Musculoskeletal Pathology

The American josrnal of Patbology, Vol 173, vo. 3, Seplember 2008
Copyright © American Sociery for nvestigative Parbology
D 10235 Vagpath 2008 070902
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CD31(—) CD45(—) side population (SP) cells are a minor
SP subfraction that have mesenchymal stem cell-like prop-
erties in uninjured skeletal muscle but that can expand on
muscle injury. To clarify the role of these SP cells in muscle
regeneration, we injected green fluorescent protein (GFP)-
positive myoblasts with or without CD31(=) CD45(~) 5P
cells into the tibialis anterior muscles of immunodeficient
NOD/scid mice or dystrophin-deficient mdx mice, More
GFP-positive fibers were formed after co-transplantation
than after transplantation of GFP-positive myoblasts alone
in both mdx and NOD/scid muscles. Moreover, grafted
myoblasts were more widely distributed afier co-trans-
plantation than after transplantation of myoblasts alone.
Immunohistochemistry with anti-phosphorylated histone
H3 antiboddy revealed that CD31(—) CD45(—) SP cells stim-
ulated cell division of co-grafied myoblasts. Genome-wide
gene expression analyses showed that these SP cells spe-
cifically express a variety of extracellular matrix proteins,
membrane proteins, and cytokines. We also found that
they express high levels of matrix metalloproteinase-2
mRNA and gelatinase activity. Furthermore, matrix metal-
loproteinase-2 derived from CD31(=) CD4S(—) SP cells
promoted migration of myoblasts in vive. Our re-
sults suggest that CD31(—) CD45(—) SP cells support
muscle regeneration by promoting proliferation
and migration of myoblasts. Future studies to fur-
ther define the molecular and cellular mechanisms

of muscle regeneration will aid in the development
of cell therapies for muscular dystrophy. (Am J
Patbol 2008, 173:781-791; DOL: 10.2353/afpath 2008070902)

Regeneration of skeletal muscle is a complex but well-
organized process involving activation, proliferation, and
differentiation of myogenic precursor cells, infiltration of
macrophages to remove necrolic tissues, and remodeling
of the extracellular matrix. ' Muscle satellite cells are myo-
genic precursor cells that are located between the basal
lamina and the sarcolemma of myofibers in a guiescent
state, and are primarily responsible for muscle fiber regen-
eration in adult muscle.® Recent studies also demonsirated
that a fraction of satellite cells self-renew and behave as
muscle stem cells in wvo.>® On the other hand, several
research groups reported multipotent stem cells derived
from skeletal muscle. These include muscle-derived stem
cells,” multipotent adult precursor cells,” myogenic-endo-
thelial progenitors,” CD34(+) Sca-1(+) cells,’® CD45(+)
Sca-1(+) cells,'" mesoangioblasts, '? and pericytes, ' and
all were demanstrated to contribute to muscle regeneration
as myogenic progenitor cells

Side population (SP) cells are defined as the cell fraction
that efficiently effluxes Hoechst 33342 dye and therefore
shows a unique pattern on fluorescence-activaled cell sort-
ing (FACS) analysis.'* Muscle SP cells are proposed to be
multipotent’®'® and are clearly distinguished from satellite
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cells.'" Previous reports showed that muscle SP cells par-
ticipated in regeneration of dystrophic myofibers after sys-
temic delivery™ and gave rise to muscle satellite cells after
intramuscular injection into cardiotoxin (CTX)-treated mus-
cle.'” Muscle SP cells adapted to myogenic characleristics
after co-culture with proliferating satellite cells/myoblasts in
vitro."” and expressed a satellite cell-specific transcription
factor, Pax7, after intra-arterial transplantation. '® However,
the extent to which muscle SP cells participate in muscle
fiber regeneration as myogenic progenitor cells is still pri-
marily unknown, Importantly, Frank and colleagues'® re-
cently showed that muscle SP cells secret BMP4 and reg-
ulate proliferation of BMP receptoria (+) Myl5™" myogenic
cells in human fetal skeletal muscle, raising the possibility
that SP cells in adult muscle play regulatory roles during
muscle regeneration

Previously we showed that skelelal muscle-derived SP
cell fraction are heterogeneous and contain at least three
subpopulations: CD31(+) CD45({—) SP cells, CD31(-)
CD45(+) SP cells, and CD31(-) CD45(—) SP cells ®
These three SP subpopulations have distinct origins,
gene expression profiles, and differentiation potentials #©
CD31(+) CDA45(—) SP cells account for more than 90% of
all SF cells in normal skeletal muscle, take up Ac-LDL,
and are associated with the wvascular endothelium.
CD31(+) CD45(—) SP cells did not proliferate after CTX-
induced muscle injury. Bone marrow transplantation exper-
iments demonstrated that CD31(—) CD45(+) SP cells are
recruited from bone marrow into injured muscle. A few of
themn are thought to participate in fiber formation ?* Cells of
the third SP subiraction, CD31(~) CD45(-), constitute only
5 1o 6% of all SP cells in adult normal skeletal muscle, but
they actively expand in the early stages of muscle regen-
eration and return to normal levels when muscle regenera-
tion is completed. Although CD31(—) CD45(-) SP cells are
the only SP subset that exhibited the capacity to differenti-
ate nto myogenic, adipogenic, and osteogenic cells in
vitro, ™ their myogenic potential in vivo is limited compared
with satelite cells. Therefore, we hypothesized that
CD31(~) CD45(~) SP cells might play critical roles during
muscle regeneration other than as myogenic stem cells,

In the present study, we demonslrate that the efficacy of
myoblast transfer is markedly improved by co-transplanta-
tion of CD31(~) CD45(-) SP cells in both regenerating
immunodeficient NOD/scid and dystrophin-deficient mdx
mice. We also show that CD31(—) CD45(-) SP cells in-
creased the proliferation and migration of grafted myoblasts
in vivo and in vitro. We further show that CD31(—) CD45(—)
SP cell-derived matrix metalloproteinase (MMP)-2 greatly
promotes the migration of myoblasts in vivo. Our findings
would provide us insights into the molecular and cellular
mechanisms of muscle regeneration, and also help us de-
velop cell therapy for muscular dystrophy

Materials and Methods
Animals

All experimental procedures were approved by the Ex-
perimental Animal Care and Use Committee at the Na-
tional Institute of Neuroscience. Eight- to twelve-week-old

C57BL/6 mice and NOD/scid mice were purchased from
Nihon CLEA (Tokyo, Japan). MMP-2-null mice were ob-
tained from Riken BioResource Center (Tsukuba, Ja-
pan).?? GFP-transgenic mice (GFP-Tg) were kindly pro-
vided by Dr. M. Okabe (Osaka University, Osaka, Japan)
C57BL/6-background mdx mice were generously given
by Dr. T. Sasaoka (National Institute for Basic Biology.
Aichi, Japan) and maintained in our animal facility

Isolation of Muscle SP Cells

To evoke muscle regeneration, CTX (10 gmol/L in saline;
Sigma. St. Louis, MO) was injected into the libialis anterior
(TA) (50 wl), gastrocnemius (150 wl). and quadriceps fem-
ors muscles (100 wl) of B- to 12-week-old GFP-Tg mice,
C57BL/E mice, MMP-2-null mice, and their wild-type litter-
mates; 3 days later, SP cells were isolated from the muscles
as described by Uezumi and colleagues ®® In brief, limb
muscles were digested with 02% type |l collagenase
(Worthington Biochemical, Lakewoaod, NJ) for 90 minutes al
37°C. After elimination ol erythrocytes by treatment with
0.8% NH,CI in Tnis-butter (pH 7.15), mononucleated cells
were suspended at 10° cells per ml in Dulbecco's modified
Eagle's medium (Wako, Richmond, VA) containing 2% letal
bovine serum (JRH Biosciences, Inc., Kansas City, KS), 10
mmolfL Hepes, and 5 pg/ml Hoechst 33342 (Sigma), incu-
bated tor 90 minutes at 37°C in the presence or the ab-
sence of 50 pmol/L Verapamil (Sigma), and then incubated
with phycoerythrin (PE)-conjugated anti-CD31 antibody (1:
200, clone 390; Southern Biotechnology, Birmingham, AL)
and PE-conjugated anti-CD45 (1:200, clone 30-F11; BD
Pharmingen. Franklin Lakes, NJ) for 30 minutes on ice
Dead cells were eliminated by propidium iodide staining.
Analysis and cell sorting were performed on an FACS Van-
tageSE flow cytometer (BD Bioscience, Franklin Lakes, NJ)
APC-conjugaled anti-CD90, Sca-1, CD34, CD49b, CD14,
CD124, c-kit, CD14 (BD Pharmingen), CD44 (Southern Bio-
technology Associates), and CD133 (eBioscience, San Di-
ego, CA) were used at 1:200 dilution

