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Figure 2 Proliferation and cytokine production after transplantation. (a) Flow cytometric analysis of CD4/CD8 proliferation in vivo by carboxyfluorescein
diacetate succinimidyl ester (CFSE) staining. Splenocytes (SPs) (H-2" 1 x 10°) from either wild type (WT) or IL-21R knockout (KO) mice were stained with
CFSE and transplanted into irradiated Balbjc mice; three days later, SPs were collected and analyzed. Donor cells were selected by gating on H-2¢". The
numbers at left quadrants were the percentage of dividing cells in CD4 or CD8 cells (mean + s.e.m.). Total number of recipients analyzed was six mice in each
group. (b) Serum cytokine concentrations at day 14 after transplantation. Balb/c recipients were transplanted with 5 x 10° IL-21R KO-BM and either 5 x 10°
IL-21R KO-SP or WT-SP. Serum was sampled at day 14 after transplantation, and cytokine concentrations of IFN-v (left panel) and IL-4 (right panel) were
determined by ELISA. Total number of recipients analyzed was more than six mice in each group. (¢) Serum cytokine concentrations at day 6 after
transplantation. C57BL/6-DBA2 F1 recipients were transplanted with 1x 10° SPs from WT or IL-21R KO mice. Serum was sampled at day 6 after
transplantation, and cytokine concentrations of IFN-y (left panel) and IL-4 (right panel) were determined by ELISA. Total number of recipients analyzed
was five mice in each group. (d) Transplantations were carried out as in (c). At day 6, SPs (1 x 10°) from recipients of WT-SP or IL-2IR KO-SP were
incubated with 30 Gy irradiated 4 x 10° SPs from C57BL/6 (syngeneic) or C57BL/6-DBA2 F1 (allogeneic) mice. After 72h, cytokine concentrations in the
supernatants were determined by ELISA. Total number of recipients analyzed was five mice in each group.

ELISA

Unless otherwise specified, all error bars in this study
Enzyme linked immunosorbent assay kits for cytokines,

are s.e.m.
IFN-y and IL-4 were purchased from BD Bioscience or
R&D Systems. Concentrations were determined according
to the manufacturer’s instructions.
Results

Statistical analysis

Kaplan—Meier plots were used to compare survival rates.
The log-rank test was used to evaluate P values. The
Mann-Whitney U test was used to calculate P values for
the GVHD clinical score. Statistical analyses were per-
formed using “Stat Mate ver. 6” (ATMS, Tokyo, Japan).

IL-2I1R™'~ SPs (KO-SP) cause attenuated GVHD with
WT-BM

A well-established MHC-mismatch CD4 T cell-mediated
GVHD model, C57BL/6 (H-2%) — Balb/c (H-2%), was used
to evaluate the role for IL-21 in GVHD. BM cells and SPs
were taken from donor C57BL/6 WT or IL-21R KO mice
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Figure 3 Effects of additional CD4 or CD8 T cells on survival.
(a) Survival curve with addition of either wild type (WT)- or IL-2IR
knockout (KO)-CD4 cells. Transplantations were carried out as in
Figure lc. CD4 T cells (5% 10°) from either WT or KO mice were
transplanted concomitantly with KO-BM (5 x 10° and KO-splenocyte
(SP) (5 x 10°). (b) Survival curve with addition of either WT- or IL-21R
KO-CDS8 cells. CD8 T cells (5 x 10°) from either WT or IL-21R KO mice
were transplanted with IL-2IR KO-BM (5 x 10%) and IL-21R KO-SP
(5% 10%. The combined results of three independent experiments are
shown. P-value was calculated by log-rank method.

and transplanted into irradiated Balb/c mice. Recipients of
BM and SPs from WT mice became ill after 3-4 weeks and
suffered from diarrhea, ruffled hair, a hunched posture and
diminished body weight. In contrast, mice transplanted
from IL-21R KO mice showed attenuated GVHD symp-
toms and survived longer (Figure la, P=0.0003, log-rank
test). Strikingly, no mouse receiving the WT-SPs group
survived more than 4 months, whereas 40% of the mice
receiving the IL-21R KO SPs survived for 4 months or
longer. Consistent with this, clinical GVHD scores in mice
transplanted from IL-21R KO-SPs were significantly less
than those in controls (Figure 1b). In both groups,
approximately 85% engraftment in peripheral blood was
achieved, indicating that the difference was not attributable
to a difference in engraftment,

