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Figure 6. Effect of depsipeptide on perforin expression in effector T cells. (a) Increase of perforin-expressing antigen-stimulated pmel-1 T cells by exposure
to depsipeptide (5 nm). Primary or antigen-stimulated Pmel-1 T cells (Thy1.1*) with or without depsipeptide (5 nm) for 16 hours were stained by FITC-conjugated
anti-mouse perforin mADb after treatment with a Fixation & Permeabilization Kit (eBioscience). Shaded area represents isotype-matched control staining.

(b) Antigen-stimulated Pmel-1 T cells were treated with depsipeptide at various concentrations for 16 hours, and then perforin mRNA was analyzed by
RT-PCR (glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an internal control). (c) Human CD8* T cells were purified from peripheral blood
mononuclear cells of healthy volunteers by magnetic bead selection and stimulated with or without PHA-P (2 pgml™") in vitro for 24 hours. Cells were

then lysed and probed for perforin and actin (as an internal control) by western blotting.
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Figure 7. A limited dose of depsipeptide enhances CTL-mediated Luc-B16/F10 cell killing in vivo. (a) Effect of depsipeptide on B16/F10 tumor growth

in vivo. B16/F10 cells (1 x 10°) were inoculated subcutaneously into the abdominal skin of mice (day 0). A visible tumor in each mouse was established at
day 7 after tumor implantation (average size: 122+ 20 mm?), and mice were randomized and divided into four groups before treatment. Depsipeptide was
administered intraperitoneally into mice from days 7-9 (only for 3 days) at the indicated dose, and activated Pmel-T cells (4 x 10°) were subsequently injected
intravenously into the tail vein of mice. Tumor growth was measured at day 21 after tumor implantation. The error bars represent the mean +SD (n=4),
*P<0.05; *P>0.3 (Mann-Whitney U-test). (b) Effect of depsipeptide on histone deacetylation in a subcutaneous tumor of B16/F10 cells. Established
B16/F10 skin tumors 1 day after the final depsipeptide administration (2 mgkg™") were probed for acetyl-histone H3 (Lys 18) by immunohistochemistry
(Bar =100 pm). (c) Depsipeptide enhances CTL-mediated B16/F10 tumor killing in vivo. B16/F10 cells (5 x 10°) were inoculated subcutaneously into the
abdominal skin of mice (day 0). A visible tumor in each mouse was established at day 5 after tumor implantation. Depsipeptide (2 mg kg") was administered
intraperitoneally into mice from days 6-8 (for 3 days), and Pmel-1 CTLs (4 x 10°) were subsequently injected intravenously into the tail vein of mice
(indicated by the arrow). Tumor growth was monitored every 2-3 days after tumor implantation. The error bars represent the mean  SD (n= 5-6).

*P<0.05 (Kruskal-Wallis test; at days 16 and 19 after tumor implantation). One of three independent experiments with similar results is shown.
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of gp100/pmel17 was also observed by RT-PCR assay
(Figure S3b). Thus, these data demonstrate that a limited dose
of depsipeptide (2mgkg™") sufficiently  sensitized
B16/F10 cells in vivo for adoptive immunotherapy. Regarding
the perforin modulation, we could not determine whether
perforin induction occurred in vivo by FACS analysis.

We further investigated whether s.c. tumor growth of
B16/F10 cells could be inhibited by the adoptive transfer of
Pmel-1 CTLs in combination with depsipeptide (Figure 7c).
After waiting about a week for tumor growth, 2 mgkg™" of
depsipeptide was administered via the intra-peritoneal route,
followed by the adoptive transfer of Pmel-1 CTLs. In contrast
to either CTL transfer alone or depsipeptide pretreatment
alone, this combinatorial treatment strikingly suppressed
B16/F10 tumor growth. Moreover, we examined whether
the above depsipeptide pretreatment and a similar CTL
transfer could suppress metastatic tumor growth (Figure 8).
Luc-B16/F10 cells were intravenously injected into the tail
vain of C57BL/6 mice, and pulmonary metastasis of luc-B16/
F10 cells was monitored through luciferase-based lumines-
cent imaging. After waiting about a week for tumor growth,
animals were treated with 2mgkg™" of depsipeptide for
3 days, followed by the adoptive transfer of CTLs, which were
generated by immunization using irradiated [L-12/IL-18-
transduced B16/F10 cells. This combinatorial treatment
significantly suppressed tumor-derived photons in pulmonary
metastases 21 days following tumor injection. Similar sup-
pression of pulmonary metastases was obtained by adoptive
transfer of Pmel-1-derived CTLs (data not shown). Thus, these
results demonstrate that sensitization using a limited dose
of depsipeptide increases the efficacy of adoptive immuno-
therapy for established tumors.

DISCUSSION

Cellular unresponsiveness of solid tumor through aberrant
transcriptional regulation represents a critical barrier that
limits the therapeutic potential of adoptively transferred
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autologous CTLs in patients with cancer. Herein, we have
demonstrated that tumor sensitization with depsipeptide
is effective for adoptive immunotherapy against murine
B16/F10 melanoma. The remarkable features presented in
this study include the following: (1) depsipeptide upregulated
gp100/pmel17 melanoma antigen; (2) a limited dose of
depsipeptide was able to sufficiently sensitize B16/F10 cells
for Fas-mediated apoptosis; (3) depsipeptide increased the
perforin-expressing CTLs in post-transcriptional levels; and
(4) adoptive cell transfer in combination with depsipeptide
led to effective tumor growth suppression.

Emerging evidence suggests that there are a variety of
factors that limit tumor regression in the host-tumor interac-
tion. For example, cancer progression often takes place
despite the presence of circulating cancer-specific CTLs. Even
with patients in whom large numbers of highly activated
tumor-specific CTLs have been infused, clinical improvement
has been difficult to achieve (Dudley et al., 2001; Rosenberg,
2004). For example, recent evidence concerning host factors
suggests that regulatory elements of the immune responses,
including CD4*CD25* regulatory T cells (Tregs), inhibit
the ability of CTLs to produce effective antitumor responses
(Antony and Restifo, 2005; Dannull et al., 2005). In regard
to tumor-escape factors, many aggressive tumors do not
express the tumor antigen or MHC (HLA) antigen (Ferrone
and Marincola, 1995; Cabrera et al., 2003). Moreover, many
cancer types lack sufficient apoptotic cell death pathways
through the aberrant transcription (Johnstone et al., 2002;
Maecker et al., 2002). It is theoretically essential to overcome
these tumor-escape factors for efficient cancer immunother-
apy, and perhaps to manipulate the tumor, as well as the host,
before adoptive immune cell transfer.