Preparation of Satellite Cell-Derived Myoblasts
and Macrophages

Satellite cells were isolated from GFP-Tg mice or
C57BL/6 mice by using SM/C-2.6 monoclonal antibody®?
and expanded in vitro in Dulbecco's modified Eagle's
medium containing 20% fetal bovine serum and 2.5 ng/mi
of basic fibroblast growth factor (Invitrogen, Carlsbad,
CA) for 4 days before transplantation. Macrophages were
isolated from C57BL/6 mice 3 days after CTX injection
Mononucleated cells were stained with anti-Mac-1-PE
(1:200, clone M1/70, BD PharMingen) and anti-F4/80-
APC (1:200, clone CI, A3-1; Serotec. Oxford, UK). Mac-
1(+) F4/80(+) cells were isolated by cell sorting as
macrophages

Cell Transplantation

To induce muscle regeneration, 100 ! of 10 pmol/l. CTX
was injected into the TA muscle of NOD/scid muscles,



and 24 hours later, 30 ul of cell suspensions containing
3 x 10" myoblasts, 3 x 10* CD31(—) CD45(—) 5P cells,
or 3 x 10* GFP(+) myoblasts plus 2 x 10* CD31(-)
CD45(—) SP cells were directly injected into the TA mus-
cles of 8-week-old NOD/scid or mdx mice. At several time
points after transplantation, the muscles were dissected,
fixed in 4% paraformaldehyde for 30 minutes, immersed
in 10% sucrose/phosphate-butfered saline (PBS) and
then in 20% sucrose/PBS, and frozen in isopentane
cooled with liquid nitrogen

Retrovirus Transduction in Vitro

Red fluorescent protein (DsRed) cONA (BD Biosciences,
San Diego, CA) was cloned into a retrovirus plasmid,
pMXs, kindly provided by Dr. T. Kitamura of the University
of Tokyo, Tokyo, Japan.®* Viral particles were prepared
by introducing the resultant pMXs-DsRed into PLAT-E
retrovirus packaging cells,*® and the filtered supernatant
was added lo the myoblast culture. The next day,
DsRed(+) myobiasts were collected by flow cytometry

Immunohistochemistry

We cut the entire TA muscle tissues on a cryostat into 6-um
cross sections, and observed all serial sections under fluo-
rescence microscopy. We then selected two or three sec-
tions in which GFP( +) cells were found most frequently, The
sections were then blocked with 5% goat serum (Cedar-
lane, Hornby, Canada) in PBS for 15 minutes, and then
reacted with anti-GFP antibody (Chemicon International,
Temecula, CA), anti-laminin a2 antibody (4H8-2; Alexis, San
Diego, CA), anti-phospho-histone H3 antibody (Upstate
Biotechnology, Lake Placid, NY), or anti-DsRed antibody
(Clontech, Palo Alto. CA) at 4°C overnight. Dystrophin was
detected using a monoclonal antibody, Dys-2 (Novocastra,
Newcastle on Tyne, UK), and a M.O M. Kil (Vector Labora-
tories, Burlingame, CA), The sections were then incubated
with appropriate combinations of Alexa 488-, 568-, or 594-
labeled secondary antibodies (Molecular Probes, Eugene,
OR) and TOTO-3 (Molecular Probes), and photographed
using a confocal laser-scanning microscope system TCSSP
(Leica, Heidelberg, Germany). The area occupied by
GFP(+) cells or myofibers was measured by using Image J
software (National Institutes of Health, Bethesda, MD) on
cross sections from three independent experiments, and
defined as the distribution area

RNA Isolation and Real- Time Polymerase Chain
Reaction (PCR)

Total RNA was isolated from muscles using TRizol (In-
vitrogen). First strand cONA was synthesized using a
QuantiTect reverse transcription kit (Qiagen, Hilden, Ger-
many). The levels of GFP mRANA and 18S rRNA were
quantified using SYBR Premix Ex Taqg (Takara, Otsu.
Shiga, Japan) on a MyiQ single-color system (Bio-Rad
Laboratories, Richmond, CA) following the manufactur-
er’s instructions. Primer sequences for real-time PCR
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were: 18s rANA, forward: 5'-TACCCTGGCGGTGGGAT-
TAAC-3', reverse: 5'-CGAGAGAAGACCACGCCAAC-3'
and EGFP, forward: 5'-GACGTAAACGGCCACAAGTT-
3'. reverse: 5'-AAGTCGTGCTGCTTCATGTG-3". The ex-
pression levels of MMP-2 and MMP-9 were evaluated by
conventional reverse transcriptase (RT)-PCR using the
following primers: MMP-2, forward: 5'-TGCAAGGCAGTGGT-
CATAGCT-3', reverse: 5'-AGCCAGTCGGATTTGATGCT-3'.

Cell Proliferation Assay

CD31(—) CD45(—) SP cells or 10T1/2 cells were cultured
in Dulbecco's modified Eagle's medium containing 20%
fetal bovine serum for 5 days, and the supernatants were
collected as conditioned medium. Myoblasts were plated
on 96-well culture plates at a density of 5000 cells/well
and cultured in conditioned medium for 3 days. BrdU was
then added 1o the culture medium (final concentration, 10
pmol/L). Twenty-four hours later, BrdU uptake was quan-
tified by a cell proliferation enzyme-linked immunosor-
bent assay. a BrdU kit (Roche Diagnostics, Meylan,
France), and Lumi-Image F1 (Roche)

Gene Expression Profiling

Total RNAs were extracted from CD31(—) CD45(-) SP
cells, macrophages, or myoblasts using an RNeasy RNA
isolation kit (Qiagen). cONA synthesis, biotin-labeled tar-
get synthesis, MOE430A GeneChip (Affymetrix, Santa
Clara, CA) array hybrdization, staiming, and scanning
were performed according to standard protocols sup-
plied by Affymetrix. The quality of the data presented in
this study was controlled by using the Microarray Suite
MAS 5.0 (Affymetrix). The MAS-generated raw data were
uploaded 1o GeneSpring software version 7.0 (Silicon
Genetics, Redwood City, CA). The software calculates
signal intensities, and each signal was normalized 1o a
median of its values in all samples or the 50th percentile
of all signals in a specific hybridization experiment. Fold
ratios were obtained by comparing normalized data of
CD31(~) CD45(—) SP cells and macrophages or
myoblasts.

