glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
This allowed for differences in the amount of total RNA
added to each reaction to be taken into account.

For biochemical analysis, the ALP activity and osteo-
calcin contents of the implants were measured at 2 and
4 weeks post-implantation. After washing with PBS, the
implants were homogenized in 1 ml 0.2% Triton-X 100
solution and sonicated for 5 min. After centrifuging, the
supernatant was assayed for ALP activity as described
above. To measure osteocalcin in the implants, osteocal-
cin was extracted from the sediment of the Triton-X 100
extract by decalcification, using a 20% formic acid solu-
tion for <24 h at 4 °C. After desalting, using a prepacked
Sephadex G-25 column (NAP-5 column; GE Healthcare
UK, Buckinghamshire, UK), the eluted protein fraction
was lyophilized and subjected to a Rat Osteocalcin EIA
Kit (Biomedical Technologies, MA, USA) according to the
manufacturer’s instructions.

2.7. Statistics

For multiple comparisons, the groups were compared
by non-parametric Kruskal-Wallis test. When significant
variance was demonstrated, differences between individ-
ual groups were determined using the Mann-Whitney
U-test with Bonferroni correction. In all analysis, the
significance level was set at p < 0.05.

3. Results

3.1. MicroCT analysis

GT sponges implanted subcutaneously into the backs of
rats were retrieved for WCT and histological analysis 2
and 4 weeks after implantation. Typical uCT images of
sagittal sections of the implants are shown in Figure 1.
The GT sponges had a low intensity before implantation.
uCT images of some implant groups using GT sponges
showed an increase in intensity at 2 weeks. Four weeks
after implantation, the images of both the BMP-GT and
BMP-MSC-GT implants showed high-intensity (white)
areas. In the implants using gelatin sponge (Sp), a high-
intensity area was only observed in the BMP-MSC-Sp
group 2 weeks after implantation.

As described in our previous report (Nishikawa et al.,
2004), we could define the high-intensity areas as
new. bone formation. The average volumes of bone
in the GT sponge implants were 0.0043 4+ 0.0010 mm?
in GT, 0.0057 4 0.0503 mm® in MSC-GT, 0.16010 &
0.1142 mm? in BMP-GT, and 5.8690 = 1.5267 mm® in
BMP-MSC~GT composites, respectively. The numbers
of detections of bone were 0 in GT, 1 in MSC-GT, 4 in
BMP-GT and 5 in BMP-MSC-GT composite, respectively
(Figure 2A, C). The number of bone detections in the
BMP-MSC-Sp group was only one out of five samples
2 weeks after implantation. After 4 weeks, we could
not detect newly formed bone in any implants of the

Copyright © 2011 John Wiley & Sons, Ltd.
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Sp, MSC-Sp, BMP-Sp or BMP-MSC-Sp groups. We
confirmed that control samples (GT-alone) showed a
background level of X-ray absorbance (Figure 2B). 8-TCP
granules (2 pm average diameter) incorporated sponge
did not appear in 3D imaging because the puCT had a
resolution of about 5 pm.

3.2. Histological analysis

Histological evaluation confirmed that the high-intensity
areas seen in the uCT scan corresponded to areas of newly
formed bone. Two weeks after implantation, histological
sections showed new bone formation with osteoblasts
and osteocytes in both BMP-GT and BMP-MSC-GT
implants (Figure 3A), although new bone formation
was only observed in the peripheral areas of the
BMP-GT implants, while bone was seen throughout
the BMP-MSC-GT implants (Figure 3B). Newly formed
bone was also detected in the BMP-MSC-Sp implants
but not in Sp-alone, BMP-Sp or MSC-Sp implants
2 weeks after implantation. After 4 weeks, more extensive
bone formation was observed in the BMP-GT and
BMP-MSC-GT implants (Figure 3A, B). The bone tissue
in both BMP-GT and BMP-MSC-GT implants showed
many osteocytes together with abundant extracellular
bone matrix. Some areas of the BMP-MSC-GT implants
also showed the existence of bone marrow-like tissue. As
described above, none of the Sp implants were detected in
the implanted areas and therefore could not be harvested
at the 4-week time point.

3.3. Alkaline phosphatase and osteocalcin
expression of implants

The gene expression profiles of alkaline phosphatase
(ALP) and osteocalcin in the implants were analysed by
gPCR (Figure 4). The expression levels of ALP mRNA in
the BMP-MSC~GT group were higher than in the other
GT groups after 2 weeks. After 4 weeks, the expression
levels of ALP mRNA in the MSC-GT, BMP-GT and
BMP-MSC-GT groups increased. The expression levels
of osteocalcin mRNA in the BMP-MSC—-GT group were
also higher than those of the other GT groups.
Biochemical measurement of ALP activity was signif-
icantly higher in BMP-MSC-GT than in the other GT
groups at 2 weeks, but after 4 weeks the ALP activity lev-
els decreased (Figure 4B). However, both the BMP-GT
and BMP-MSC-GT groups had high ALP activity lev-
els compared with the GT-alone and MSC-GT groups.
ALP activity in the Sp implants was as low as the GT-
alone group (data not shown). High osteocalcin levels
were detected in the BMP~-MSC-GT group 2 weeks after
implantation and this increased five-fold after 4 weeks.
The BMP-GT group also showed a similar increase
between 2 and 4 weeks. The highest content was seen
in the BMP-MSC~GT 4 weeks after implantation. These
findings correlated well with the histological sections,
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Figure 1. Typical micro-computed tomography (UCT) images of the implants using gelatin-g-TCP (GT) and gelatin (Sp) sponges.
Images of various implants using GT (A) and Sp (B) materials after in vivo implantation. The MSC—~GT, BMP-GT and BMP-MSC-GT
implants show high-intensity areas (white) as compared to the image of the GT-alone implant 4 weeks after implantation

which showed abundant bone formation in the BMP-GT
and BMP-MSC-GT groups and the osteocalcin gene
expression profiles.

4. Discussion

Bone marrow-derived MSCs are a well-accepted source
of osteogenic cells that can be used in bone tissue
engineering. However, it is still a challenge to enhance the
proliferation and differentiation of the in vitro expanded
MSCs for bone tissue engineering, a problem that can be
solved by approaches using growth factors (Betz et al.,
2008; Chan et al., 2005). A number of factors have been
shown to play a role in the osteogenic differentiation
of MSCs (Kodama et al., 2009; Maegawa et al., 2007;
Raiche and Puleo, 2004; Shimaoka et al., 2004). In this

Copyright © 2011 John Wiley & Sons, Ltd.

study, we demonstrated that differentiation was greatly
enhanced by BMP-2 in vivo using gelatin—8-TCP sponge
incorporating BMP-2.

