

g?;:;?;d;: drogel ing growth factor (TGF)-B;, and epithelial growth factor (EGF). In the PRP treated with different CaCl,
PRP varog solutions, high amounts of representative platelet growth factor, PDGF-BB, VEGF, EGF, and TGF-8; were
bEGF detected in the CaCl, concentrations of 1, 2, and 4 wt.% compared with higher or lower ones. The PRP

treated was impregnated into gelatin hydrogel granules freeze-dried at 37 °C for 1 h, and then the per-
centage of PGFM desorbed from the gelatin hydrogel granules was evaluated. The percentages of
PDGF-BB, VEGF, EGF, and TGF-p, desorbed tended to decrease with decreasing CaCl, concentration. Taken -
together, the CaCl, concentration to activate PRP for PGFM release was fixed at 2 wt.%. In vitro release
tests demonstrated that the PGFM was released from the gelatin hydrogel granules with time. For the gel-
atin hydrogels incorporating PGFM and bFGF, the time profile of PDGF-BB or bFGF release was in good
correspondence with that of gelatin hydrogel degradation. The gelatin hydrogel granules incorporating
mixed PGFM and bFGF were prepared and intramuscularly injected to a mouse leg ischemia model to
evaluate the angiogenic effects in terms of histological and laser Doppler perfusion imaging examina-
tions. As controls, hydrogel granules incorporating bFGF, PGFM, and platelet-poor plasma were used
for the angiogenic evaluation. The number of blood vessels newly formed and the percentage of anti-
o-smooth muscle actin antibody-positive cells increased around ischemic sites injected with the gelatin
hydrogel granules incorporating mixed PGFM and bFGF, in marked contrast to other control groups. The
blood reperfusion level of ischemic tissues was enhanced by the hydrogel granules incorporating mixed
PGFM and bFGF, whereas no enhancement was observed for other groups. It is concluded that the dual-
release system of PGFM and bFGF from gelatin hydrogel granules shows promise as a method to enhance
angiogenic effects.

Controlled release
Angiogenesis

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Several treatments for therapeutic angiogenesis have been
reported to demonstrate experimental and clinical potential. A
number of clinical trials of gene therapy and bone marrow cells
transplantation have been carried out. However, the biosafety of
genetic materials is not always certain [1-3]. In addition, the inva-
siveness required to harvest bone marrow cells and the lack of
scientific knowledge and related technology for bone marrow cells
may be potential risks for cell therapy [4,5]. Another option is to
make use of growth factor proteins, which enable cells to naturally
induce their biological potential for natural angiogenesis. If the

* Corresponding author. Tel.: +81 75 751 4121; fax: +81 75 751 4646.
E-mail address: yasuhiko@frontier.kyoto-u.ac.jp (Y. Tabata).

growth factor can be used in vivo with the biological activity
remaining, growth-factor-induced angiogenesis is a realistic
prospect.

A drug delivery system (DDS) is one plausible technology for
enhancing the in vivo biological activity of growth factors. Biode-
gradable gelatin hydrogels have been designed and prepared for
the controlled release of bioactive basic fibroblast growth factor
(bFGF) [6], transforming growth factor (TGF)-B; [7], platelet-
derived growth factor (PDGF)-BB [8], bone morphogenetic protein
(BMP)-2 [9-11], and hepatocyte growth factor (HGF) [12,13]. For
example, bFGF can be released from gelatin hydrogels, demonstrat-
ing the therapeutic potential of angiogenesis in animal models of
ischemic legs and hearts or the angiogenesis-induced enhance-
ment of therapeutic efficacy of cell transplantation [14-21]. In
addition, a clinical trial has been started to confirm the safety

1742-7061/$ - see front matter © 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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and feasibility of bFGF release from gelatin hydrogels for patients
with clinical limb ischemia of intractable disease [22].

Platelet-rich plasma (PRP) is a source of autologous growth fac-
tors, including PDGF, vascular endothelial growth factor (VEGF),
TGF-B;, and epithelial growth factor (EGF). Autologous PRP has
been used clinically in a wide variety of surgical treatments for soft
and hard tissues [23], such as intractable wounds [24], calvaria
[25], or maxillofacial bone defects [26], cosmetic surgery [27,28],
spinal problems [29], and neovascularization [30]. Platelet growth
factors can also be released from gelatin hydrogels, demonstrating
their enhanced activity to induce angiogenesis, or regenerate knee
meniscus [31,32], intervertebral discs [33-35], and bone tissues
[25,36].

In this study, mixed PRP growth factor mixture (PGFM) and
bFGF were incorporated into gelatin hydrogels for multiple
releases and the angiogenic effect was evaluated by comparing
the release of either PGFM or bFGF from the hydrogels. We have
reported that neovascularization can be induced with controlled
release of bFGF from gelatin hydrogels. The therapeutic neovascu-
lariation generally involves both microvascular and macrovascular
processes. At the microvasculatory level, angiogenesis is defined as
the sprouting and growth of capillaries, which, however, regress
after cessation of bFGF stimulation if pericytes are not recruited
properly. Therefore, the stabilization of capillary networks newly
created by mural cells (pericytes), known to be recruited by
PDGF-BB, is essential for therapeutic neovascularization {37]. The
process of capillary maturation needs the recruitment of mural
cells mediated by PDGF-BB [37,38]. Taken together, in this study,
we attempted multiple controlled release of PGFM and bFGF from
the gelatin hydrogel to investigate the maturation of blood vessels
newly formed in a murine model! of hind limb ischemia. Following
the intramuscular injection of gelatin hydrogel granules incorpo-
rating mixed PGFM and bFGF into an ischemia model animal, the
in vivo angiogenesis was evaluated in terms of histological and
laser Doppler perfusion imaging examinations. The CaCl, treat-
ment condition of PRP to allow the release of platelet growth
factors was optimized based on the amount of growth factor
released and the release pattern from the hydrogel granules. We
examine the time profile of representative platelet growth factors
from the hydrogel granules compared with that of hydrogel
degradation.

2. Materials and methods
2.1. Preparation of gelatin hydrogel granules

A gelatin sample containing low levels of endotoxin (beMatrix®
Gelatin LS-H) with an isoelectric point (IEP) of 5.0, isolated by an
alkaline process from the porcine skin, was kindly supplied by
Nitta Gelatin Inc. (Osaka, Japan). Biodegradable gelatin hydrogel
granules were prepared by the glutaraldehyde (GA, Wako Pure
Chemical Industries, Osaka, Japan) cross-linking of an aqueous gel-
atin solution [6,10,11]. Briefly, after mixing 80 pl of aqueous GA
solution (25 wt.%) with 40 g of aqueous gelatin solution (5 wt.%)
preheated at 40 °C, the mixed aqueous solution was cast into a
polystyrene dish (127.8 x 85.5 mm?, Thermo Fisher Scientific Inc.,
MA, USA), which was then left for 12 h at 4 °C to allow the chemical
cross-linking of gelatin. The resulting hydrogel sheets were then
placed in 100 mM glycine aqueous solution (1 1), followed by agita-
tion at room temperature for 1 h to block the residual aldehyde
groups of unreacted GA. The cross-linked hydrogel sheets were
twice washed with double-distilled water (DDW). After washing,
they were homogenized with a Polytron PT-13000DM system
(Central Scientific Commerce Inc., Tokyo, Japan) and separated by
sieves to obtain gelatin hydrogel granules with diameters ranging
from 32 to 52 pm in the DDW-swollen state. Thereafter, the
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hydrogel granules were freeze-dried, and sterilized with ethylene
oxide gas. The water content of gelatin hydrogel granules (the
weight ratio of water present in the hydrogel to the wet hydrogel)
was 96 wt.%, calculated from the hydrogel weight before and after
swelling in phosphate-buffered saline solution (PBS, pH 7.4) for
24 h at 37 °C.

2.2. In vitro degradation assay

To evaluate the pattern of hydrogel degradation, the gelatin
hydrogel granules were agitated in two types of degradation solu-
tion (1 ml): PBS with or without 10 pg ml~! of collagenase (colla-
genase 1A, Nitta Gelatin Inc.) at 37 °C. At different time intervals,
the solution supernatant was removed and replaced with the same
volume of fresh PBS solution with or without collagenase. The gel-
atin concentration in each supernatant was determined by optical
density (OD) measurement at 260 nm by spectrometry (DUSOO,
Beckman Coulter, CA, USA) to evaluate the time profile of hydrogel
degradation. The experiment was performed independently for
three samples at every sampling time.