In Situ Zymography

CD31{—) CD45(—) SP cells, myaoblasts, and macrophages
were isolated from regeneraling muscles 3 days after CTX
injection by cell sorting and collected by a Cytospin3 cen-
triftuge (ThermoShandon, Cheshire, UK) on DQ-gelatin-
coaled slides (Molecular Probes) The slides were then
incubated for 24 hours at 37°C in the presence or absence
ol GMB001 (a broad-spectrum inhibitor of MMPs, 50
wmol/L; Calbiochemn, San Diego, CA) or E-64 (a cysteine
protease inhibitor, 50 mmol/L, Calbiochem). Fluorescence
of fluorescein isothiocyanate was detected with excitation at
460 to 500 nm and emission at 512 to 542 nm

Statistics

Statistical differences were determined by Student's un-
paired t-lest. For comparison of more than two groups.
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one-way analysis of variance was used. All values are ex-
pressed as means = SE. A probability of less than 5% (P <
0.05) or 1% (P < 001) was considered statistically
significant

Results

Marker Expression on Muscle-Derived CD31(—)
CD45(—) SP Cells

When incubated with 5 pg/mi of Hoechst 33342 dye at 37°C
for 90 minutes, 1 to 3% of muscle mononuclear cells show
the SP phenotype (Figure 1A) Previously, we reported that
muscle SP cells can be further divided into three subpopu-
lation, CD31(~) CD45(-) cells, CD31(—) CD45(+) cells,
and CD31(+) CD45(—) SP cells (Figure 1B).?® The
CD31(—) CD45(—) SP cells did not express Pax3, Pax7, or
Myf5, indicating that they are not yel committed ta the
muscle lineage®™ RT-PCR suggested that CD31(-)
CDA45(—) SP cells have mesenchymal cell characteristics. ™
To turther clarify the properties of CD31(—) CD45(-) SP
cells, we analyzed their cell suface markers. CD31(-)
CDA45(—) SP cells were negative for CD124, CD133, CD14,
c-kit (Figure 1B), and CD184 (data not shown), weakly
positive for CD34 and CD4Sb, and strongly positive tor
Sca-1, CD44, and CD90 (Figure 1). The FACS patterns
shown in Figure 1B suggested that CD31(-) CDa5(—) SP
cells are a homogeneous cell population. CD14 is an ex-
ception. A small fraction of CD31(—) CD45(—) SP cells were
strongly positive for CD14, but the majority weakly ex-
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Figure 1. Cell surface markers on CDAW =) CRAS{ =) SP cells from regener-
aring muscle. A: Mononuclear cells wene prepared from limly museles of
CS7TBL/6 mice at 3 days after CTX injection, incubated with 3 umol/L Hoechst
53342 with (right) O without (left) Verapamil, and analyzed by a cell soner
SP cells are shown by polygons. The numbers indicate the percentage of SP
cells in all mononuclear cells. B: Lefi Expression of CI345 and CD31 on
muscle 5P celis Right: The expression of surface markers (CD90, Scu-1.
CD44, D34, CD49%b, CD14. CD124, CD133, and c-kit) on CD3 1 =) CD45(— )
SP cells was funther analyzed by FACS, The x axis shows the Muorescence
intensity, and the v axis indicates cell numbers. Solid lines sre with antibod
ies; dotied lines are neganive controls,

pressed this marker. The function of CD14™" CD31(-)
CD45(—) SF celis remains to be determined.

Efficiency of Myoblast Transplantation s
Increased by Co-Transplantation of Muscle
CD31(—) CD45(~) SP Cells in NOD/scid Mice

To clarify the functions of CD31(~) CD45(—) SP cells
during muscle regeneration, we isolated myoblasts from
GFP-transgenic mice (GFP-Tg) and injected them (3 x
10* cells/muscle) with or without CD31(~) CD45(-) SP
cells (2 x 10* cells/muscle) into TA muscles of immuno-
deficient NOD/scid mice (Figure 2A). CTX was injected
nto recipient muscles 24 hours before cell transplanta-
tion to induce muscle regeneration. Two weeks after
transplantation, the contribution of grafted myoblasts to
muscle regeneration was investigated by immunodetec-
tion of GFP(+) myolibers. Co-transplantation of GFP(+)
myaoblasts with nonlabeled CD31(—) CD45(—) SP cells
produced a higher number of GFP(+) myofibers than
transplantation of GFP(+) myoblasts alone (Figure 2, B
and C). Furthermore, the average diameter of GFP(+)
myofibers was significantly larger in co-transplanted
muscles than in muscles transplanted with myoblasts
alone (Figure 2D). These results suggest that more myo-
blasts participated in myofiber formation after co-transplan-
tation than after single transplantation, injected SP cells
promoted growth of regenerating myofibers, or both.

Co-transplantation of Myoblasts with Muscle
CD31(—) CD45(—) SP Cells Significantly
Increased Efficiency of Myoblast Transplantation
in mdx Mice

Next, co-transplantation experiments were performed us-
ing 8-week-old dystrophin-deficient mdx mice as a host.
Three kinds of transplantations were performed: 3 x
10* myoblasts derived from GFP-Tg mice, 3 x 107
CD31(~) CD45( ) SP cells derived from GFP-Tg mice,
or a mixture of GFP(+) 3 x 10" myoblasts and 2 x 10*
CD31(~) CD4a5(~ ) SP cells derived from CS7BL/6 mice
(Figure 3A).

When analyzed at 2 weeks after transplantation, a
much higher number of GFP(+) myofibers were detected
on cross-sections after co-transplantation of myoblasts
and CD31(—) CD45(~) SP cells than after transplantation
of GFP(+) myoblasts alone (Figure 3, B and C). On the
other hand, transplantation ot GFP(+) SP cells alone
resulted in formation of few GFP(+) myofibers. This ob-
servation is consistent with our previous report.?® Co-
transplantation of myoblasts and CD31(—) CD45(—) SP
cells also gave rise to more myofibers expressing dys-
trophin at the sarcolemma in dystrophin-deficient max
muscles than transplantation of myoblasts alone (data
not shown). Again, the diameter of GFP(+) myofibers was
significantly larger in co-transplanted muscles than in
muscles transplanted with myoblasts or CD31(~) CD45(-)
SP cells alone (Figure 3D)
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The transplantation efficiency of myoblasts in mdx
mice was 40 10 60% lower than that in NOD/scid mice. In
lhe present study, mdx mice were not treated with any
immunosuppressant. Although cellular infiltration was not
evident when examined 2 weeks after transplantation
(data not shown), some immune reaction might be
evoked and eliminate myoblasts transplanted into mdx
muscle.

Localization of Transplanted Myoblasts and
CD31(-) CD45(—) SP. Cells after Intramuscular
Injection

To examine the interaction between gratted myoblasts
and CD31(-) CD45(-) SP cells during muscle regener-
ation, we labeled C57BL/6 myoblasts with a retrovirus
veclor expressing a red fluorescent protein, DsRed.
CD31(~) CD45(~) SP cells were isolated from GFP-Tg
mice. We then injected a mixture of OsRed(+) myoblasts
and GFP(+) CD31(—) CD45(—) SP cells into CTX-in-
jected NOD/scid TA muscles. Al 24 hours after transplan-
tation, DsRed(+) myoblasts and GFP(+) CD31(-)
CD45(—) SP cells were observed clearly (Figure 4A). Al
48 hours after transplantation, immunohistochemistry re-
vealed that grafted CD31(—) CD45(-) SP cells ex-
panded, and surrounded both grafted myoblasts and
damaged myofibers, but rarely fused with myoblasts
(Figure 48)

CD31(—) CD45(—) SP Cells Promote
Froliferation of Myoblasts in Vivo and in Vitro

Nexl, to clarity the mechanism by which co-transplanted
CD31(~-) CD45(—) SP cells increased the contribution of

+CD31(-) CD45(-) SP (WT)
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Figure 2. Co-transplantation of myoblasts and
COAN =) CDAE5%( =) SP cells into skebeal muscle
of immunodeficient MOVcid mice promotes
myofiber formation by transplanied myoblasts
A: Schematic protocol of co-transplantation ox
periments. CTX was injected into TA muscle |
day before tansplanmiion. Then, GFP(+) myo-
blasts (Mb) alone or with a mixture of GFP(+)
myoblasts and CD31(~) CD45(—) SP cells de
rived from wildtype (WT) mice were lmns-
planted 0 CTX-injected TA muscles of 8- 1o
12Z-week-old NODVscid mice, and sampled 2
weeks after ransplantation. B: Cross-sections of
transplanted TA muscles stained with anti-GFP
{green) and anti-faminin-a2 chain (red) antibod
ies. Nuclet were smined with TOTO3 (blue), G
The number of GFP(+) fibem per cross section
of trunsplanted TA muscle. Values are means
with SE (seven to eight mice in each group)
=P < 001 D Average damerers of GEP(+)
fibers in the TA muscles tansplanted with myeo
blasts (Mb) or myoblasts plus CD31(=)
CDAS= 1 8P cells IMb + SP). Values are means
with SE. =P < (1,001, Scale bar = B0 pm