GT sponge could be fabricated to function as a
release carrier of BMP-2. When BMP-2-incorporated GT
sponges were implanted subcutaneously, the BMP-2 was
retained in the sponges for at least 1 month and steadily
released over that time. Invivo bone formation was
observed in BMP-2-incorporated GT sponges 4 weeks after
implantation in a subcutaneous site in rats (Takahashi
et al., 2005a). In this study, we aimed to demonstrate that
early bone formation could be achieved by incorporating
BMP-2 into GT sponges when combined with MSCs. As
expected, we confirmed that new bone was observed in
the BMP-MSC~GT and BMP-MSC-Sp groups 2 weeks
after implantation. Furthermore, maturation of the new
bone tissue was observed in the BMP-MSC~GT after
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Figure 2. Bone volume and 3D CT images of implants 4 weeks after subcutaneous implantation (n = 5). Bone volume (A) and 3D
images (B) were calculated from pCT data. (C) Details of average bone volume and number of bone detections. *p < 0.05

BMP/MSCs/Sp

G

Figure 3. Histological findings of implants using gelatin-8-TCP (GT) and gelatin (Sp) sponges after implantation. (A) In implants -
using GT, new bone formation is observed in BMP-GT and BMP-MSC-GT implants 2 weeks after implantation. GT-alone
and MSC-GT implants exhibit fibrous tissue invasion with no evidence of bone formation. Four weeks after implantation,
massive bone formation is observed in the BMP-GT and BMP-MSC-GT implants. The GT-alone and MSC~GT implants exhibited
fibrous tissue invasion but the bone formation was hard to detect. In Sp implants, new bone formation was observed in only
BMP-MSC-Sp implants. The Sp alone, MSCs/Sp and BMS/Sp implants exhibited fibrous tissue invasion without bone formation.
(B) High-magnification images of the rectangular areas of (a—c) and (e) in (A), respectively. Osteoblasts (arrows) and osteocytes
(arrowheads) were observed within the newly formed bone. Scale bar = 200 um
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Figure 4. Gene expression and biochemical analysis of alkaline phosphatase (ALP) and osteocalcin in the implants. (A) The gene
expression of ALP and osteocalcin were measured by quantitative real-time PCR 2 and 4 weeks after implantation. Values are
shown as mean = SD (n = 3). *p < 0.05. Tp < 0.01. (B) ALP activity and osteocalcin content of the implants were measured after 2
and 4 weeks. Implants are GT-alone, MSC-GT, BMP-GT and BMP-MSC-GT. Values are shown as mean + SD (n = 4). *p < 0.05

4 weeks. On the other hand, although new bone formation
was observed in the BMP-GT group, which was free
of MSCs, the volume of new bone was less than
in the BMP-MSC-GT and the BMP-MSC-Sp groups.
Biochemical analyses of the osteogenic differentiation at
the levels of gene (Figure 4A) and protein expressions
(Figure 4B) also demonstrated that the highest ALP and
osteocalcin was in the BMP-MSC-GT group. These
results indicate that the new bone-forming capability of
BMP-2 incorporated into GT sponges could be enhanced
by supplementation with MSCs.

We previously demonstrated that new bone formation
was observed following subcutaneous implantation of
MSCs combined with calcium phosphate ceramics, such
as HA (Matsushima et al., 2009; Ohgushi and Caplan,
1999; Okamoto et al., 2006). However, the amount of
new bone was limited 4 weeks after implantation and
could not even be detected after 2 weeks. By adding BMP-
2 into the HA ceramics, new bone formation increased,
but in the composites of HA and BMP-2 without MSCs
it was hard to identify the new bone (Shimaoka et al.,
2004). In contrast, the results from the present study
clearly demonstrated the bone-forming capability of the
BMP-GT implants, indicating the excellent ability of the
GT to carry BMP-2. Furthermore, obvious bone formation
was detected only 2 weeks after implantation in the
BMP-MSC~GT group and extensive bone formation was
observed in the composites after 4 weeks. With regard
to B-TCP-containing sponge, B-TCP content did not
change in vivo release behaviour of BMP-2 (Takahashi
et al., 2005b). However, in comparison with gelatin
sponge incorporating other ceramics granules, such as

Copyright © 2011 John Wiley & Sons, Ltd.

HA, «TCP and alumina, gelatin-8-TCP sponges exhibited
the highest ALP activity of MSCs among them (Takahashi
et al. 2005b). These findings demonstrate the superior
properties of GT sponge compared to HA ceramics.

One other disadvantage of the calcium phosphate
ceramics is that absorption of the ceramics takes several
months to years, and in the case of HA ceramics they
are considered to be essentially non-absorbable. It is well
known that the bone formation process followed by the
absorptive capability of the implant, more specifically
bone substitution, is an important factor for bone graft
implantation in clinical situations. In this regard HA
ceramics are not ideal materials, due to their poor
absorption (Barrere et al., 2006). However, too-early
absorption hampers bone formation, as was seen in
the BMP-MSC-Sp group as a result of the rapid
absorptive properties of gelatin. Only one sample of
the BMP-MSC-Sp group showed bone formation after
2 weeks, but none of the implants or bone tissue was
detected after 4 weeks. We improved the absorption
properties of the gelatin, which is known to have relatively
rapid absorption properties compared with HA. Using
the gelatin B-TCP sponge (GT), we successfully showed
early bone formation with osteoblasts after 2 weeks and
extensive bone tissue with many osteocytes in abundant
bone matrix after 4 weeks.

5. Conclusion

Overall, the results presented here demonstrate the
usefulness of the GT, BMP-2 and MSC composites as an
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innovative osteoinductive bone graft substitute. Currently,
gelatin, B-TCP, BMP-2 and MSCs have been used for var-

ious purposes in regenerative medicine. The ability of

BMP-2 incorporated into GT sponges to form new bone
could be enhanced by supplementation with MSCs. More-
over, the combination of GT sponge, BMP-2 and MSCs led
to early bone formation. Due to the extensive in vivo bone
formation together with reasonable GT absorption, the

References

Barrere F, van Blitterswijk CA, de Groot K.
2006; Bone regeneration: molecular and
cellular interactions with calcium phos-
phate ceramics. Int J Nanomed 1:
317-332.