KO-SP causes attenuated GVHD when combined with
KO-BM

In the preceding experiments (Figures la and b), we used
unfractionated WT-BM, which presumably contained
IL-21R-expressing T cells that could respond to IL-21.
To eliminate contaminating IL-21R*/* T cells from BM,
we next used BM from IL-21R KO mice, in combination
with SPs from either WT or KO mice. This resulted in
enhanced differences in survival between the groups
receiving the WT vs IL-2I1R KO-SP after two months:
0 vs 60% (Figure 1lc, P=0.0001 by log-rank test),
respectively, confirming the former results (Figures la
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and b) and a critical role for IL-21 in GVHD. Consistent
with this, clinical GVHD scores in the WT-SP group were
higher than those in the IL-21R KO-SP group (Figure 1d).

CD4/CD8 proliferation and serum cytokine levels

To investigate the mechanisms underlying the attenuated
GVHD in IL-2IR KO-SP transplanted mice, we first
counted the number of CD4 and CD8 cells in the spleens 14
days after transplantation. In both IL-2IR KO-SP and
WT-SP transplanted mice, both cell types were similar in
number (Table 1). Next, SPs were stained with carboxy-
fluorescein diacetate succinimidyl ester to determine their
proliferation in mice after transplantation. Both CD4 and
CD8 cells from either WT-SP or IL-2IR KO-SP trans-
planted mice showed similar proliferation profiles at day 3
(Figure 2a). Serum concentrations of IFN-y and IL-4 at
day 14 (Figure 2b), those at day 6 (Figure 2¢), and IFN-y
and IL-4 produced by recipients’ SPs stimulated with
allogeneic SPs in vitro were comparable between two
groups (Figure 2d).

Effects of additional CD4 or CDS cells on survival

To investigate whether CD4* T cells are more important
for GVHD than CD8* T cells in our system, we added
either WT-CD4™" or IL-21R KO-CD4* T cells onto the
result-predictable transplantation with IL-21R KO-BM
and IL-2IR KO-SP (Figure lc). The addition of
WT-CD4 ™ cells resulted in a significantly worse survival
than seen with the addition of IL-21R KO-CD4™* cells
(Figure 3a, P=0.0024, log-rank method). In contrast to
this, the difference between WT-CD8* and IL-21R KO-
CD8* T cells did not reach statistical significance
(Figure 3b, P=0.09, log-rank method), although they have
similar tendency, suggesting that WT-CD4 ™ rather than
WT-CD8™* cells is more important for GVHD, at least in
our conditions.