HDACs are considered among the most promising targets
in drug development for cancer, and some HDACi, including
depsipeptide (FK228), are currently being tested in phase |
and Il clinical trials (Minucci and Pelicci, 2006). HDAGi
is capable of inducing varying degrees of growth arrest,
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Figure 8. Depsipeptide pretreatment and B16-specific CTLs transfer suppress metastatic tumor growth of B16/F10 cells. (a) Representative luciferase images
of luc-B16/F10 metastatic lung tumor at day 15 after combinatorial therapy of depsipeptide (2 mgkg™") and immune cell adoptive transfer from immunized
mice using irradiated IL-12/IL-18-transduced B16/F10 cells. (b) Photon counting of luc-B16/F10-pulmonary metastasis at day 21 (n=6-7). *P<0.01
(Kruskal-Wallis test). One of three independent experiments with similar results is shown.
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differentiation, or apoptosis of cancer cells (Johnstone et al.,
2002; Minucci and Pelicci, 2006). In addition, normal fibro-
blasts and melanocytes are almost always considerably more
resistant than tumor cells to depsipeptide (Kobayashi et al.,
2006; Minucci and Pelicci, 2006), suggesting this effect may
be specific to malignant cells. We demonstrated the potential
upregulation of MHC class | molecules by depsipeptide
treatment. As the MHC class | molecule is released from the
endoplasmic reticulum only after the peptide has bound and
is allowed to reach the cell surface (Williams et al., 2002),
this upregulation could provide substantial benefits for the
immunological recognition. However, there are abnormal-
ities in the expression and/or function of various components
of the MHC class | antigen-processing pathway in human
malignant cells (Seliger et al., 2000; Chang and Ferrone,
2007), and it remains to be elucidated whether HDACi affects
various components of the protein-processing machinery.
Although the clinical use of depsipeptide when adminis-
tered alone showed partial and complete responses in
patients with hematological malignancy (Piekarz et al.
2001, 2004; Byrd et al., 2005), only a partially objective
response was observed in solid cancer patients (Sandor et al.,
2002; Stadler et al, 2006), suggesting that depsipeptide
alone appears far from beneficial in the treatment of cancer
patients. However, moving the focus onto the modulation
of tumor factors and targeting HDACs could provide great
benefits, particularly for selective immunotherapy against
cancer. Intriguingly, HDACi could activate components of
death receptor pathways, including FasL and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) (Nakata
et al., 2004; Singh et al., 2005; Earel et al., 2006). In fact,
B16/F10 cells are less immunogenic and highly resistant to
a variety of apoptotic stimuli if they are not manipulated
(Avent et al., 1979; Tsai et al., 1997; Kalechman et al., 1998).
Nonetheless, exposure of B16 cells to a limited dose of
depsipeptide induced cell surface expression of Fas and MHC
class 1, and the enforced Fas-engagement synergistically
increased caspase-3/7 activity of B16/F10 cells in the pre-
sence of depsipeptide (Figure 3). Furthermore, these changes
successfully provided CTLs with an enhanced ability to
recognize and destroy target tumor cells (Figures 4 and 5).
Indeed, it has been demonstrated that HDACi synergizes
with exogenously added TRAIL to induce apoptosis of various
human solid tumor cell lines in vitro (Inoue et al., 2004;
Nakata et al., 2004; Singh et al, 2005; Lundgvist et al.,
2006). While the TRAIL system seems to be relatively major
in the effect of HDACi on the human death receptor pathway,
it has been suggested that the effect of HDACi on the death
receptor pathway may not be universal (Minucci and Pelicci,
2006). We could not obtain a synergistic effect of depsipep-
tide with FasL in Fas-negative human MM-LH cells, and
mouse Pmel-1 T cells did not express TRAIL on the cell
surface (unpublished data). The Fas-FasL system is well
known as the major pathway of CTL-mediated tumor destruc-
tion in murine models (Kagi et al, 1994; Caldwell et al.,
2003; Lee et al, 2006), and therefore some differences
between species should be considered for the major death
receptor pathway. However, current animal studies have
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demonstrated that the augmented tumoricidal effects of
tumor-specific CTLs induced as a consequence of depsipep-
tide sensitization resulted in melanoma cells that produced
CTL-mediated cytotoxicity in vivo. A limited administration
of depsipeptide also sufficiently modulated the acetylation
level of histone H3 at the tumor site (Figure 7b). These
findings may provide the rationale for protocols that pretreat
cancer patients with depsipeptide to potentiate adoptive
immune therapy.

Emerging experimental data indicate that lymphodeple-
tion using cyclophosphamide before adoptive transfer of
tumor-specific T lymphocytes plays a key role in enhancing
treatment efficacy by eliminating regulatory T cells and
competing elements of the immune system (Ghiringhelli
et al., 2004; Lutsiak et al., 2005). Furthermore, pretreatment
with cyclophosphamide contributes to the elimination of
immunosuppressive cells such as CD47CD25% Treg in
patients with cancer and the depletion of endogenous cells
that compete for the activation of cytokines (known as the
“cytokine sink”) to maximize the exposure of homeostatic
cytokines to the transferred CTLs (Gattinoni et al., 2006).
In addition to this pretreatment, depsipeptide may safely be
added to reduce barrier tumor factors limiting the therapeutic
potential of adoptively transferred CTLs. We further demons-
trated that depsipeptide increased the level of perforin in
activated T cells to varying degrees: the number of perforin-
expressing CTLs increased in mice, whereas an accumulation
of perforin was observed in humans. Perforin release by
T cells in conjunction with granzymes induces an apoptotic
cascade in target cells (Kagi et al., 1994). In fact, Palmer et al.
(2004) showed that there was a B16 cell-dependent release of
perforin after adoptive cell transfer of pmel-1 T cells, in which
caspase-3 activation was also shown at the tumor site as
a consequence of the downstream activation of perforin.
Therefore, the residual depsipeptide in the plasma of pre-
treated hosts could be expected to release large amounts of
toxic granules to the target tumor at the sites and, in combi-
nation with cyclophosphamide, the use of depsipeptide may
be considered for host and tumor modulation before adoptive
tumor-specific CTL transfer.

The therapeutic options for patients with metastatic
disease remain limited, and the majority of these patients
will develop a local or systemic recurrence. A variety of
human cancers such as melanoma and breast, colon, and
prostate cancers aberrantly express the chemokine receptor
CXCR4 (Balkwill, 2004; Kakinuma and Hwang, 2006;
Zlotnik, 2006), and its activation through prosurvival path-
ways such as Akt has been implicated as a mechanism by
which cancer cells evade host immunity (Murakami et al.,
2003) and increase their metastatic properties (Kakinuma
and Hwang, 2006). Recently, Lee et al. (2006) reported that
sensitization of B16 cells with a CXCR4 antagonistic peptide
increases the efficacy of immunotherapy for pulmonary
metastases, suggesting that the inhibition of tumor factor is
an effective strategy for melanoma immunotherapy. Herein,
we also provide compelling in vitro and in vivo data
suggesting that sensitization of less immunogenic B16 cells
with depsipeptide facilitates the efficacy of immunotherapy
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for established pulmonary metastases. Further investigations
based on the findings of this study, especially those
incorporating in vivo techniques, should improve the design
of optimized clinical protocols.

MATERIALS AND METHODS

Animals, cells, and reagents

Male C57BL/6) mice (8-12 weeks old) were purchased from Charles
River Japan Inc. (Tsukuba, Japan). Pmel-1 TCR pmel-1+/Thy1.1 +
transgenic mice (Overwijk et al., 2003) were obtained from The
Jackson Laboratory (Bar Harbor, ME). All experiments in this study
were approved by the animal ethics review board of Jichi Medical
University and performed in accordance with the )ichi Medical
University Guide for Laboratory Animals, following the principles of
laboratory animal care formulated by the National Society for
Medical Research.

Human melanoma cell lines RPM-MC, MM-LH, MM-BP, and
MM-RU were kindly provided by Dr H. Randolph Byers (Boston
University Medical School) and maintained in minimal essential
medium supplemented with 10% heat-inactivated fetal calf serum
(FCS) (Byers et al., 1991). Murine B16/F10 melanoma cells (Fidler,
1973) and EL-4 thymoma cells (Ralph, 1973) were grown in DMEM
(GIBCO, Gaithersburg, MD) with 10% FCS and supplements (Sato
et al., 2006). Luciferase-expressing B16/F10 (luc-B16/F10) cells were
generated previously (Sato et al., 2006) and maintained in DMEM
with 10% FCS and supplements, including puromycin (10 pgml~";
Sigma-Aldrich, St Louis, MO). Normal human epidermal melano-
cytes were purchased from Kurabo Biomedicals (Osaka, Japan) and
maintained in Medium 154S with supplement (Kobayashi et al.,
2006). The cultures were kept in a humidified atmosphere contain-
ing 5% CO, and 95% air at 37°C.

Anti-acetyl-histone H3 (Lys 9), anti-acetyl-histone H3 (Lys 18),
anti-histone H3, and anti-phospho-Rb (Ser 780) antibodies were
purchased from Cell Signaling Technology (Beverly, MA). Anti-
mouse p21W*/“P1 (BD Pharmingen, San Diego, CA), anti-human
perforin (clone 8G9; BD Pharmingen), and anti-actin (sc-1616, Santa
Cruz Biotechnology Inc., Santa Cruz, CA) antibodies were used
for western blotting. Flow cytometric analysis involved the use of
phycoerythrin (PE)-conjugated anti-mouse H-2D® mAb, PE-conju-
gated anti-mouse Fas (CD95) mAb, PE-conjugated anti-mouse FasL
(CD178) mAb, and isotype-matched IgG controls, all of which were
purchased from BD Pharmingen. FITC-conjugated anti-mouse
perforin  mAb (clone: eBioOMAK-D) was purchased from
eBioscience (San Diego, CA). Anti-mouse FasL mAb (clone MFL3;
BD Pharmingen) was used for the FasL neutralization.

The expression plasmids for mouse IL-12 and IL-18, pCAGGS-IL-12
and pcDNA-mprolL-18-mICE respectively, have been described
previously (Ajiki et al.,, 2003). Depsipeptide (FK228) was obtained
from Gloucester Pharmaceuticals (Cambridge, MA).