Betz VM, Betz OB, Harris MB, et al. 2008;
Bone tissue engineering and repair by
gene therapy. Front Biosci 13: 833-841.

Chan J, O’Donoghue K, De la Fuente J, et al.
2005; Human fetal mesenchymal stem
cells as vehicles for gene delivery. Stem
Cells 23: 93-102.

Giannoudis PV, Dinopoulos H, Tsiridis E.
2005; Bone substitutes: an update. Injury
36: 20-27.

Tkeuchi M, Dohi Y, Horiuchi K, et al. 2002;
Recombinant human bone morphogenetic
protein-2 promotes osteogenesis within
atelopeptide type I collagen solution by
combination with rat cultured marrow
cells. J Biomed Mater Res 60: 61-69.

Kawate K, Yajima H, Ohgushi H, et al. 2006;
Tissue-engineered approach for the treat-
ment of steroid-induced osteonecrosis of
the femoral head: transplantation of autol-
ogous mesenchymal stem cells cultured
with B-tricalcium phosphate ceramics and
free vascularized fibula. Artif Organs 30:
960-962.

Kodama N, Nagata M, Tabata Y, et al. 2009;
A local bone anabolic effect of rhFGF2-
impregnated gelatin hydrogel by pro-
moting cell proliferation and coordinat-
ing osteoblastic differentiation. Bone 44:
699-707.

LeGeros RZ. 2008; Calcium phosphate-
based osteoinductive materials. Chem Rev
108: 4742-4753.

Maegawa N, Kawamura K, Hirose M, et al.
2007; Enhancement of osteoblastic dif-
ferentiation of mesenchymal stromal cells
cultured by selective combination of bone
morphogenetic protein-2 (BMP-2) and
fibroblast growth factor-2 (FGF-2). J Tis-
sue Eng Regen Med 1: 306-313.

Maniatopoulos C, Sodek J, Melcher AH.
1988; Bone formation in vitro by stromal

Copyright © 2011 John Wiley & Sons, Ltd.

cells obtained from bone marrow of young
adult rats. Cell Tissue Res 254: 317-330.

Matsushima A, Kotobuki N, Tadokoro M,
et al. 2009; In vivo osteogenic capability
of human mesenchymal cells cultured on
hydroxyapatite and on B-tricalcium phos-
phate. Artif Organs 33: 474-481.

Morishita T, Honoki K, OhgushiH, etal.
2006; Tissue engineering approach to the
treatment of bone tumors: three cases of
cultured bone grafts derived from patients’
mesenchymal stem cells. Artif Organs 30:
115-118.

Nishikawa M, Myoui A, Ohgushi H, et al.
2004; Bone tissue engineering using
novel interconnected porous hydroxya-
patite ceramics combined with mar-
row mesenchymal cells: quantitative and
three-dimensional image analysis. Cell
Transplant 13: 367-376.

Ohgushi H, Caplan Al 1999; Stem cell tech-
nology and bioceramics: from cell to
gene engineering. J Biomed Mater Res 48:
913-927.

Ohgushi H, DohiY, Katuda T, et al. 1996;
In vitro bone formation by rat marrow cell
culture. J Biomed Mater Res 32: 333-340.

Ohgushi H, Kitamura S, KotobukiN, et al.
2004; Clinical application of marrow mes-
enchymal stem cells for hard tissue repair.
Yonsei Med J 45: 61-67.

Ohgushi H, Kotobuki N, Funaoka H, et al.
2005; Tissue engineered ceramic artificial
joint — ex vivo osteogenic differentiation of
patient mesenchymal cells on total ankle
joints for treatment of osteoarthritis. Bio-
materials 26: 4654-4661.

Okamoto M, Dohi Y, Ohgushi H, et al. 2006;
Influence of the porosity of hydroxyap-
atite ceramics on in vitro and in vivo bone
formation by cultured rat bone marrow
stromal cells. J Mater Sci Mater Med 17:
327-336.

Raiche AT, Puleo DA. 2004; Cell responses
to BMP-2 and IGF-I released with different
time-dependent profiles. J Biomed Mater
Res A 69A: 342-350.

— 159 —

M. Tadokoro et al.

composites could be applied in tissue engineering aimed
at bone tissue reconstruction.

Acknowledgements
This work was supported in part by the Project for Realization of

Regenerative Medicine from the Ministry of Education, Culture,
Sports, Science and Technology, Japan.

Reddi AH, Cunningham NS. 1993; Initiation
and promotion of bone differentiation
by bone morphogenetic proteins. J Bone
Miner Res 8: S499-502.

Ruhe PQ, Boerman OC, Russel FGM, et al.
2006; In vivo release of rhBMP-2 loaded
porous calcium phosphate cement pre-
treated with albumin. J Mater Sci Mater
Med 17: 919-927.

Shimaoka H, Dohi Y, Ohgushi H, et al. 2004;
Recombinant growth/differentiation
factor-5 (GDF-5) stimulates osteogenic
differentiation of marrow mesenchy-
mal stem cells in porous hydroxyapatite
ceramic. J Biomed Mater Res A 68A:
168-176.

Tabata Y. 2008; Current status of regen-
erative medical therapy based on drug
delivery technology. Reprod Biomed Online
16: 70-80.

Tabata Y. 2009; Biomaterial technology for
tissue engineering applications. J Roy Soc
Interface 6: S311-324.

Tabata¥, NaganoA, IkadayY. 1999;
Biodegradation of hydrogel carrier incor-
porating fibroblast growth factor. Tissue
Eng 5:127-138. .

TakahashiY, Yamamoto M, TabataY.
2005a; Enhanced osteoinduction by con-
trolled release of bone morphogenetic
protein-2 from biodegradable. sponge
composed of gelatin and B-tricalcium
phosphate. Biomaterials 26: 4856-4865.

TakahashiY, Yamamoto M, TabataY.
2005b; Osteogenic differentiation of
mesenchymal stem cells in biodegrad-
able sponges composed of gelatin and
B-tricalcium phosphate. Biomaterials 26:
3587-3596.

Yoshikawa H, Myoui A. 2005; Bone tissue
engineering with porous hydroxyapatite
ceramics. J Artif Organs 8: 131-136.

Zegzula HD, Buck DC, Brekke J, et al. 1997;
Bone formation with use of rhBMP-2
(recombinant human bone morphogenetic
protein-2). J Bone Joint Surg Am 79A:
1778-1790.