A decoy receptor of IL-21 ameliorates GVHD

To develop a treatment or prophylaxis model in mice and
exclude the possibility that the ameliorated GVHD is due
to an intrinsic defect in the TL-21R KO-SPs, we designed a
decoy receptor of IL-21, which contains its signal sequence,
extracellular domain and transmembrane domain, but a
truncated intracellular domain. The ¢cDNA encoding this
truncated IL-21R was produced by PCR, sequenced, and
its extracellular expression in 293 cells was confirmed by
flow cytometric analysis using an anti-IL-2IR Ab
(Figure 4a). In 293 cells, we confirmed that the IL-21R
decoy reduced IL-21 concentration in the medium in vitro
(Figure 4b). Using retroviral transduction, we expressed the
decoy receptor in IL-21R KO-BM cells and transplanted
them concomitantly with WT-SPs. We carried out three
independent experiments and evaluated the survival. Two
weeks after transplantation, transduction efficiencies were
determined in peripheral blood by measuring green
fluorescent protein-positive cells, and were found to be
approximately 30-70% (Figure 4c). In an additional
experiment, in which transduction efficiency was 40%, the
serum concentration of IL-21 was not detectable in decoy
receptor transduced BM recipients, whereas those trans-
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Figure 4 Forced expression of IL-21 decoy receptor ameliorated GVHD. (a) Expression of the IL-21 decoy receptor in the 293 cels. (b) In vitro activity of
IL-21 decoy receptor. In all, 293 cells were transduced with either the IL-21 decoy receptor or empty vector, and then recombinant mouse 1L-21 (1000 pg/mt)
was added to the medium. IL-21 levels were determined by ELISA after 18h. Shown is mean xs.d. from three independent experiments (P =10.003).
(c) Transduction efficiency in peripheral blood 2 weeks after transplantation. Transduction efficiency was determined by flow cytometric analysis.
Transduced cells are green fluorescent protein (GFP)-positive as the vector contains internal ribosomal entry site (IRES)-GFP. (d) Serum concentration of
IL-21 at day 14 after transplantation. In this particular experiment, transduction efficiency was approximately 40% in both groups. Total mice analyzed
were four empty vector transduced BM recipients and five decoy receptor transduced BM recipients. (e) Survival curve after forced expression of the IL-21
decoy receptor. Balb/c recipients were irradiated with 8 Gy and transplanted with wild type splenocytes (5 x 10} and either empty-vector or decoy-receptor
transduced BM (starting dose at 5 x 10°). Filled squares and filled triangles indicate transplantions with empty-vector transduced BM (n = 18) and decoy-
receptor transduced BM (1= 18), respectively. The combined results of three independent experiments are shown (P=0.003, log-rank test).

duced with the empty vector showed 22 pg/ml on average
(Figure 4d), indicating that the decoy receptor significantly
diminished serum IL-21 in vivo. Although most of the
expression was transient, decoy IL-21R-transduced BM
resulted in prolonged survival compared with empty-vector
transduced BM (Figure 4e, P=0.003, log-rank test),
suggesting that blockade of the IL-21 signal might be an
effective treatment or prophylaxis for GVHD. These results
are consistent with the results shown above (Figure 1), and
support the hypothesis that IL-21 promotes GVHD.

The attenuated GVHD appeared to be independent of
cytotoxic molecules

The significance of cytotoxic molecules such as perforin and
granzyme B in GVHD has been reported.?* To investigate
the relationship between these molecules and the attenuated
GVHD, we sought to see the levels of expression of these
molecules in CD4% and CD8* T cells. No clear difference
between WT-SP and IL-21R KO-SP transplanted mice was
detected (Figure 5a). Moreover, we used a combination of
1L-21 decoy receptor and perforin-deficient mice. The IL-21

decoy receptor-transduced BM improved survival of
recipients with SPs from perforin-deficient mice, suggesting
that the mechanism of the attenuated GVHD is primarily
independent of perforin in vive (Figure 5b). The Fas/FasL
system is another cytotoxic molecule and was reported
to be important for GVHD rather than GVL.>?¢
To investigate a possible role for Fas/FasL in the
attenuated GVHD, we analyzed the effect of IL-21 decoy
receptor transduced BM on survival of recipients with SPs
from FasL deficient (g/d/gld) mice and found enhanced
survival, suggesting that the mechanism of the attenuated
GVHD is also primarily independent of Fas/FasL
(Figure 5c).

Discussion

Here, we report that 1L-21 is critical for GVHD. SPs from
IL-21R~/~ (KO) mice induced less severe GVHD than
those from WT mice. Moreover, a decoy receptor for 1L-21
attenuates GVHD and prolongs survival, confirming the
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Figure 5 The ameliorated GVHD is dependent on neither FasL nor perforin. (a) Perforin and granzyme B expression in CD4/CDS8 cells. C57BL/6-DBA2
F1 recipients were transplanted with 1 x 10® splenocytes (SPs) from wild type or IL-2IR~/~ mice. tRNA and protein were harvested from CD4 or CD8 cells
purified from transplanted mice at day 6 after transplantation. Results of RT-qPCR and western blot analysis are shown in upper and lower panel,
respectively. (b) Survival curve with SPs from perforin deficient mice. C57BL/6-DBAZ2 F1 recipients were irradiated with 11 Gy and transplanted with either
empty-vector or decoy-receptor transduced BM (final cell number: 3-3.2 x 10°) with SPs from perforin-deficient mice (3.75-5 x 107). Filled squares and filled
triangles indicate transplantations with empty-vector transduced BM (n = 9) or decoy-receptor transduced BM (1 =9), respectively. The combined resuits of
two independent experiments are shown. P-value was calculated by the log-rank method. Transduction efficiencies two weeks after transplantation in
peripheral blood were around 30-70% like Figure 4c. (¢) Survival curve with SPs from FasL deficient mice (g/d/gld mice). C57BL/6-DBA2 F1 recipients were
irradiated with 11 Gy and transplanted with either empty-vector or decoy-receptor transduced BM (final cell number: 3.2-3.5 x 10%) with SPs from g/d/gld
mice (8-10 x 107). Filled squares and filled triangles indicate transplantations with empty-vector transduced BM (1= 12) or decoy-receptor transduced BM
(n=12), respectively. The combined results of two independent experiments are shown. The P-value was calculated by the log-rank method.