2.3. Preparation of PRP and growth factor detection

BALB/c mice (8 weeks old; Shimizu Laboratory Animal Supply,
Kyoto, Japan) were used. All animal experiments were approved
by the Kyoto University Committee for Animal Experimentation.
Briefly, 15 mice were anesthetized by the intraperitoneal injection
of pentobarbital (somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan) at a
dose of 0.65 mg kg~! body weight. PRP was prepared with a plate-
let-rich plasma kit (JP200; Japan Paramedic Co. Ltd, Tokyo, Japan)
according to the method reported [39-41]. Briefly, animal bloods
(10 ml) were collected into tubes containing acid-citrate-dextrose
solution formula A (1:4 v/v) anticoagulant and centrifuged for
7 min at 450g and 4 °C. Next, the yellow plasma with the buffy coat
was carefully transferred into a BD Vacutainer® tube (Becton
Dickinson Co., NJ, USA), and then centrifuged for 5 min at 1600g
and 4°C. The platelet pellet was collected and the thrombolytic
pellet in 1.0 ml of plasma was used as PRP while the supernatant
provided platelet-poor plasma (PPP). Before and after the PRP prep-
aration, an aliquot was taken out to count the number of platelets.
The density of platelets in the PRP prepared was increased by a
factor of five when compared with that of the original blood.

To activate PRP for the release of growth factors, the PRP pre-
pared was mixed with CaCl, solution at concentrations of 0.4,
0.6, 0.8, 1, 2, 4, and 10 wt.% at a ratio of 7:1 by volume, and then
left for Th at 37°C. As controls, PRP was treated with mixed
2 wt.% CaCl, and thrombin solution or by a conventional freeze-
thaw method [42-44]. Briefly, PRP was frozen by liquid nitrogen
for 1 min, and then rapidly thawed at 25 °C. The process was re-
peated three times.

The amount of growth factors, i.e. PDGF-BB, VEGF, EGF, and
TGF-By, released was determined with a Quantikine® enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems, MN,
USA). For TGF-B; ELISA, the samples were first treated with acid
to lower the pH to 2.0 to denature latency-associated peptide to al-
low the detection of active TGF-B;. The supernatant was adjusted
to neutral pH before ELISA.

2.4. Evaluation of PDGF-BB desorption from gelatin hydrogel granules
incorporating PGFM

To evaluate the extent of platelet growth factors impregnated
into the gelatin hydrogel granules, the amount of growth factors
desorbed from gelatin hydrogel granules incorporating PGFM with
or without CaCl, treatment was measured. The PRP was incubated
with CaCl, solution at different Ca?* concentrations for 1 h at 37 °C
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or treated with the freeze-thaw method three times. Then, 100 pl
of treated and non-treated PRP was impregnated into 10 mg of
freeze-dried gelatin hydrogel granules for 1 h at 37 °C. The gelatin
hydrogel granules incorporating PGFM were placed in 1 ml of PBS,
and incubated for 3 h at 37 °C. The amount of growth factors in
each PBS sample was determined by the ELISA similarly. The per-
centage adsorption of growth factors to gelatin hydrogel granules
was calculated by the following formula:

percentage adsorption = 100 — (the amount of desorbed growth
factor/the amount of impregnated growth factor x 100)

The experiment was performed independently three times for
each granule.

2.5. Preparation of gelatin hydrogel granules incorporating mixed PRP-
treated bFGF and PGFM

An aqueous solution of human recombinant bFGF with an IEP of
9.6 (10 mgml~!) was kindly supplied by Kaken Pharmaceutical
(Tokyo, Japan). The original bFGF solution was diluted with physi-
ological saline solution (Otsuka Pharmaceutical Co. Ltd, Tokyo,
Japan) to give a solution concentration of 10 mg ml~!. The aqueous
solution containing 100 pg of bFGF (10 pl) and 100 pl of PGFM was
dropped onto a freeze-dried gelatin hydrogel granule for impreg-
nation of PGFM and bFGF into the granule. The bFGF and PGFM
solutions were completely sorbed into the hydrogel granule by
swelling at 37 °C for 1 h, because the solution volume was less than
theoretically required for the equilibrated swelling of hydrogels.
Similarly, empty gelatin hydrogels without bFGF were prepared
by adding PBS to the solution.

2.6. Release test of bFGF from gelatin hydrogel granules incorporating
mixed PGFM and bFGF

To evaluate the bFGF release from the gelatin hydrogel granules
incorporating mixed PGFM and bFGF, the gelatin hydrogels incor-
porating mixed PGFM and radiolabeled-bFGF were incubated in
two types of release solution (1ml): PBS with and without
10 pgml™" of collagenase at 37 °C. After 6 h incubation in PBS,
there was a change from PBS to PBS with collagenase. At different
time intervals, the solution supernatant was removed and replaced
with the same volume of fresh PBS solution with or without colla-
genase. In this experiment, the PRP was treated with 2 wt.% CaCl,
solution for platelet activation, and bFGF was labeled with 12°1.

Basic FGF was radiociodinated with chloramine-T according to
the method described by Greenwood et al. [45]. Briefly, 5 pul of
Na'?5I was added to 200 pl of 0.5 mg ml~! bFGF solution in 0.5 M
potassium PBS (pH 7.5) containing 0.5 M sodium chloride. Then
0.2mgml~! of chloramine-T in 0.5M potassium PBS (pH7.5)
containing 0.5 M sodium chloride (100 ul) was added to the solu-
tion mixture. After agitation at room temperature for 2 min,
100 pl solution containing 0.4 mg of sodium metabisulfate was
added to the reaction solution to stop the radioiodination. The
reaction mixture was passed through an anionic exchange column
to remove the uncoupled, free 2’ molecules from the '?°-labeled
bFGF.

The mixture of the aqueous solution containing 100 pg of 2]
labeled-bFGF (10 pul) and 100 pl of PGFM was impregnated into
10 mg of freeze-dried gelatin hydrogel granules for 1 h at 37 °C.
The supernatant was sampled at scheduled times and the amounts
of bFGF in each supernatant samples were determined by the
y-counter. The experiment was done independently three times
for each granule.

2.7. Release test of PDGF-BB from gelatin hydrogel granules
incorporating PGFM

To evaluate the platelet PDGF-BB release from the gelatin
hydrogel granules incorporating PGFM, the gelatin hydrogels
incorporating PGFM were incubated in two types of release solu-
tion (1 ml): PBS with and without 10 pgml~" of collagenase at
37 °C. After 12 h incubation in PBS, there was a change from PBS
to PBS with collagenase. At different time intervals, the solution
supernatant was removed and replaced with the same volume of
fresh PBS solution with or without collagenase. In this experiment,
the PRP was treated with 2 wt.% CaCl, solution for platelet activa-
tion, and 100 pl of treated PRP was impregnated into 10 mg of
freeze-dried gelatin hydrogel granules for 1 h at 37 °C. The super-
natant was sampled at scheduled times and the amounts of
PDGF-BB in each supernatant samples were determined by the ELI-
SA similarly. The experiment was done independently three times
for each granule.

2.8. In vivo experiments

Hind limb ischemia was created in 8 week old male BALB/c
mice. Briefly, after the mice were anesthetized by an intraperito-
neal pentobarbital (0.65 mg kg™"!) injection, the right groin area
was shaved. The entire right saphenous artery and vein, right
external iliac artery and vein, and deep femoral and circumflex
arteries and vein were ligated, cut, and excised to obtain a murine
model of severe hind limb ischemia. The BALB/c mice treated were
randomly classified into six groups (n=10 per group): hydrogel
granules incorporating mixed PGFM and bFGF (PGFM + bFGF), gel-
atin hydrogel granules incorporating either PGFM or bFGF (PGFM
or bFGF), gelatin hydrogel granules incorporating PPP (PPP), no
treatment (NT), and PGFM- and bFGF-free PBS (PBS). All drugs
were homogeneously injected into five sites in the thigh muscle
of mouse ischemic hind limb by using a 27-gauge needle.