J Tissue Eng Regen Med (2011).
DOI: 10.1002/term



Ashdin Publishing

Bioceramics Development and Applications
Vol. 1 (2011), Article ID D110166, 4 pages
doi:10.4303/bda/D110166

Review Article

Forced Expression of Transcription Factors in Human Mesenchymal
Cells to Promote Proliferation and Osteogenic Differentiation

Hiroe Ohnishi, Shunsuke Yuba, and Hajime Ohgushi

Health Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), Amagasaki City, Hyogo 661-0974, Japan

Address correspondence to Hajime Ohgushi, hajime-ohgushi@aist.go.jp

Received 14 January 2011; Accepted 3 February 2011

Abstract Mesenchymal stromal cells (MSCs) derived
from human bone marrow have capability to differentiate
into cells of mesenchymal lineage [7]. Especially, the
differentiation capability towards osteogenic cells is very

well known. We have already used the patient’s MSCs for -

the treatments of osteoarthritis [8], bone necrosis [2] and
bone tumor cases [5]. In most cases, the MSCs were culture-
expanded from patient’s fresh bone marrow cells, and then
combined with porous ceramics. The MSCs/ceramics
composites were further cultured in a medium containing
dexamethasone to promote osteogenic differentiation of
the MSCs. In this culture condition, we could detect bone
forming osteoblasts together with mineralized bone matrix
on the ceramics [7]; therefore, we could fabricate cultured
bone using patient’s bone marrow and ceramics. However,
the proliferation and differentiation capability of the MSCs
are variable and many lose their capabilities after several
passages. With the aim of conferring higher capability
on human bone marrow MSCs, some of transcription
factors could be introduced into the MSCs. This review
paper demonstrates the importance of the transcription
factors to promote the osteogenesis as well as proliferation
capabilities of human MSCs.

Keywords mesenchymal stem cells (MSCs); osteogenesis;
differentiation; transpription factor; cell culture; induced
pluripotent stem cells (iPS cells)

1 Introduction

Embryonic stem (ES) cells are cultured cells derived from
the inner cell mass of blastocysts. ES cells have pluri-
potency in that they can differentiate into cells of all
lineages. Murine ES cells are commonly maintained on
primary mouse embryonic fibroblast feeder cells in culture
medium supplemented with bovine serum and leukaemia
inhibitory factor (LIF). In the absence of LIF, murine ES
cells differentiate spontaneously in serum containing culture
medium [9]. In recent years, the mechanisms involved in
maintaining the pluripotent state of human and mouse

embryonic stem cells have been shown to differ. Whilst
mouse embryonic stem cells are dependent upon the LIF,
human ES cells are dependent on basic fibroblast growth
factor (bFGF) to maintain self renewal, pluripotency and
prevent differentiation [3]. ‘

In addition to these factors, Oct4, Nanog and Sox2 are
considered to form transcriptional regulatory circuitry for
pluripotency and self-renewal of ES cells [4] (Figure 1).
These observations demonstrate a possibility that forced
expression of these transcription factors could render bone
marrow mesenchymal stromal cells (MSCs) better growth
and plasticity properties, because the MSCs have limited
proliferation and differentiation capabilities (Figure 2). In
this paper, I focused on transcription factors especially Sox2
and Nanog aiming to elucidate the role of human MSCs in
bone tissue engineering strategy.

2 Expression of transcription factors in human MSCs

We used the construct in which IRES sequence was placed
between the gene of interest and the Venus gene, a variant
of GFP, so that expression of the construct was easily
detectable during the cell culture. Sox2-expressing cells

Self renewal of ES cells

[Targeted genes | .
Mouse ES needs Lif (Leukemia
inhibitory factor) for their culture.

Human ES needs bFGF
{basic fibroblast growth factor)

Figure 1: Transcription factors in ES cells.
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showed distinct growth pattern in the presence of bFGF in
culture media. In the presence of the bFGF protein in culture
media, bone marrow MSCs show characteristic morphology
changes, in which the cells become elongated in shape. In
contrast, the Sox2-expressing MSCs responded to bFGF
very differently, where the cells grew well as relatively
round and small cells. The Sox2-expressing MSCs in the
presence of bFGF had higher proliferation and osteogenic
differentiation potential than control cells, in which only
Venus was expressed [1].

We observed that Nanog-expressing MSCs were also
relatively small and found that Nanog-expressing MSCs

showed significantly higher proliferation potential than
control cells (Figure 3). We failed to observe significant
effects of addition of bFGF in culture media in the case of
Nanog-expressing cells in terms of both cell growth ability
and cell morphology change. We also found that Nanog-
expressing cells showed higher differentiation abilities for
osteoblasts than control cells both in terms of both ALP
activity and calcium deposition assayed by Alizarin Red
staining (Figure 3) [1].

Recently Yamanaka et al. reported that pluripotent
stem cells can be directly generated from mouse [11] and
human fibroblasts [10] by the introduction of several defined
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genes, one of which was Sox2. Thomson et al. [12] also
reported the generation of the induced pluripotent stem
cells (iPS cells) by introduction of genes in which Nanog
was included. These reports confirmed the importance of
Sox2 and Nanog gene for the proliferation/differentiation
capabilities of the stem cells. Though the single gene
transduction is not sufficient to generate the iPS cells, the
functional importance of Sox2 and Nanog for altering the
cell status was clearly demonstrated.

3 Current and future technique for bone tissue engineer-
ing using MSCs

Our observations on the forced expression of Sox2 or Nanog
in adult human MSCs are indeed consistent and succeeded
to maintain the proliferation and osteogenic differentiation
capabilities of otherwise senescent passaged cells by intro-
ducing single gene. We also experienced that these single
gene expressing MSCs did not show teratoma formation,
whereas the iPS cells have capability to show teratoma
after their implantation. Based on our clinical experiences
using patient’s MSCs; serial passaged MSCs usually reduce
their proliferation/differentiation capability (Figure 2).
Therefore, our approach using single gene introduction
could be an effective and realistic way of maintaining high
quality of MSCs for regenerative medicine, especially for
bone tissue regeneration. In addition, if we can solve the
problem of teratoma formation after the iPS implantation,
the iPS made from the patient cells could be available
for bone tissue regeneration; especially in patients having
severe bone diseases. Interestingly, we could generate the
iPS cells from human MSCs and the iPS cells are indeed

pluripotent stem cells because they could differentiate into
cell types of all three germ layers [6]. These strategies using
single and multiple gene transduction could be available in
a near future as seen in Figure 4.
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cytoskeleton.