former experiments with KO mice and suggesting that a
possible clinical application of blocking IL-21 for the
treatment or prophylaxis of GVHD.

Serum IFN-y and IL-4 concentrations, CD4/CD8 T-cell
proliferation at day 3 after transplantation, and the number
of CD4*/CD8™" T cells in spleens of recipients at day 14
after transplantation, all appeared to be comparable
between two groups at least under the conditions we have
tested. In addition, the decoy IL-2IR also ameliorated
GVHD induced by FasL-deficient and perforin-deficient
SPs, suggesting that Fas/FasL and perforin are not crucial
for the mechanism of the attenuated GVHD by IL-21R KO
SPs. However, we could not rule out the possibility that the
other transplantation conditions might make the difference
more profound and lead to interpretation of the mechan-
isms. Results of additional CD4%/CD8* experiments
suggested the importance of CD4% cells. We are now
investigating the process by using other transplantation
models, such as purified CD4" T-cell transplantation.

Although we have shown that 1L-21 is critical for GVHD in
two different systems using both IL-21R KO mice and decoy
receptor for IL-21, the molecular mechanisms by which
blocking IL-21 attenuates GVHD are not clear at this point,

As the transplantation model we used is an MHC-
mismatch CD4%* cell-mediated GVHD, a role for IL-21 in
both CD8* cell-mediated GVHD and MHC-matched
GVHD is an area for future investigation.

Here, we opened a new insight for mechanisms of GVHD.
These results would help in understanding the mechanisms of
GVHD and in developing a treatment for GVHD. In fact, we
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could demonstrate that IL-21 blockade is a potentially novel
approach for the treatment or prophylaxis of GVHD in
mouse model. Further in vivo and in vitro studies, including
humans, are required to potentially translate these results
from mouse models to human diseases.
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Objective. Hematopoietic stem cells (HSCs) reside in the osteoblastic niche, which consists of
osteoblasts. Mesenchymal stromal cells (MSCs) have an ability to differentiate into osteo-
blasts. Here, using nonhuman primates, we investigated the effects of cotransplantation
with MSCs on the engraftment of HSCs after autologous intra-bone marrow transplantation.

Materials and Methods. From three cynomolgus monkeys, CD34-positive cells (as HSCs) and
MSCs were obtained. The former were divided into two equal aliquots and each aliquot was
genetically marked with a distinctive retroviral vector to track the in vivo fate. Each HSC
aliquot with or without MSCs was autologously injected into the bone marrow (BM) cavity
of right or left side, enabling the comparison of in vivo fates of the two HSC grafts in the
same body.

Results. In the three monkeys, CD34™ cells transplanted with MSCs engrafted 4.4, 6.0, and 1.6
times more efficiently than CD34" cells alone, as assessed by BM colony polymerase chain
reaction. In addition, virtually all marked cells detected in the peripheral blood were derived
from the cotransplantation aliquots. Notably, colony-forming units derived from the cotrans-
plantation aliquots were frequently detected in BM distant sites from the injection site,
implying that cotransplantation with MSCs also restored the ability of gene-marked HSCs
to migrate and achieve homing in the distant BM.

Conclusion. Cotransplantation with MSCs would improve the efficacy of transplantation of
gene-modified HSCs in primates, with enhanced engraftment in BM as well as inereased
chimerism in peripheral blood through migration and homing, © 2009 ISEH - Society for
Hematology and Stem Cells. Published by Elsevier Inc.