Mb (GFP)

grafted myoblasts to myofiber regeneration, we investi-
gated Ihe survival of gralted myoblasts after transplanta-
tion (Figure 5). GFP(+) myoblasts were injected into TA
muscles of NODVscid mice with or withoul unlabeled
CD31(—) CDA45(—) SP cells. At 24, 48, and 72 hours after
transplantation, injected TA muscles were dissecled, and
the GFP mRNA level in injected muscles was evaluated
by using real-time PCR (Figure 5A). There was a decline
of the GFP mRNA level of injected muscles from 24 1o 72
hours after injection (Figure 58) with no differences in
survival rates between single transplantation and
co-transplantation

Al 48 and 72 hours after transplantation, however, GFP
mRNA levels were slightly higher in co-injected muscle
than in muscle injected with myoblasts alone (Figure 5B)
Theretore, we directly counted the number of GFP(+)
myoblasts at 72 hours atter transplantation. As shown in
Figure 6. A and B, many more GFP(+) myoblasts were
detected in co-transplanted muscles than in myoblast-
transplanted muscles (Figure 6. A and B). In addition,
GFP(+) cells were more widely spread in the co-injected
muscles than in muscles transplanted with myoblasts
alone (Figure 6C)

To determine whether CD31(-) CD45(-) SP cells
promote proliferation of implanted myoblasts, we dis-
sected the muscles at 48 hours after transplantation
and stained the cross-sections with anti-phosphory-
lated histone H3 antibody, a marker of the mitotic
phase of the cell cycle. Co-transplantation of myo-
blasts with CD31(—) CD45(—) SP celis significantly
increased the percentage of mitotic GFP(+ ) cells com
pared with transplantation of myoblasts alone (Figure
60D) These observations suggest that co-injection of
CD31(-) CD45(-) SP cells promoted proliferation of
grafted myoblasts
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' The mENA level of GFP an each time point was guantificed

eration or differentiation-promoting (follistatin),*® and in-
hibitory factars (eg, insulin-like growth factor binding pro-
teins,”” Nov®®). The list also contains regulators of TGF-g
(eg. thrombospondins,® Prss11,*® Libp3?'), which
would consequently attenuate or stimulate proliferation
and differentiation of myablasts

CD31(-) CD45(—) SP. Cell-Derived MMP-2
Promotes the Migration of Myoblasts

Genome-wide gene expression analysis revealed that
CD31(~) CD45(~) SP cells highly express matrix metal-
loproteinases (see Supplementary Table S1 and Supple-
mentary Figure S1 at http.//ajo.amjpathol.org). MMPs are
a group of zinc-dependent endopeplidases thal degrade
extracellular matrix components, thereby facilitating cell
migration and tissue remodeling **** Furthermore, MMPs
are known to release growth factors stored within the
extracellular matrix and process growth factor receptors,
resulting in stimulation of cell proliferation *-* Among
the MMPs up-regulated in CD31(—) CD45(-) SP cells,
we paid special attention to MMP-2 (also called gelati-
nase A or 72-kDa type IV collagenase). In CTX-injected
muscle, MMP-2 activity was shown to be increased con-
comitantly with the transition from the regeneration
phases characlerized by the appearance of young myo-
tubes to maturation of the myotubes into multinucleated
myofibers® * MMP-2 was also activated in the endom-
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ysium of regenerating fibers in dystrophin-deficient mus-
cular dystrophy dogs.® Furthermore, MMP-2 transcripts
were found in the areas of fiber regeneration, and were
localized to mesenchymal fibroblasts in DMD skeletal
muscle *°

We confirmed that the mRNA level of MMP-2 was much
higher in CD31(~) CDa5(—) SP cells than in macro-
phages or myoblasts (Figure 7A). Next, we examined the
gelatinolytic activity in CD31(—) CD45(—) SF cells, mac-
rophages, and myoblasts by DQ-gelatin zymography
The cells were directly isolated from regenerating mus-
cle. High gelatinolytic activity was detected in CD31(—)
CDA45(—) SP cells, compared to myoblasts or macro-
phages (Figure 7B). Importantly, the signal in MMP-2-null
5P cells was considerably weak, compared with wild-
type SP cells. The resulls indicate that DQ-gelatin was
degraded mainly (but not exclusively) by MMP-2 in the
assay, We hardly detected the green fluorescence in
wild-type SP cells in the presence of a broad-spectrum
inhibitor of MMPs, GMB001, but not a potent inhibitor of
cysleine proteases, E-64, suggesting that other MMPs
contribute to gelatin degradation to some extent in the
assay. Collectively, these results indicate that CD31(=)
CD45(—) SP cells have high MMP-2 aclivity.

MMP-2 is reported to mediate cell migration and lissue
remodeling.**™ To direclly investigate the effects of
MMP-2 on the migration and proliferation of transplanted
myoblasts, we injected GFP(+) myoblasts with CD31(—)
CD45(—) SP cells prepared from wild-type mice or from
MMP-2-null mice into CTX-injected TA muscles of NOD/
scid mice. There was no difference in the yleld of
CD31(—) CD45{—) SP cells from regenerating muscle
between wild-type and MMP-2-null mice (data not
shown). Consistent with this observation, MMP-2-null
CD31(—) CD45(~) SP cells proliferated as vigorously as
wild-type in vitro (data not shown). At 72 hours after
transplantation, GFP(+) myoblasts were more widely
spread in the muscle co-injected with wild-type CD31(—)
CD45(—) SP cells than in the muscles co-injected with
MMP-2-deficient CD31(—) CD45( - ) SP cells (Figure 7C)
In contrast, there was no difference in the number of
GFP(+) myoblasts between two groups (Figure 7D)
These results strongly sugges! that MMP-2 derived from
CD31(—) CDa5(-) SP celis significantly promotes migra-
tion of myoblasts, but does not influence the proliferation
of myoblaslts

Discussion

We previously reported a novel SP subset: CD31(-)
CD45(—) SP cells *® They are resident in skeletal muscle
and are activated and vigorously proliferate during mus-
cle regeneration. RT-PCR analysis suggested that CD31(-)
CDa5(-) SP cells are of mesenchymal lineage, and in-
deed they differentialed into adipocytes, osteogenic
cells, and muscle cells after specific induction in vitro. #°
In the present study, we further characterized CD31(-)
CD45(—) SP celis and found that co-transplantation of
CD31(~) CD45(—) SP cells markedly improves the effi-
cacy of myoblast transfer to dystrophic mdx mice Qur
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lion of myoblasts. Importantly, several reports showed
thal MSCs secrete a variety of cytokines and growth
factors, which suppress the local immune system, inhibit
librosis and apoptosis, enhance angiogenesis, and stim-
ulate mitosis and differentiation of tissue-specific stem
cells.®® On the gene list, we found a variety of cytokines/
okines and their regulators (see Supplementary Ta
31 al hittp://aip.amjpathol.org). These molecules may
directly or indirectly stimulate proliferation of myobla

MMP-2 Derived from CD31(-) CD45(—) SP
Cells Promotes the Migration of Myoblasts
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(Figure 6C). MMP-2 is a candidate mo le that pro-
motes migration of myoblasts. MMP-2 plays a critical role
In myogenesis®® and is up-regulated in muscle regener-
ation (see Supplementary Figure S2 at http/a
org).™ MMP-2 expression is also detected in regenerat-
ing a f dystrophic mu s Importantly, El Fa-
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from MMP-2-null mice did not (Figure 7C)
suggest that CD31(—) CD4a5(

migration of myoblasts via MMP-2 secretion. CD31(-)
CD45(—) SP cells highly express MMP-2, 3, 9, 14, and 23
during regenerating muscle (see Supplementary Figures
S1 and S2 and Supplementary Table S1 at http.//ajp
amjpathol.org). Therefore, it remains to be determined
whether MMPs other than MMP-2 also promote the mi-
gration of myoblasts. MMPs are reported 1o promole cel
proliferation by releasing local growth factors stored
within the extracellular matrix and process growth lactor
receplors “In the present study MMP-2
derived from CD31(—) CD45(—) SP cells did not slimu
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propose that CD31(—) CD45(—) SP cells are a third cel-
lular component of muscle regeneration. In addition,
gene expression analysis on CD31(—) CD45(~-) SP cells
revealed that CD31(-) CD45(—) SP cells express a wide
range ol regulatory molecules implicated in embryonic
development, tissue growth and repair, angiogenesis,
and tumor progression, suggesting that CD31(—) CD45(—)
SP cells are a versatile player in regeneration of skeletal
muscle. Future studies of ablation of endogenous CD31(—)
CD45(—) SP cells in the mouse will likely further clarify the
mechanisms by which CD31(—) CD45(~) SP cells promote
muscle regeneration.
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a drug carrier for local chemotherapy.

