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exposure to FBS should be cleaned up by chasing without
Neu5Ge condition and thus might be rescued from xenoge-
neic rejection.

Acknowledgments

The authors thank Prof. Nobutaka Wakamiya, Depart-
ment of Microbiology and Immunochemistry, Asahikawa
Medical College, Hokkaido, Japan, for providing a chicken
anti-Neu5Gc polyclonal antibody. This study was supported
in part by a grant-in-aid to Akifumi Matsuyama from the
Kobe Translational Research Cluster, the Knowledge Cluster
Initiative, Ministry of Education, Culture, Sports, Science,
and Technology (MEXT), Japan, and by the Program for
Promotion of Fundamental Studies in Health Sciences of the
National Institute of Biomedical Innovation (NIBIO), Japan.

Disclosure Statement

No competing financial interests exist.

References

1. Bjémtorp, P., Karlsson, M., Gustafsson, L., Smith, U., Sjos-
trém, L., Cigolini, M., Storck, G., and Pettersson, P. Quan-
titation of different cells in the epididymal fat pad of the rat.
J Lipid Res 20, 97, 1979. ,

2. Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.I.,
Mizuno, H., Alfonso, Z.C., Fraser, J.K., Benhaim, P., and
Hedrick, M.H. Human adipose tissue is a source of multi-
potent stem cells. Mol Biol Cell 13, 4279, 2002.

3. Okura, H,, Matsuyama, A., Lee, CM., Saga, A., Kakuta-
Yamamoto, A., Nagao, A., Sougawa, N., Sekiya, N., Take-
kita, K., Shudo, Y., Miyagawa, S., Komoda, H., Okano, T.,
and Sawa, Y. Cardiomyoblast-like cells differentiated from
human adipose tissue-derived mesenchymal stem cells im-
prove left ventricular dysfunction and survival in a rat
myocardial infarction model. Tissue Eng Part C Methods
July 22, 2009. [Epub ahead of print].

4. Okura, H., Fumimoto, Y., Komoda, H.,, Yanagisawa, T.,
Nishida, T., Noguchi, S., Sawa, Y., and Matsuyam, A.
Transdifferentiation of human adipose tissue-derived stromal
cells into insulin-producing clusters. J Artif Organs 12, 123,
2009.

5. Pittenger, MF., Mackay, A.M., Beck, S.C., Jaiswal, RK.,
Douglas, R., Mosca, ].D., Moorman, M.A., Simonetti, D.W.,
Craig, S., and Marshak, D.R. Multilineage potential of adult
human mesenchymal stem cells. Science 284, 143, 1999.

6. Kem, S., Eichler, H., Stoeve, J., Kliiter, H., Bieback, K
Comparative analysis of mesenchymal stem cells from bone
marrow, umbilical cord blood, or adipose tissue. Stem Cells
24, 1294, 2006.

7. Romanov, Y.A., Darevskaya, A.N., Merzlikina, N.V., and
Buravkova, L.B. Mesenchymal stem cells from human bone
marrow and adipose tissue: isolation, characterization, and
differentiation potentialities. Bull Exp Biol Med 140, 138,
2005.

8. Sotiropoulou, P.A., Perez, S.A., Salagianni, M., Baxevanis,
C.N., and Papamichail, M. Characterization of the optimal
culture conditions for clinical scale production of human
mesenchymal stem cells. Stem Cells 24, 462, 2006.

9. Mazzini, L., Fagioli, F., Boccaletti, R., Mareschi, K., Oliveri,
G., Olivieri, C., Pastore, I, Marasso, R., and Madon, E. Stem
cell therapy in amyotrophic lateral sclerosis: a methodolog-

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

KOMODA ET AL.

ical approach in humans. Amyotroph Lateral Scler Other
Motor Neuron Disord 4, 158, 2003.

Bang, O.Y., Lee, J.S., Lee, PH, and Lee, G. Autologous
mesenchymal stem cell transplantation in stroke patients.
Ann Neurol 57, 874, 2005.

Chen, S.L., Fang, W.W., Ye, F,, Liu, Y.H., Qian, J., Shan, S]J.,
Zhang, ].J., Chunhua, R.Z,, Liao, LM, Lin, S., and Sun, J.P.
Effect on left ventricular function of intracoronary trans-
plantation of autologous bone marrow mesenchymal stem
cell in patients with acute myocardial infarction. AmJ Car-
diol 94, 92, 2004.

Horwitz, EM., Gordon, P.L., Koo, WK, Marx, J.C., Neel,
M.D., McNall, RY., Muul, L., and Hofmann, T. Isolated
allogeneic bone marrow-derived mesenchymal cells engraft
and stimulate growth in children with osteogenesis imper-
fecta: implications for cell therapy of bone. Proc Natl Acad
Sci USA 99, 8932, 2002.

Martin, M.J., Muotri, A., Gage, F., and Varki, A. Human
embryonic stemn cells express an immunogenic nonhuman
sialic acid. Nat Med 11, 228, 2005.

Heiskanen, A., Satomaa, T., Tiitinen, S., Laitinen, A., Man-
nelin, S., Impola, U., Mikkola, M., Olsson, C., Miller-
Podraza, H., Blomqvist, M., Olonen, A., Salo, H., Lehenkari,
P., Tuuri, T., Otonkoski, T., Natunen, J., Saarinen, J., and
Laine, J. N-Glycolylneuraminic acid xenoantigen contami-
nation of human embryonic and mesenchymal stem cells is
substantially reversible. Stem Cells 25, 197, 2007.

Nowak, J.A., Jain, NK,, Stinson, M-W., and Merrick, J.M.
Interaction of bovine erythrocyte N-glycolylneuraminic
acid-containing gangliosides and glycoproteins with a
human Hanganutziu-Deicher serum. Mol Immunol 23, 693,
1986.

Chou, H.H., Takematsu, H., Diaz, S., Iber, J., Nickerson, E.,
Wright, K.L.,, Muchmore, E.A., Nelson, D.L.,, Warren, S.T.,
and Varki, A. A mutation in human CMP-sialic acid
hydroxylase occurred after the Homo-Pan divergence. Proc
Natl Acad Sci USA 95, 11751, 1998.

Hayakawa, T., Satta, Y., Gagneux, P., Varki, A., and Taka-
hata, N. Alu-mediated inactivation of the human CMP-N-
acetylneuraminic acid hydroxylase gene. Proc Natl Acad Sci
USA 98, 11399, 2001.

Bardor, M., Nguyen, D.H.,, Diaz, S., and Varki, A. Mechan-
ism of uptake and incorporation of the non-human sialic
acid N-glycolylneuraminic acid into human cells. J Biol
Chem 280, 4228, 2005.

Lanctot, P.M., Gage, F.H., and Varki, A.P. The glycans of
stem cells. Curr Opin Chem Biol 11, 373, 2007.

Zhu, A., and Hurst, R. Anti-N-glycolylneuraminic acid an-
tibodies identified in healthy human serum. Xenotrans-
plantation 9, 376, 2002.

Nguyen, D.H., Tangvoranuntakul, P., and Varki, A. Effects
of natural human antibodies against a nonhuman sialic acid
that metabolically incorporates into activated and malignant
immune cells. ] Immunol 175, 228, 2005.
Tangvoranuntakul, P., Gagneux, P., Diaz, S., Bardor, M.,
Varki, N., Varki, A., and Muchmore, E. Human uptake and
incorporation of an immunogenic nonhuman dietary sialic
acid. Proc Natl Acad Sci USA 100, 12045, 2003.

Cerdan, C., Bendall, S.C., Wang, L., Stewart, M., Werbow-
etski, T., and Bhatia, M. Complement targeting of nonhu-
man sialic acid does not mediate cell death of human
embryonic stem cells. Nat Med 12, 1113, 2006.

Asaoka, H., Nishinaka, 5., Wakamiya, N., Matsuda, H., and
Murata, M. Two chicken monoclonal antibodies specific for



HUMAN MESENCHYMAL STEM CELLS EXPRESS Neu5Gc XENOANTIGEN

25.

26.

27.

28.

29.

30.

31

32

33.

34,

35.

36.

heterophil Hanganutziu-Deicher antigens. Immunol Lett 32,
91, 1992.

Matsuyama, A., Yamashita, S., Sakai, N., Maruyama, T,
Okuda, E., Hirano, K., Kihara, S., Hiracka, H., and Matsu-
zawa, Y. Identification of a GPI-anchored type HDL-binding
protein on human macrophages. Biochem Biophys Res
Commun 272, 864, 2000. '
Hashikawa, T., Takedachi, M., Terakura, M., Yamada, S.,
Thompson, LF., Shimabukuro, Y., and Murakami, S. Acti-
vation of adenosine receptor on gingival fibroblasts. ] Dent
Res 85, 739, 2006.