The animals were re-anesthetized by an intraperitoneal injec-
tion of pentobarbital (0.65 mg kg~!) 1 week after treatment, and
the following measurements were performed to evaluate the
in vivo angiogenesis. Each experiment was done three times inde-
pendently unless otherwise stated.

2.9. Hind limb blood perfusion

Hind limb blood perfusion was assessed by using a laser Doppler
blood perfusion image (LDPI) analyzer (moorLDI™, Moor Instru-
ments, Devon, UK) 1 week after treatment [14]. To evaluate the
influence of surgical procedure on the blood flow, the blood perfu-
sion of the normal hind limb and the treated one were measured
with LDPI. To minimize external influence, such as light and tem-
perature, the perfusion result was expressed as the LDPI index,
which is the ratio of the blood perfusion in the right (ischemic)
limb to that in the left (non-ischemic) limb of the same mouse
[14,18,46]. The blood flow was measured in the site of vascular
resection.

2.10. Histological examination

The specimens of muscular tissues were fixed with 4 wt.% para-
formaldehyde (PFA) in 0.1 M phosphate-buffered solution over-
night at 4 °C and then decalcified with Plank—Rychlo’s solution
overnight at room temperature. After decalcification, the samples
were embedded in paraffin. Each specimen was cut into slices of
the thigh, 4 um thick in cross-section. For histological analysis,
the section was stained with hematoxylin and eosin (HE) dyes,
and the number of blood vessels newly formed in the thigh was
counted in a blind fashion. The ratio of blood vessels newly formed
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in the right (ischemic) limb to those in the left (non-ischemic) limb
of the same mouse was calculated.

2.11. Immunohistological analysis

The animals were re-anesthetized by an intraperitoneal injec-
tion of pentobarbital (0.65 mgkg~!) 1 week after treatment, and
the mice were perfusion-fixed with 4 wt.% PFA solution. The ische-
mic thigh was decalcified and embedded in paraffin. Paraffin
sections (5 pm thick) of tissues were stained with a mouse mono-
clonal anti-a-smooth muscle actin antibody (o-SMA; Sigma-
Aldrich Japan K.K,, Tokyo, Japan). From each mouse, all fields on tis-
sue sections were photographed with a digital camera (Olympus,
Tokyo, Japan). The number of o-SMA (vascular smooth muscle
marker)-positive vessels was counted in a blind fashion. The
number of blood vessels was counted for the HE staining section.
The percentage of a-SMA-positive blood vessels to that of total
blood vessels was calculated. Each experiment was done three
times independently.

2.12. Statistical analysis

All the statistical data were expressed as the mean * standard
error of the mean. The data were analyzed by ANOVA to determine
the statistical significance between the two mean values. P values
less than 0.05 were considered to be significant.

3. Results
3.1. CaCl, treatment of PRP for the release of platelet growth factors

Table 1 shows the concentration of various growth factors re-
leased from PRP after the freeze-thaw treatment. The treatment
activated the platelet of PRP to release various growth factors.
Based on the profile of growth factors released, PDGF-BB, VEGF,
EGF, and TGF-B; were selected as representative platelet growth
factors because these were produced in the largest amounts and
showed the greatest ability to enhance the maturation of newly
formed blood vessels [38,47-53].

Fig. 1 shows the concentration of PDGF-BB released from PRP
after the CaCl, treatment. Upon treating with 0.8, 1, 2, and 4 wt.%
Ca(l; solution, the concentration of PDGF-BB in the soluble fraction
of PRP was significantly higher compared with that of non-treated
PRP. On the other hand, treatment with 10 wt.% CaCl, solution did
not increase the PDGF-BB amount. The concentration of EGF in the
soluble fraction of PRP was significantly higher compared with the
non-treated PRP and the 10wt% CaCl, solution treated PRP
(Fig. 2A). The amount of VEGF extracted from PRP was higher in
PRP treated with CaCl, compared with that of non-treatment
(Fig. 2B). In this study, PDGF is highlighted because it has the abil-
ity to enhance the maturation of blood vessels. In addition, PDGF is
one of the main factors present in PRP. However, the amount of
TGF-B, in PRP treated with 1, 2, and 4 wt.% CaCl, was higher than

Table 1
Concentration of growth factors in PRP.

Growth factor Concentration (pg/ml)

PDGF-BB 9440 + 1620
VEGF 2040 £ 971
TGF-B, 30,500 £20,500
EGF 906 206
bFGF 32687

The growth factors were extracted from PRP through the freeze-
and thaw treatment.
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Fig. 1. Concentration of PDGF-BB released from PRP after treatment with CaCl,
solution at different Ca®* concentrations, a mixed solution of 2 wt.% CaCl, and
thrombin, and freeze-thaw treatment. *P < 0.05, significantly different from the
values of non-treated PRP. "P<0.05, significantly different from the values of
0.4 wt.% CaCl,-treated PRP. *P<0.05, significantly different from the values of
10 wt.% CaCl,-treated PRP.

that of 10 wt.% CaCl, treated PRP, although the difference was not
significant (Fig. 2C).

3.2. Adsorption of growth factors to gelatin hydrogel granules
incorporating PGFM and the in vitro profiles of PDGF-BB release

Fig. 3 shows the adsorption patterns of growth factors to gelatin
hydrogel granules incorporating PGFM. For PRP treated with 0.8, 1,
2,and 4 wt.% CaCl; for 1 h at 37 °C, the amount of PDGF-BB adsorp-
tion was significantly lower compared with that treated with 0.4
and 0.6 wt.% CaCl, (Fig. 3A). The pattern of VEGF, EGF, and TGF-
B1 adsorption from the hydrogel granules incorporating PGFM
was influenced by the CaCl, concentration (Fig. 3B-D). On the
other hand, Fig. 4 shows the adsorption patterns of growth factors
to gelatin hydrogel granules incorporating mixed PGFM and bFGF
and time courses of bFGF from gelatin hydrogel granules incorpo-
rating mixed PGFM and bFGF in PBS with or without collagenase.
When mixed PGFM and bFGF were impregnated into gelatin
hydrogel granules, the adsorption rate of bFGF to gelatin hydrogel
granules was ~50% of impregnated bFGF (Fig. 4A). In the release in
PBS, ~60% of bFGF was released from the hydrogel granules. When
mixed PGFM and bFGF were impregnated to gelatin hydrogel gran-
ules, the initial burst of bFGF was increased compared with that of
a single impregnation of bFGF. However, when the release test was
performed in PBS containing collagenase, the bFGF was released
with time (Fig. 4B).

Fig. 5 shows the time courses of PDGF-BB from gelatin hydrogel

- granules incorporating PRP treated with 2 wt.% CaCl, solution in

PBS with or without collagenase. In the release in PBS, PDGF-BB
was not released from the hydrogel granules, although an initial
burst of small amounts released was observed. However, when
the release test was performed in PBS containing collagenase, the
PDGF-BB was released with time. A similar addition effect of colla-
genase on the time profile of hydrogel degradation was seen. A
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Fig. 2. Concentration of growth factors released from PRP after treatment with CaCl, solution at different Ca®* concentrations, a mixed solution of 2 wt.% CaCl, and thrombin,
and freeze-thaw treatment. (A) Concentration of EGF released from PRP. *P < 0.05, significantly different from the values of non-treated PRP. *P<0.05, significantly different
from the values of 10 wt.% CaCl,-treated PRP. *P < 0.05; significantly different from the values of freeze~thaw-treated PRP. (B) Concentration of VEGF released from PRP.
*P < 0.05, significantly different from the values of freeze-thaw-treated PRP. (C) Concentration of TGF-p, released from PRP.

good correlation of time profiles was observed between the PDGF-
BB release and the hydrogel degradation.