Drug delivery systems are designed to improve
the pharmacological and therapeutic properties
of drugs administered intravascularly or intersti-
tially and include particulate carriers that can
function as drug reservoirs. Among such particu-
late drug carriers, liposomes and lipid micro-
spheres have been approved for the treatment of
cancers (1], arterial occlusive diseases (2] and oth-
ers (3.4). Polymer micelles conjugated with anri-
cancer drugs are in clinical trials currently (51, In
addition, recent advances in nanotechnology and
nanofabrication enable the production of various
nanoparticles as atractive drug carriers. For
example, gu]d nanoparticles are suitable not only
for adsorbing an anticancer drug, cisplatin, on
the surface, bur also for performing near-infrared
light-dependent release of cisplarin (6).

Recently,  single-wall nanohorns
(SWNHs) (7) were discovered as nanoaggregares
composed of single-wall carbon nanotubes with
closed ends (Figure 1A). The mean diameter of
SWNHs is approximately 80-100 nm and each
tube has a mean diameter of 2-3 nm. Oxidized
carbon nanohorns (oxSWNHs) have nm-sized
pores (<2 nm) in the walls of each carbon nano-
tube (Figure 1A, lower) [8]. In contrast 1o carbon
nanotubes, SWNHs as well as oxSWNHs can be
prepared without any metals, such as iron.
Importantly, Miyawaki ez al reported recently
that SWNHs are a nonirritant and a nondermal
sensitizer in rabbits and rarely damage rat lung
after inrrarracheal instillation, whereas carbon

I'_ill'hl)l'l

10:22717/17435889.3.4.453 © 2008 Future Medicine Ltd 155N 1743-5889

| Aim: Functional analyses of water-dispersed carbon nanohorns with antitumor activity
were performed to explore their potential as a drug carrier for local cancer
chemotherapy. Materials & methods: Water-dispersed carbon nanohorns were
prepared through adsorption of polyethylene glycol-doxerubicin conjugate (PEG-DXR)
onto oxidized single-wall carbon nanohorns (oxSWNHs). PEG-DXR-bound oxSWNHs were
administered intratumorally to human nonsmall cell lung cancer-cell NCI-H460-bearing
mice. Results & discussion: When injected intratumorally, PEG-DXR-bound oxSWNHs
caused significant retardation of tumor growth associated with prolonged DXR retention
in the tumor. In accordance with this DXR retention, a large number of oxSWNH
agglomerates was found in the periphery of the tumor. Histological analyses showed
migration of oxSWNHs to the axillary lymph node, which is a major site of breast cancer
metastasis near the tumor, possibly by means of interstitial lymphatic-fluid transport.
Conclusions: These results suggest that water-dispersed oxSWNHs may thus be useful as

nanotubes cause foreign-body granuloma in rat
lung (9. OxSWNHSs have been recognized as a
new class of drug carrier. The deposition of dex-
amethasone [10] or cisplatin [11] into the tube
interior space of oxSWNHs and the adsorprion
of a polyethylene glycol-doxorubicin conjugate
(PEG-DXR) on the outer surface of oxSWNHs
112] have been reported previously. In the latter
case, 0xSWNHs were dispersed simultancously in
aqueous solution owing to the action of the PEG
moiety through physical adsorption of the DXR
moiety of PEG-DXR (Figure 1B). This was sup-
ported by the observation that co-treatment of
oxSWNHs with PEG-DXR and DXR inhibited
the water dispersion of oxSWNHs [12].
Water-dispersed  oxSWNHs  (PEG-DXR-
oxSWNHs) are of special interest because of possi-
ble biochemieal and biomedical applications [13].
Furthermore, water-dispersed amino-SWNHs (14]
as well as as-prepared oxSWNHs [11) did not show
obvious cytotoxicity in vitre, whereas cytotoxicity
of carbon nanotubes is still controversial [15.16).
However, metabolism, excretion and long-term
effects of water-dispersed carbon nanomaterials in
the body are not understood fully (17,18, whereas
intravenously administered carbon nanotubes were
reportedly excreted from the main organs, in
which they accumulared, in 2 months [13]. Thus,
the in vive application of carbon nanotubes should
be undertaken carefully. In fact, water-dispersed
oxSWNHs used in this study were found in the
reticuloendothelial system even 1 month after their
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Figure 1. Structures of oxSWNH and PEG-DXR-oxSWNH.

glycol; TEM: Transmission-electron microscope.

0-:.-'-‘.: . g T ' 3 T e ——_ = A ‘.;‘.
(A) TEM image of an oxSWNH: the whole image (upper) and the surface image
{lower). OxSWNHs have nm-sized pores (<2 nm) in the walls of each carbon
nanotube (arrow in A, lower). (B) Drawing of PEG-DXR-oxSWNH.

DXR: Doxorubicin, oxSWNH: Oxidized carbon nanohorn; PEG: Polyethylene

Pore
({Z<2.nm)
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intravenous administration in mice (Figure 2C & 2F).
When taking a closer look ar the images,
oxSWNH agglomerates were colocalized with
F4/80-positive cells, macrophages, in both liver
(Figure 2B & 2C) and spleen (Figure 2E & 2F), suggest-
ing uptake in the reticuloendothelial system.
Histologically, an acutc inflammatory infiltrate was
not obvious. For invive functional analyses of
PEG-DXR- 0xXSWNHs, therefore, local injection
of PEG-DXR-oxSWNHs was performed to
minimize their potential adverse effects.

The rationale for local chemotherapy is that
the tumor receives sustained exposure to a high
concentration of antitumor drugs whereas nor-
mal tssues are relatively spared. Imporrantly,
the effectiveness of intraperitoneal administra-
tion of anticancer drugs was reported recently in
ovarian [19] and gastric cancers (20.21]. It should
be noted that, in some cases, drug carriers con-
tribured ro the effectiveness [22.23). Here, funda-
mental inwvitro and  inwvive properties of
PEG-DXR-0xSWNHs are presented to discuss
the possibility of PEG-DXR-oxSWNH as a
drug carrier for local chemotherapy.

Materials & methods
Materials
Dablia-like SWNHs were synthesized by CO,
laser ablation of graphite under Ar gas ar
101 kPa. SWNHs used in this study contain car-
bonaceous byproducts, named giant graphiric
balls j24), at 5%. Their oxidized form,
oxSWNHs, were prepared as described previ-
ously [8.25]. Briefly, as-grown SWNHs prepared
by laser ablation were oxidized for 10 min in
oxygen (760 Torr) ar 580°C and were then
heated at 400°C for an additional 2 h under
ultra-high vacuum (~1 x 107 Torr).
Doxorubicin hydrochloride (DXR) was from
Wako (Osaka, Japan). Poly(oxyethylene)sorbitan
monolaurate  (Tween®20, molecular  biology
tested) was from SIGMA-Aldrich (St. Louis, MO,
USA). 1-Ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide, hydrochloride and Cell Counting Kir-8
were from Dojindo Laboratories (Kumamoto,
Japan). In sisu cell death detection kit, TMR red,
was from Roche Molecular Biochemicals
(Mannheim, Germany). TSK-GEL ODS-1008
(4.6 x 150 mm) was from TOSOH (Tokyo,
Japan). Sephadex™ G-50 Medium and PD-10
columns were purchased from GE Healthcare UK
Ltd (Buckinghamshire, UK). Fetal bovine serum
(FBS) was from Japan Bioscrum (Hiroshima,
Japan). Roswell Park Memorial Institure (RPMI,
NY, USA) 1640, Dulbecco’s phosphate-buffered
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2rm retention of oxXSWNH agglomerates in the reticuloendothelial system.