Labarca, C., and Paigen, K. A simple, rapid, and sensitive
DNA assay procedure. Anal Biochem 102, 344, 1980.
Schaapherder, A.F., Daha, MR, te Bulte, M.T., van der
Woude, FJ., and Gooszen, H.G. Antibody-dependent cell-
mediated cytotoxicity against porcine endothelium induced
by a majority of human sera. Transplantation 57, 1376, 1994.
Ezzelarab, M., Ayares, D., and Cooper, D.K. Carbohydrates
in xenotransplantation. Immunol Cell Biol 83, 396, 2005.
Yang, Y.G., and Sykes, M. Xenotransplantation: current
status and a perspective on the future. Nat Rev Immunol 7,
519, 2007.

Roos, A., and Daha, M.R. Antibody-mediated activation of
the classical complement pathway in xenograft rejection.
Transpl Immunol 9, 257, 2002.

Miyagawa, 5., Kubo, T., Matsunami, K., Kusama, T., Beppu,
K., Nozaki, H., Moritan, T., Ahn, C.,, Kim, ].Y., Fukuta, D.,
and Shirakura, R. Delta-short consensus repeat 4-decay
accelerating factor (DAF:. CD55) inhibits complement-
mediated cytolysis but not NK cell-mediated- cytolysis.
J Immuneol 173, 3945, 2004.

Komoda, H., Miyagawa, S., Kubo, T., Kitano, E., Kitamura,
H., Omori, T., Ito, T., Matsuda, H., and Shirakura, R. A
study of the xenoantigenicity of adult pig islets cells. Xeno-
transplantation 11, 237, 2004.

Diamond, LE., Quinn, CM., Martin, M.]., Lawson, J., Platt,
J.L., and Logan, J.5. A human CD46 transgenic pig model
system for the study of discordant xenotransplantation.
Transplantation 71, 132, 2001.

Schuurman, HJ., Pino-Chavez, G., Phillips, MJ., Thomas, L.,
White, D.J., and Cozzi, E. Incidence of hyperacute rejection
in pig-to-primate transplantation using organs from hDAF-
transgenic donors. Transplantation 73, 1146, 2002.

Zhou, C.Y., Mclnnes, E., Copeman, L. Langford, G.,
Parsons, N., Lancaster, R., Richards, A., Carrington, C., and
Thompson, S. Transgenic pigs expressing human CD59, in

37.

38.

39.

40.

41.

1155

combination with human membrane cofactor protein and
human decay-accelerating factor. Xenotransplantation 12,
142, 2005.

Chen, G., Qian, H,, Starzl, T., Sun, H., Gardia, B, Wang, X.,
Wise, Y., Liu, Y., Xiang, Y., Copeman, L., Liu, W., Jevnikar,
A., Wall, W,, Cooper, DK,, Murase, N,, Dai, Y., Wang, W.,
Xiong, Y., White, DJ, and Zhong, R. Acute rejection is
associated with antibodies to non-Gal antigens in baboons
using Gal-knockout pig kidneys. Nat Med 11, 1295, 2005.
Chen, G., Sun, H,, Yang, H., Kubelik, D., Garcia, B., Luo, Y.,
Xiang, Y., Qian, A., Copeman, L., Liu, W., Cardella, CJ.,
Wang, W., Xiong, Y., Wall, W., White, DJ., and Zhong, R.
The role of anti-non-Gal antibodies in-the development
of acute humoral xenograft rejection of hDAF transgenic
porcine kidneys in baboons receiving anti-Gal antibody
neutralization therapy. Transplantation 81, 273, 2006.
Saethre, M., Baumann, B.C., Fung, M., Seebach, J.D., and
Mollnes, T.E. Characterization of natural human anti-non-
gal antibodies and their effect on activation of porcine gal-
deficient endothelial cells. Transplantation 84, 244, 2007.
Ide, K., Ohdan, H., Kobayashi, T., Hara, H., Ishiyama, K,,
and Asahara, T. Antibody- and complement-independent
phagocytotic and cytolytic activities of human macrophages
toward porcine cells. Xenotransplantation 12, 181, 2005.
Yamaguchi, M., Hirayama, F., Wakamoto, S., Fujihara, M.,
Murahashi, H., Sato, N., Ikebuchi, K., Sawada, K., Koike, T.,
Kuwabara, M., Azuma, H. and lkeda, H. Bone marrow
stromal cells prepared using AB serum and bFGF for he-
matopoietic stem cells expansion. Transfusion 42, 921, 2002.

Address correspondence to:

Akifumi Matsuyama, M.D., Ph.D.

Department of Somatic Stem Cell Therapy
Institute of Biomedical Research and Innovation
Foundation for Biomedical Research and Innovation
1-5-4 TRI 305

Minatojima-Minamimachi

Chuo-ku

Kobe 650-0047

Japan

E-mail: akifumi-matsuyama@umin.acjp

Received: June 9, 2009
Accepted: October 27, 2009
Online Publication Date: December 18, 2009



TISSUE ENGINEERING: Part C
Volume 16, Number 3, 2010

© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tec.2009.0362

Cardiomyoblast-like Cells Differentiated from Human
Adipose Tissue-Derived Mesenchymal Stem Cells
Improve Left Ventricular Dysfunction and Survival

in a Rat Myocardial Infarction Model

Hanayuki Okura, M.S.,"™* Akifumi Matsuyama, M.D., Ph.D.} Chun-Man Lee, M.D., Ph.D.]*?
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Shigeru Miyagawa, M.D., Ph.D. 2 Hiroshi Komoda, M.D., Ph.D.;""®
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Adipose tissue—derived mesenchymal stem cells (ADMSCs) are multipotent cells. Here we examined whether
human ADMSCs (hADMSCs) could differentiate into cardiomyoblast-like cells (CLCs) by induction with di-
methylsulfoxide and whether the cells would be utilized to treat cardiac dysfunction. Dimethylsulfoxide induced
the expression of various cardiac markers in hADMSCs, such as a-cardiac actin, cardiac myosin light chain, and
myosin heavy chain; none of which were detected in noncommitted hADMSCs. The induced cells were thus
designated as hADMSC-derived CLCs (hCLCs). To confirm their beneficial effect on cardiac function, hCLC
patches were transplanted onto the Nude rat myocardial infarction model, and compared with noncommitted
hADMSC patch transplants and sham operations. Echocardiography demonstrated significant short-term im-
provement of cardiac function in both the patch-transplanted groups. However, long-term follow-up showed
rescue and maintenance of cardiac function in the hCLC patch-transplanted group only, but not in the non-
committed hADMSC patch-transplanted animals. The hCLEs, but not the hADMSCs, engrafted into the scarred
myocardium and differentiated into human cardiac troponin I-positive cells, and thus regarded as cardio-
myocytes. Transplantation of the hCLC patches also resulted in recovery of cardiac function and improvement of

long-term survival rate. Thus, transplantation of hCLC patches is a potentially effective therapeutic strategy for
future cardiac tissue regeneration.

Introduction Cellular cardiomyoplasty was developed as a new ap-

proach to restore impaired heart function,* using a variety of
cell types, with encouraging initial results.>*> Mesenchymal

stem cells (MSCs) seem particularly advantageous for

ND-5TAGE HEART FAILURE remains a major cause of death
worldwide, with most cases due to ischemia. This is de-

spite the remarkable progress in recent years in both medical
and surgical treatments for heart failure. Cardiac transplan-
tation and mechanical support using implantation of the left
ventricular assist system were established as the ultimate
means of support for these patients.? However, these treat-
ment entities have limitations including donor shortage, re-
jection, and left ventricular assist system durability, and
alternative strategies are needed in such circumstances.

cellular therapy in general because they are multipotent,
potentially immune privileged,® and expand easily ex vivo.
MSCs also proliferate rapidly, induce angiogenesis, and
can differentiate into cardiomyogenic cells.”® An MSC
population was recently isolated from human adipose tissue,
which is abundantly available and can be resected easily and
safely in most patients.’'? These adipose tissue-derived cell
lineages showed cardiomyocytic differentiation and rescued
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cardiac dysfunction in a myocardial infarction (MI) animal
model. Thus, the adipose tissue is a convenient and preferred
source of stem cell recovery for cardiac therapy. Recently,
transplantation of monolayered adipose tissue-derived MSCs
(ADMSCs) into MI rats reversed wall thinning in the scarred
area and improved cardiac function in a short term, with the
engrafted sheet of cells forming a thick stratum containing
newly formed vessels and scattered cardiomyocytes derived
from the implanted cells.”® As patients with severe heart
failure desire sustained and long-term recovery of cardiac
function after treatment rather than short-term improvement,
continued efforts should be made to develop cell transplants
from ADMSCs that survive and differentiate into cardio-
myocytes in vivo for subsequent engraftment onto scarred
myocardium. .

This study investigated the differentiation of human
ADMSCs (hADMSCs) into cardiomyoblast-like cells (CLCs)
in vitro, analyzed the functional and histological regenera-
tion of damaged myocardium after transplantation of CLCs
in vivo, and examined the effects of such transplantation on
long-term patient survival.