Hematopoietic stem cells (HSCs) have been shown to
reside in the hematopoietic niche, such as the osteoblastic
or vascular niche [1,2]. The osteoblastic niche is provided
by bone marrow (BM) osteoblasts, which are derived
from mesenchymal stromal cells (MSCs) [3-5]. Although

Offprint requests to: Yutaka Hanazono, M.D., Ph.D., Division of Regen-
erative Medicine, Center for Molecular Medicine, Jichi Medical Univer-
sity, 3311-1 Yakushiji, Shimotsuke-shi, Tochigi 329-0498, Japan; E-mail:
hanazono @jichi.ac.jp

Supplementary data associated with this article can be found, in the
online version, at doi:10.1016/j.exphem.2009.07.008.

conditioning, such as total body irradiation or administra-
tion of busulfan, would be required for successful engraft-
ment of transplanted HSCs, the treatment may destroy the
osteoblastic niche, hampering engraftment [6]. If an osteo-
blastic niche could be generated through cotransplantation
with MSCs, the engraftment of HSCs would be enhanced;
however, MSCs cannot home to or engraft in BM when
transplanted via vessels [7]. On the other hand, the direct
transplantation of HSCs into a BM cavity, namely intra-
bone marrow transplantation (iBMT), improves engraftment
of HSCs compared with intravascular transplantation [8—13].
In fact, one clinical trial of iBMT has been published
recently [14] that demonstrates early donor engraftment

0301-472X/09 $-see front matter. Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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after allogeneic iBMT, suggesting safety and efficacy of
iBMT. Previous studies have demonstrated that cotransplan-
tation with MSCs improves engraftment of HSCs in mice
[15-17], especially after iBMT [18]. However, neither
systematic human nor large animal’s studies have been con-
ducted to evaluate the efficacy of cotransplantation with
MSCs.

To assess the efficacy of cotransplantation with MSCs in
nonhuman primates, we applied hemi-iBMT in cynomolgus
monkeys; i.e., the BM on one side (right or left) of the body
was transplanted with HSCs together with MSCs and the
other side was transplanted with HSCs alone. We geneti-
cally marked HSCs before transplantation with two distinct
retroviral vectors to identify transplanted cells derived from
the two HSC aliquots and to compare their in vivo fates
[19,20]. This hemi-iBMT method combined with the dual
genetic marking technique enables us to evaluate the results
in the same body, comparing the outcomes of cells of
interest with that of control cells; thus, there is no need to
consider the variation in results among monkeys. Here we
show that cotransplantation with MSCs improves engraft-
ment of HSCs after iBMT in nonhuman primates.

Materials and methods

Animals

Cynomolgus macaques (Macaca fascicularis) were housed and
handled in accordance with the Rules for Care and Management
at the Tsukuba Primate Research Center (Ibaraki, Japan) and
with the Guiding Principles for Animal Experiments using Non-
Human Primates formulated by the Primate Society of Japan.
The protocol of the experimental procedures was approved by
the Animal Welfare and Animal Care Committee of the National
Institute of Biomedical Innovation (Osaka, Japan).

Isolation of cynomolgus MSCs and CD34™ cells

BM cells were collected by aspiration from the iliac bone of cynomol-
gus monkeys and processed as described previously [13,21]. From the
harvested cells, the nucleated cell fraction was obtained after red
blood cell lysis with ACK buffer (155 mM NH,CI, 10 mM
KHCO;, and 0.1 mM ethylenediamine tetraacetic acid; Wako, Osaka,
Japan). MSCs were isolated by plastic adherence for 1 hour, and
cultured for 2 to 3 weeks (i.e., three to four passages) in Dulbecco’s
modified Eagle’s medium supplemented with 20% fetal bovine serum
and penicillin/streptomycin at 37°C with 5% CO,. After isolation of
adherent cells, nonadherent cells were enriched for CD34™ cells by
magnet beads conjugated with anti-human CD34 (clone 561; Dynal,
Lake Success, NY, USA) which cross-reacts with cynomolgus CD34
[21]. The purity of CD34™ cells ranged from 90% to 95%, as assessed
with another anti-human CD34 (clone 563; Pharmingen, San Diego,
CA, USA) which cross-reacts with cynomolgus CD34 [21]. Mean
enrichment after the selection of CD347 cells was 84-fold in terms
of colony-forming units (CFUs).