PEG-DXR-oxSWNH (20 k PEG) at a dose of 10 mg/kg on an oxSWNH basis; liver after 1 (B) and 42 days (C) and spleen after 1 (E) and
42 days (F). Liver (A) and spleen (D) of untreated mice are also shown. OxSWNH agglomerates remained mostly in macrophages
(F4/80 cells in right panels, brown) of liver and spleen over 1 month, whereas infiltration of monocytes, indicative of inflammation, was
not obvious in liver. Scale bar = 50 pm.

DXR: Doxorubicin; HE: Hematoxylin and eosin; oxSWNH: Oxidized carbon nanchorn; PEG: Polyethylene glycol

saline, rypsin—EDTA (0.05% trypsin, 0.53 mM
EDTA-4Na), penicillin and streptomycin - were
from Invitrogen (Carlsbad, CA). Cell-culture
dishes and Ma{rigdm Basement Membrane Matrix
were from BD Bioscience (San Jose, CA, USA).

Animals

A selection of 5 week-old male mice (BALB/c)
and immunodeficient, 4 week-old athymic nude
fernale mice (BALB/c nu/nu) were purchased
from CLEA (CLEA Japan Inc., Tokyo, Japan)
and housed in a specific pathogen-free animal
facility ar Fujita Health University in accordance
with the regulations of the University's commit-
tee on the Use and Care of Animals. Animals
were fed ad libitum with y-irradiated rodent diet
CE2 (CLEA Japan Inc.).

www futuremedicine com

Preparation of PEG-DXR

100 mg of 5k PEG-succinimidylsuccinate
(PEG; average molecular weight 5,000) and
14 mg of DXR (1.5 mol equiv.) were dissolved
in 4 ml of dry N,N’-dimethylformamide (DMF)
and 5 ml of dry DMF containing 3.2 pl of tri-
ethylamine, respectively. The DXR solution was
then added drop-wise to the PEG solution with
stirring, after which the reaction mixture was
stirred under shielding from light at room temp-
crature for G days. Triethylamine (2.3 pl) and
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide,
hydrochloride (3.8 mg) were added to the reac-
tion mixture once per day. The PEG-DXR
produced was monitored by a reversed-phase
LC-10A  high-performance liquid chroma-
tography (Shimadzu, Kyorto, Japan) on a
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Table 1. In vitro growth inhibition of free DXR, free PEG-DXR and PEG-DXR-oxSWNH against NCI-H460 cells.

Basis

oxSWNH
PEG-DXR
DXR

1C5o (pg/ml)

DXR PEG-DXR PEG-DXR-oxSWNH
iz - 33x4.0

- 1602 719

0.0085 017 0.82°

"Calculated mean values from their actual mean values based on PEG-DXR content in PEG-DXR-oxSWNH and PEG molecular weight of PEG-DXR.
DXR: Doxorubicin; IC: Median inhibitory concentration; oxSWNH: Oxidized single-walled carbon nanohorm;
PEG-DXR: Polyethylene glycol-doxorubicin conjugate; PEG-DXR-oxSWNH: Water-dispersed oxidized single-wall carbon nanchaorn,
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TKS-GEL ODS-1008 column with a 20 mM
tricthylamine formate (pH 2.8)/acctonirrile gra-
dient. A nincfold volume of diethyl ether was
poured into the reaction mixture with stirring,
resulting in precipitation of PEG derivatives.
The precipitates were collected by centrifugation
and redissolved in a small amount of water.
PEG-DXR in this aqueous solution was further
purified using a water-equilibrated G-50 gel fil-
tration column (e 1.5 cm x 18 em). PEG-DXR
was eluted with water, after which the eluate was
frecze-dried.

Preparation of PEG-DXR-oxSWNHs

The procedure reported previously for the prepa-
ration of PEG-DXR-oxSWNHs was modified
slightly as follows. OxSWNHs were suspended in
ethanol (0.2 mg/ml), after which the solution was
sonicated in a glass vial ar the botrom of the water
bath of a Bransonic Tabletop Ultrasonic Cleaner
8510)-MT (Branson Ulrasonic Corporation,
Danbury, CT, USA) for 35 min. The ethanol
solution of oxSWNHs was cooled on ice and
diluted 1:1 with stirring by drop-wise addition of
PEG-DXR solution (0.8 mg/ml) in H,O steri-
lized by membrane filtration. The mixture was
stirred on ice for 2 h and then concentrated to less
than half of the starting volume under vacuum.
After incubation at 4°C overnight, the concen-
trated reaction mixture was allowed 1o pass
through a PD-10 column, a gel filrration column
for desalting. Free PEG-DXR in the filtrate was
removed by washing four times with an Amicon
Ultra ultrafiltration device (100 kDa molecular
weight cut-off) 12, The amount of bound
PEG-DXR within the complexes was calculated
to be 240 mg of PEG-DXR per g of oxSWNH

by the method reported previously (121.

Histological analysis
Tumors, livers and spleens were isolated from
mice administered PEG-DXR-oxSWNH intra-

venously and were fixed in 4% paraformaldehyde
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overnight. The tissues were then processed for
paraffin embedding. Multiple 3 pm-thick micro-
tome sccrions from each tissue were dewaxed,
I]}'dmtf:d JﬂlJ ilﬂilitd “'I[ii I]Cmﬂtf’x}'lirl ilIl(l CK‘&."'I
(HE) by the standard method. For immunohisto-
chemical staining, these secrions were dewaxed
and hydrared and treated with 0.1 mg/ml trypsin
at 37°C for 30 min for antigen retrieval. Macro-
phage glycoprotein F4/80 was derected in the
sections by rat monoclonal ant-F4/80 1gG
(BMA Biomedicals, Augst, Switzerland).

Cell culture

NCI-H460 human nonsmall cell lung cancer
cells were purchased from the National Cancer
Institute (Frederick, MD, USA) and were
maintained in RPMI1640 supplemented with
5% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin. Cells were incubated ar 37°C
under a humidified atmosphere of 5% CO,
and  95% air and were passaged every

3—4 days.

In vitro antitumor activity

NCI-H460 cells (2.5 x 103 cells in 100 pl of
medium) were sceded into 96-well plares and
cultured for 4 h at 37°C to attach the pia[cs. after
which the medium was substituted carefully with
fresh media containing PEG-DXR-oxSWNH.
Because NCI-H460 cells grow quickly rto
become confluent, this immediate medium
change enabled long treatment of the cells with
the samples for sensitization in cell-viability
testing. After culturing for 72 h ar 37°C with
PEG-DXR-0xSWNH, cell wviabilities were
evaluated by a Cell Counting Kit-8 and a Mul-
tiscan JX microplate reader (Thermo Fisher Sci-
entific, Inc, Waltham, MA, USA). Cell
viabilities were normalized to (OD5,-ODg0)
for the untreated cells. Assays were performed
in triplicate determination. The median inhibi-
tory concentration (IC, ;) was calculated based
on cell viabilities.




Water-dispersed single-wall carbon

In vivo antitumor activity
NCI-H460 cells  were  harvested  with
trypsin—EDTA  solution, washed and resus-
pended in a 1:1 mixture of RPMI1640 and
Mamgc]""_ The cell suspension (1.0 x 10% cells
in 50 pl) was injected subcutancously (s.c.) into
the left flank of each mouse using a 26 gauge
needle. The wmors were allowed 1o grow for
1 week until reaching approximately 100 mm?>.
Then, the mice were treated intratumorally (i.t.)
three times  at  4-day intervals cither with
PEG-DXR (n =4) at a dose of 1.2 mg/kg or
PEG-DXR-oxSWNH (n=5) at a dose of
1.2 mg/kg on a PEG-DXR basis. When i.t. was
administered with PEG-DXR-0xSWNH at a
higher dose (4.8 mg/kg), no enhancement of the
antitumor activity was observed. Although the
reasons for this remain unclear, the dose of
1.2 mg/kg was chosen to minimize the porential
adverse effects. The size of the tumors was meas-
ured immediarely before each trearment using
hand-held calipers along the longest width (W)
and the corresponding perpendicular length (£).
The formula chosen to compute tumor volume
(V) was V= V2 x L x W2, The tumor growth rate
was calculated based on the formula:

volume of the tumor ar the point of meas-
urement/volume of the tumor on the first day
of trearment.