Materials and Methods
Adipose tissues from human subjects

Excess omental adipose tissues were resected from the
gastro-omental artery during coronary artery bypass graft
surgery and gastrectomy in 10 subjects [4 men and 6 women;
age, 555 years, mean xstandard error of mean (SEM);
range, 40-60 years]. All subjects provided informed consent,
and the Review Board for Human Research of Osaka Uni-
versity Graduate School of Medicine approved all protocols.
All subjects fasted for at least 10h before surgery and none
was on steroid - therapy at the time of surgery. Ten to
50 grams of adipose tissue was obtained from each subject.

Isolation of hADMSCé and differentiation into CLCs

hADMSCs were obtained as reported previously, with
modification."’"* Briefly, the resected excess adipose tissue
was minced and then digested at 37°C for 1h in Hank’s bal-
anced salt solution (Gibco-Invitrogen, Grand Island, NY)
containing 0.075% collagenase type II (Sigma-Aldrich,
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St. Louis, MO). Digests were filtered through a cell strainer
(BD Bioscience, San Jose, CA) and centrifuged at 800 g for
10 min. Red blood cells were excluded using density gradient
centrifugation with Lymphoprep (d = 1.077; Nycomed, Oslo,
Norway), and the remaining cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco-Invitrogen) with 10% de-
fined fetal bovine serum (Hyclone, Logan, UT) for 24h at
37°C. Following incubation, the adherent cells were washed
extensively and then treated with 0.2g/L ethylenediamine-
tetraacetate solution (Nacalai Tesque, Kyoto, Japan). The re-
sulting suspended cells were replated at a density of 10,000
cells/ cm? on human fibronectin-coated dishes (BD BioCoat,
Franklin Lakes, NJ) in 60% Dulbecco’s modified Eagle’s
medium-low glucose, 40% MCDB-201 medium (Sigma~
Aldrich), 1xinsulin-transferring selenium (Gibco-Invitrogen),
1nM dexamethasone (Sigma—Aldrich), 100 uM ascorbic acid 2-
phosphate (Sigma-Aldrich), 10ng/mL epidermal growth
factor (PeproTec, Rocky Hill, NJ), and 5% fetal bovine serum.
After passaging five to six times in the same medium, the
hADMSCs were used for transplantation. Cardiomyocytic
differentiation was achieved by inducing hADMSCs with

+0.1% dimethylsulfoxide (DMSO) for 48 h, resulting in a pop-

ulation named CLCs.

Reverse transcriptase—polymerase chain reaction

Total RNA was isolated from hADMSCs and cardiomyo-
blasts using an RNAeasy kit (Qiagen, Hilden, Germany). As a
control, excess human myocardium was resected during
maze surgery from 10 matched subjects (4 men and 6 women;
age, 55 +5 years, mean + SEM; range, 40-60 years) with in-
formed consent. Control subjects also fasted for at least 10h
before surgery, and none was taking steroids. Approximately
1g of myocardium was obtained from each subject, and the
same protocol was performed to obtain total RNA. After
treatment with DNase, cDNA was synthesized from 500ng
total RNA using Superscript III reverse transcriptase RNase
H minus (Invitrogen, Carlsbad, CA). The absence of DNA
contamination in RNA samples was confirmed with poly-
merase chain reaction (PCR) primers flanking an intron. Pri-
mers and the reaction conditions are described in Table 1. The
PCR products were fractionated by 2% agarose gel electro-
phoresis.

TaBLE 1. PRIMERS USED IN REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION

] . Annealing
Primer Sequence No. of cycles temperature (°C)
GAPDH Forward GTCAGTGGTGGACCTGACCT 35 60
Reverse AGGGGAGATTCAGTGTGGTG

Islet-1 Forward TGATGAAGCAACTCCAGCAG 35 60
Reverse GGACTGGCTACCATGCTGTT

Nkx2.5 Forward GGTGGAGCTGGAGAAGACAGA 35 60
Reverse CGACGCCGAAGTTCACGAAGT

GATA-4 Forward ACCAGCAGCAGCGAGGAGAT 35 60
Reverse GAGAGATGCAGTGTGCTCGT

a-Cardiac actin Forward GGAGTTATGGTGGGTATGGGTC 35 60
Reverse AGTGGTGACAAAGGAGTAGCCA

Myosin light chain-2v Forward 5-GCGCCAACTCCAACGTGTTCT 35 60
Reverse 5'-GTGATGATGTGCACCAGGTTC

Myosin heavy chain Forward GGGGACAGTGGTAAAAGCAA 35 60
Reverse TCCCTGCGTTCCACTATCTT




CARDIOMYOBLAST-LIKE CELL TRANSPLANTS IMPROVE CARDIAC FUNCTION

Model animals for Mi

The left anterior descending coronary artery of rats with
severe combined immunodeficiency was ligated. In brief, rats
were anesthetized with nembutal (40mg/kg), before being
intubated and ventilated at a rate of 60 cycles/min with a tidal
volume of 5mL under room air supplemented with oxygen
(2L/min). The hearts were exposed through the fifth left-
intercostal space and the left anterior descending was ligated.
After 4 weeks, the hearts were again exposed through the
fifth left-intercostal space, and the infarct area was identified
visually based on surface scarring and abnormal wall motion.
Cell sheets were subsequently implanted onto the infarcted
myocardium. The control group was treated similarly, but no
cell sheets were implanted. The Osaka University Graduate
School of Medicine Standing Committee on Animals ap-
proved all experimental protocols.

Preparation of monolayered cell sheets

After four to five passages, the hADMSCs were trypsi-
nized and then replated onto 35-mm temperature-responsive
dishes (CeliSeed, Tokyo, Japan) in 2mL of expansion me-
dium at 1x10° cells per dish. After culture at 37°C for 2 days,
0.1% DMSO was added to the medium on half of the dishes
to differentiate the hADMSCs into cardiomyoblasts. After
2 days of culture, the cells were incubated again at 20°C.
Within 20 min, the hRADMSCs and CLC sheets detached
spontaneously and floated up into the medium for use as
monolayered cell grafts.’>1>!

Assessment of rat cardiac function

Cardiac ultrasound studies were performed before liga-
tion, before implantation, and at 2, 4, 8, 10, 12, 14, and 16
weeks after implantation using a SONOS 7500 (Philips
Medical Systems, Andover, MA). Plasma atrial natriuretic
protein (ANP) level was analyzed using an ANP ELISA
system (Phoenix Pharmaceuticals, Burlingame, CA) by fol-
lowing the instructions supplied by the manufacturer.

Histological analyses

The rat hearts were dissected out and immediately fixed
overnight in 4% paraformaldehyde, washed in 70% alcohol,
dehydrated through a graded ethanol series, cleared in xy-
lene, and finally processed for embedding in paraffin wax.
Paraffin sections were cut at 5 um thickness, delineated on the
microscope slide using a Dako pen (Dako, Glostrup, Den-
mark), deparaffinized in xylene, and then rehydrated through
a graded ethanol series into distilled water. The sections were
then immersed in Target Retrieval Solution (Dako) in distilled
water and boiled, followed by cooling at room temperature
for 20 min. The sections were then washed in two changes of
Tris-buffered saline (TBS), pH 7.4, followed by 1% poly-
oxyethylene sorbitan monolaurate (Tween 20) in TBS (TBS-T),
and then an overnight incubation with 10% Blocking One®
(Nacalai Tesque) in TBS-T. The sections were then incubated
in a humid chamber for 16 h at 4°C with mouse monoclonal
antibodies to a-cardiac actin {(a-CA) and human troponin I,
diluted in the blocking solution, followed by Alexa Fluor 546-
labeled donkey anti-goat IgG (Molecular Probes, Eugene,
OR). The stained slides were viewed on a BioZero laser
scanning microscope (Keyence, Osaka, Japan).
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Statistical analysis

All data were expressed as mean +SEM. Differences be-
tween groups were analyzed for statistical significance by
the Student’s t-test using SPSS Statistics 17.0 (SPSS, Inc.,
Chicago, IL). A p-value less than 0.05 denoted a statistically
significant difference. Survival curves were constructed by
the Kaplan—-Meier method and survival among groups was
compared using the Log-Rank test (StatMate III for Win-
dows; Atoms, Tokyo, Japan).

Results
Cardiac differentiation of hRADMSCs into CLCs

The potential for hADMSCs to differentiate into CLCs was
evaluated from the mRNA expression of several cardiac dif-
ferentiation markers by reverse transcriptase-PCR before and
after DMSO induction, as follows: islet-1 is a cardiac stem cell
marker; Nkx2.5 and GATA-4 are transcription factors required
for subsequent cardiac differentiation; and «-CA, myosin light
chain, and myosin heavy chain (MHC) are markers of cardiac
differentiation (Fig. 1A). Preinduced hADMSCs expressed
islet-1 and Nkx2.5 mRNA, but not that of GATA-4, a-CA,
myosin light chain, or MHC. After induction by DMSO for 48h,
hADMSCs expressed all markers, indicating that DMSO
treatment successfully differentiated hADMSCs into cells of
the cardiac lineage, and these induced cells were named
CLGCs.