Reverse transcription-PCR

Total RNA was extracted from cells using Isogen (Nippon Gene,
Toyama, Japan). Two micrograms of total RNA was used for
first-strand synthesis using SuperScript Il reverse transcriptase
(Invitrogen, Carlsbad, CA). PCR was then performed using ExTaq
polymerase (Takara, Ohtsu, Japan). The following primers were used
for gp100/pmel-17 and perforin expression analysis: human gp100/
pmel-17 sense, 5'-CCTCCTTCTCTATTGCCTTG-3'; human gp100/
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pmel-17 anti-sense, 5-TGTAGGAGAGGTGAGCTTCA-3; mouse
gp100 sense, 5'-GGCCAACAACACCATCATCA-3"; mouse gp100
anti-sense, 5'-GGGCAAAGATGAGAGGATGA-3/; mouse perforin
sense, 5'-ACAATAACAATCCCCGGTGG-3’; mouse perforin anti-
sense, 5-TGGGATTAAAGGCGTGTGCT-3'; glyceraldehyde-3-phos-
phate dehydrogenase sense, 5'-GTATCGTGGAAGGACTCATG-3';
and glyceraldehyde-3-phosphate dehydrogenase anti-sense, 5'-AGT
GGGTGTCGCGCTGTTGAAG-3'. PCR conditions for each set of
primers included an initial treatment at 95°C for 2 minutes, followed
by 30 cycles consisting of denaturation at 95°C for 15seconds,
annealing at 57°C for 30seconds, and then extension at 72°C for
2 minutes. PCR products were analyzed using a 1% agarose gel.

Transfection and ELISA
B16/F10 cells (1 x 10°) were transfected with pCAGGS-IL-12 (5 pg)
and pcDNA-mprolL-18-mICE (5pg) using Lipofectamine 2000
(Invitrogen). Immunization experiments involved irradiating IL-12/
IL-18-transfected B16 cells with 80 Gy 36 hours after transfection.
Irradiated cells (1-2 x 10°) were then injected twice into the
subcutaneous space of C57BL/6 mice during the remaining weeks.
To analyze IFN-y production, splenocytes (1-2 x 10°) that were
isolated from immunized mice were co-cultured for 24 hours
with 1 x 10° irradiated target cells, and the IFN-y concentration of
supernatants was then measured using a mouse IFN-y immunoassay
kit. All samples were assayed in triplicate.

Apoptosis and cytotoxic assay

To detect caspase-3/7 activity, B16/F10 cells (2 x 10* per well of a
96-well plate) were plated, and the Caspase-Glo 3/7 Assay system
(Promega, Madison, WI) was used for analysis in accordance with
the manufacturer’s instructions 16hours after the addition of
depsipeptide. The background luminescence associated with the
cell culture and assay reagent (blank reaction) was subtracted from
experimental values. Means of triplicates were used to represent
caspase-3/7 activity for the given cells. Each experiment was
performed three times with similar results.

For enhancement of Fas-mediated apoptosis, B16/F10 cells were
exposed to 10ngml™" recombinant human FLAG-tagged FasL
(Apotech, San Diego, CA) in combination with T mgml™" anti-FLAG
M2 mAb (Sigma, St Louis, MO) for 16 hours with 5 nm depsipeptide
at 37°C in the presence of 0.5% FCS, as described previously
(Murakami et al, 2003). After exposure of B16/F10 cells to
apoptosis-enhancing conditions for 16 hours, attached (and de-
tached) cells were collected from tissue culture plates for annexin-V
staining according to the manufacturer’s instructions (MEBCYTO
Apoptosis Kit; MBL, Nagoya, Japan). Analysis of caspase-3/7 activity
involved the assessment of 2 x 10* cells using the Caspase-Glo 3/7
Assay system (Promega).

Western blotting and flow cytometry
For western blotting, cells were lysed by sonication in radio-
immuno-protein assay (RIPA) buffer (Sato et al,, 2006) and then
centrifuged for 10minutes at 4°C. Each cell extract (10pg of
protein) was assayed using appropriate antibodies and protein
G-conjugated horseradish  peroxidase (Amersham Pharmacia
Biotech, Buckinghamshire, UK).

For the flow cytometric analysis, cells (1 x 10%) were washed
with phosphate buffered saline (PBS) and incubated with mAb for
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30 minutes at 4°C. Following washing with 0.1% FCS-PBS, cells
were analyzed using FACS Calibur (Becton Dickinson, Mountain
View, CA) and FlowJo analysis software (Tree Star, San Carlos, CA).

Subcutaneous and intravenous tumor inoculation

Cells in an exponential growth phase were harvested by trypsiniza-
tion and washed twice in PBS before injection. For the s.c.
injections, cells (1x10° were injected into the abdominal
subcutaneous space of C57BL/6 mice. Tumor growth at the skin
was monitored by measurement of the two maximum perpendicular
tumor diameters. For the intravenous injections to the lungs,
luc-B16/F10 cells (5 x 10% in 0.2 ml PBS) were injected into the tail
vein of C57BL/6 mice. Each experiment was performed 24 times
with similar results.

In vivo bioluminescence imaging

In vivo tumor progression was examined using the noninvasive
bioimaging system IVIS (Xenogen, Alameda, CA). Tumor-implanted
mice were anesthetized with a mixture of ketamine and xylazine,
and p-luciferin (potassium salt; Biosynth, Postfach, Switzerland) was
injected into the peritoneal cavity at 2 mg per .animal, which was
followed immediately by the measurement of luciferase activity. The
imaging system consisted of a cooled, back-thinned charge-coupled
device camera to capture both a visible light photograph of the
animal taken with light-emitting diodes and a luminescent image.
After acquiring photographic images of each mouse, luminescent
images were acquired with a 1-15minutes exposure time (Ohsawa
et al., 2006; Sato et al., 2006). Images were obtained with a 25 cm
field of view, a binning (resolution) factor of 8, 1/f stop, and an open
filter. The resulting gray scale photographic and pseudo-color
luminescent images were automatically superimposed by software
to facilitate the identification of any optical signal and the location
on the mouse. Optical images were displayed and analyzed using
Igor (WaveMetrics, Lake Oswego, OR) and IVIS Living Image
(Xenogen) software packages. The signal from tumors was quantified
as photons flux in units of photons per second per cm? per sr.

Immunohistochemistry

Removed specimens were fixed with 10% paraformaldehyde and
embedded in paraffin. Tissue sections (5pm) deparaffinized in
xylene were passed through graded alcohols before being treated
with 1% H,0, (v/v) in H,O for 20 minutes at room temperature.
After washing the sections three times with PBS, sections were
blocked for 20 minutes with 10% FCS diluted in PBS. All incubations
were performed at room temperature in a moist chamber. The slides
were incubated overnight at 4°C with anti-acetyl-histone H3 (Lys 18)
antibody (no. 9675, Cell Signaling Technology) diluted 1:100 in
blocking solution. The sections were washed in PBS and incubated
with biotinylated goat anti-rabbit secondary antibody (Vector
Laboratories, Burlingame, CA), and staining was visualized using a
streptavidin-peroxidase conjugate (Vector Laboratories). A diamino-
benzidine substrate kit (Vector Laboratories) was used for color
(brown) visualization, and sections were counterstained with
hematoxylin.

Statistical analysis
P-values based on two-sided Student’s t-test, Mann-Whitney test, or
Kruskal-Wallis test were obtained using the Instat software package
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(GraphPad, San Diego, CA). Differences between groups were
considered significant if P<0.05.
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SUPPLEMENTARY MATERIAL
Figure S1. Expression of HLA class | (A, B, C) and Fas (CD95/Apo-1) in human
melanoma cell lines following exposure to depsipeptide.

Figure $2. Increase of perforin in PHA-stimulated human T cells by exposure
to depsipeptide (4 nm).