Retroviral transduction

We used GINa and LNL6 retroviral vectors expressing the
neomycin resistance gene (neo™ [19,20]. Titers of the viral
supernatants used in the present study were both 1x10°

particles/uL, as assessed by Retrovirus Titer Set (for real-time
polymerase chain reaction [PCR]) according to manufacturer’s
instruction (Takara, Shiga, Japan). CD34" cells were cultured at
starting concentrations of 1 to 5x10% cells/mL in vector superna-
tant (frozen-and-thawed once) of G1Na or LNL6. Four-day trans-
duction (one supernatant transduction per day) with recombinant
human stem cell factor (SCF), recombinant human Fms-like tyro-
sine kinase 3 ligand (Flt3-ligand) (R&D Systems, Minneapolis,
MI, USA), and recombinant human thrombopoietin (Kirin, Tokyo,
Japan) each at 100 ng/mL in dishes coated with 20 ug/cm2 of Ret-
roNectin (Takara, Shiga, Japan) was conducted as described previ-
ously [13]. After 4-day transduction, cells were washed, frozen,
and stocked until transplantation.

iBMT

Before transplantation, conditioning was performed; either total
body irradiation (550 ¢Gyx2) in the first monkey examined, or
administration of busulfan (Busulfex) in the second (8 mg/
kgx2) and third (10 mg/kgx1) monkey. After conditioning,
monkeys were anesthetized and two needles were inserted into
both ends of the femur or humerus [13,22]. A syringe containing
50 mL heparin-added saline was connected to one needle and an
empty syringe was connected to the other. Normal saline was irri-
gated gently from one syringe to another through the marrow
cavity twice to remove BM cells physically. Then, gene-marked
CD34% cells with or without MSCs were suspended in 500 pL
phosphate-buffered saline (PBS) containing 50% autologous
serum, and injected into the marrow cavity.

Sampling of BM cells and peripheral blood cells

One or two months after transplantation, peripheral blood (PB) and
BM cells were taken to assess the in vivo fate of two .aliquots. PB
cells were collected routinely post-transplantation. To harvest BM
cells, monkeys were sacrificed, the ilinm marrow was aspirated
using BM needles, and the limb marrow was taken by irrigation
with PBS.

Clonogenic hematopoietic progenitor assays

Cells were plated in a 35-mm Petri dish in 1 mL MethoCult GF*
H4435 (StemCell Technologies, Vancouver, BC, Canada). After incu-
bation for 14 days at 37°C with 5% CO,, colonies containing > 50
cells were counted using an inverted light microscope, and plucked
for PCR as described here. Experiments were conducted in triplicate.

PCR

All the procedures were followed in detail as described previously
[13]. From PB nucleated cells, genomic DNA was extracted using
the QIAamp DNA Blood Mini Kit (Qiagen, Chatsworth, CA,
USA). From BM colonies, genomic DNA was extracted as
follows; well-separated, individual colonies at day 14 were
plucked into 50 pL distilled water, and digested with 20 pg/mL
proteinase K (Takara, Shiga, Japan) at 56°C overnight, followed
by 99°C for 10 minutes. For the semi-quantitative PCR of
PB samples, DNA (50 ng) was amplified in triplicate with
neo™-specific primers for both GINa and LNL6 (5'-TCCAT
CATGGCTGATGCAATGCGGC-3' and 5'-GATAGAAGGCGAT-
GCGCTGCGAATCG-3'). The final sizes of the PCR products
were 435 base pairs (bp) for both G1Na and LNL6. For PCR of
BM colonies, the outer primer set for both GINa and LNL6
vector was 5'-GGCCAGACTGTTACCACTCC-3' and 5'-CAGT
CATAGCCGAATAGCCTCT-3, and the inner primer set for
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Figure 1. Study design using cynomolgus monkeys. Autologous bone marrow (BM) cells were harvested and separated into two populations, either adherent
stromal cells or nonadherent cells. From the nonadherent cells, CD34™ cells were purified (referred to as hematopoietic stem cells [HSCs])), and divided into
two equal aliquots. Each aliquot was genetically marked with a distinctive neo®-retroviral vector, GINa or LNL6. The stromal cells (referred to as mesen-
chymal stromal cells [MSCs]) were expanded ex vivo, and then transplanted together with HSCs as a cotransplantation aliquot into the right side of the BM
cavity after conditioning, The other aliquot of HSCs was transplanted alone into the left side of the BM cavity of the same body, namely hemi intra-bone
marrow transplantation (iBMT). After transplantation, BM and peripheral blood (PB) cells were taken and subjected to colony and semi-quantitative poly-