Preparation and transplantation
of hADMSC-derived CLC patches

To evaluate the potential therapeutic usefulness of CLCs,
we designed an experimental rat model of coronary ligated
infarction to assess cardiac function after transplantation of
CLC patches. CLC and control hADMSC patches were pre-
pared from cell sheets, as described earlier (Fig. 1B). These
patches were transplanted onto the scarred area of the left
ventricular wall in the MI model Nude rats, whose left ante-
rior descending artery had been ligated 4 weeks before graft
implantation (Fig. 1C, D). Sham transplantations were also
performed.

Effects of CLC transplantation
on cardiac function and survival rate

Cardiac function was assessed by echocardiography at
preligation, pretransplantation, and every 2 weeks after
transplantation (Fig. 1D). Sixteen weeks after transplanta-
tion, the treated animals were sacrificed and cardiac tissues
prepared for histological examination. Four weeks after graft
implantation, wall motion was improved in both control and
CLC patch-implanted hearts. However, the wall motion of
control and noncommitted hADMSC patch-transplanted
heart tissue was exacerbated at 16 weeks after transplanta-
tion, while improved motion was maintained with the CLC
patch transplants (Fig. 2A). In the early phases of the post-
transplantation period, left ventricular diastolic dimension
was significantly reduced in both the transplanted groups,
but by 8 weeks after implantation this parameter increased
in the control hRADMSC patch-transplanted group, whereas
it remained unchanged in those animals that received CLC
patch transplants (Fig. 2B). Likewise, left ventricular ejection
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FIG. 1. Preparation and transplantation of human adipose tissue-derived mesenchymal stem cell (hADMSC)-derived
cardiomyoblast-like cell (hCLC) patches. (A) Treatment with dimethylsulfoxide (DMSO) transformed hADMSCs into CLCs.
The mRNA expressions of islet-1, Nkx2.5, GATA-4, a-cardiac actin (a-CA), myosin light chain (MLC), and MHC were analyzed by

reverse transcriptase—polymerase chain reaction. The mRNAs for islet-1 and Nkx2.5, with trace levels of GATA-4 and a-CA,
were expressed in hADMSCs, but no expression of MLC or MHC was detected. After induction with DMSO for 48h, the
hADMSCs also expressed MLC and MHC, indicating a phenotypic change into CLCs. (B) Preparation of hADMSC-derived
CLC patches. The hRADMSCs were cultured on temperature-responsive dishes for 48 h with 0.1% of DMSO for differentiation
into CLCs. As the culture temperature was decreased from 37°C to 20°C, the CLCs detached spontaneously as sheets and
floated up within 30 min into the culture media as a layered CLC patch. (C) Transplantation of hADMSC-derived CLC patches.
Detached patches were transplanted onto the left ventricular wall scar in the myocardial infarction (MI) model Nude rats. (D)
Protocol used for assessment of cardiac function. The left anterior descending artery was ligated in Nude rats at 4 weeks before
graft implantation. Cardiac function was assessed by echocardiography at preligation, pretransplantation, and every 2 weeks

following transplantation. The treated animals were sacrificed 16 weeks after transplantation and prepared for histological

examination.

fractions improved in both the implanted groups until
8 weeks, after which time it worsened only in the group
transplanted with noncommitted hRADMSC patches (Fig. 2B).

ANP was then measured to confirm that chronic heart
failure due to MI could be treated by CLC patch trans-
plantation (Fig. 2C). The ANP levels were significantly
increased after MI in all groups (Fig. 2C). The sham-operated
MI control group showed incremental increases in plasma
ANP over the time course of examination, whereas both
CLC patch- and hADMSC patch-transplanted animals had
low ANP levels until 8 weeks after treatment. However,
ANP levels increased subsequently in the hADMSC patch-
transplanted group, whereas the CLC patch-transplanted
group maintained the improvement in ANP levels.

The Kaplan-Meier survival curve showed higher long-term
survival rates in cell patch-transplanted groups than in sham-

operated MI controls (Fig. 2D). Notably, no rat died after
transplantation of an hRADMSC-derived CLC patch. Survival
at 16 weeks after surgery was 100% for the CLC group, 80%
for the hADMSC group, and 16% for the sham-operated
group, with a significant difference between the two trans-
planted groups. These results suggest that transplantation
of hADMSC-derived CLCs has beneficial effect in rats with
heart failure induced by MI.

Effects of CLC transplantation on cardiac structure

Cardiac structure was next examined histologically to
analyze further the difference between CLC patch- and
noncommitted hADMSC patch-transplanted animals in the
longer term (Fig. 3). On hematoxylin and eosin and Masson
trichrome staining, the sham-transplanted MI control rats
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FIG. 2. Effects of CLC patch transplantation on cardiac function and long-term survival. (A) In both the patch-transplanted
groups, echocardiography showed improved wall motion within 4 weeks of transplantation. However, at 16 weeks after
transplantation, the wall motion of noncommitted hADMSC patch-transplanted rats worsened, whereas it was maintained in
the CLC patch-transplanted animals. (B) Left ventricular diastolic dimension and ejection fractions improved significantly in
both the patch-grafted groups in the early phase, as confirmed by echocardiography. However, these two parameters of
cardiac function worsened at 8 weeks after implantation in the noncommitted hRADMSC patch-transplanted groups, but not
in the CLC patch-transplanted group. The numbers of all groups were five. Data are mean =+ standard error of mean
(*» < 0.05; MI control vs. the hCLC patch-transplanted animals; “p < 0.05; MI control vs. the noncommitted-hADMSC patch-
transplanted rats; *p < 0.05; hCLC patch-transplanted vs. the noncommitted hADMSC patch-transplanted rats, respectively).
(C) Plasma ANP levels. Sham-operated MI control group showed increment of plasma ANP levels during the course of the
experiment. Both the CLC patch- and hADMSC patch-transplanted groups showed suppression of ANP level increment till
8 weeks after treatment. ANP levels of the hADMSC patch-transplanted group increased from 8 weeks after transplantation,
but no change in ANP levels was noted in the CLC patch-transplanted group. The numbers of all groups were four. (D) Long-
term survival of rats with chronic heart failure that received the CLC patch (n = 28), noncommitted hADMSC patch (n =20),
or sham operation (n=237). The Kaplan-Meier survival curve demonstrated that no rat died after transplantation of
hADMSC-derived CLC patch. The survival rate at 16 weeks after surgery was 80% for the hADMSC group versus 16% for the
sham-operated group. Log-rank test; p-values are indicated. LVDd, left ventricular diastolic dimension.

showed only a thin layer of cardiac muscle and fibrotic tis- CLCs differentiate into cardiac muscle in situ

sues in the scarred anterior left ventricular wall (Fig. 3A, B).

Rats implanted with noncommitted hADMSCs showed
small patches of cardiac muscles over that seen in the control
Ml rats (Fig. 3C, D). On the other hand, the rats transplanted
with CLC patches showed significant reversal of the in-
fracted myocardium and a full cardiac muscle layer over-
laying the transplanted area (Fig. 3E, F, arrowheads).

The in situ differentiation capacity of the implanted cell
sheets into cardiomyocytes after grafting onto the scarred
myocardium was assessed by immunohistochemical staining
for o-CA and human troponin I (Fig. 4). Thin layers of a-CA-
positive cells were observed on the scarred myocardium of
sham-operated MI control rats (Fig. 4A). A similar but thicker
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FIG. 3. Effects of CLC transplantation on cardiac structure. Photomicrographs showing representative myocardial sections
stained with hematoxylin and eosin (A, C, D) and Masson trichrome (B, D, F) in the individual groups. The transplanted CLC
patch reversed wall thinning of the infracted myocardium and another cardiac muscle was layered onto the transplanted area
(arrowheads). (A, B) Sham-operated MI control group; (C, D) noncommitted hADMSC patch-transplanted group; and (E, F)
hADMSC-derived CLC patch-transplanted group. Bars =200 pm.

layer of a-CA-positive cells was apparent in the tissues from
noncommitted hADMSC-transplanted rats (Fig. 44, C),
whereas the CLC patch-transplanted group showed two
cardiac muscle layers positive for a-CA (Fig. 4E, arrow and
arrowhead). There were no human troponin I-positive cells in
the sham-operated MI control group (Fig. 4B), but some were
observed in the noncommitted hADMSC patch-transplanted
group (Fig. 4D). As shown in Figure 4F, large amounts of
human troponin I-positive myocardium was observed in
the CLC-transplanted animals (arrow) in addition to some
human troponin I-negative but a-CA-positive myocardium in
the internal myocardial layer (Fig. 4E, F, arrowhead). These

results indicated that CLCs can efficiently differentiate into
cardiomyocytes in situ.