Figure S3. Effect of depsipeptide on the subcutaneous tumor of B16/F10 cells.
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1 Introduction

Impaired wound healing represents a major clinical problem
in patients with diabetes. The diabetic ulcer is a chronic and
intractable injury, represents one of the most serious compli-
cations associated with diabetes, and is a leading cause of
lower extremity amputation.' The lifetime risk of a person
with diabetes developing a foot ulcer could be as high as 25%,
and every 30 sec a lower limb is lost somewhere in the world
as a consequence of diabetes.” Consequently, a novel strategy

Abstract. We investigate the relationship between the fate and heal-
ing effect of transplanted mesenchymal stromal cells (MSCs) in a rat
diabetic skin wound model. Rats are treated with streptozotocin to
induce diabetic conditions. A full-thickness skin defect is surgically
made on the head of diabetic rats, and covered with an artificial der-
mis impregnated with either bone marrow cells (BMCs) or bone-
marrow-derived MSCs from firefly luciferase (luc) transgenic (Tg) rats.
Wound healing is evaluated using planimetry and immunohistochem-
istry, and the fate of transplanted MSCs is determined using in-vivo
luminescent imaging. The diabetic wound treated with MSCs-
impregnated artificial dermis is significantly smaller than that treated
with artificial dermis alone at 1 week postoperation. Photons of
luc+ MSCs are detected at the transplanted site during healing
(3 weeks), whereas those of luc+ MSCs are depleted only after
1 week postimplantation. Immunohistochemistry at the healing site
treated with MSCs demonstrates that CD31+ vessels increase with
expression of vascular endothelial growth factor, suggesting that MSCs
accelerate angiogenesis. These findings suggest that transplanted
MSCs could be retained at wound sites during the healing process in
a diabetic rat model, and subsequently promote wound healing

through angiogenesis. © 2008 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3042266)
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for the treatment of diabetic wounds is strongly needed to
reduce clinical morbidity.*

Recently, attention has focused on cell therapy using bone-
marrow-derived cells as a treatment of diabetic chronic
wounds.>® In fact, therapeutic trials involving bone marrow
cells (BMCs) were clinically employed for the treatment of
chronic wounds, including diabetic ulcers and decubitus.>5”
Those studies demonstrated that BMCs play a critical role in
angiogenesis and vasculogenesis for tissue repair,® and that
bone-marrow-derived progenitor cells are recruited to periph-

eral tissues in response to ischemia.’ In particular, BMCs in-
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(MSCs)], which have been shown to self-renew and differen-
tiate into multilineage cells such as bone, cartilage, fat, myo-
blasts, vessels, and neurons.'®"'” Bone-marrow-derived MSCs
possess a high expansion potential ex vivo, genetic stability.,
and can easily be isolated and transferred from the laboratory
to the bedside. Thus, the clinical use of MSCs is of consider-
able interest in regenerative medicine.

While the use of MSCs offers insights into a new thera-
peutic approach concerning the repair of diabetic wounds,
their fate following tissue implantation remains unclear. To
determine the behavior of transplanted cells, an appropriate
marker is essential in delineating the scientific basis of pre-
clinical investigations. In this respect, firefly (Photinus pyra-
lis) luciferase transgenic rats provide a stable internal light
source for examining the behavior of transplanted cells in
living rats. Moreover, the larger body size of the rat compared
with the mouse allows for various surgical manipulations that
may prove to have preclinical significance.

We demonstrate the relationship between the fate and role
of bone-marrow-derived MSCs using topical transplantation
of MSCs from luciferase transgenic rats to a diabetic skin
wound. Our data showed that transplanted MSCs could be
sufficiently retained during the healing period at wound sites,
and that their retention was well correlated with improved
wound healing. Immunohistochemistry also demonstrated that
vascular endothelial growth factor and hypoxia-inducible fac-
tor 1 were expressed at the healing site treated with MSCs.
Thus, these results support the view that the use of bone-
marrow-derived MSCs promotes diabetic wound healing
through their long retention and expression of angiogenic fac-
tors.

2 Experimental Materials and Methods
2.1 Animals, Antibodies, and Reagents

Male Lewis (LEW) rats (250 to 280 g) were purchased from
Charles River Japan, Incorporated (Yokohama, Japan).
LacZ-Tg LEW rats (ROSA/LacZ-LEW)'®!° and luciferase
(luc)-Tg LEW rats (ROSA/Luciferase-LEW)™ previously
generated were used as donors (8 to 12 weeks old). All rats
had free access to standard chow and drinking water, and
were maintained on a 12-h light/dark cycle. All animal ex-
periments in this study were performed in accordance with the
Jichi Medical University Guide for Laboratory Animals.
Fluorescent isothiocyanate (FITC)-conjugated antirat
CD29 monoclonal antibody (mAb, clone Ha2/5), (FITC)-
conjugated antirat CD90 (Thy-1. clone HIS51) mAb, and phy-
coerythrin (PE)-conjugated antirat CD45 mAb (clone OX-1)
were purchased from BD Pharmingen (San Diego. Califor-
nia). PE-conjugated antirat CD34 mAb (clone ICOI15, sc-
7324) was purchased from Santa Cruz Biotechnology (Santa
Cruz, California). Isotype-matched IgG controls were pur-
chased from BD Pharmingen. Mouse antivascular endothelial
growth factor (VEGF) mAb (clone C1, sc-7269, Santa Cruz),
rabbit anti-CD31 affinity-purified IgG (sc-1506-R. Santa
Cruz), mouse IgG (sc-3879. Santa Cruz), and mouse antihy-
poxia inducible factor-1a (HIF-1cr) mAb (clone, Hlalpha67,
MABS5382, Chemicon, Temecula, California) were used as the
primary Ab for immunohistochemistry, followed by biotiny-
lated antirabbit (BA-1000) and antimouse IgG (BA-2001,
Vector Laboratories, Burlingame, California), respectively.
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Fig. 1 Schematic of mesenchymal stromal cells (MSCs) purification.
Bone marrow cells (BMCs) were harvested by flushing femurs and
tibiae with ice-cold PBS. Cells were cultivated in flasks containing
DMEM/F-12 supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin.

Streptozotocin (STZ) was purchased from Wako Pure
Chemicals (Osaka, Japan). Terudermis was used as an artifi-
cial dermis and kindly provided by Olympus Terumo Bioma-
terials Corporation (Tokyo, Japan).

2.2 Isolation and Culture of Mesenchymal Stromal
Cells

Rat BMCs were harvested by flushing femurs and tibiae with
ice-cold  phosphate-buffered saline (PBS) as previously
described.*" Cells were filtered through a 70-«m nylon mesh
and plated in T75-cm? or T225-cm? flasks with DMEM/F-12
(Gibco, Grand Island, New York) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. The
cultures were kept in a humidified atmosphere containing 5%
CO, and 95% air at 37 °C. Nonadherent cells were removed
after 24 h. Adherent cells were trypsinized with 0.25%
trypsin-EDTA (Gibco). harvested, and then plated into new
flasks at every 90% confluency. Adherent cells from passage 2
were frozen in liquid nitrogen for future use. Early passage
cells were examined for their capacity to differentiate in cul-
ture (Fig. 1).
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2.3 In-Vitro Differentiation Assay

Passage 4 MSCs were tested for their ability to differentiate
into osteocytes and adipocytes. For adipocyte differentiation,
cells (2X10%) were cultured with Differentiation Media
BulletKits-Adipogenic (Lonza, Basel, Switzerland) according
to the manufacturer’s instructions. MSCs were cultured in six-
well plates with MSCs culture medium until they reached
confluency. Cells were then exposed to three cycles of adipo-
genic induction media alternating with adipogenic mainte-
nance media. Following three complete cycles of induction/
maintenance, the MSCs were cultured for 7 more days in
supplemented adipogenic maintenance medium. Cell differen-
tiation to adipocytes was confirmed by Oil Red O (Muto
Chemicals, Tokyo, Japan) staining. For osteogenic differentia-
tion, cells (2X 10%) were plated, and the culture medium was
replaced with Differentiation Media BulletKits-Osteogenic
(Lonza) until confluence. Cells were stained with alizaline red
S (Wako Pure Chemicals).

2.4 Diabetic Wound Model and Cell Transplantation

To induce diabetes mellitus, streptozotocin (STZ) in a 0.1-M
citrate buffer (pH 4.3) was injected intravenously into the pe-
nile vein of normal LEW rats (60 mg/kg body weight). Rat
blood glucose levels were then assessed using a glucometer
after 3 days, and individual rats with glucose levels greater
than 250 mg/dl were classified as diabetic and immediately
utilized for further experimentation.