Mesenchymal stem cells (MSCs) have been extensively investigated for their applications in regenerative
medicine. Successful use of MSCs in cell-based therapies will rely on the ability to effectively identify
their properties and functions with a relatively non-destructive methodology.

In this study, we measured the surface stiffness and thickness of rat MSCs with atomic force micros-
copy and clarified their relation at a single-cell level. The role of the perinuclear actin cap in regulating
the thickness, stiffness, and proliferative activity of these cells was also determined by using several actin
cytoskeleton-modifying reagents. This study has helped elucidate a possible link between the physical
properties and the physiological function of the MSCs, and the corresponding regulatory role of the actin

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) are a heterogeneous popula-
tion of stem/progenitor cells with the pluripotent capacity to
differentiate into mesodermal and non-mesodermal cell lineages.
They have generated a great deal of interest owing to their poten-
tial use in regenerative medicine and tissue engineering [1,2]. In
order to maximize the potential of MSCs for biomedical applica-
tions, a more comprehensive characterization of MSCs is required.
To achieve this goal, the development of a direct, relatively
non-destructive method for measuring physical properties, which
reflect the fate and physiological state of MSCs, is necessary.
Population thickness (height) of adhered human MSCs may be
related to various cell functions, such as proliferation activity and
cell cycle [3,4]. However, a more comprehensive view of the
physical properties of MSCs is required.

Mechanical properties such as cytoskeleton organization and
elasticity, membrane tension, cell shape, and adhesion strength
may play important roles in stem-cell fate and differentiation
[5-7]. A change in mechanical properties, and in particular, in
the stiffness (elasticity) of tissue cells, has been recognized as an
indication of cancer [8]. Several techniques have been successfully

Abbreviations: MSC, mesenchymal stem cell; AFM, atomic force microscopy;
FBS, fetal bovine serum; CLSM, confocal laser scanning microscopy.
* Corresponding author. Fax: +81 6 6850 6557.
E-mail address: takanori.kihara@gmail.com (T. Kihara).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.04.022

employed to study cell mechanical properties, including micropi-
pette aspiration, magnetic twisting cytometry, optical traps, and
atomic force microscopy (AFM) [9~11]. In particular, AFM can be
used to analyze live cells [12,13] and to investigate their mechan-
ical properties in physiological conditions in a relatively non-
destructive manner [14].

Surface mechanical properties of a cell are dominantly defined
by the actin cytoskeleton [15-18]. Stress fibers are specific deter-
minants of cell mechanics [19], and cortical actin promotes corti-
cal rigidity [20,21]. Dominant types of actin cytoskeleton differ by
cell types as well as position. Therefore, the key determinants for
cell mechanics probably vary across different cell types, and it is
necessary to determine the character of cell mechanics in each
cell type.

Previously, we reported that the elastic modulus of human
MSCs decreased dramatically by actin de-polymerization, whereas
the cell thickness increased [22]. The elasticity and the thickness of
an actin de-polymerized MSC and a bare nucleus were almost the
same. Thus, regulatory factors of nuclear thickness and cell elastic-
ity are possibly the same, and these may be related to the actin
cytoskeleton. Recently, Khatau et al. reported that a perinuclear
actin cap, which is an actin filament structure that forms a cap or
dome above the apical surface of the nucleus, tightly regulates
the nuclear shape of adherent fibroblasts [23]. In this study, we
examined the regulatory effect of the perinuclear actin cap on
thickness and stiffness of adherent rat MSCs by using several actin
cytoskeleton-modifying drugs.
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2. Materials and methods
2.1. Materials

The AFM probe (ATEC-CONT; spring constant: 0.02-0.75 N/m)
was purchased from Nanosensors (Neuchatel, Switzerland). Cell
culture media was purchased from Nacalai Tesque (Kyoto, Japan),
and fetal bovine serum (FBS) was purchased from JRH Biosciences
(Lenexa, KS). Antibiotics were purchased from Sigma-Aldrich (St.
Louis, MO). Fisher 344 male rats were purchased from Japan SLC
(Shizuoka, Japan). ATP bioluminescence assay kit was purchased
from Toyo Ink {Tokyo, Japan). Other reagents were purchased from
Sigma-Aldrich, Wako Pure Chemical Industries Ltd. {Osaka, Japan),
or Invitrogen (Carlsbad, CA).

2.2. Preparation and culture of rat MSCs

Rat MSCs were isolated and primarily cultured as described pre-
viously [24]. In brief, bone marrow cells were obtained from the
femoral shafts of 7-week-old male Fisher 344 rats. The cells were
obtained from at least 2 rats and mixed. The culture medium
was Eagle’s minimal essential medium (with Earle’s Salt and
L-glutamine) containing 15% FBS and antibiotics (100 U/mL penicil-
lin G, 100 pg/mL streptomycin sulfate, and 0.25 pg/mL amphoteri-
cin B). The medium was renewed twice a week, and cells at
passages 2-6 were used in this study.

Y-27632 (10 pM), blebbistatin (5 pM), cell permeable C3 trans-
ferase (20 ng/mL), calyculin A (0.15 nM), and wiskostatin (1 pM)
were used to analyze inhibition or acceleration of the actin cyto-

skeleton. Cells were cultured in the medium containing these re-
agents for 2 days and then manipulated by AFM.

2.3. AFM measurements

Rat MSCs cultured on 35-mm culture dishes in the medium
were manipulated by AFM (Nanowizard I; JPK Instruments AG,
Berlin, Germany) at room temperature. The probe was indented
into the cells up to 50 nN at 10 pm/s. The Young’s modulus of
the cell was calculated according to the Hertz model [25]. Although
the Hertz model is accommodated in an elastic body, various kinds
of cellular stiffness have been evaluated by this model as Young’s
modules [26]. The force-distance curve at the region up to
400 nm of cell surface indentation was fitted to the model
(Fig. 1A). Although the ATEC-CONT is a tetrahedral probe, the edge
of the probe is conoidal. Thus, the following equation was used in
the model of indentation:

E 2tano

2
(1-v?) = !