Discussion

There are several advantages to hADMSC-derived CLC
patch transplantation for regeneration therapy. First, the
source of adipose-derived cells is easily and safely accessi-
ble and the cells can be obtained in large quantities, without
serious ethical issues. Second, hADMSCs differentiate into
CLCs by induction with DMSO, which is available in current
good manufacturing practice grade. Third, hRADMSC-derived
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FIG. 4. CLCs differentiate into cardiac muscles in situ. Immunofluorescence with anti-a-CA (A, C, E) and anti-human-
specific cardiac troponin I (B, D, F) antibodies, merged with phase contrast. In the hADMSC-derived CLC patch-transplanted
groups, two cardiac muscle layers positive for a-CA are observed (E, arrow and arrowhead). A large mass of human troponin
I-positive myocardium was observed in the CLC-transplanted tissues (F, arrows). In the same animals, the internal myo-
cardium layer expressed a-CA but not human troponin I (E, F, arrowheads). (A, B) Sham-operated MI control group; (C, D)
noncommitted hADMSC patch-transplanted group; and (E, F) CLC patch-transplanted group. Bars =200 um.

CLCs can differentiate into cardiomyocytes in vivo within the
myocardial milieu, resulting in increment of myocardial
muscle force. Finally, reconstruction of thick myocardial tis-
sue rescued cardiac dysfunction after MI and improved long-
term survival.

The choice of cell source is critical for realizing success in
cellular therapy.'® Liposuction surgeries yield from 100 mL
to >3 L of lipoaspirate tissue.’® The initial isolation of cells
from adipose tissue was described by Bjorntorp et al.'* This
procedure was since modified to isolate cells from human
adipose tissue specimens.?’?? In this context, Zuk et al.!! re-
ported that the preadipocytes exhibited stem cell features as
MSCs, currently known as ADMSCs. Because of the above-
stated advantages of procuring cells for therapy from adipose
tissues, hADMSCs present a potential and promising source
for cellular therapy, even in patients with post-MI severe heart
failure.

The in vitro differentiation of ADMSCs is now well reported,
and experimental findings in recent years suggested consid-
erable therapeutic potential for cellular replacement in the con-
text of acute MI and chronic progressive cardiac disease.”> %

Stem cells are differentiated into a cardiomyocyte lineage by
treatment with 5-azacytidie, retinoic acid, oxytocin, and many
other reagents.?**> We proposed that DMSO could differen-
tiate hADMSCs into CLCs, based on the differentiation of P19
embryonic stems cells into cardiomyocytes with DMSO.*** It
was notable that DMSO is also available in current good
manufacturing practice grade. Unfortunately, DMSO-treated
hADMSCs did not show spontaneous beating as their terminal
differentiation function, but the cells did express the mature
markers «-CA, myosin light chain, and myosin heavy chain to a
lesser extent. There are no reports of the use of DMSO to
commit ADMSCs to a cardiomyocytic lineage. The mechanism
by which DMSO elicits its effect on differentiation remains
unclear. It is possible that DMSO increases intracellular cal-
cium ion concentration, thereby elevating phosphatidyletha-
nolamine levels in the cells and controlling the distribution of
protein kinase C to commit the P19 stem cells.**% These
mechanisms should be investigated further in the near future.

The in vitro differentiation of ADMSCs has been well re-
ported,”* although only a few reports relate to the differ-
entiation of these cells into cardiomyocytes in vivo. Recently,
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Miyahara et al.'® reported the use of monolayered ADMSCs
for myocardial repair. In their study, rat ADMSCs were
isolated and grown as intact monolayer sheets using
temperature-responsive culture dishes. Placement of the
ADMSC sheets onto a scarred myocardium in rats resulted in
diminished scarring and enhanced cardiac structure and
function. Histological analysis demonstrated that the en-
grafted ADMSC sheets grew to form a thickened layer over
the infarcted muscle that included newly formed vessels and
a few cardiomyocytes. In our study, hRADMSC-derived CLCs
differentiated into cardiomyocytes in a myocardial milieu,
indicated by the immunohistological results in which trans-
planted cells expressed human troponin I in vivo. Newly
developed myocardium might augment cardiac function,
and thus hADMSC patch transplantation was performed as a
control. Cardiac dysfunction was rescued in a short term,
although the numbers of cardiomyocytes derived from
transplanted cells were low. In this context, Gimble et al.'”
suggested that hADMSCs might secrete angiogenic factors
and/or antiapoptotic factors.

Transplantation of the hRADMSC-derived CLC regenerated
the thick myocardial tissues, rescued cardiac dysfunction
after MI, and improved long-term survival rate compared
with the noncommitted hADMSCs and sham-operated MI
controls. The existing literature suggests that ADMSCs can be
engrafted and survive within an infarcted myocardial mi-
lieu, acquire phenotypic markers consistent with cardio-
myocytic and vascular-related lineages, and have a positive
‘impact on structural and functional endpoints.’®**% These
are desirable outcomes for cardiac function and survival.
However, few reports have applied long-term observation of
the transplanted animals. Qur study therefore observed the
three rat groups for 16 weeks after transplantation. Only CLC
transplantation provided the desired outcome at the experi-
mental endpoint. Despite these encouraging results, much
progress is needed to realize the hope of cell therapies for
myocardial damage. First, delivery of the cell sheets to pa-
tients should be optimized for each given disease. Second, the
issue of vascularization should be considered in the infracted
or affected tissues after transplantation, because many small
CLC patches would be necessary for a clinical cure. Finally,
the value and impact of CLC patch transplantation should be
confirmed in large animal models before embarking on clin-
ical applications.

In conclusion, we showed that the phenotype of hADMSCs
could be changed to that of CLCs by induction with DMSO.
These hADMSC-derived CLCs engrafted into a scarred myo-
cardium and differentiated into cardiomyocytes. The CLC
patch transplantation also resulted in recovery of cardiac
function and improved survival rate. Thus, transplantation
of hADMSC-derived CLC patches in heart patients might be
a potentially effective therapeutic strategy for cardiac tissue
regeneration in the near future.
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Aim: HDL has anti-inflammatory effects on macrophages, although the mechanism of action remains
unclear. We hypothesized that HDL suppresses the conversion of macrophage-secreted factors into
proinflammarory factors via binding, and tried to identify the factor that could form a complex with
HDL and/or apolipoprotein (apo) A-L

Methods and Results: In conditioned media obtained from human monocyte-derived macrophages,
we found an apo A-I binding protein and identified the protein as progranulin/proepithelin/
acrogranin/PCDGE Co-immunoprecipitation analysis showing that progranulin binds and forms a
complex with apo A-I and the presence of progranulin in the HDL fraction in the sera indicated that
progranilin is a novel apolipoprotein. Conditioned media of HEK293 cells transfected with progran-
ulin augmented the expression of TNF-alpha and IL-1-beta on macrophages, but these effects of
progranulin were inhibited by co-incubation with HDL or apo A-I. Anti-progranulin antibodies also
reduced the expression of TNF-alpha and IL-1-beta on macrophages. Granulins as conversion prod-
ucts derived from progranilin increased TNF-alpha and IL-1-beta expression and the effects were not
suppressed by HDL.

Conclusions: Our results suggest that the anti-inflammatory effects of HDL on macrophages might
be due to suppression of the conversion of progranulin into proinflammatory granulins by forming a
complex.

J Atheroscler Thromb, 2010; 17:000-000.

Key words; HDL, Apolipoprotein A-1, Progranulin, Proepithelin, Acrogranin, PCDGF, Macrophage

Introduction

Several pathological studies have shown that low
high-density lipoprotein (HDL) levels are associated
with plaque instability in patients with acute coronary
syndrome”. Accordingly, the reverse cholesterol trans-
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port system, in which excess cholesterol is extracted
from atheromatous plaques, is considered important
in stabilizing plaques and preventing plaque rup-
ture? ?. A recent study reported that in addition to
the reverse cholesterol system, HDL infusion could
stabilize atheromatous plaque through its anci-inflam-
marory properties®.

The acute phase of a coronary event is associated
with a significant fall in serum levels of apolipopro-
tein (apo) A-1 (a major component of HDL) and
HDL-C®. There is evidence that plasma HDL-C
measured in the initial stage of the acute phase of cor-
onary events predicts the risk of recurrent cardiovascu-
lar events over the ensuing 16 weeks®. We often expe-
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rience patients with acute coronary syndrome whose
- HDL levels are reduced before the occurrence of
plaque instabilicy®.