Two-sided Student’s r-test was used to com-
pare the means of the PEG-DXR-treated group
and the PEG-DXR-oxSWNH-treated group.

The staristical significance was ser at p < 0.05.

Doxorubicin concentration in tumor tissue
& plasma

Tumor tissues were excised from NCI-H460-
bearing mice and weighed. After addition of a
threefold weight of 10% SDS in phosphate-buff-
ered saline, the tumor tissues were homogenized
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with  Disperser T 10 basic  (IKA, Staufen,
Germany). The tumor homogenates were centri-
fuged ar 13,500 rpm for 10 min at room rem-
perature. The supernatants (100 pl) were heated
at 50°C for 2 h in the presence of 1 N HCI to
enable both PEG-DXR and DXR in the super-
natant to decompose to doxorubicinon [26]. After
neutralization by 1 M Tris, the acid-treared sam-
ples were freeze-dried. The samples were resus-
pended in DMF and then sonicated for 10 min.
The DMF suspensions were centrifuged at
16,500 g for 10 min and the supernatants were
subjected to a reversed-phase LC-10A high-per-
formance liquid chromarography (Shimadzu,
Kyoto, Japan) on a TKS-GEL ODS-100S col-
umn with a 20 mM rriethylamine formate
(pH 2.8)/acetonitrile gradient. Doxorubicinon
was detected fluorescently (Ex/Em 485/558 nm)
with a retention time of 8.1 min.

Blood samples (100 pl) were collected from
the tail vein of the NCI-H460-bearing mice
using a heparinized 75 mm hemartocrit tube
(Hemato-Clad, Drummond Scientific Com-
pany, Broomall, PA, USA) ar the indicated rimes
and immediately mixed with 100 pl  of
0.1% EDTA in phosphate-buffered saline on ice
to prevent hemolysis. The mixtures were centri-
fuged at 800 rpm for 5 min ar 4°C. Doxorubici-
non in the supernatants (100 pl) was analyzed by
reverse-phase high-performance liquid chroma-
tography (HPLC) after being heated in 1 N HC|
as described earlier.

Results & discussion

Growth-inhibitory effect of
PEG-DXR-oxSWNH in vitro

In the previous study, the induction of apoprosis
in NCI-H460 by treatment with PEG-DXR-
oxSWNH  using terminal  deoxynucleoridyl
transferase-mediated dUTP-fluorescein nick-end

Table 2. Pharmacokinetic properties of DXR after intratumoral administration.

PEG-DXR PEG-DXR-oxSWNH
Residual DXR in tumor tissue on day 21 (%)

0.57° b1 25

Time (h) DXR in blood (ng/ml)

0.5 33210 1057

1 24 £ 6.3 8.3+0096

3 11=47 4241

24 ND ND

*Average of two mice in which DXR could be detected.

DXR: Doxorubicin; ND: Not detected; PEG-DXR: Polyethylene glycol-doxorubicin conjugate; PEG-DXR-oxSWNH:

Water-dispersed oxidized single-wall carbon nanohorn,
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457



RESEARCH ARTICLE ~ Murakami, Sawada, Tamura, Yudasaka, lijima & Tsuchida

458

Figure 3. In vivo effectiveness of PEG-DXR-oxSWNHs compared with PEG-DXR.

In vivo antitumor activity of PEG-DXR-0xSWNHs against NCI-H460 cells implanted subcutaneous in
immunodeficient BALB/c nude mice (female, n = 4 or 5). Each drug was intratumoral administered three
times on day 7, 11 and 15 (arrows) at the dose of 1.2 mg/kg on a PEG-DXR. Saline (@), PEG-DXR (&) or
PEG-DXR-oxSWNH (). The tumor volume is expressed as mean. Scale bar = 5D.

DXR: Doxorubicin; oxSWNH: Oxidized carbon nanchorn; PEG: Polyethylene glycol; SD: Standard deviation.

labeling (TUNEL) staining was reported (12).
The median growth-inhibitory concentration
of DXR against NCI-H460 cells was
0.0085 pg/ml. Here, the growth inhibitory
effect of PEG-DXR—oxSWNH on cultured
NCI-H460 cells was assessed before in vive
studies. Cell viability was determined after
72 h incubation in the presence of PEG-DXR
or PEG-DXR—oxSWNHs. As shown in Table 1,
1Cy; of free PEG-DXR and PEG-DXR-
oxSWNH  against  NCI-H460  cells s
1.6 £ 0.2 pg/ml and 33 £ 4.0 pg/ml, respecrively,
The average value for PEG-DXR-oxSWNH
(33 pg/ml) corresponds 0 7.9 pg/ml on a
PEG-DXR basis and 0.82 pg/ml on a DXR basis.
This is because PEG-DXR-oxSWNH contains
240 mg of PEG-DXR per gram of oxSWNH
and the molecular weight of PEG used in this
study 15 5,000. These values are approximately 5
and 100 times higher than the value for free
PEG-DXR (1.6 pg/ml) and free DXR
(0.0085 pg/ml), respectively. In the case of free
PEG-DXR, the ICy, was 20 times larger than
the value of free DXR. These figures may reflect
the fact that the DXR of PEG=-DXR-0xSWNHs

Nanomedicine (2008) 3(4)

needs to be released from both PEG and the sur-
face of the oxSWNHs to express its antitumor
activity. In fact, PEG-DXR was detected almost
exclusively by HPLC analysis of the supernarants
from aqueous suspensions (pH 5-8) of
PEG-DXR-oxSWNHs after incubation of the
suspensions at 37°C for 4 and 24 h, while
slightly increasing at acidic pH (data not shown).
These also indicate thar potentiation of the anti-
tumor activity by linker refinement in

PEG-DXR is needed.

Growth-inhibitory effect of
PEG-DXR-0xSWNH in vivo

Invive antwmor activity of PEG-DXR-
oxSWNH was evaluated with s.c. NCI-H460-
bearing nude mice by i.t. injection three times
at intervals of 4 days. There are two reasons for
selecting the i.t. route, as follows. First, another
type of carbon nanoparticle, charcoal particles,
which are dispersed in water by polymer wrap-
ping, have been administered locally to cancer
patients as black dyes to detect lympharic
metastasis of cancer [27]. Locally administered
charcoals can be resecred surgically with the




tumor tissue. Second, oxSWNH agglomerates
deposited in liver and spleen for at least
1 month when PEG-DXR—oxSWNHs were
administered intravenously to mice (Figure 2).
Thus, the oxSWNH prepared in this study is
not excreted easily from the body. Therefore,
the i.t. route of administration was selected for
the evaluation of m vive antitumor activity of
PEG-DXR—oxSWN Hs.

Although the 1Cy; of PEG-DXR-oxSWNH
twoward NCI-H460 cells is higher than that of
PEG-DXR (Table 1), PEG-DXR~oxSWNH sup-
pressed tumor growth more effectively than
PEG-DXR up to day 13 (p <0.05). No weight loss
either in PEG=-DXR- or PEG-DXR—o0xSWNH-
treated groups was observed compared with an
untreated control group during this period (data
not shown). As described in the next section, this
in vive effectiveness of PEG-DXR—oxSWNHs is
probably a result of the tight binding of
PEG-DXR to oxSWNH.

Prolonged retention of DXR after
intratumoral administration of
PEG-DXR-oxSWNHs
The amount of DXR remaining in the tumor tis-
sue on day 21 was estimated after three times’ i.t.
administration of PEG-DXR—oxSWNHs. Each
tumor tissue was homogenized and treated with
1 N HCl 1o decompose PEG-DXR and its DXR
derivatives into doxorubicinon (26), which was
quantified by HPLC analysis. In the case of
PEG-DXR administration, DXR was detected
only in two out of four mice and on average
accounted for 0.57% of the rotal amount of
administered PEG-DXR (Table 2). By contrast to
this, the umor tissues of PEG-DXR-oxSWNH-
treated mice retained 61% on a DXR basis. This
high DXR retention ability of oxSWNH would
provide longer exposure of the tumor to DXR.
To further confirm the increased retention of
DXR and its derivatives in tumors by
oxSWNHs, we examined a time course of the

Figure 4. Appearance and HE analysis of the tumor xenografts and adjacent lymph nodes excised from
BALB/c nude mice treated with PEG-DXR-oxSWNH.