F=

where F = force, I = depth of indentation, « = semi-opening angle of
the cone (5°), v = Poisson'’s ratio (0.5), and E = Young’s modulus.
Cell thickness was derived from the length, from the cell contact
point to the substrate (Fig. 1A). All experiments were performed in
more than 10 cells, and each cell was examined at 9 different
points within a size-defined grid on the nuclear region of the mem-
brane. In this study, we assumed that the distribution of Young's
moduli and the thickness of cells were in accordance with the
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Fig. 1. Measurement of the cell stiffness and cell thickness of MSCs. (A) Details of the method of measuring cell stiffness and thickness by AFM. Typical force~distance curves
obtained from the indentation of and pulling up from the surface of rat MSCs are shown at the left, and the schema for the AFM manipulation is shown at the right. Cell
thickness is represented as the distance between the contact point of cell surface and substrate. Stiffness is calculated from the force curve at the region of indentation (up to
400 nm) by fitting it to the Hertz model (inset). (B) Distribution of Young's modulus of the same MSCs. Young's modulus of each cell (total of 3 cells) was measured 100 times
repeatedly. The distribution pattern of Young’s modulus of rat MSCs shows a log-normal pattern. (C) Relationship between the median value of Young’s modulus and cell
thickness in rat MSCs. Each data point is for one cell (total of 100 cells). The line shows approximated curve for the points (R = 0.35, P = 0.0004).

— 165 —



T. Kihara et al. / Biochemical and Biophysical Research Communications 409 (2011) 1-6 3

A C3 transferase
/ Rbo\‘ Y-27632
mDia Rock Calyculin A Wiskostatin _actin polymerization

C3 trasnferase é'
vo7632 ¥
Blebbistatin &
Calyculin A *
Wiskostatin %

e

LIMK MLCPase Blebbistatin N-WASP

Arf2/3

lamellipodium

Myosin 1i

actin stress fiber

-
=3
S
S
<t

= 1000 1000
% X ctrl X ctrl X ctrl
Y 6C3
S 1004 X x 100-4 x [2Y27632)) 440 ] % © Blebb)
= LXe X x ok X x »%&
g % ® o
® 103 & 10 5 104 M
2 o ¢
3
> 1 T . 1 . T 1 . .
1 3 5 1 3 5 1 3 5
Thickness (um) Thickness (um) Thickness (um)
= 1000 1000 5
% X ctrl X ctrl
o )
3 100 X‘X ) CalyA 100 4 X% © Wisko
T n %
g L4 X
o 104 10 3
o
oy
3
> 1 . T 1 T :
1 3 5 1 3 5

Thickness (im) Thickness (um)

C - D

100] e 12000
no actin cap s
80 , . 3 10000
3 8 5000
fond 60 <
[ @
ES § 6000
2 40 , £
| . £ 4000
3
-

N
(=]

2000

|Lactin cap organization &
ctrl C3 Y27632Blebb CalyA Wisko ctrl C3  Y27632Blebb CalyA Wisko

Fig. 2. Role of the actin cytoskeleton in regulating the cell properties of rat MSCs. (A) Schematics of effects of the used reagents on the actin cytoskeleton. C3 transferase, Y-
27632, and blebbistatin inhibit actin polymerization and stress fiber formation. In contrast, calyculin A inhibits myosin light chain phosphatase and leads to actin
polymerization, resulting in stress fiber and cortical actin formation. Wiskostatin inhibits lamellipodium formation. (B) Influence of the agents on Young's modulus and
thickness of rat MSCs. Each point indicates a data point from each cell (a total of 10 cells for each condition). C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb)
decreased surface rigidity of rat MSCs and increased cell thickness. On the other hand, calyculin A (CalyA) and wiskostatin (Wisko) had little impact on these physical
properties of MSCs. (C) Organization of pericellular actin cap of rat MSCs following treatment with the agents. The frequencies of organization of perinuclear actin cap are
shown. The presence of the perinuclear actin cap at each condition was determined from more than 23 cells. The typical images for organization and disruption or not of the
actin cap are shown in Supplementary Fig. S1. C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb) decreased actin cap organization; calyculin A (CalyA) and
wiskostatin (Wisko) increased actin cap organization. (D) Proliferation activity of rat MSCs cultured with various reagents. The cell number at 6 days was evaluated by
measuring the cellular ATP contents with chemiluminescence system. C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb) slightly increased the cell numbers; on
the other hand, calyculin A (CalyA) and wiskostatin (Wisko) did not influence the proliferation.

log-normal distribution, and a median value of 9 points was
adopted for the Young’s modulus and the thickness of each cell.

2.4. Cell proliferation assay

Approximate cell numbers were determined using an ATP bio-
luminescence assay kit according to the manufacturer's instruc-
tions. Rat MSCs were plated at a density of 1 x 10> cells/well into
white 96-well culture plates and cultured in the culture medium
containing the cytoskeleton-modifying reagent for 6 days. The

ATP bioluminescence reagent was added to the wells, and the
cultured cells were shaken for 1 min and then incubated for
another 10min at 25°C. Luminescence was measured with
Synergy HT (BioTek, Winooski, VT).

2.5. Evaluation of perinuclear actin cap
The perinuclear actin cap was evaluated by staining the

actin filaments of rat MSCs. Cells cultured for 2 days with the cyto-
skeleton-modifying reagent were fixed with 4% paraformaldehyde,
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Fig. 3. Overview of the physical properties of MSCs. In normal MSCs, developed perinuclear actin caps generate highly surface tension and press tightly against the nucleus,
giving the cells a rigid surface stiffness and flat thickness. In contrast, in stress fibers-attenuated MSCs, the surface tension was decreased and the cell surface was boosted by
the nucleus, resulting in the cells with elastic surfaces and a high thickness. Furthermore, elastic and tall cells tended to also have high proliferation activities.

permeabilized with 0.5% Triton X-100, and then stained with
FITC-labeled phalloidin for actin filaments and propidium iodide
for nucleus. Specimens were observed by confocal laser scanning
microscopy (CLSM; FV-1000; Olympus, Tokyo, Japan) in 0.5 pm
serial sections. The presence of the perinuclear actin cap was deter-
mined from the status of actin filaments over the nucleus in more
than 23 cells for each condition (Supplementary Fig. S1).

3. Results
3.1. Relationship between stiffness and thickness of rat MSCs

First, we examined the relation between every AFM-measured
Young's modulus and the thickness of each rat MSC (Supplemen-
tary Fig. S2). Compared with the thickness, the measured Young’s
modulus varied widely for each AFM manipulation (Supplemen-
tary Fig. S2). This was due to the fact that cellular mechanical prop-
erties are local and can change dramatically based on the location
being probed [27]. Since it was difficult to determine the cell stiff-
ness from these scattered Young’s moduli, we examined the distri-
bution of Young's moduli of rat MSCs in single cells and found that
the distribution of Young’s moduli corresponded to a log-normal
pattern of distribution (Fig. 1B). Therefore, we selected the median
value of the widely spread Young's moduli of each cell in this
study, because the median provides a better estimate of the target
value than the mean in a log-normal distribution.