3.3. Angiogenic effects of gelatin hydrogel granules incorporating
mixed PGFM and bFGF

Fig. 6 shows the in vivo angiogenic effects of gelatin hydrogel
granules incorporating PGFM with or without bFGF combination
1 week after implantation. The PRP was treated with 2 wt.% CaCl,
solution. From the histological sections, new formation of blood
vessels was observed for the hydrogel granules incorporating
mixed PGFM and bFGF. The number of blood vessels newly formed
was significantly higher compared with that of other groups. The
number of vessels was not increased by injection of hydrogel gran-
ules incorporating PGFM, bFGF, or PBS. PBS solution containing
PGFM, bFGF, or mixed PGFM and bFGF did not increase the number
of new blood vessels (data not shown). The percentage of o-SMA-
positive blood vessels was increased due to the granules incorpo-
rating mixed PGFM and bFGF to a significantly greater extent

compared with that of other controls. No difference in the number
of vessels between the right and left limbs was observed for either
the non-treated group or the group injected with empty granules.
This indicates that neither the surgical procedure nor the granule
injection induced angiogenesis.

Fig. 7 shows blood perfusion levels in the ischemic limb after
the injection of a range of gelatin hydrogel granules incorporating
mixed PGFM and bFGF. The injection of hydrogel granules incorpo-
rating mixed PGFM and bFGF significantly enhanced the perfusion
index, in marked contrast to that of other groups.

4. Discussion

The present study demonstrates that the multiple releases of
PRP growth factors and bFGF from gelatin hydrogel granules was
effective in increasing the number of newly formed blood vessels
and the blood flow level in the ischemic legs. In addition, the num-
ber of a-SMA-positive blood vessels was also increased, which sug-
gests the maturation of blood vessels was enhanced.

146



M. Matsui, Y. Tabata/Acta Biomaterialia 8 (2012) 1792-1801

2
5
-

2

Percent of adsorption
8 8 8

016 ,“ -
0.8

; -~ 0g
Ee 1 3%
: CaCl, reatment (wi%) & £
§ N+
(C) 120
100 ~
2
§ e ;
oot .
s 60
g 40 ;
=

- o~ - e

| |
CaCl, roatment (wi%)

2 wth Cally,
+ Thrombin

§
&
8
z
2

Fig. 3. Adsorption of growth factors to gelatin hydrogel granules. After treatment of CaCl; solution at different Ca®* concentrations and a mixed solution of 2 wt.% CaCl, and
thrombin, the PRP-treated growth factor was incorporated into the gelatin hydrogels at 37 °C for 1 h. The concentration of growth factors desorbed from gelatin hydrogel
granules incorporating PGFM treated was detected by ELISA. (A) The percentage adsorption of PDGF-BB to gelatin hydrogel. *P < 0.05, significantly different from the values of
0.4 wt.% CaCl,-treated PRP. *P < 0.05, significantly different from the values of 0.6 wt.% CaCl,-treated PRP. ‘P < 0.05, significantly different from the values of the mixed
solution of 2 wt.% CaCl; and thrombin. (B) The percentage adsorption of VEGF to gelatin hydrogel. (C) The percentage adsorption of EGF to gelatin hydrogel. (D) The
percentage adsorption of TGF-B; to gelatin hydrogel.

In the living tissue, it is well known that various growth factors
interact with the components of extracellular matrix, such as
acidic polysaccharides and collagen, through various intermolecu-
lar interaction forces [54]. In addition, the physicochemical inter-
actions serve to maintain and enhance the in vivo biological
function of growth factors. For instance, bFGF with an IEP of 9.6
forms polyion complexes with heparin and heparan sulfate
in vivo, resulting in the stabilization and regulation of biological
activities [43,55]. The manner of natural physicochemical interac-
tions provides a good example for the design of the controlled
release system of growth factors. Based on this, we have developed
biodegradable hydrogels of gelatin [9-11,56]. The physicochemical
properties of gelatin, such as its electric nature, can be readily
modified by the preparation procedure. For example, gelatin pre-
pared via an alkaline process from collagen has an IEP of 5.0 and
is negatively charged at the physiological pH, whereas an acidic
process gives a positively charged gelatin with an IEP of 9.0. This
behavior of gelatin can be used to tailor electrostatic interactions
with growth factors of different IEPs [56]. Recently, human recom-
binant growth factors have become commercially available and
have been experimentally or clinically used for tissue regeneration
applications. However, when the growth factor in solution form is
used in vivo, biological activity is not always expected. This is
because it is unstable in vivo due to rapid enzymatic digestion or
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deactivation. Therefore, delivery technology is essential to enable
the growth factor to efficiently enhance the biological functions.
We have succeeded in the controlled release of various growth fac-
tors as well as PRP from the gelatin hydrogels [6-13]. It has been
recognized that, when activated, the platelets of PRP release vari-
ous growth factors through the degranulation of o granules and
the factors released exhibit various biological activities [23]. For
example, collagen and thrombin trigger platelet aggregation and
the subsequent release of platelet growth factors [57]. It has been
experimentally confirmed that the gelatin of a denatured collagen
can function to trigger the platelet activation for growth factor
release [36]. When impregnated into freeze-dried hydrogel, it is
likely that the PRP is activated by the contact with gelatin mole-
cules to release the growth factors. The factors released interact
with gelatin molecules during the impregnation procedure. Conse-
quently, the PRP growth factors can be released from the gelatin
hydrogels as a result of hydrogel degradation. However, the con-
tact of PRP with gelatin molecules is not always strong enough to
release the PRP growth factors. In this study, the treatment of
PRP with CaCl, solution was used in an attempt to accelerate the
release of PRP growth factors. CaCl, treatment is one of the well-
known methods used to activate PRP [41,58].

The adsorption experiment demonstrated that the percentage
of PRP growth factors desorbed increased with decrease in the
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Fig. 5. The time course of PDGF-BB release from gelatin hydrogel granules
incorporating PRP treated with 2 wt.% CaCl, solution (O) and hydrogel degradation
(®) in PBS with or without collagenase. The PBS solution was changed to that with
collagenase at the time indicated with an arrow.

CaCl, concentration. This can be explained in terms of solution
ionic strength. It is recognized that the growth factor physico-
chemically interacts with the gelatin molecules of hydrogels while
one of the main interactions is electrostatic. It is likely, therefore,
that the increased CaCl, concentration suppresses the interaction
between the PRP growth factor and gelatin molecules, resulting
in an increase in the desorption percentage. In addition, the pattern
of PDGF-BB release from the hydrogel granules incorporating
PGFM is influenced by the CaCl, concentration. When the concen-
tration was 4 wt.%, a higher amount of PDGF-BB release for the ini-
tial time period was observed compared with that of granules
incorporating PGFM treated with 2 wt.% CaCl, solution. Hence,
the CaCl, concentration for PRP treatment was fixed at 2 wt.%.
The time profile of PDGF-BB release from the granules incorporat-
ing 2 wt.% CaCl, treated-PRP was in good accordance with that of
granule degradation. This indicates that growth factor release is

based on the degradation of release carrier hydrogels. When PRP
was treated with the freeze-thaw method, the concentration of
PDGF-BB in the soluble fraction of PRP was significantly higher
compared with that of CaCl,-treated PRP. However, the activation
of PRP by the freeze-thaw method is not always suitable as it is
a complex process to use in clinical settings.

The CaCl, treatment affects the amount of platelet growth fac-
tor released and the adsorption profile to the hydrogel granules
incorporating PGFM (Figs. 1 and 2). In this study, PDGF-BB, VEGF,
EGF, and TGF-B; were selected as representative platelet growth
factors because these were produced in the largest amounts and
showed the greatest ability to enhance the maturation of newly
formed blood vessels [47-49,51,53,59]. With CaCl, concentrations
of 1, 2, and 4 wt.%, the amount of growth factors was higher than
that of higher or lower CaCl, concentrations. The treatment at
the lower concentration would not be enough to activate the plate-
lets. On the other hand, it is possible that the strong activation of
platelets with higher concentrations of CaCl, solution results in
the release of platelet ingredients. The ingredients may suppress
the activity of platelet growth factor.