Infileration and accumulation of foam cells (mac-
rophages) is a characteristic feature of atheromatous
plaques”. Once acrivated, macrophages secrete various
pro-inflammatory cytokines and proteases, which
could result in plaque instabilitcy and rupture”. Are
the and-inflammatory effects of HDL mediated
through suppression of the secretion of such cytokines
from macrophages? The main theme of our research is
to determine the mechanisms underlying the reduc-
tion of serum HDL during the acute phase of coro-
nary events. In this study, we hypothesized that HDL
modulates the expression levels of pro-inflammatory
cytokines secreted by macrophages. Progranulin is
here described as a macrophage-derived secretory fac-
tor, which is a pluripotent protein and a precursor of
its proteolytic peptides, granulins, whose functional
properties were different from their intact precursor in
some cases®, and whose pro-inflammatory properties

were suppressed via binding to HDL.

Materials and Methods

Lipoprotein Isolation

Apo A-I was purchased from Sigma Aldrich (St.
Louis, MO). HDL3 were isolated from human serum by
ultracentrifugation at a density of 1.125-1.210 g/mL‘)).

Isolation of Human Monocyte-Derived Macro-
phages

Mononuclear cells were isolated from the buffy
coats of plasma collected from healthy volunteers
using density gradient centrifugation with Lympho-
prep (Nycomed, Oslo, Norway). The cells were then
cultured for 7 days, as described previously”.

Preparation of Conditioned Medium

A monolayer of macrophages was collected from
7-day culture and incubated in serum-free RPMI1640
for 24 h at 37C. The conditioned medium was col-
lected and replaced with fresh RPMI1640 cvery 24
hours for 5 days. The collected medium was centri-
fuged, and the supernatant was treated with benzami-
dine hydrochloride (Sigma) at a final concentration of
I mM ro protect against protease degradation.

Ligand Blotting Analysis

The concentrated conditioned medium was sepa-
rated under non-reducing conditions using 10-20%
polyacrylamide gradient gels, transferred onto nitro-
cellulose membranes, and blotted with 5 pg/mL bioti-
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nylated-apo A-I. After incubation with peroxidase-
conjugated streptavidin, the blots were visualized wich
an ECL kit (Amersham Pharmacia Bioscience,

Uppsala, Sweden).

Purification of Apo A-I Binding Protein from
Macrophage-Conditioned Medium

The conditioned medium (total volume, 20 L)
was collected and then treated with 80% ammonium
sulfate. The precipitate was dissolved in 2.5 ml, and
then desalted and equilibrated into Tris-buffered saline
(20 mmol/L Tris HCl, pH 7.4, and 135 mmol/L
NaCl) using a PD-10 column (Amersham Pharmacia
Biotech). The eluate was added to an apolipoprotein
A-I-affinity column (Amino Link; Amersham Phar-
macia Biotech), and allowed to stand overnight at 4C.
After vigorous washing with Tris buffer with 1 mol/L
NaCl (20 mmol/L Tris/HCl, pH 7.4, and 1 mol/L
NaCl), the binding proteins were eluted with 8 mol/L
urea. The eluate was concentrated with Amicon
Ultra-15 50,000 MWCO (Millipore, Bedford, MA)
to ensure purity, and subjected to SDS-PAGE.

Amino Acid Sequencing

The purified apo A-I-binding protein was applied
for in-gel digestion with V8 endopeptidase, transferred
to a polyvinylidene fluoride (PVDF) membrane, and
stained with Coomassie brilliant blue (CBB) R-250.
The three apparent fragmc:ntcd bands were subjecred
to amino acid sequencing in a sequencer {(Perkin
Elmer-Cetus, Foster City, CA).

Construction of Progranulin, Granulin A and
Granulin B Expression Vector

The expression vectors of progranulin (aa 1-593,
see RESULTS), myc-His-tagged progranulin and gran-
ulin were constructed from pcDNA3.1, as described
previously'?. In short, cDNA obtained from human
monocyte-dertved macrophages underwent PCR using
primer pairs 5’-aggaccgeggagteggacgeaggcagacca-3’
and 5’-tccgagiggggteccgagggetgeagagte-3, and for
nested PCR, primer pairs 5’-gtcggactccggeagaccatgtg-
gaccctg-3’ and 5’-agggctcgagagtcticagractgreccte-3.
The nested PCR product was digested with Bam HI
and Xho I and the digested product was ligated into
pcDNA3.1 pretreated with Bam HI and Xho 1. The
construct was used as a progranulin expression vector.
To obtain myc-His tagged progranulin expression vec-
tor, cDNA obtained from human monocyte-derived
macrophages underwent PCR using primer pairs
5’-aggaccgeggagtcggacgeaggeagacea-3’ and 5'-tecgagigg-
ggtcccgagggetgeagagte-3', and for nested PCR, primer
pairs 5’-gtcggactceggeagaccatgtggaccetg-3’ and 5'- ccec-
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tcacctctagageagetgectcaagg-3’, and the nested PCR
product was digested with Bam HI and Xba I and the
digested product was ligated into pcDNA3.1/myc-His
vector pretreated with Bam HI and Xba 1. Human
granulin A (aa 281-337) and B (aa 206-261) vectors
were constructed with secretion being driven by the
human progranulin signal peptide (aa 1-17).

Immunoprecipitation

The vectors were transiendy expressed in
HEK293 cells using a Calcium Phosphate Transfec-
tion Kit (Invicrogen Corp., Carlsbad, CA, USA). Three
days after transfection, HEK293 cells were incubated
with conditioned medium containing apo A-1 (final
concentration 5 ptg/mL) at 37°C for 30 min. The apo
A-l-containing media were collected and immunopre-
cipitated with anti-progranulin antibody (clone N19;
Santa Cruz Biotechnology, Santa Cruz, CA), pulled-
down with protein G (Amersham Pharmacia Biotech),
separated by reducing SDS-PAGE, and Western blot-
ted with anti-apo A-I antibody, or the reverse. In vitro
translated progranulin was produced using an in vizro
translation system (Duo, Tokyo, Japan), and mixed
with apo A-I at a final concentration of 5 pg/mL. The
mixture was then subjected to co-immunoprecipita-
tion analysis.

Immunoblotting Analysis

The conditioned medium was subjected to
immunoblotting analysis with anti-progranulin mono-
clonal antibody (clone N-19; Santa Cruz Biotechnol-
ogy). The blots were visualized after incubation with
peroxidase-conjugated anti-mouse IgG  antibody

(DAKO, Denmark).

Quantitative Real-Time PCR

The constructed expression vectors of progranu-
lin, granulin A and granulin B, were transiently
expressed in HEK293 cells using a Calcium Phosphate
Transtection Kit (Invitrogen Corp.). Three days after
transfection, the conditioned media were obtained and
macrophages were incubated in conditioned media
with or without HDL (10 pg/mL) or apo A-T (5 pg/
mL) for 24 h. Total RNA was then isolated using
RNeasy MINI kits (Qiagen, Hilden, Germany) accord-
ing to the instructions provided by the manufacturer.
For ¢cDNA synthesis, 600 ng total RNA was reverse
transcribed using SuperScript Il RTase (Invitrogen,
San Diego, CA). TagMan probe and primers for pro-
granulin, CD14, CD36, CDG68, TNF-alpha, IL-1beta
and GAPDH were purchased from Applied Biosys-
tems (Assay ID: Hs00173570_m1, Hs02621496_S1,
Hs01567186_m1, Hs00154355_m1, Hs99999043_m1,
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Hs99999029_m1 and Hs00266705_g1. respectively).
Quantitative real-time PCR was performed using the
ABI Prism 7900 Sequence Detector System (Applied
Biosystems, Foster City, CA). The cDNA samples (10
ng in a total volume of 10 pL) were mixed wich prim-
ers, probe and TagMan Universal PCR Master Mix as
described in the accompanying sheet supplied by the
manufacturer (Applied Biosystems). PCR was con-
ducted using the following settings: 50°C for 2 min,
95T for 10 min and 40 cycles at 95T for 15 s and
60T for 1 min.

Results

Purification of Progranulin as Apo A-I Binding
Protein

We first tested whether HDL suppresses the pro-
inflammatory cytokines secreted by macrophages by
forming complexes with them, and thus searched for
hypothetical proteins. The conditioned media
obtained from 7-day-cultured human macrophages
were concentrated with the ammonium sulface precip-
itation method, desalted and subjected 1o ligand blot-
ting analysis using biotinylated-apo A-l as a ligand.
After separating the media on SDS-PAGE under non-
reducing conditions, we detected an apo A-I-binding
protein with a MW of 130 kDa (Fig. 1A). To purify
the protein, the concentrated medium was subjected
o an afﬁnity column with immobilized human apo
A-I and we obtained a concentrated eluate. To ensure
purity, 10 ug proteins of the conditioned medium and
0.5 pg of the eluted protein were subjected to SDS-
PAGE. Silver staining showed a single band of 80 kDa
prowin (Fig. 1B).