Thickness versus Young's modulus of each adherent rat MSC
was then plotted (Fig. 1C). Analyses of 100 cells revealed that
Young’s modulus of various adherent rat MSCs varied largely,
and that it had a weak inverse correlation with cell thickness in
each cell (Fig. 1C). The correlation coefficient R between these 2
factors was 0.35 (P =0.0004). In short, flat, adherent MSCs tended
to be rigid, whereas tall MSCs showed a relatively elastic property.

3.2. Regulation of cell stiffness and thickness of rat MSCs by actin
cytoskeleton )

An intact actin cytoskeleton contributes a major part of cell
stiffness, yet there are several forms of actin cytoskeleton in a cell,
e.g., stress fibers, lamellipodia, filopodia, and cortical actin. Here,
we examined the effect of actin stress fibers and lamellipodia on
stiffness and thickness of adherent rat MSCs, using several pharma-
cological agents that affect the actin cytoskeleton (Fig. 2A). We
used gentle concentrations of all agents to avoid inducing obvious
morphological changes (Supplementary Fig. S3).

Rho inhibitor C3 transferase, ROCK inhibitor Y-27632, and myo-
sin Il ATPase inhibitor blebbistatin prevent and attenuate stress fi-
ber formation [28-30]. The Young’s moduli of the cells treated with
these agents decreased relatively while their thickness increased
(Fig. 2B). On the other hand, the properties of the cells treated with

myosin light chain phosphatase inhibitor calyculin A [31], which
activates actomyosin formation and enhances actin polymerization
in stress fibers, lamellipodia formation, and cortical actin, were
hardly altered (Fig. 2B). Moreover, cells treated with the N-WASP
inhibitor wiskostatin, which inhibits lamellipodia formation [32],
showed no changes in either the Young's modulus or thickness
(Fig. 2B). Thus, the cell stiffness and thickness of adherent rat MSCs
were strongly affected by attenuated actin stress fibers, but were
barely influenced by activation of actomyosin formation or inhibi-
tion of lamellipodia formation.

3.3. Perinuclear actin cap correlation with cell thickness and stiffness
of rat MSCs

Actin filament structures that form a cap or dome located above
the apical surface of the nucleus, referred to as the perinuclear ac-
tin cap, regulate the nuclear shapes of adherent fibroblasts [23].
The perinuclear actin cap is specifically disorganized or eliminated
by the inhibition of actomyosin contractility. To identify a possible
role of the perinuclear actin cap in regulation of stiffness and
thickness of rat MSC, we examined the changes in the actin cap
organization in rat MSC under the presence of each actin cytoskel-
eton-modifying agent by observing with CLSM.

The majority of rat MSCs had a well-developed perinuclear actin
cap under normal culture conditions (Fig. 2C and Supplementary
Fig. S1), rendering a flat shape to rat MSCs. Analysis of collected
images demonstrated that treatment with actin stress fiber-forma-
tion inhibitors, namely, C3 transferase, blebbistatin, and particu-
larly Y-27362, led to an increase in the number of cells with no
actin cap as compared to the control cells (Fig. 2C and Supplemen-
tary Fig. S1). In contrast, more MSCs possessed an organized actin
cap after treatment with calyculin A and wiskostatin (Fig. 2C).
Attenuation of actin stress fibers results in reduction of perinuclear
actin cap organization, which corresponds to the data of the cell
thickness and stiffness of rat MSCs (Fig. 2B, C). On the other hand,
augmentation of actin cap organization had little impact on the cell
thickness and stiffness of rat MSCs (Fig. 2B, C).

3.4. Actin cytoskeleton affects proliferation activity of rat MSCs

Population thickness of adhered human MSCs may be related to
proliferation activity at the donor level [3]. We thus examined the
possible affect of actin cytoskeleton on proliferation activity of rat
MSC population to determine whether cell stiffness relates with
proliferation. Adding the agents to the cell culture media revealed
that Y-27632, C3 transferase, and blebbistatin, which attenuate the
actin stress fibers and the perinuclear actin cap, slightly increased
the growth activity of rat MSCs (Fig. 2D). On the other hand, upreg-
ulation of perinuclear actin cap formation, as caused by treating
the MSCs with wiskostatin or calyculin A, had little effect on cell
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proliferation (Fig. 2D). These data consist with the results of cell
thickness and stiffness. We therefore propose that actin cap orga-
nization regulates the proliferation activity and cell thickness and
stiffness of rat MSC.

4. Discussion

In this study, we experimentally demonstrated two major
points relevant to surface stiffness of substrate-adhering rat MSCs.
One is that cell stiffness and cell thickness showed an inverse
correlation at a single-cell level (Fig. 1C). The second is that the
perinuclear actin cap organization regulates the cell stiffness,
thickness, and possibly proliferation activity of rat MSCs (Fig. 2).
A schematic diagram of our findings is shown in Fig. 3. Originally,
MSCs adhere flat on a given substrate, and their actin stress fibers
and perinuclear actin cap are well developed. A developed actin
cap flattens out the nucleus and increases surface stiffness. On
the other hand, cells with diminished stress fibers also lose their
actin cap, with a resulting decrease in surface stiffness, and the nu-
cleus boosts the cell height according to the plasticity of nuclear
lamin A [23]. Thus, although surface stiffness and cell thickness
are essentially different physical properties of cells, the perinuclear
actin cap coordinates these properties in MSCs. However, these cell
properties were not affected by augmentation of the actin cap
organization after treatment with either calyculin A or wiskostatin
(Fig. 2). In particular, calyculin A is an activator for actomyosin for-
mation, and it increases surface stiffness in Drosophila embryonic
S2R+ cells by accelerating cortical actin formation [21]. Cortical ac-
tin determines isotropic cortical tension of non-adherent or mitotic
cell [33], and the surface stiffness of some cells is mainly deter-
mined by this cortical actin formation [21]. Thus, it is believed that
anisotropic surface tension that arises from the perinuclear actin
cap is higher than the isotropic cortical tension in MSCs, which
would explain why behavior of the stiffness of rat MSCs differed
from the above cell. In addition, further-developed stress fibers
and actin cap of MSCs may induce partial buckling of the actin
cytoskeleton [34] or fluidization of cell [35]; the physical proper-
ties are unaffected by augmentation of the actin cap formation.
Interestingly, the stress fiber-attenuated MSCs tended to show a
high proliferation activity (Fig. 2). This result corresponds with
the previous study relating cell thickness with proliferation activ-
ity in human MSCs [3,4]. Our results additionally show that the
states of the actin cap and actin stress fibers in MSCs are potent
regulators of the proliferation activity of each cell.