We have demonstrated successful angiogenic effects on ische-
mic legs and hearts by biodegradable acidic gelatin hydrogels for
the controlled release of bFGF [10,11]. The bFGF release from the
gelatin hydrogels was therapeutically effective in various animal
models (i.e. either non-diabetic or diabetic) for acute myocardial
infarction, prevascularization for cardiomyocyte transplantation
to the ischemic heart, limb ischemia, and bone regeneration of
sternum [14-21]. In the release system, both the biodegradable
gelatin hydrogels of the release carrier and the bFGF of an angio-
genic factor are clinically available at present. Based on the results
of animal experiments, several clinical trials have been started to
confirm the safety and feasibility of bFGF release from the gelatin
hydrogel in patients with clinical limb ischemia. Using gelatin
hydrogels for bFGF release is simple, safe, and effective from the
clinical viewpoint. It is not necessary to use genetic materials
and collect cells to be transplanted. In addition, no elevation of
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Fig. 6. In vivo angiogenic effects of gelatin hydrogel granules incorporating PRP with or without bFGF 1 week after implantation. (A) Histological section ((a-f) hematoxylin
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injected with gelatin hydrogel granules. The number ratio of blood vessels newly formed in the right (ischemic) limb was calculated as for that in the left (non-ischemic) limb
of the same mouse. A ratio of 1.0 was calculated in non-treated mice. *P < 0.05, significantly different from the value of gelatin hydrogel granules incorporating PPP. P < 0.01,
significantly different from the value of gelatin hydrogel granules incorporating PBS. *P < 0.01, significantly different from the non-treatment value. (C) Percentage of anti-o-
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was calculated. *P < 0.05, significantly different from the value of gelatin hydrogel granules incorporating PGFM. P < 0.05, significantly different from the value of gelatin

hydrogel granules incorporating bFGF.

bFGF serum level was reported clinically [22]. However, the bFGF
release system has some room for improvement for clinical appli-
cations. In practical terms, it is suitable for the treatment of pa-
tients with severe conditions to enhance the number of newly
formed blood vessels and their biological maturation. The
enhancement of blood vessel maturation is one of the practical
strategies used to treat such patients with severe conditions. Re-
search on the maturation of blood vessels in terms of growth factor
usage has been reported. PRP is a source of autologous growth
factors, including PDGF-BB, VEGF, EGF, and TGF-p. Several growth
factors become intricately involved in angiogenesis. The PDGF-
BB, VEGF, and TGF-§ play an important role as proangiogenic
stimulators. Several studies reported that PDGF-BB has a potent
arteriogenic effect that promotes differentiation of endothelial
cells [60], VEGF is known to stimulate angiogenesis after ischemia
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[61], and TGF-B promotes cell mitosis [53]. However, other studies
indicated that several growth factors, such as PDGF-BB and TGF-8,
inhibit the angiogenic effect of bFGF [62-65]. These studies evalu-
ated the angiogenic effect using mixed solutions of growth factors.
Moreover, the amounts of growth factors were used transiently at
high concentration. On the other hand, we used gelatin hydrogel
granules incorporating PGFM and bFGF in this study; these gelatin
hydrogel granules were degraded for 2 weeks, and sustained re-
lease of the encapsulated growth factors occurred. Thus, our sus-
tained-release system and previous reports are fundamentally
different. Among the growth factors, PDGF-BB is one of the most
powerful, allowing blood vessels to mature functionally [38,49].
This finding suggests that multiple releases of PGFM and bFGF will
enhance the maturation of blood vessels. Mooney et al. reported
that the dual release of VEGF and PDGF enhanced the maturation
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Fig. 7. In vivo blood perfusion effects of gelatin hydrogel granules incorporating
PGFM with or without bFGF 1 week after implantation. (A) Dorsal view of mouse
image. The blood flow was measured in boxed area. (B) The image of laser Doppler
perfusion of tissues injected with different gelatin hydrogel granules. (a) Hydrogels
incorporating PGFM and bFGF, (b) PGFM, (¢, i) bFGF, (d) PPP or (e) PBS, and (f) non-
treatment. (C) The percentage of blood perfusion in the newly formed blood vessels
around the tissue injected with gelatin hydrogel granules. The percentage of blood
perfusion in the right (ischemic) limb was calculated as for that in the left (non-
ischemic) limb of the same mouse. The baseline is the perfusion index of non-
ischemic limb.

of newly formed blood vessels compared with that of single VEGF
release. The in vivo experiments clearly indicate that the dual re-
lease of PRP-treated PGFM and bFGF from the biodegradable gela-
tin hydrogel granules promoted not only angiogenesis in a mouse
model of limb ischemia, but also the maturation of blood vessels
whereas the release of either PGFM or bFGF was not effective.
There have been reports on the synergistic effects of different
drugs on the enhancement of tissue regeneration [66-68] and tis-
sue maturation. The dual release technology is available for any
type of drug and is able to promote the regeneration of various
tissues.

Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 6 and 7, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi:10.1016/j.actbio.2012.01.016.
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Runx3 Is Required for Full Activation of Regulatory T Cells
To Prevent Colitis-Associated Tumor Formation

Manabu Su,g,rai,""1 Koji Aoki,”™ Motomi Osato,m’” Yukiko Nambu,** Kosei Ito,**

Makoto M. Taketo,” and Akira Shimizu*

Inflammation is increasingly recognized as an essential component of tumorigenesis, which is promoted and suppressed by various
T cell subsets acting in different ways. It was shown previously in Runx3-deficient mice that differentiation of CD8 T and NK cells is
perturbed. In this study, we show that Runx3 is also required for proper differentiation and function of regulatory T cells. In
Runx3-deficient mice, T cells were unable to inhibit inflammation and to suppress tumor development. As expected, recombination
activating gene 2-deficient mice bearing Runx3-deficient lymphocytes spontaneously developed colon tumors. However, tumor
formation was completely blocked by transfer of either regulatory T cells or CD8 T cells derived from wild-type mice to mutant
mice or by housing mutant mice in a specific pathogen-free condition. These results indicate that Runx3-deficient lymphocytes and

microorganisms act together to induce inflammation and consequently induce the development of colon tumors.

Immunology, 2011, 186: 6515-6520.

olitis-associated cancer is the most serious complication

of inflammatory bowel disease (IBD) (1). Accumulating

evidence indicates that immune responses have positive
and negative roles in tumor formation (2) and maintenance;
chronic inflammatory disease increases the risk of cancer de-
velopment (3-5), whereas the suppression of immune responses
against tumors by enhancing regulatory T cell (Treg) activity
allows tumor cells to survive (6). Thus, to maintain a tumor-free
status, it is important for the host to respond appropriately during
the course of inflammation and tumor formation. TGF-B1 is es-
sential for the maintenance of inflammatory homeostasis, and the
loss of the TGF-B1 signaling pathway results in severe in-
flammation and malignant tumor formation (7), especially in ad-
enomatous polyposis coli (Apc) mutant mice (8). T cells are
known to be among the targets of the TGF-81 signaling pathway
because T cell-specific deletion of Smad4 results in spontaneous
gastrointestinal cancer (9). It has been demonstrated that various
CD4 T cell subsets differ in their ability to inhibit or enhance IBD
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and that these T cell subsets act cooperatively in immune sur-
veillance against tumors. The functional balance of various T cell
subsets therefore plays a central role in maintaining the integrity
of the epithelial barrier and inhibiting tumor formation in the
gastrointestinal tract.