In the next step, we obtained three polypeptide
fragments after in-gel-digestion with V8 proteases.
Next, the amino-terminal sequence of these polypep-
tides was determined. The amino acid sequences were

avaugdgh’ , “nattdllt” and “kapahlsl”, respectively. All

amino acid sequences were identical to those of pro-
granulin (aa 89-96, 265-272 and 347-354, respec-
tively).

To confirm that progranulin could bind to HDL,
HDL fractions (0.5 pg) were applied for immunob-
loting with anti-progranulin antibody (clone N19). As
shown in Fig.1C, progranulin was observed in the
HDL fraction, and a small amount was observed in
serum. As indicated in Fig. 1A, HDL binding protem
had approximately 130kDa molecular wc;ght in non-
reducing conditions; however, MW of progranulin
was approximately 80 kDa, as shown in Fig.1B. To
clarfy these discrepancies, purified proteins by affinity
column with immobilized human apo A-I werc
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Fig.1. Purification of apolipoprotein A-I binding protein from macrophage-
conditioned medium.

(A) SDS-PAGE of purified apo A-I binding protein from macrophage-condidoned
medium. The conditioned medium derived from human macrophages (150 pg/
lane) was subjected to 4/20% gradient SDS-PAGE under non-reducing conditions,
and subjected to ligand blotting analyses with 5 pg/mL biotinylaced apo A-I.

(B) Ligand blotting of the purified apo A-I binding protein in macrophage-condi-
tioned medium. The conditioned medium derived from macrophages was collected,
concentrated, and then 10 pg proteins of the conditioned medium were subjected
to SDS-PAGE and silver staining (left lane). After purification of apo A-1 binding
protein, 0.5 pg of the purified protein was used for SIDS-PAGE and silver stained to
ensure puricy (right lane).

(C) Immunoblotting of HDL fraction with and-progranulin. Human serum and
HDL fractions (0.1 pg) were applied for immunobloting with anti-progranulin
antibody (clone N19).

(D) Progranulin could form a homo-dimer. Proteins purified by affinity column
with immobilized human apo A-I were applied for imunoblotting under non-reduc-
ing conditions. Progranulin-like immunoreactive bands were observed in 130kDa
and 80 kDa.

applied for imunoblotting in non-reducing condi-
tions. Progranulin-like immunoreactive bands was
observed in 130 kDa and 80 kDa (Fig. 1D), indicat-

ing that progranulin could form a homo-dimer.

Formation of Progranulin-Apo A-I Complex

To confirm the formation of progranulin-apo A-I
complex, we performed co-immunoprecipitation anal-
ysis (Fig.2). Progranulin-expressing conditioned
medium treated with apo A-I was subjected immuno-
precipitated with anti-apo A-I antibody to bring down
apo A-I and then Western blotted with anti-progranu-
lin antibody or the reverse (Fig.2A, B). The two pro-
teins were recovered simultaneously, indicating that
progranulin binds apo A-I. To further confirm the for-

martion of the protein complex, progranulin was trans-

lated in witro, co-incubated with apo A-I and then
subjected to co-immunoprecipitation analysis
(Fig.2C, D). Progranulin, 7z vitro translated under
non-reducing conditions (Fig. 2C, D), was detected in
apo A-I immunoprecipitates while apo A-I was identi-
fied in progranulin immunoprecipitates or the reverse.
These results indicate that progranulin and apo A-I
could bind each other.

Progranulin-Expressing Macrophages

Although we purified and identified progranulin
as an apo A-I binding protein from conditioned media
derived from macrophages, it is important to confirm
that macrophages express and produce progranulin.
As shown in Fig. 3A, macrophages expressed progran-
ulin and the expression level was dependent on mac-
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Fig.2. Progranulin and apolipoprotein A-I form a complex.

(A) Formation of a protein complex from progranulin, transfected and secreted from HEK293 cells, and apoli-
poprotein A-I. The conditioned medium of HEK293 cells, transfected with pcDNA3.1 expression vector of pro-
granulin, and apo A-I, was immunoprecipitated using rabbit anti-apo A-1 ancibody. Similar samples were immu-
noprecipitated using control rabbit IgG as a negative control. The precipitated samples were resolved by SDS-
PAGE and blotted onto nitrocellulose membranes, which were incubated with anti-progranulin antibody, and
then visualized.

(B) Formation of a protein complex from progranulin, transfected and secreted from HEK293 cells, and apolipo-
protein A-I. The conditioned medium of HEK293 cells, transfected with pcDNA3.1 expression vector of pro-
granulin, and apo A-l, was immunoprecipitated using rabbit and-progranulin antibody. The precipitated samples
were resolved by SDS-PAGE and blotted onto nitrocellulose membranes, which were incubated with anti-apo A-I
antibody, and then visualized.

(C) Progranulin, translated under native but not reducing conditions, and apolipoprotein A-I form a complex.
The in virro twanslated progranulin and apo A-I were immunoprecipitated using rabbit anti-apo A-I antibody.
Similar samples were immunoprecipitated using control rabbit IgG as a negative control. The precipitated samples
were resolved by SDS-PAGE and blotted onto nitrocellulose membranes, which were incubated with anti-pro-
granulin antibody (N19), and then visualized.

(D) Progranulin, translated under native but not reducing conditions, and apolipoprotein A-I form a complex.
The irn viero translated progranulin and apo A-I were immunoprecipitated using rabbit anti-progranulin anti-
body. Similar samples were immunoprecipitated using control rabbit IgG as a negative control. The precipitated
samples were resolved by SDS-PAGE and blotted onto nitrocellulose membranes, which were incubated with
anti-apo A-I antibody, and then visualized.

rophage differentiation; gene expression was higher

rophages increased in a macrophage differentiation-
after 5-day culture. Next, we examined progranulin

dependent manner, similar to the gene expression. To

protein production by macrophages (Fig.3B). After
cultivation for the indicated time, macrophages were
incubated without serum for 24 h and their condi-
tioned media were blotted with anti-progranulin anti-
body. The production of progranulin protein by mac-

examine whether progranulin could augment the
expression of progranulin itself, TNF-alpha and IL-1-
beta, 7-day-cultured human macrophages were cul-
tured for 24 hours with progranulin. As shown in
Fig. 3C, progranulin increased the expression of pro-
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Fig.3. Human monocyte-derived macrophages express and secrete progranulin into condi-
tioned media. '

(A) Expression of progranulin on macrophages is macrophage maturation-dependent. Human
monocyte-derived macrophages expressed progranulin and the expression level was dependent on
macrophage differentiation by quantitative PCR. Maturation of monocytes-macrophages was asso-
ciated with over-expression of CD36 and CD68 and under-expression of CD14. Data are the
mean = SE of 5 experiments.

(B) The amount of progranulin secreted by macrophages is macrophage maturation-dependent.
Human monocyte-derived macrophages secreted progranulin into the conditioned media and the
amount of progranulin procein increased wich the differentiation of these cells.

(C) Autocrine regulation of progranulin production. Progranulin could augment the expression of
progranulin itself, TNF-alpha (10 ng/mL) and IL-1-beta (10 ng/mL) on macrophages cultured
with progranulin. Up-regulation of progranulin expression by progranulin itself, TNF-alpha, or
IL-1-beta was observed. Data are the mean# SE of 5 experiments.

granulin itself, TNF-alpha and IL—lr—beta (3.9 Tu1t
and 12.2-fold expressions, respectively).

Progranulin Activates Macrophages and HDL/Apo
A-I Suppress as Such Activation

The production of cytokines by macrophages is
often regulated in a paracrine or autocrine manner®.
Next, we examined whether progranulin had cffects
on macrophages and whether HDL and apo A-I sup-
press such effects of progranulin. TNF-beta and IL-1-
alpha were selected in the present study as representa-
tive pro-inflammatory cytokines. Seven-day-cultured

macrophages were incubated with progranulin-
expressing conditioned medium for 24 h, and TNF-
alpha and IL-1-beta gene expression levels were exam-
ined by quantitative PCR using a TagMan Probe
(Fig.4A). Progranulin augmented the expression levels
of TNF-alpha and IL-1beta, indicating that progranu-
lin affects macrophages. To confirm the binding of
progranulin and HDL/apo A-l, the supernatants of
macrophages with progranulin-expressing conditioned
medium, and apo A-I or HDL under the same condi-
tions were applied for immunoprecipitation with anti-
progranulin. The precipitated samples were resolved
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Fig.4. Effects of progranulin on the expression levels of TNF-alpha and IL-1-bera
in macrophages.