STZ-induced diabetic rats were anesthetized with pento-
barbital (40 mg/kg) and full-thickness skin defects (2
X 2 cm) were made on the scalp.”> Two hundred microliters
of PBS containing fresh BMCs (1 X 107) or MSCs (1 X 107)
was added to the inner layer of the same-sized artificial der-
mis for 30 sec at room temperature.” The wound was cov-
ered with the impregnated artificial dermis and sutured using
4-0 nylon. Artificial dermis impregnated with PBS was
grafted onto rats that formed the control group.

The wounds were photographed every week in a standard
prone position, and were monitored by planimetry using
Scion image software (Scion Image Alpha 4.0.3.2, Scion Cor-
poration, Maryland). The percent of wound area was calcu-
lated as the ratio of the nonhealing wound area to the original
wound area.

2.5
In-vivo luminescent imaging was obtained using the noninva-
sive bioimaging system IVIS™ (Xenogen, Alameda, Califor-
nia) and analyzed using Igor (WaveMetrics, Lake Oswego,
Oregon) and IVIS Living Image (Xenogen) software pack-
ages. To detect Juminescence from luciferase-expressing cells,
D-luciferin (potassium salt, Biosynth, Postfach, Switzerland)
was injected intravenously into the penile vein or subcutane-
ously into the head skin of rats anesthetized (30-mg/kg body
weight) with isoflurane. The signal intensity was quantified as
photons flux in units of photons/sec/cm?/steradian in the re-
gion of interest.

In-Vivo Bioluminescent Imaging

2.6  X-Gal Staining and Immunohistochemistry

Rats were euthanized and the systemic circulation was flushed
through the left ventricle with PBS followed by 4% paraform-
aldehyde (PFA). Specimens were divided and fixed in 4%
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PFA, and embedded in either paraffin or Tissue Tec OCT
Compound (Sakura Finetechnical Company, Limited, Tokyo,
Japan). Thin sections (4 to 7 um) were stained with hema-
toxylin and eosin, or were used for immunohistochemistry.

To visualize lacZ expression, X-gal staining was per-
formed as previously described.'® Briefly, sections were
washed three times with PBS containing 2-mM MgCl,,
0.01% sodium deoxycholate, and 0.02% Nonidet-P40. Speci-
mens were treated with a B-gal staining solution (1 mg/ml of
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside, ~ 2-mM
MgCl,, 5-mM potassium hexacyanoferrate [III], and 5-mM
potassium hexacyanoferrate [II] trihydrate) at 37 °C for
lto2h.

For immunohistochemistry, sections were probed with
anti-CD31, anti-VEGF, and anti-HIF-1a antibodies. Speci-
mens were blocked with 1% BSA in PBS and incubated over-
night at 4 °C with anti-CD31 (diluted 1:50, 4 wg/ml), anti-
VEGF (diluted 1:100, 100 ug/ml), and anti-HIF-1 « antibody
(diluted 1:200, 5 ug/ml), in 0.1% BSA, respectively. Bioti-
nylated antirabbit IgG (Vector Laboratories, Burlingame,
California) or biotinylated antimouse IgG (Vector Laborato-
ries) was used as the secondary antibody (diluted 1:200 in
0.1% BSA for 1 h at room temperature). The labeled sections
were incubated with horseradish peroxidase (HRP)-
conjugated streptavidin (Vector Laboratories), and followed
by diaminobenzidine (0.5 wg/ml) for color visualization.
Specimens were counterstained with hematoxylin. In sections
stained with anti-CD31 antibody, CD31-positive tubular
structures within the wound were considered as blood vessels.
In ten similar sections, CD31-positive vessels were counted
and normalized to 1 mm.>*

2.7 Statistical Analysis

The Student’s t-test, Tukey’s HSD test, and U-test were used
for the statistical analyses. The SPSS 11.0 system (SPSS In-
corporated, Chicago, Illinois) was used for the statistical
analysis. Differences between groups were considered signifi-
cant when P <0.05.

3 Results

3.1 Characteristics of Bone-Marrow-Derived
Mesenchymal Stromal Cells from

Transgenic Rats

To define the isolated MSCs from adult transgenic rats, the
expression of cell surface markers was examined using FACS
analysis [Fig. 2(a)]. As previouslg described, > isolated
MSCs from lacZ-transgenic rats'®'® were CD29 and CD90
(Thy-1) positive, and CD34 and CD45 negative. Moreover,
the MSCs rapidly proliferated, formed colonies, and retained
an adherent spindle-shaped morphology [Fig. 2(b)]. These
cells were capable of differentiating into adipocytes [Fig.
2(c)] and osteocytes [Fig. 2(d)]. All of these phenotypes were
equivalent to those of wild-type rats, and remained unchanged
even in luciferase transgenic rats (data not shown). Thus,
these results demonstrate that MSCs from transgenic rats pos-
sess appropriate differentiation potential. To avoid loss of
multipotentiality for differentiation through passage in cul-
ture, MSCs derived from no more than a fourth passage were
used for all experiments.

November/December 2008 « Vol. 13(6)
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Fig. 2. Characteristics of MSCs. (a) Flow cytometric histogram analysis of culture-expanded MSCs was performed as detailed in Sec. 2. Expression
profiles for CD29, CD34, CD45, and Thy-1 are depicted. Cells were uniformly negative for CD34 and CD45, and positive for CD29, Thy-1 markers
associated with MSCs. Specific antibody profile (gray) versus isotype-matched antibody control (black line) is shown. (b) Colony formation of
MSCs from wild-type LEW rats. Colonies were stained with crystal violet. Adherent spindle-shaped cells proliferated to form colonies. Bar
=500 um. Under appropriate differentiation conditions, MSCs were capable of differentiating into (c) adipocytes (stained with Qil Red O for lipid
droplets; Bar=50 um) and (d) osteocytes (stained with alizaline red for mineral deposition).

To visualize the fate of MSCs, luminescence sensitivity 3.2 Topical Administration of Mesenchymal Stromal
was examined in luc-Tg-derived MSCs. As shown in Fig. Cells Promotes Skin Wound Healing in Diabetic
3(a), at least 5 X 10* MSCs from luc-Tg rats are required for Rats
substantial detection over the background in vitro, even
though a linear dose-dependent output of light was maintained To investigate whether skin wound healing could be impaired
in the presence of D-luciferin. Although the MSCs comprised in the diabetic condition, streptozotocin (STZ) was intrave-
approximately 0.001% freshly isolated BMCs (data not nously injected into the penile vein of male rats, and full-
shown), both expanded MSCs in culture and freshly isolated thickness skin defects (2X2 cm) were then made on the
BMCs exhibited equivalent photon counts at the same cell scalp of diabetic rats (greater than 250 mg/dl of blood glu-
number (1 X 10°) [Fig. 3(b)]. cose). The skin defect was covered with an artificial dermis.
Journal of Biomedical Optics 064036-4 November/December 2008 * Vol. 13(6)
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Fig. 3 Characteristics of MSCs from luciferase Tg LEW rats. (a) Luciferase activity of MSCs from luciferase Tg LEW rats. MSCs from luciferase Tg rats
were plated onto 96-well plates at the indicated number. Luciferase activity (photon intensity) was evaluated in the presence of D-luciferin. Data
represent the mean luciferase activity from two independent experiments (black squares and gray diamonds represent two different experimental
trials). (b) Luciferase-expressing BMCs and MSCs possessed stronger luciferase activity than wild-type BMCs.

The wound area of diabetic rats was significantly smaller than
that of control rats [Figs. 4(a) and 4(b)]. Skin wounds of con-
trol rats were almost totally restored at 3 weeks, while those
of diabetic rats remained unhealed. These findings indicate
impaired wound healing in diabetic rats.

In an effort to address the therapeutic effect of MSCs on
skin wounds in diabetic rats, skin defects of diabetic rats were
treated with either MSCs or BMCs that were impregnated
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Fig. 4 Delayed wound healing studies in rats. A square area (2
%2 cm) was surgically excised down to muscle fascia on the head of
streptozotocin (STZ)-induced diabetes mellitus (DM) LEW rats or nor-
mal LEW rats (n=22 animals in total). (a) The wounds were photo-
graphed every week, followed by planimetry analysis using Scion im-
age software. Bar=1 cm. 1 and 2 weeks after the operation, DM rats
healed significantly more slowly (b) than normal rats ("p<0.05 and
“'p<0.01, respectively). The skin wounds of normal rats were totally
restored at 3 weeks. Data expressed as means +SD. DM stands for
streptozotocin-induced diabetes mellitus LEW rats. Normal is for nor-
mal LEW rats.
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within an artificial dermis. Since an artificial dermis provides
a scaffold for tissue regeneration and is amenable to impreg-
nation with various cellular materials, it was used as a scaf-
fold for the MSCs and BMCs. As shown in Figs. 5(a) and
5(b), the wound area of MSC-treated diabetic rats was strik-
ingly smaller than that of BMC-treated diabetic rats 1 week
after treatment. Notably, retention of MSCs and BMCs in the
wound site was difficult without the artificial dermis (data not
shown). These data demonstrate that topical administration of
MSCs promotes skin wound healing in diabetic rats at an
early stage. The artificial dermis promoted wound healing at 2
and 3 weeks after treatment. although the artificial dermis
when used with BMCs or MSCs was not significantly smaller
than when it was used alone.