It is well known that mechanical properties of cell environ-
ments control cell life [36,37]. In particular, commitment of differ-
entiation lineage of MSCs is specified by matrix elasticity which is
sensed by actomyosin contraction [38]. Furthermore, the surface
stiffness of MSCs changes depending on the substrate elasticity.
The surface stiffness of MSCs also changes during cell differentia-
tion [39]. Our present study reveals that the surface stiffness of
MSCs is regulated by actin stress fibers, including the perinuclear
actin cap, and is related with proliferation activity. Thus, the
mechanical properties of MSCs are potent indicators for their cell
behavior and physiological functions. The evaluation of cell quality
and estimation of cell activities of MSCs are essential cytotechnol-
ogy for applications in regenerative medicine and tissue engineer-
ing. We predict that in the future non-destructive and high-speed
methods of measuring mechanical properties of MSCs will become
an essential part of the cytotechnology.
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Regenerative therapy using allogeneic mesenchymal stem cells
“*Hajime Ohgushi, *Nobuyoshi Arima, *Takeshi Taketani
'Department of Orthopedics, Ookuma Hospital

“Research Institute for Cell Engineering,
National Institute of Advanced Industrial Science and Technology (AIST)
*Department of Hematology, Kitano Hospital
*Division of Blood Transfusion, Shimane University Hospital

Abstract

“The use of mesenchymal stem cells(MSC) for tissue and organ regeneration offers
advantages because the MSC contain multipotent progenitor cells and reported to be
immunoprivileged as well as immunosuppressive. Therefore, cell therapy with allogeneic
MSC has been reported as a promising treatment for severe acute graft versus host
disease (GVHD). We reported a pilot study for GVHD treatments using a small number of
allogeneic MSC. We also reportéd that MSC can show osteogenic differentiation capability
when implanted in vivo as well as cultured in vitro. Based on these findings, we attempted
to use allogeneic MSC for the treatment of genetic disorder of hypophosphatasia patient.
Present paper summarizes our clinical expenences of allogeneic MSC for the purpose of

regenerative medicine.

Key words: mesenchymal stem cells(MSC), allogeneic cell, graft versus host dlsease
(GVHD), hypophosphatasia, bone tissue engineering
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e AMA LT BEEHHFOMSCE RV
Fi 4 OFAEERPEBRINTYE. 72, MSC
BEBOAL ST IRN% & U0 £ i
bEOBIEPMBNA L L HIT, RIERS 3
H AR ETAI L HRESN, BEEY
7 MSC Tz & [FFE () MSC % Fi v 7= A
BOWREADBEINT VA,
KEETIIEE O DR R . L TR
MSC % fi v 2= FE ISR, HFIC RS 2B B
HElZonwTa LA,
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MSC#AWVALIHAEBRIBVT £8OMH
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L ¥ — i B 3k 0 REWE D fE Rk 5.
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ERTRETH A, B, ZBELIZEZOEFHM
A6 MSC % BEZERAE &+, 2 MSC % Fi\VT
B BREEEOMRL ST LEAICOBAL
TWaY B, HRENERKFERNE L
L b1 2001 4F X RGBT, Bk
MSC 253 ik F 7z A TR % Fl v 2 B #i
EE2FFoTwAh T OERICB W TR
HAHNT, BEIZALHEHZO L OIEET 555

AbREFICERL, BOMSCZHWAZ

EOREWEFFEHLCWE T/ ZOHD
MSC % W TOZREEIIDOWT, B - BEiHE
O CERAVE, R TSR TR AR
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BAEILREHY 200 EHTH Y, TTOEPIT
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S ERIELTWAY

F Ak 69 2% 12 % (2011-12)

o 7.

PLE, o5 BETMSC % v e FERERI
REVATRBLDTH Y, SHOIEL b
LrEbhs LAL, BDMSCIZHEALDY
LEZEBICHETLLOTH Y, WHEESS
BB EDS S B, T BEHHOEE
FRECEET 2RI MRS B O
AHWA I EWNTERY. INHOMERAOR
BB 1 RS MSC & B BB IZ DWW T b %
BB LEYDH 5.

2. MSC < & 5 RAMAHR
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O FERPUR Tk - mERMEO~— 7 —
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BHTHE 20X, Wb BEERONE
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LI3BHcd 5B, EELTHE, B
M EoPEERMELZ SICHEHAL Tws
HLA-DR iR H 5%, 71, Mo#E T
MSC i TN BAIAE, NKAE, PUERRA
fa& v o oS RoOEE MR 2 L
R, U YNEROBEIERLY A b A VA IR
L, 7URY 7T Y Y rRIL-10 % EORKIE
MERBETLESRTVE, EHLLY ¥
JSEROBEIEIE R ICB VT, stimulator & LT
FFED ) Y 7RERZVRINT A 2 X ) £ 0OHE5HE
2R L72A, R MSC Il w2
e XY, MSCIdsE
S EHT 52 e ENS. flIZIE B
WRF—AL Yy b ofks G 5 8HA
%145 9% (graft versus host disease: GVHD) i
S & fH ) MRS LA B MR A (F
BBH)BIEC S EPHMON TR 20
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DERE SN, BRICT A ) ADF A ) AR
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LlzfFibh, BEICBOTT R -V 28R
TS A v SEREERERLTEY,
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WCEREE PR U7z, 72, Sudres 513 in vitro T
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DRV EFRELTHEY PLRLY, GVHD
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HEET S
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JE RS % modulate T AW BEHEEZ R L T 5.
F72, AEMSCA B TOBERENRESH
Twhb: BlZ21E Arinzeh S A4 X OFRIET
FATB W T FEE MSC 23K EEH 2 AT 5 Z
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BRI IS5 Z L OMEREIT 2T v O
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bEMESNTWAEY, IhbLOMEIBHESL
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Twb, Lirl, THhHOEF I TIEMSCS
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