Acting downstream of TGF-B1 signaling, Runx proteins are the
interacting and functional partners of R-Smad proteins (10-13).
The loss of Runx proteins in lymphocytes can therefore affect the
severity of inflammation in the gastrointestinal tract and the in-
cidence of tumor formation. Among the three Runx proteins,
Runx3 is involved in the differentiation of immune cells, including
CDS8 and NK cells (14-17), both of which have cytotoxic activity
against tumors. Furthermore, Runx3-deficient mice have defects
in a subset of dendritic cell (18) and B cell functions (19). Thus,
Runx3~'" mice are severely compromised immunologically. The
functions of Runx3 are not limited to lymphoid tissues, and this
protein is also involved in the regulation of epithelial homeostasis,
acting within the epithelium of the gastrointestinal tract. Ito and
colleagues (20) have demonstrated that Runx3 ™'~ gastric epithe-
lial cells are resistant to the growth-inhibitory and apoptosis-
inducing action of TGF-B1, resulting in hyperplasia of the gas-
tric mucosa. In addition, Runx3 was shown to attenuate (3-catenin/
T cell factor functions in intestinal tumorigenesis (21). These data
indicate that Runx3 is a tumor suppressor acting in the gastroin-
testinal epithelium. This notion is strongly supported by the
analysis of human tumors. Contrary to these results, Groner and
colleagues (22) have demonstrated that Runx3™'~ mice develop
spontaneous IBD and gastric hyperplasia. Because Runx3 was
expressed at a high level in lymphoid and myeloid cells, these
authors concluded that the colitis and gastric lesions in Runx3 ™'~
mice result from the loss of Runx3 in leukocytes (22). However,
both groups performed the experiments in mice that were deficient
in Runx3 in all tissues, including epithelium and lymphocytes.
Therefore, their conclusion needs further investigation. To de-
termine whether hyperplastic changes in the intestines in Runx3 ™/~
mice are caused by a defect of epithelial cells or blood cells, Ito
et al. (21) generated mice whose leukocytes, but not epithelial cells,
were Runx3 ™'~ by transplanting bone marrow cells from Runx3 ™'~
mice into irradiated wild-type (WT) mice. These mice showed no
symptoms of hyperplasia or dysplasia in the intestines 1 y after
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transplantation (21). This observation supports the direct in-
volvement of epithelial cells in tumor formation in Runx3™'~
mice. However, we cannot rule out the involvement of WT-derived
radio-resistant lymphocytes in maintaining the health of intestinal
epithelial cells. To exclude this possibility, we used recombination
activating gene 2 knockout (Rag2~'~) mice as recipients because
Rag? is a essential factor for lymphocyte generation.

In this article, we examined whether the loss of functioning
Runx3 in lymphocytes contributes to these phenotypes. We found
that loss of Runx3 in T cells resulted in suppression of Treg func-
tion and that this suppression was the primary cause of colitis but
not gastritis observed in Runx3 ~'~ mice. In addition, we assessed
tumor formation in the colon. All mice bearing Runx3™'~ lym-
phocytes, but not WT mice, developed tumors in the large intestine
or cecum when they were housed in a conventional mouse facility.
However, tumor formation was completely blocked by housing
them in a specific pathogen-free (SPF) condition, indicating that
microorganisms are involved in this process. Furthermore, no tu-
mor formation was observed when CD8 T cells or Tregs of WT
origin were transferred into mutant mice. These results, in addition
to previous observations, suggest that Runx3 is a suppressor of
gastrointestinal tract tumors acting in lymphocytes and epithelial
cells.

Materials and Methods
Mice

WT, Runx3*'", and Rag2™'~mice with the CS7BL/6 genetic background
were maintained in an SPF mouse facility. For some experiments, mice
that received transfers of fetal liver cells (FLCs) were maintained in
a conventional mouse facility. Procedures involving animals and their care
were conducted according to the guidelines for animal treatment of the
Institute of Laboratory Animals, Kyoto University.

Fetal liver transfer

Single-cell suspensions of 2 X 10° to 4 X 10° whole fetal liver mono-
nuclear cells harvested from Runx3™'“and WT embryos at E14.5 were
injected intravenously into sublethally irradiated (4 Gy) male Rag2™"~
recipient mice. Mice were sacrificed at least 10 wk after transplantation,
and cell compartments were analyzed by flow cytometry or used for
in vitro culture. All RagZ” “mice, which were used for a series of
experiments comparing the effects of Runx3, were age-matched, and FL.Cs
from littermates were used.

Histologic analysis

The colon and cecum were removed from mice after euthanasia and dis-
sected free from the anus to a point distal to the cecum and the small
intestine. Contents were removed and cleaned with PBS prior to fixation in
4% paraformaldehyde and routine paraffin embedding. Sections were then
cut and stained with H&E.

Cell preparation

Naive CD4 T, CD8 T, and Tregs were prepared by magnetic cell sorting
using appropriate isolation kits (Miltenyi Biotec, Bergisch Gladbach,
Germany). For some experiments, a CD62L"CD44~CD25~CD4" pop-
ulation was isolated to provide naive CD4 T cells by flow cytometry with
a FACSAria (Becton Dickinson, Mountain View, CA).

Cell cultures

In all experiments, the percentages of CD62L*CD4™ T cells or CD4*CD25*
T cells were >95%. Naive CD4* T cells were activated with plate-bound
anti-CD3 (5 pg/ml), soluble anti-CD28 (1 pg/ml), anti-IFN-y (10 p.g/ml),
and anti-IL-4 (10 p.g/ml) in the presence or absence of TGF-81 (3 ng/ml).

Flow cytometric analysis

The following Abs were used for staining: FITC anti-mouse Foxp3
(eBioscience, San Diego, CA); biotin anti-mouse CD25 (BD Pharmingen,
San Diego, CA); allophycocyanin anti-mouse CD4 (BD Pharmingen); PE
anti-mouse CD8 (BD Pharmingen); and PerCP-streptavidin (Molecular
Probes, Eugene, OR). All analyses were performed with FACSCalibur or
FACSAria (Becton Dickinson).
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Retroviral infection

Retrovirus was produced by transfecting the ecotropic Plat-E packaging cell
line (23) with pMSCV-IRES-hCD4 retroviral vector (24). After stimulation
with plate-bound anti-CD3 and soluble anti-CD28 for 24 h, purified naive
CD4 T cells were spin-infected with the virus-containing supernatant in the
presence of 4 mg/ml polybrene for 1.5 h at 2500 rpm and 32°C and cul-
tured for 48 h.

After removing virus-containing supernatants, cells were reactivated
with plate-bound anti-CD3 (5 pg/ml), soluble anti-CD28 (1 pg/ml), anti—
IFN-y (10 pg/ml), and anti-IL-4 (10 pg/ml) in the presence or absence of
TGF-1 (3 ng/ml).

RT-PCR and real-time PCR

Total RNAs were extracted from cultured T cells or sorted cultured
T cells using TRIzol (Life Technologies-BRL, Gaithersburg, MD).
Oligonucleotide-primed cDNAs were prepared with reverse transcriptase.
For semiquantitation, 50 ng cDNA was serially diluted and subjected to
PCR amplification. All PCR products were resolved electrophoretically in
2% agarose gel and visualized by ethidium bromide staining. For real-time
PCR, RT-PCR was performed using 2X SYBER PCR Master Mix (Qiagen).
Specific primer pairs used for real-time PCR were as follows: Runx3
forward (5'-ACCACGAGCCACTTCAGCAG-3') and Runx3 reverse (5'-
CGATGGTGTGGCGCTGTA-3"); Foxp3 forward (5'-GCATGTTCGCC-
TACTTCAGAAA-3") and Foxp3 reverse (5'-CCACTCGCACAAAGCA-
CTTG-3"); granzyme B forward (5'-CTCCACGTGCTTTCACCAAA-3")
and granzyme B reverse (5'-AGGATCCATGTTGCTTCTGTAGTTAG-3");
Hprt forward (5'-GTTGGATACAGGCCAGACTTTGTTG-3') and Hprt
reverse (5'-GATTCAACTTGCGCTCATCTTAGGC-3'). Relative expres-
sion of mRNA was normalized to Hprt mRNA levels within each sample.