3.3 Fate of Topically Administered Mesenchymal
Stromal Cells on the Skin Wound of Diabetic
Rats

To examine the fate of MSCs administered topically onto the
wound area of diabetic rats, either MSCs or BMCs from
luc-Tg rats were used as the therapeutic cell source with an
artificial dermis. As shown in Fig. 6(a), MSC-derived photons
were obtained during the whole period of wound healing (for
21 days). although photon counts decreased within a few days
[to 40%, Fig. 5(b)]. BMC-derived photons decreased consid-
erably to background levels within 7 days [Fig. 6(b)]. These
results demonstrate that MSCs administered topically were
retained to a greater extent than BMCs at the wound area of
diabetic rats.

3.4 Mesenchymal Stromal Cells Accelerate
Angiogenesis during Diabetic Wound Healing

Since the wound area of MSC-treated diabetic rats improved
1 week after treatment, specimens were stained with hema-
toxylin and eosin. As shown in Fig. 7(a), an increased number
of vessel structures was observed in the MSC specimen, sug-
gesting neoangiogenesis. Neoangiogenesis is a critical step in
wound healing, and the CD31 molecule represents a major
marker for vascular endothelial cells. Therefore, we set out to
determine whether the administered MSCs affected the CD31-
positive vessel number at the wound site of diabetic rats. In
contrast with BMC treatment, MSC treatment showed that

November/December 2008 * Vol. 13(6)
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Fig. 5 Healing effect of MSCs on diabetic wounds. (a) Groups comprising MSCs+artificial dermis (AD), BMCs+AD, AD-only, and defects were
formed using DM rats (n=58 animals in total) and photographed 1 week after transplantation. Bar=1 cm. (b) Percent of wound area was calculated
using Scion image software, and values for the MSCs+AD group were significantly lower than those for the BMCs+AD, the AD-only and defect

e,

groups at 1 week after transplantation ('p <0.05, “p<0.01, and

CD31-positive adventitial vessels significantly increased in
number at 1 week posttreatment (p<0.001) [Fig. 7(a)]. Fur-
thermore, MSCs from LacZ-Tg rats were used to assess the
relationship between the presence of MSCs and vascular en-
dothelial growth factor 1 (VEGF-1) expression using immu-
nohistochemistry [Fig. 7(b)]. Specimens were stained using
anti-VEGF antibodies and X-gal 1 week following cell trans-
plantation. In comparison with BMC treatment, MSC trans-
plantation increased VEGF expression with LacZ-expressing
cells. Expression of hypoxia-inducible factor 1 (HIF-1a),
whose transcription factor tightly regulates VEGF expression
under hypoxic conditions, was also well correlated with
VEGF expression [Fig. 7(b}]. These results suggest that HIF-
I-mediated VEGF expression contributes to the increased
number of vessels at the wound site.

4 Discussion

It has long been known that BMCs are mobilized during
wound healing with inflammatory cells to orchestrate a cas-
cade of tissue repair events.” Green fluorescent protein
(GFP)-labeled bone marrow transplantation in wild-type mice
allowed Badiavas et al. to demonstrate the participation of
BMCs in cutaneous wound healing.”® In this study, we dem-
onstrated that the transplantation of MSCs enriched from
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p<0.001, respectively). Data expressed as means +SD.

BMCs significantly decreased the wound area in a diabetic rat
model, and that prolonged presence of MSCs was correlated
with wound healing.

In addition to the differentiation potential, MSCs can eas-
ily be isolated and transferred from the laboratory to the bed-
side. Once expanded, MSCs in a culture from the patient
could be stored under appropriate temperature conditions be-
fore use, and therefore MSCs from the same donor could be
transplanted repeatedly.” Furthermore. recent advances in
gene transfer technology also allow for transient or stable
modification of MSCs (to produce a particular cytokine).
These attractive features of MSCs encourage the use of MSCs
as therapeutic tools and for cell therapy. The presence of
MSCs accelerated greater angiogenesis than BMCs, suggest-
ing that MSCs are more effective than BMCs.

In this study, we used an artificial dermis to retain MSCs at
wound sites. Artificial dermal substitutes are structurally op-
timized to incorporate the surrounding tissue and promote
subsequent dermal remodeling.”** Many types of dermal sub-
stitutes for wound coverage have been developed and are cur-
rently available.”** Collagen matrix substitute dermis or ar-
tificial dermis is feasible for skin defects and is now
commercially available for deep wounds, in which bones
and/or tendons are exposed.”>> The use of an artificial der-
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Fig. 6 Transplantation of artificial dermis-impregnated luciferase-expressing bone-marrow-derived cells. Groups comprising MSCs+AD, BMCs
+AD, and AD-only were formed using DM rats (n=15 animals in total). D-luciferin was injected locally into the head skin of rats and luminescence
was detected using the IVIS system. (a) Luminescence was recorded 0, 7, 14, and 21 days post-transplantation. (b) The time-course rate of
luminescence is depicted. The MSCs+AD group had significantly higher luminescence than the BMCs+AD group ("’p<0.05).

mis provides a scaffold for tissue regeneration, in which
sprouting capillaries and fibroblasts are capable of migrating
into the collagen matrix. In this study, it was necessary for a
scaffold to retain MSCs and BMCs in the wound site. The
artificial dermis could easily be impregnated with various cel-
lular material, and therefore their combination is expected to
significantly improve the healing of chronic skin ulcers
caused by ischemic disease, venous insufficiency, and diabe-
tes.

In vivo luminescent imaging showed that prolonged reten-
tion of transplanted MSCs at the wound site was correlated
with healing and an increased number of vessels. Prior to
characterization being based on potential differentiation,
MSCs were characterized based on criteria that included the
ability to adhere to tissue culture plates, resemblance to fibro-
blasts in vitro, and colony formation.™ Therefore, we assume
that retention of MSCs at wound sites may be associated with
their adhesion properties. In fact, Pittenger et al. demonstrated
integrin expression with MSCs and noted the presence of al-
pha 1. alpha 2. alpha 3, alpha a, alpha v, beta I, beta 3, and
beta 4, together with other adhesion molecules such as
ICAM-1, ICAM-3, VCAM-1, ALCAM. and endoglin/
CD105."” Moreover, Ruster et al.*” also demonstrated the ex-
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pression of betal integrin VLA-4/CD49d on approximately
50% of the MSCs population present, and that MSCs are ca-
pable of rolling and adhering to cells that line blood vessels in
vitro and in vivo in a P-selectin- and VLA-4/ VCAM-1-
dependent manner. Thus. the aforementioned supporting evi-
dence allows us to speculate that the adhesion potential in
MSC:s can contribute to the observed retention at wound sites.
In addition to the MSCs character, the improved wound heal-
ing associated with the use of MSCs may result from two
possibilities. The first relates to the capacity of MSCs to se-
crete a variety of cytokines, which are relevant for tissue re-
pair and regeneration.®® These soluble mediators from im-
planted MSCs may complement early endogenous reactions
that are involved in tissue repair, such as those involved in
angiogenesis and extracellular matrix formation.* Treatment
with MSCs resulted in enhanced expression of VEGF and an
increased number of adventitial vessels, suggesting that MSCs
contribute to angiogenesis. The second possibility may relate
to the Qlasticity of MSCs to differentiate into a variety of cell
types.” Since MSCs possess multidifferentiation potential,
they may transdifferentiate into myoblasts and epithelium at
the wound site.”™ However. the latter case is unlikely, since
only a small number of transplanted MSCs were retained in
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Fig. 7 Transplantation of artificial dermis-impregnated LacZ-expressing bone-marrow-derived cells. (a): Upper panels show hematoxylin and eosin
(HE) staining at 1 week after the transplantation, and lower panels show CD31 immunostaining. Bar=20 um. The MSCs+AD group had many
microvessels (arrows) as shown by HE staining, and many CD31 positive vessels (arrows) as shown by CD31 immunostaining. The total vessel
number was determined and expressed as vessel number/mm?. The MSCs+AD group had significantly more vessels than the BMCs+AD and
AD-only groups (‘p<0.001). Data expressed as means +SD. (b) Specimens were stained for VEGF (red arrows), HIF-1a (yellow arrows), and

mouse IgG (control) after X-gal staining (blue arrows). Bar=20 um. The MSCs+AD group expressed considerable levels of VEGF and HIF-1 a, and
double-positive cells were identified.
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the wound site, and MSC differentiation does not appear to be
the major pathway for wound healing.