(A) Progranulin activated macrophages and HDL/apo A-I suppressed the effects. Seven-
day-cultured macrophages were incubated with progranulin-expressing conditioned
medium for 24 h and the expression levels of TNF-alpha (a) and IL-1bera (b) were exam-
ined with quantitative PCR using TagMan Probe. Progranulin augmented the expressions
of TNF-alpha and IL-1-beta. These properties of progranulin were suppressed by co-incu-
bation with apo A-I (5 pg/mL) or HDL (10 pg/ml). Data are the mean# SE of 5 experi-
ments. The supernatants of macrophages with progranulin-expressing conditioned
medium, and apo A-I or HDL under the same conditions were applied for immunoprecip-
itation with anti-progranulin. The precipitated samples were resolved by SDS-PAGE and
blotted onto nitrocellulose membranes, which were incubated with anti-apo A-I antibody,
and then visualized (c). ;

(B) Anti-progranulin antibodies reduced the expression of TNF-alpha and IL-1beta. Mac-
rophages were cultured in the conditioned medium witch anti-progranulin antibody for 24 h.
Compared to incubation with control IgG (100 pg/mL), and-progranulin antibody (clone
M12, N9 and S15, 100 pg/mL each) suppressed the expressions of TNF-alpha (a) and
IL-1-beta (b). Data are the mean = SE of 5 experiments.
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Fig.5. Progranulin exerts its proinflammarory properties via conversion into granulins.

(A) Progranulin conversion by macrophages. C-terminal-myc-His-tagged progranulin was incubated with or
without human macrophages for 24hr. Progranulin was degraded by macrophages and small degraded products
were observed, but conversion was suppressed by incubation with HDL or apo A-1.

(B) Suppression of pro-inflammatory properties of progranulin by HDL via inhibition of conversion into granu-
lins. Progranulin could increase the expression of pro-inflammatory cytokines, TNF-alpha and IL-1 beta, and this
augmentation was suppressed by incubation with HDL (10 pg/mL). On the other hand, the augmenration effect
on the expression of TNF-alpha and 1I-1 beta of granulin was not blocked by incubation with HDL. Data are the

mean = SE of 4 experiments.

by SDS-PAGE and blotted onto nitrocellulose mem-
branes, which were incubated with anti-apo A-I anti-
body, and then visualized (c). These results indicated
that the effects of progranulin were suppressed by
co-incubation with HDL or apo A-I via binding.

Anti-Progranulin Antibodies Reduce the Expression
of TNF-Alpha and IL-1Beta

To examine whether the effect of progranulin on
macrophages is autocrine in nature, fully different-
ated macrophages were cultured with anti-progranulin
antibody for 24 h. Compared to incubation with con-
trol IgG, anti-progranulin antibody (clone M12, N9
and S15) suppressed the expression of TNF-alpha and
IL-1-beta (Fig.4B). These results suggest that pro-
granulin is secreted by macrophages and its effect is
autocrine in nature, indicating that progranulin is an
autoactivating molecule.

Progranulin Exerts its Properties Via Conversion
into Proinflammatory Granulins '

We examine whether progranulin could be con-
verted into fragments by macrophages and exerted its
properties via conversion into proinflammatory granu-
lins. C-terminal-myc-His-tagged progranulin con-
struct was transfected into HEK293T, and the condi-
tioned media were incubated with or without human

macrophages for 24 hr. Probond beads were added to

the media to capture His-tagged proteins. Next, the
incubated probond beads were applied for immunob-
lotting with anti-myc antibody. C-terminal-myc-His-
tagged progranulin was degraded by macrophages and
small degraded products were observed but not with
HDL incubation (Fig.5A), indicating that prgranulin
could be converted by macrophages.

Next, we examined whether granulin could
increased the expressions of TNF-alpha and IL-1-beta,
and the increment could be suppressed by HDL
(Fig.5B). Progranulin could increase the expressions
of pro-inflammatory cytokines, TNF-alpha and IL-1-
beta, and this augmentation was suppressed by incu-
bation with HDL. On the other hand, the augmenta-
tion effect on the expressions of TNF-alpha and II-1-
beta of granulin was not blocked by incubation with
HDL (Fig.5B, left and right panels, respectively).
These results suggested that progranulin could exert
its pro-inflammatory properties via conversion into
granulins, and that HDL could suppress the pro-
inflammatory properties of progranulin by inhibiting
the conversion into granulins.

Discussion

Progranulin, a PC-cell-derived growth factor
(PCDGF), or acrogranin, was purified from the con-
ditioned media of transformed cell lines as an auto-
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crine growth factor'”. It is reported to be involved in
cancer progression®, development'®, wound heal-
ing'”, and myeloid cell proliferation'?, whereas muta-
non of progranulin causes frontotemporal demen-
tia'> ', In the present study, we demonstrated that
the macrophagc secreted factor was approximately
130 kDa, while the purified protein identified as pro-
granulin was 80 kDa. The 130-kDa HDL binding
protein might be a homodimer or heteromer that
includes progranulin, which is known to be glycosyl-
ated and ro have disulfide bonds'".

Ong and coﬂcagucs” used myeloid cell lines and
reported the overexpression of progranulm in macro-
phages and monocyte-dcnvcd dendritic cells, and that
the level of expression was dependent on cell differen-
tiation. Our results also demonstrated that the differ-
entiation of human monocyte-derived macrophages
was associated with increased expression levels of pro-
granulm and that pmgranuhn expression was regu-
lated in an autocrine fashion in human monocyte-
derived macrophages We also demonstrared that
apo A-l, the m1Jor component of HDL, suppressed
the conversion of progranulin into pro-inflammatory
granulins on human peripheral monocyte-derived
macrophages. This is in agreement with others, who
indicated that the protein precursor (progranilin) and
its processed fragments (granulins) are both bioactive
and pro-inflammarory®.

The role of progranulm in the inflammatory pro-
cess was initially explored in research on the functions
of secretory leukocyte protease inhibitor (SLPI) in
wounds'?. Using a yeast two-hybrid 1pproach with
SLPI as the bait, Zhu and colleagues'” demonstrated
that progranulin is associated with SLPU'?. This inrer-
action was confirmed by immunoprecipitation experi-
ments demonstrating that progranulin regulates
inflammation through a tripartite loop with SLPI,
which protects progranulin from proteolysis, and elas-
tase, which digests progmnulm between gmnulm/
epithelin domains, generating smaller granulin/
epithelin peptides. SLPI blocks this proteolysis, by
inhibiting both elastase activity directy and by bind-
ing progranulin and sequestering it from the enzyme'?.
Intact progranulin is anti-inflammatory through the
inhibition of certain actions of TNF-alpha, while pro-
teolytic peptides may stimulate the production of pro-
inflammatory cytokines, such as IL-8%. We suppose
that HDL/apo A-I have anti-inflammatory effects on
macrophages through the formation of a complex
with progranulin and prevent the conversion of pro-
granulin into granulins by clastase secreted by macro-
phages such as SLPI, which is reported as a neutro-
phil-derived anti-inflammatory factor'®. In chis study,
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the possibility could be not rejected that progranulin
binds HDL particles ieself buc free apoA-I is dissoci-
ated from HDL, which is just a reserve of apoA-I in
vivo according to the limitations of the experimental
conditions. In the near future, our colleagues will
demonstrate which of apo A-I, lipid-frec apo A-I dis-
sociated from HDL, apo A-I in pre-beta HDL or apo
A-Tin HDL will bind to progranulin in vive.

An unstable and subsequently ruptured athero-

sclerotic coronary plaque superimposed on thrombosis
constitutes the most common pathological back-
ground of acute coronary syndrome”’. High levels pro-
inflammatory cytokines have been found in unstable
angina, possibly supporting their role in acute coro-
nary syndrome”. Cytokines induce their own expres-
sion in an autocrine fashion and also the expression of
various adhesion molecules via the cellular transcrip-
tion factor NF-kappaB'”.
the endothelium and penetrating the plaque (macro-
phages) are activated by several paracrine/autocrine
pro-inflammatory mediators. At this crucial stage,
activated macrophages then synthesize and secrete
pro- mﬂammatory cytoklnes TNF- alpha and IL-1-
beta”. The human and murine progranulin promorter
contains potential inflammation-related promoter ele-
ments'® . Furthermore, TNF-alpha and [l.-1-bera
activate progranulin gene expression through the
NF-kappaB system'®
loop might play a role in autoactivation of macro-
phages. Given its actions in atherosclerosis, progranu-
lin may prove a useful clinical target, both for progno-
sis and therapy.

Monocytes adhering to

19 The progranulin-granulin

In summary, we identified progranulin/proepi-

thelin/acrogranin/PCDGF as a macrophage-derived
factor whose properties were suppressed by binding to
HDL/apo A-I. The normal function of progranulin is
complex; the full-length form of the protein has boch
trophic and anti-inflammatory activities, whereas pro-
teolytic cleavage generates granulin peptide that pro-
motes inﬂammarory activity. Based on our results, we
propose that HDL prevents the conversion of pro-
granulin into its degraded proinflammatory products,
granulins; however, the mechanisms involved i
HDL-induced suppression of the pro-inflammatory
effects of progranulin have not fully elucidated. Fur-
ther studies are necessary to identify these mecha-
nisms.
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