Results
Runx3 deficiency in lymphocytes leads to the development of
spontaneous colitis but not gastritis

To determine whether Runx3 expression in lymphocytes affects
the homeostasis of gastrointestinal epithelial cells, FL.Cs from
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FIGURE 1. Representative photographs of the colon of Rag2™'~ mice
10 wk after transfer of FLCs from WT and Runx3~'~ mice. Samples taken
from Lymph-Runx3~'~ or Lymph-WT mice were fixed, sectioned, and
stained. Specimens were stained with H&E. Scale bars, 400 um. A, Nor-
mal appearance of the colon in a mouse that received WT FLCs. B,
Moderate colitis in a mouse that received Runx3 ™'~ FLC. C, Colitis grades
are shown as the colitis index. Colitis was scored from 0 to 5 in a blinded
fashion. Histologic features were graded as follows: 0, no inflammation; 1,
minimal scattered mucosal inflammatory cell infiltrates, with or without
minimal epithelial hyperplasia; 2, mild scattered to diffuse inflammatory
cell infiltrates, sometimes extending into the submucosa and associated
with erosions, with minimal to mild epithelial hyperplasia and minimal to
mild mucin depletion from goblet cells; 3, mild to moderate inflammatory
cell infiltrates, often associated with ulceration, with moderate epithelial
hyperplasia and mucin depletion; 4, marked inflammatory cell infiltrates,
often associated with ulceration, with marked epithelial hyperplasia and
mucin depletion; 5, marked transmural inflammation with severe ulcera-
tion and loss of intestinal glands. Runx3™'7, Lymph-Runx3_/ ~ mice; WT,
Lymph-WT mice.
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Runx3~'“embryos and control littermates were transferred into demonstrated (22), at least in this experimental setting. In
irradiated Rag2 ™'~ mice, and inflammatory status was assessed 10 addition, no Lymph-Runx3 ™'~ mice had gastric hyperplasia. Ac-
wk after FLC transplantation (“Lymph-Runx3~'~” or “Lymph- cordingly, functions of Runx3 in other cell types, but not in
WT” mice; Runx3 ™'~ and WT indicate the genotypes of trans- lymphocytes, also contribute to the inflammatory status in the

ferred FLCs). As shown in Fig. 14, 1B, Lymph-Runx3 ™' mice gastrointestinal tract.
exhibited spontaneous colitis, but the colitis was not as severe as . ) .
previously described (22) (Fig. 1C). To assess whether the severity Runx3 is required for proper Treg function

of colitis depended on the time course of the disease, we examined Because Tregs are important in preventing an excessive in-
the colitis index (25) over a more extended period. The colitis flammatory reaction in the gastrointestinal tract, we examined
index did not change during the course of our observations from Foxp3-expressing natural Tregs (nTregs) in the thymus, spleen,
10 to 65 wk after fetal liver cell transfer (FLT) (Fig. 1C and data and lymph nodes of Lymph-Runx3 ™'~ mice. The percentages and
not shown). These results indicate that Runx3 deficiency in lym- numbers of Foxp3* cells were essentially the same in the different
phocytes is not sufficient to induce severe colitis, as previously genotypes (Fig. 2A and data not shown), indicating that nTreg
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FIGURE 2. Runx3 is required for Treg function. A, FACS analysis of spleen cells, thymocytes, and lymph node cells from Lymph-Runx3~'~ (Runx3'")
and Lymph-WT (Runx3*'*) mice. All plots are gated on CD4"CD8™ cells. Numbers indicate the percentages of Foxp3™ cells. Data are representative of six
independent experiments. B, CD4*CD25" cells were cultured with anti-CD3 and IL-2 for 48 h. RNA was prepared, and expression of granzyme B was
determined by RT-PCR. GAPDH was used as an internal control for RT-PCR. Data are representative of three independent experiments. Fivefold serial
dilutions of cDNAs were amplified for the indicated transcripts. C, Suppression assays. CD4*CD25™ responder T cells (2 X 10* cells) were placed in 96-
well round-bottom plates with CD4*CD25" cells and APCs (2 X 10* cells, T cell-depleted spleen cell populations irradiated with 2000 rad) at 37°C in 7%
CO, and were stimulated for 72 h with mAb to CD3 (1 wg/ml). After 72 h of incubation, cultures were pulsed with [*H]thymidine (1 mCi) 6 h before
collection. Teff cells from WT mice were cultured with APC plus anti-CD3 with the indicated ratios of Tregs derived from Lymph-Runx3 ™'~ or Lymph-WT
mice. The p values were calculated by Student ¢ test. *p << 0.05. D, Foxp3 staining of CD4" T cells after culture with the indicated agents. Numbers shown
in the upper-right corners indicate the percentages of CD4 Foxp3™ cells. Data are representative of 12 independent experiments. E, In each experiment
shown in D, cells were classified into competent and defective groups with respect to iTreg differentiation. “iTreg normal” (black bar), iTreg competent
group in which >20% cells expressed Foxp3; “iTreg defective” (dotted bar), <5% cells expressed Foxp3. F, Expression of Foxp3 was determined by real-
time PCR using RNA from cultures shown in D (Runx3*"* and Runx3™'"-1, iTreg defective). Hprt was used for normalization. G, Real-time PCR analysis
of granzyme B (GZMB) and Foxp3 expression using cDNAs from retroviral expression of Runx3 in Runx3™'~ T cells. Hprt was used for normalization.
Runx3*", Lymph-WT mice or cells derived from these mice; Runx3~'~, Lymph-Runx3™'" mice or cells derived from these mice.
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FIGURE 3. Colitis in Lymph-Runx3™"" mice is rescued by cotransfer of
WT Tregs. Colitis indexes of Lymph-Runx3~'~ mice were examined 10
wk after transfer of FLT with or without cotransfer of WT or Runx3 ™'~
Tregs. Colitis index criteria are described in the legend of Fig. 1.

differentiation in vivo is normal in Lymph-Runx3~'~ mice. We
then examined the expression of essential factors required for Treg
function and found that expression of granzyme B (26) was spe-
cifically inhibited by the loss of Runx3 (Fig. 2B). Because gran-
zyme B and Foxp3 are required for proper nTreg functions, nTregs
from Lymph-Runx3~'~ mice were assessed for suppressive ac-
tivity in vitro. As shown in Fig. 2C, nTregs from Lymph-WT mice

FL Co-transferred i Incidence
Genotype cells Facility Tumor %)
Wild type SPF 0/6 o
Runx3-/- SPF 0/6 0
Wild type Conventional 0/6 0 ]*]*
Runx3-/- Conventional 6/6 100
Runx3/- ++ Regulatory T cells  Conventional  0/8 0 ]‘],
Runx3-/- ++CD8'T cells Conventional  0/6 0
B 7

6
&5
§ 4
o 3
£
22
= 1

0 | |

o 1 2 383 4 5 0 1 2 3 4 5
Wild type

Runx3 -/-

FIGURE 4. Microorganisms increase the severity of colitis and result in
tumor formation in Lymph-Runx3 ™'~ mice. A and B, Tumor incidence and
the colitis index were examined around 65 wk after FLT transfer. A, Tumor
incidence. Tumor incidences are shown as X/Y, where X is the number of
tumor-bearing mice and Y is the number of mice examined. Significance of
differences between groups were estimated by Fisher’s exact test with
Bonferroni correction. *p = 0.0022. B, Colitis index after 65 wk of housing
in a conventional mouse facility. Colitis index criteria are described in the
legend of Fig. 1. The SPF facility was free from the following pathogens:
1, Citrobacter rodentium; 2, Corynebacterium kutscheri; 3, Mycoplasma
pulmonia; 4, Pasteurella pneumotropica; 5, Salmonella spp.; 6, Pseudo-
monas aeruginosa; 1, Clostridium piliforme; 8, ectromelia virus; 9, LCM
virus; 10, mouse hepatitis virus; 11, Sendai virus; 12, ectoparasites; 13,
intestinal protozoa; 14, pinworm; 15, Pneumocystis carinii; 16, Heli-
cobacter hepaticus; 17, Helicobacter bilis. The conventional facility was
free from the following pathogens: 1, Citrobacter rodentium; 2, Co-
rynebacterium kutscheri; 3, Mycoplasma pulmonia; 4, Pasteurella pneu-
motropica, 5, Salmonella spp.; 6, Pseudomonas aeruginosa; 7, Clostridium
piliforme; 8, mouse hepatitis virus; 9, Sendai virus; 10, intestinal protozoa;
11, dermatophytes; 12, Staphylococcus aureus. Co-transferred cells, cells
cotransferred with FLCs; FL Genotype, genotypes of the FLCs transferred
into Rag2™'~ mice; Runx3™'", Lymph-Runx.?”/~ mice; Wild type,
Lymph-WT mice.
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at a 1:1 ratio of effector T (Teff) cells to nTregs suppressed the
proliferation of Teff cells by >75%, whereas Tregs from Lymph-
Runx3™"" mice suppressed Teff cell proliferation by <50%. The
reduced suppressive activity of nTregs from Lymph-Runxj’*/ B
mice was also observed at other nTreg/Teff cell ratios. Thus, nTreg
function is perturbed in Lymph-Runx3~'~ mice. The suppression
of nTreg function may be a mechanism that contributes to the
colitis observed in Lymph-Runx3™'~ mice. We next examined the
potential role of Runx3 in inducible regulatory T cell (iTreg)
generation by adding TGF-B1 in vitro. The involvement of Runx3
in iTreg differentiation is limited, because in 75% of the experi-
ments, Runx3 '~ naive CD4 T cells differentiated to iTregs, which
is similar to the result obtained for WT cells (upper and
lower rows of Fig. 2D, 2E). However, in only 25% of the
experiments were Runx3 ™'~ T cells defective in differentiation to
iTregs, as shown in Fig. 2D (middle row) and Fig. 2E. In this case,
fewer Foxp3™ cells caused transcriptional inhibition of the Foxp3
gene in Runx3-deficient T cells (Fig. 2F). The function of Runx3
in Foxp3 transcription was further confirmed by forced expression
of Runx3 in Runx3~'~ CD4 T cells (27-30). Thus, Runx3 proteins
stimulate the expression of Foxp3 and granzyme B (Fig. 2G). At
this time, it is unclear why iTreg differentiation fluctuated in
different samples of Runx3-deficient cells (middle and lower
columns in Fig. 2D, 2E). Further experiments will be required to
elucidate this important issue.