Since wound sites are relatively hypoxic, it was reasonable
to record the expression of hypoxic condition-sensitive
HIF-12." HIF-1 has been shown to stabilize and accumu-
late in cells under hypoxic conditions.* Interestingly, HIF-1a
expression with MSC treatment was more enhanced com-
pared with the control [Fig. 7(b)]. There is the possibility that
exogenous MSCs stabilize or up-regulate HIF-1¢, although
this is difficult to determine due to the endogenous recruit-
ment of MSCs.

In conclusion, the use of MSCs with an artificial dermis at
an early stage could promote angiogenesis through MSC pro-
longed retention. and improve impaired wound healing in a
diabetic rat model. To our knowledge, this is the first report to
demonstrate the survival fate of transplanted MSCs in the
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In vivo bioimaging using photogenic rats: Fate of injected
bone marrow-derived mesenchymal stromal cells
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Abstract

Mesenchymal stromal cells (MSCs) derived from bone marrow have the capacity for self-renewal and differentiation, and can give rise to
cells of a muscle, bone, fat or cartilage lineage. Based on this potential and feasibility, MSCs are expected to be used in cell therapy for human
diseases. Intriguingly, MSCs migrate to various in vivo locations, including injury and tumor sites. However, their cellular fate and distribution
remain unclear. In this review, we first describe the potential of a photogenic transgenic rat that expresses fluorescent and/or luminescent proteins
(e.g., green fluorescent protein and luciferase), and then focus on the characteristic migration of MSCs to injury and tumor sites. In addition, we
will discuss an efficient delivery method for targeting the injured site. Synergized with modern advances in optical imaging, the photogenic rat
system provides innovative preclinical tools and a new platform on which to further our understanding of matters concerning stem cell biology.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Transgenic rat system in regenerative medicine

The rat, as with the mouse, offers excellent animal models
for biological and medical research, and has provided a wealth
of physiological and pharmacological data. The larger body
size of the rat in comparison to the mouse allows for the appli-
cation of various physiological and surgical manipulations that
may prove to have biological significance [1]. Since laboratory
mice still represent a convenient experimental animal for re-
search and monitoring the progression of genetic manipula-
tions [2], the rat system may not have been regarded as

Abbreviations: GFP, green fluorescent protein; Luc, luciferase; Tg, trans-
genic; LEW, Lewis; LacZ, beta-galactosidase; MHC, major histocompatibility
complex; HSC, hematopoietic stem cell; MSC, mesenchymal stromal cell;
SDF-1, stromal cell-derived factor-1; CXCL, CXC chemokine; CXCR, CXC
chemokine receptor.
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a favorable model for biomedical research. However, new
translational research fields in medicine (e.g., tissue engineer-
ing and regeneration medicine) demand the use of the rat
system as an excellent animal model system, in which various
techniques in medicine can be successfully applied. Recent
advances in genetic manipulation have resulted in the develop-
ment of the “color-engineered” rat system (see the review by
Murakami and Kobayashi [1]).

Up to the mid-1990s, it was believed that only a limited
number of organs and tissues possessed a regeneration program
after birth. For example, repair in the adult brain was believed
to be restricted to a post-mitotic event (see review by Hallberg-
son et al. [3]). However, current advances in regeneration med-
icine show promise for the restoration of form and function to
damaged tissues. Mesenchymal stromal cells or mesenchymal
stem cells (MSCs), which have been shown to differentiate into
bone, cartilage, fat, myoblasts and neurons [4—9], are expected
to be used in cell therapy for human diseases [10—12].
Although demonstration of functional tissue regeneration and
the isolation of tissue precursor cells from adult organs have
offered insights into a new therapeutic approach towards the
repair of damaged tissues, knowing the fate of transplanted



164 M. Hara et al. | Journal of Autoimmunity 30 (2008) 163—171

cells and tissues using appropriate markers is essential in delin-
eating the scientific basis of such research. Therefore, the
“color-engineered” rat system should play an important role
in monitoring the in vivo fate of transplanted cells.

1.2. In vivo bioimaging for preclinical studies

In order to understand profound biological processes as
they occur in living animals, imaging strategies have been
developed and refined that reveal cellular and molecular bio-
logical events in real time. In particular, the development of
molecular tags such as green fluorescent proteins (GFP)
from the jellyfish (Aequorea victoria) and luciferase from
the firefly (Photinus pyralis) has accelerated a revolution
over the past decade, allowing complex biochemical processes
to be associated with the functioning of proteins in living cells
[13,14]. In vivo bicimaging utilizes fluorescent and/or lumi-
nescent proteins as internal biological light sources (e.g.,
GFP and luciferase), and offers important opportunities for
the investigation of a wide variety of biological processes in
living cells and animals [14,15]. Results from the application
of these techniques are providing new and unique insights into
biological processes occurring in the complex environment of
the cell and/or the tissue. However, visualization of their fate
needs an appropriate cellular marking procedure. Indeed, it is
easy to use fluorescent dye and its use is relatively straightfor-
ward, but a significant drawback is that the fluorescent inten-
sity decreases during in vivo cellular proliferation. Therefore,
genetically encoded biological probes act as high-performance
tools to visualize cellular fate in living animals.

2. Bone marrow-derived MSCs in rats
2.1. Characteristics of MSCs

The mammalian bone marrow is composed of two major
types of stem cells, hematopoietic stem cells (HSCs) and
non-hematopoietic stem cells. The latter stem cells are termed
mesenchymal stromal cells or mesenchymal stem cells
(MSCs) [16,17]. Mesenchymal cells are originally defined as
primordial cells of mesodermal origin giving rise to skeletal
muscle cells, blood, vascular and urogenital systems, and con-
nective tissues throughout the body [16,18,19]. In this regard,
MSCs have the potential for self-renewal and differentiation as
exhibited by authentic HSCs, and based on their multi-lineage
potential, MSCs are capable of differentiating into myoblasts,
bone, cartilage or fat [4—9]. Thus, the clinical use of MSCs is
of considerable interest in regenerative medicine.

Before the characterization of potential differentiation,
MSCs were first described in the 1970s by Friedenstein
et al. [20], who discovered that the cells adhered to tissue
culture plates, resembled fibroblasts in vitro, and formed col-
onies. These characteristics have been identified in MSCs
from numerous species, including humans, rats, mice and
monkeys [21—25]. However, an issue of increasing impor-
tance concerning generation of MSCs is the lack of a specific
marker or combination of markers that specifically define

MSCs. It is known that in vitro expanded MSCs express phe-
notypically a number of non-specific markers, including
CD105, CD73, CD90, CD166, CD44 and CD29 [4,26]. Hema-
topoietic and endothelial markers such as CD11b, CD14,
CD31 and CD45 are generally negative [4]. Interestingly, al-
though human and rat MSCs have been shown to be negative
for CD34, both published and unpublished reports of murine
MSCs demonstrate variation of CD34 expression [27—29].
MSC populations are often heterogeneous between species,
and therefore it is necessary that generated MSCs are identi-
fied through a combination of physical, phenotypic and func-
tional properties. The classical method used to. identify MSCs
is the colony forming unit (CFU) assay, in which adherent
spindle-shaped cells that proliferate to form colonies should
be identified and induced to differentiate into adipocytes, oste-
ocytes and chondrocytes [16,18,19].