(A) A representative photograph of the mouse to which PEG-DXR-oxSWNHs were i.t. administered. (B) Representative images of
NCI-H460-5.c. xenografts isolated on day 21 from mice treated with PEG-DXR-0xSWNHs are shown; untreated tumor (left), the middle
(middle) and periphery (right) of the treated tumor. (C) Photographs of axillary lymph nodes isolated on day 28 from mice treated with
saline (left), PEG-DXR (middle) or PEG-DXR—0oxSWNH (right) are shown. (D) Photographs of inguinal (left), brachial (middle) and axillary
lymph node (nght) isolated on day 36 from mice treated with PEG-DXR-oxSWNH are shown. (E) HE analysis of the axillary lymph node
isolated on day 36 from mice treated with PEG-DXR-0xSWNH was also performed; control axillary lymph node (left), the center (middle)

and periphery (right) of the axillary lymph node. Scale bar = 50 ym

DXR: Doxerubicin; HE: Hematoxylin and eosin; i.t.: Intratumoral; oxSWNH: Oxidized carbon nanchorn; PEG: Polyethylene glycol,
s.C.; Subcutaneous
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[ j-‘\i{ concentration (!1;{1!}:1.' in [llll_' ]\]li\[]];{ .Il.ll.'r
i.t. administration of the drugs. Blood was col-
lected from a tail vein of mice at the indicated
times after i.t. administration and the plasma
'\.‘JI][‘]('\ were L'I'i'.H('d a8 lEl'\{'f!]\l'li ('.irl.il'r. :'\.\'
\}Ii\\\'“ in [:|h|r 7.2 llfrlllrllill{ mnon was liL']('l [('i1
30 min after i.t. administration of PEG-DXR
or PEG-DXR—oxSWNH. Their concentra
tions declined gradually for the following
2.5 h. After 24 h, 'lEIl"\' were not detected in
cither treatment. Importantly, the concentra
tions in the PEG=-DXR-oxSWNH treatment

at cach time point were .t}'[‘.‘nhilr].lll.'!'.' 309%

of those for PEG=DXR treatment. These results
suggest that approximatcly 30% of PEG-DXR
was released from PEG-DXR—-oxSWNH as an
il]hll'.ll l‘llf.\[ <'||H1 [Ill‘ rest |“T(}(!’Il_i may i-'t'
released relarively slowly below the detection
limit of HPLC to reach 61% on day 21. Based
on these HPLC analyses of doxorubicinon in
the tumor homogenates on day 21 and the
blood on day 7, the higher effectiveness up to
-I!.il\ 13 in mice treated  with  PEG

DXR-0xSWNHs would be explained at least
in part by the high DXR retention ability

of oxSWNHs




m future soRTICR SO

Warcr-dispcrscd sing]c-wa]] carbon nanohorns - RESEARCH ARTICLE

Histological analysis of the tumor

tissues & adjacent lymph nodes of
PEG-DXR-oxSWNH-treated mice

The photograph of a representative mouse
administered i.t. with PEG-DXR-oxSWNH
is shown in Figure 4A. A large part of the tumor
surface was dyed black, indicating that
PEG-DXR-0xSWNH could diffuse in the
tumor tissue owing to its warter-dispersibility.
As described carlier, approximarely 60% of
DXR remained in the tumor 14 days after the
initiation  of  Lt.  administration  of
PEG-DXR-0oxSWNHs (Table2). From this
observation, it is important o analyze the it
distribution of oxSWNHs histologically. The
tumor tissues were excised on day 21 from mice
it. treated  with PEG-DXR-oxSWNH.
Figure 4B shows their HE-stained secrions. Black
oxSWNH agglomerates were observed sparsely
in the internal area (Figure 4B, middle) and
densely in the peripheral area (Figure 4B, right) of
the tumor. Vasculatures were observed in the
arca adjacent o oxSWNH agglomerates
(Figure 4B, right), indicating no major inhibitory
impact of oxSWNHs on tumor vascularization,
while furure investigation should address the
detailed effects. Only a small amounr of
oxSWNH agglomerates were detected in liver
and spleen (data not shown), suggesting the high
retention ability of oxSWNHs themselves in the
NCI-H460 tumor.

Water-dispersed  charcoals  accumulate  in
lymph nodes after local administration (27). It is
also reported that smaller water-dispersed char-
coals migrate w lymph nodes more
efficiently 28], Because lymph nodes are one of
the major sites of cancer metastases, the treat-
ment of metastatic lymph nodes after detection
is an imporant clinical cha]lcngc. Here, it was
examined whether 0xSWNH injected into the
growing tumor tissue would migrate to the sur-
rounding lymph nodes or not. Figure 4C shows
axillary lymph nodes excised from mice on
day 28 during the treatment schedule used in
Figure 3. Clearly, the axillary lymph node of
PEG-DXR-oxSWNH-treated mice was dyed
black (Figure 4C, right). The staining was more
apparent on day 36 (Figure 4D, right). OxSWNHs
used in this study conrain carbonaceous impuri-
ties, named giant graphitic ball, at 5%. Giant
graphitic balls are over 10 times larger than
oxSWNHs (24). Consequently, these dara suggest
that i.t. administered PEG-DXR-oxSWNHs
mainly migrate to and are retained in lymph
nodes, similar 1o water-dispersed charcoals.
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Interestingly, oxSWNHs were found to
migrate selectively to the axillary lymph node
among the inguinal, brachial and axillary
lymph nodes (Figure 4D). Particularly, it should
be noted that, among the three lymph nodes,
the inguinal lymph node is closest to the
tumor tissue in which PEG-DXR-0xSWNHs
were injected. No microscopically detectable
oxSWNH agglomerates were found in the his-
tological sections cither of the inguinal or bra-
chial lymph nodes (data not shown). Black
spots of oxSWNH agglomerates were found
mainly in lymphatic sinuses, which are macro-
phage-rich regions of the axillary lymph node
(Figure 4E, middle panel) 129). They were also, 1o a
lesser extent, detected directly beneath the sur-
face r:giun of the cortex (Figure 4E, right panel).
The function of macrophages in lymphatic
sinuses is 1o phagocytose particulate or persist-
ent matter and soluble antigens flowing into
]ymph nodes 129). These data indicate that the
migration of oxSWNHs occurred through
lymph ducts from the tumor tissue into the
axillary lymph node. Based on the high DXR-
retention  ability of oxSWNHs  (Table 2),
oxSWNHs in the axillary lymph node may
retain DXR derivarives, including PEG-DXR.

As shown in Figure 3, PEG-DXR-0xSWNHs
showed a slighdy higher in vive antitumor
activity than PEG-DXR did. To further con-
firm the effectiveness of PEG-DXR-oxSWNH,
TUNEL staining of the tumor tissues isolated
from mice on day 10 was performed. DNase I-
treated tumor tissue as a positive control was
stained strongly (Figure SD), whereas the tissue
from the untreated group was not (Figure SA).
Compared with the untreated tissue, it was clear
that both tissues from PEG-DXR- and
PEG-DXR-0xSWNH-treated mice  were
stained weakly bur significantly (Figure 5B & 5C).
This weak staining reportedly means that the
cells are at an early stage of apoptosis prior to
nuclear fragmentation and/or have single DNA-
strand breaks thar are repairable (3031). In fact, a
similar two-grade staining in TUNEL was
observed when cultured NCI-H460 cells were
treated with PEG-DXR for 3 days (Figure SF).
Compared with the PEG-DXR-treated tumor
section, the PEG-DXR-oxSWNH-treated one
was clearly stained more broadly, suggesting that
PEG-DXR-oxSWNH induced PEG-DXR-
dependent  DNA  damage more  than
PEG-DXR did. This result would lead to
superior  inmwvive  antitumor  activity  of
PEG-DXR-0xSWNH.
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