To determine further the involvement of Tregs in the observed
colitis in Lymph-Runx3 ™'~ mice, we transferred nTregs together
with Runx3™"~ FLCs into irradiated Rag2™'~ mice. As shown in
Fig. 3, the severity of colitis was assessed 10 wk after FLT
transfer. nTregs from Lymph-WT mice completely inhibited co-
litis; the colitis index was O in all mice. In contrast, slight
improvements in the colitis index were observed when nTregs
from Lymph-Runx3~'" mice were used. Taking these results to-
gether with the in vitro data, Runx3™'~ nTregs appear to be
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FIGURE 5. Representative tumors of Lymph-Runx3 ™/~ mice in large
intestine (A-D) and cecum (E, F). Enlarged pictures of tumor regions are
shown at right (B, D, F). Specimens were stained with H&E. Black scale
bars, 1 mm (4, C, E); white scale bars, 100 wm (B, D, F). N, normal
regions; T, tumors.
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functionally defective, which may be a cause of colitis induced in
Lymph-Runx3~'~ mice.

Runx3-deficient CD8 T cells, Tregs, and microorganisms are
required for the development of colitis-associated tumors in
Iymph-Runx3™" mice

Our previous experiments (20, 21) indicated that loss of Runx3
in epithelial cells of the gastrointestinal tract causes hyperplasia
of the gastric mucosa and the formation of intestinal tumors. In
those experiments, we excluded the possibility of the involvement
of lymphocytes in colitis and tumor formation by transplanting
bone marrow cells from Runx3 ™'~ mice into irradiated WT mice
(21). However, this procedure is not suitable for assessing the
functions of Tregs because ~5% of the lymphocytes survive after
irradiation, and the remaining Tregs affect the result. To examine
further the possible role of Tregs in colitis, we transferred
Runx3~'~ FLCs into Rag2™’~ mice, which have no lymphocytes
because of a defect in VDJ recombination. As demonstrated
earlier, Runx3-deficient Tregs are one of the causes of colitis in
Runx3™'~ mice. In our previous report (21), we also demon-
strated that small intestinal adenomas developed in Runx3™~
mice at around 65 wk of age, with an incidence rate of 54%. We
therefore examined the involvement of Runx3~'~ lymphocytes
in intestinal tumor formation using Lymph-Runx3~'~ mice.
Unexpectedly, no tumor formation was observed in these mice.
Because the colonic lumen contains abundant commensal bac-
teria and the composition of this population plays an essential
role in colitogenesis, the same assays were performed after
housing Lymph-Runx3 '~ mice in a conventional mouse facility.
In this case, all Lymph-Runx3~'~ mice developed tumors in the
large intestine or cecum (Fig. 44; 100% in Lymph-Runx3~'~
mice compared with 0% in Lymph-WT mice). The colitis index
was also increased in Lymph-Runx3 ™'~ mice but not in Lymph-
WT mice (Fig. 4B). A representative tumor in Lymph-Runx3 ™'~
mice is shown in Fig. 5. Notably, it contained abundant stromal
cells, such as lymphocytes, fibroblasts, macrophages, and
smooth muscle fibers, whereas changes in the epithelial cells
were milder and different from typical adenomas observed in
Runx3*'~ mice (Fig. 5). These data suggest that loss of Runx3
activity in lymphocytes contributes to the development of IBD and
subsequent colon tumorigenesis. However, the mechanisms of
tumorigenesis appear different between Lymph-Runx3 '~ and
Runx3"'~ mice. To examine further the involvement of CDS
T cells and Tregs in the development of intestinal tumors, CD8
T cells or Tregs of WT origin were cotransferred with Runx3™'~
FLCs. As shown in Fig. 44, tumors were not formed in the colon
in either case. These data indicate that loss of Runx3 in Tregs and
CD8 T cells also contributes to tumorigenesis, in addition to
colitogenic microorganisms in the colon.

Discussion

Our results show that inactivation of Runx3 in lymphocytes can
induce colitis and consequently tumorigenesis in the large intestine.
Thus, the inflammatory phenotype observed in Lympho-Runx3 ™'~
mice is limited to the large intestine and cecum. However, Groner
and colleagues (22) demonstrated that Runx3™'~ mice developed
spontaneous IBD and gastric hyperplasia. This difference suggests
several possibilities. In comparison with Runx3™'~ mice (22),
Lymph-Runx3~'~ mice show a weaker inflammatory phenotype.
Thus, it is conceivable that other defects, but not lymphocyte
defects, caused by the loss of Runx3 contribute to the severity of
inflammation. If the gastric mucosa is more resistant to irritating
stimuli than the intestinal mucosa, differences in the phenotype
can be explained by this difference in inflammatory severity be-
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tween these mice. Another possibility is that the gastric epithelium
requires more Runx3 activity than the intestinal epithelium to
maintain epithelial homeostasis; thus, Lymph-Runx3™'~ mice do
not show gastric hyperplasia because Runx3 expression is not
perturbed within the gastric epithelium in Lymph-Runx3 ™'~ mice.
In addition, differences in the targeting strategy will affect the
severity of gastrointestinal inflammation, which will change the
expression levels of splicing variants of the Runx3 gene (22). The
exact mechanisms of these processes are yet to be clarified.

Runx factors may be involved in Treg functions (29-31). Runx1
makes a greater contribution to Treg function than the two other
Runx family proteins because Treg-specific deletion of Runxl
results in gastritis (30). Akdis and colleagues (29) found that
Runx! and Runx3 have some functional redundancy in Tregs in
the human. In this report, we have shown that Runx3-deficient
Tregs have a defect in Treg function in vivo and in vitro. In ad-
dition, we have found that colitis worsens when Lymph-Runx3 ™'~
mice, but not Lymph-WT mice, are housed in a conventional
mouse facility. This indicates that commensal microorganisms and
Tregs work together to establish a mutual relationship. Taking
these observations into account, we propose that both Runx1 and
Runx3 are required for the proper functioning of Tregs in be-
coming tolerant to intestinal bacteria and establishing a good
commensal relationship with various bacterial species. However,
how to regulate the balance between inhibiting infection and
preventing an excessive inflammatory reaction remains to be
clarified. In addition, it is unclear why iTreg differentiation fluc-
tuated in different samples of Runx3-deficient cells (Fig. 2D,
middle and lower columns, 2E). 1t is likely that fluctuations in
compensatory expression or activity of other members of the Runx
family in Runx3~'" T cells affect the capacity of these cells to
differentiate into iTregs. This possibility requires investigation in
future studies.

Previous reports indicated that Runx3 is required for the proper
differentiation and function of CD8 T cells. We therefore examined
the involvement of CD8 T cells in tumor formation and found that
these cells prevented colitis-associated tumor formation in our
experimental setting. In addition to the essential role of CD8 T cells
in tumor immunity, recent data indicate that several subsets of CD8
T cells have the capacity to inhibit immune reactions. In this regard,
we have not found any obvious anti-inflammatory effect of CD8
T cells. To reveal the exact functions of CD8 T cells in preventing
tumor formation in Lymph-Runx3 ™'~ mice remains an important
issue for investigation.
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