2.2. Generation of MSCs from photogenic rats

In an effort to obtain evidence in the laboratory for clinical
applications, the performance of appropriate animal studies is
one of the most critical steps. Based on the historical wealth
and profound accumulation of physiological and pharmaco-
logical data, the rat system represents an important animal
source for investigations concerning modern human health
and medicine [1]. Cells from “color-engineered” rats are serv-
ing as unique cellular probes for modern biomedical research.
As shown in Figs. 1A,B, isolated MSCs from wild-type LEW
rats (MHC haplotype: RT1') exhibited typical adherent spin-
dle-shaped cells that proliferate to form colonies, and differen-
tiated into adipocytes (Fig. 1C) and osteocytes (Fig. 1D). An
important question is “Do MSCs from engineered rats hold
appropriate differentiation potential as previously defined by
other research groups?” The answer is “yes”, and the above
characteristics were not altered even in transgenic rats that
harbor a single reporter gene or double reporter genes (unpub-
lished results). Figs. LE—G demonstrate that MSCs from lucif-
erase/lacZ and luciferase/GFP double transgenic rats hold their
stable marker gene expression.

Based on clonal analysis within a given MSC population,
only a low frequency of cells appear to have multi-potential
differentiation with most of the cells [30]. There are also gen-
erally only a few clones capable of extensive expansion.
Therefore, it is tempting to construct a hierarchical model re-
garding MSC cultures, in which multipotentiality for differen-
tiation is lost through passage in a culture and the majority of
cells become cells with a specific lineage potential. Senes-
cence of typical MSC cultures is also frequently observed
with progressive loss of multipotentiality. However, different
MSC populations demonstrate varying propensities toward
senescence. For example, human MSCs senesce after approx-
imately 40 population doublings, whereas senescence of rat
MSCs has not been reported [28,30]. Since MSCs from photo-
genic rats are also rapidly expanded into confluent cultures
(unpublished results), this growth property appears to repre-
sent a common feature of rat MSCs even with genetic
engineering.
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Fig. 1. Characteristics of MSCs from double reporter Tg LEW rats. (A) Colony formation of MSCs from wild-type LEW rats. Colonies were stained with crystal
violet. Notably, adherent spindle-shaped cells proliferate to form colonies. (B) Morphologies of MSCs generated from wild-type LEW rats (original magnification
x400). Under appropriate differentiation conditions, MSCs were capable of differentiating into (C) adipocytes (stained with oil red O for lipid droplets; original
magnification x200) and (D) osteocytes (stained with alizaline red for mineral deposition). (E) Luciferase activity of MSCs from double reporter Tg rats. Luciferase/
LacZ and luciferase/GFP double Tg LEW rats were created by cross-breeding luciferase Tg LEW rats [65] with LacZ and GFP LEW rats [66], respectively. Rep-
resentative luciferase imaging is shown using IVIS™ (Xenogen, Alameda, CA). MSCs from luciferase/LacZ and luciferase/GFP double Tg LEW rats expressed (F)
LacZ (by B-gal staining) and (G) GFP (under a 489-nm excitation light) (original magnification x400).

3. Migration behavior of MSCs
3.1. Delivery of MSCs to the target tissue

MSCs possess a high expansion potential and genetic sta-
bility, and can be easily isolated and transferred from the lab-
oratory to the bedside. These characteristics may provide
a benefit for different delivery methods and formulations. Fur-
thermore, MSCs have two other remarkable features: 1) the
ability to migrate to sites of tissue injury and inflammation
[31—33]; and 2) strong immunosuppressive properties that
can potentially lead to successful autologous and heterologous
transplantations [34]. In addition, MSCs have also been
reported to migrate to tumors when they are systemically
infused [35,36]. Thus, these attractive features of MSCs en-
courage investigation of MSCs as therapeutic tools and are
leading us to potential uses for cell therapy.
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Wakitani et al. [37] demonstrated MSC differentiation to
myogenic cells in vitro, and also provided evidence that
MSCs underwent myogenic differentiation in areas of induced
muscle degeneration after infusion into immunodeficient mice
[38,39]. However, although there is emerging evidence in
regard to target migration and differentiation of MSCs through
systemic injection [35,36,40,41], the fate of injected MSCs
requires elucidation. Intravenously injected MSCs are mostly
trapped in the microvasculature of the lung because of their
size and the adhesion potential, and therefore it is not always
thought to be the best route for MSC injection despite the mi-
gration potential of MSCs. A better method of MSC delivery
may be through the artery [42,43]. We therefore investigated
how MSCs from luciferase/LacZ double transgenic LEW
rats migrate into a damaged limb muscle through the artery.
Generated MSCs possessed an appropriate differentiation
potential (see in Fig. 1), and MSCs (1 x 10°%) were injected
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into either the right femoral artery or the muscle of LEW rats,
in which the right hamstring muscle of rats was pretreated
with 10 pM cardiotoxin (0.3 ml) to induce muscle degenera-
tion [38]. MSC-derived photons were analyzed using in vivo
luminescent imaging. As shown in Fig. 2A, MSC-derived
photons could be easily observed at the injured site in the in-
tra-arterial delivery, and signals of the intra-arterial delivery
were 4—5 fold higher than those of the intramuscular injec-
tion. In fact, delivered cells in the muscle were clearly
stained by beta-gal staining (Fig. 3B). These data strongly
support the view that intra-arterial delivery of MSCs is po-
tentially an efficient method for selective delivery to an in-
jured site. We further examined the fate of increased
numbers of MSCs (2.4 x 10%) in the same animal model.
Strikingly, the delivery method through the artery gave
strong photo-signals at the injured limb site 30 min after in-
fusion (day 0). However, data showed that MSC-derived pho-
tons were accumulated in the lung despite the injection of
MSCs into the artery, suggesting that MSCs can potentially
pass through peripheral capillaries. Moreover, the signals
from the lung decreased within 2 days, whereas those from
the injured limb did not increase and slowly faded out within
7 days. Thus, it is unlikely that recirculating MSCs after the
pulmonary trapping migrate to the injured limb site. Al-
though the intra-arterial delivery of MSCs is a worthy selec-
tive method for delivery towards injured sites, it should be
noted that MSCs could pass through peripheral capillaries
and be trapped in the lung.

Intra-artery

Im injection
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3.2. Chemotactic migration of MSCs

The observation that infused MSCs accumulated at a tumor
site [35,36,44] is of keen interest in the biology of MSCs
(Fig. 4A). Indeed, the process of tumor stroma formation is
similar to wound healing [45], and may result in tissue remod-
eling with a high proliferation of mesenchymal cells [46,47].
While the migratory behavior of MSCs has now been exten-
sively reported, we have yet to determine what signal guides
migration of MSCs to specific in vivo targets. If such a signal
exists, what molecule mediates migration of MSCs? Inflam-
mation at wound sites appears to be an initial signal, in which
the homing and migration of leukocytes are promoted for the
first defense through the deployment of chemokines and recep-
tors. Chemokine receptors promote directional migration of
immune cells toward inflamed tissues by inducing adhesion
of leukocytes to endothelial cells through integrin activation,
mediating cytoskeletal rearrangement to make cells more mo-
tile, and guiding cells in the direction of increasing chemokine
gradients [48—50]. At present, many cell types, including
smooth muscle, stromal, neuronal and epithelial cells, express
chemokine receptors [51]. Thus, chemokines and their recep-
tor system may be involved in multiple aspects of tissue
homeostasis and cellular trafficking.

CXCLI12 (stromal cell-derived factor-1 [SDF-1]) and its
receptor CXCR4 play a critical role in homing, as shown by
studies on engraftment of HSCs [52] and investigations of
bone metastasis of breast and prostate cancer cells [53,54].

Fig. 2. In vivo luciferase imaging of injected MSCs from luciferase/LacZ double Tg LEW rats. (A) Degeneration of the right tibial muscle of LEW rats was induced
by treatment with 0.3 ml of cardiotoxin (10 pM) 24 h before MSC injection. Luciferase/LacZ MSCs (1 x 10%) were injected into either the right femoral artery
(upper panels) or tibial muscle (lower panels) of muscle-injured rats, and MSC-derived photons were monitored using IVIS™ (Xenogen). (B) Accumulation of
luciferase/LacZ MSCs in the injured muscle at 10 days post-injection (B-gal staining). Upper panel: MSCs injected through the femoral artery; lower panel: MSCs
delivered through an intramuscular injection. Original magnification x400. (C) Relatively higher number of luciferase/LacZ MSCs (2.4 x 10% injected into the
femoral artery of rats pretreated with 10 uM cardiotoxin to induce muscle injury. Significant photons were observed in the lung and injured limb at day 0 post-

injection (30 min).
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