merase chain reaction (Q-PCR), respectively.

both G1Na and LNL6 vector was 5-CGGATCGCTCACAAC
CAGTC-3' and 5'-AGAACCTGCGTGCAATCCATC-3'. The final
sizes of the nested PCR products were 455 and 439 bp for GINa
and LNLG, respectively. The final PCR products were separated on
2% agarose gels, or analyzed by capillary electrophoresis (HAD-
GT12 System; Qiagen), which allows distinguishing of the sizes

of DNA products (16-bp difference) in high resolution.
Statistics

Statistical analyses were performed using Student’s rtest. A p
value <0.05 was considered statistically significant.

Results

Improved engraftment of

HSCs after cotransplantation with MSCs

We examined whether gene-marked CD34% cells with
MSCs would engraft more efficiently than those without

Table 1. Ex vivo transduction and transplantation

MSCs after iBMT in a cynomolgus autologous transplanta-
tion model. We performed hemitransplantation (Fig. 1); the
concept has been explained in the introduction. CD34%
cells were isolated from three monkeys and divided into
two equal aliquots. Each aliquot was transduced with the
neo®-expressing retroviral véctor G1Na or LNL6. The
mean transduction efficiency was 74.0% with no marked
differences between the two vectors (Table 1). We injected
the transduced CD34™ cells with or without MSCs directly
into the BM cavity after gently irrigating the cavity with
saline. The procedure was safely conducted without pulmo-
nary embolism or infection of BM. After iBMT, we
compared the engraftment of the two aliquots by BM
colony PCR,; that is, we plated BM cells in methylcellulose
medium and examined resulting colonies for the provirus
by PCR. Schematic representation of the study design is
shown in Figure 1.

Fraction of
provirus-positive

Sex/Age (y)/ Groups of Vectors for No. of infused CFUs in infused No. of infused
Animal (ID no.) body weight (kg) hemi-iBMT marking CD34™" cells/kg CD347 cells (%) MSCs/kg
Monkey 1 (H025) Male/5/3.5 Cotransplant* G1Na 4.1x10% 7/12 (58.3) 3.0x10°
HSC alone LNL6 3.3x10° 6/11 (54.5) 0
Monkey 2 (H030) Male/8/6.5 Cotransplant* LNL6 3.4x10° 23/33 (69.7) 7.7x10°
HSC alone G1Na 2.8x10° 27/30 (90.0) 0
Monkey 3 (H033) Male/8/6.2 Cotransplant* G1Na 6.6x10* 11/13 (78.6) 5.2x10°
HSC alone LNL6 7.1%x10* 13/14 (92.9) 0

CFUs=colony-forming units; HSC=hematopoietic stem cell; iBMT=intra-bone marrow transplantation; MSCs=mesenchymal stromal cells.

*Cotransplant means transplantation of HSCs combined with MSCs,
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Figure 2. Improved engraftment of hematopoietic stem cells (HSCs) after cotransplantation with mesenchymal stromal cells (MSCs). (A) Efficacy of co-
transplantation with MSCs. The numbers of engrafted gene-marked colony-forming units (CFUs) are shown, either derived from the cotransplantation
aliquots (black columns) or from the HSC-alone aliquots (white columns). After sacrificing the animals, BM cells were harvested from the ilium in Monkey
1 and from the limbs (humerus and femur of both sides) in Monkeys 2 and 3. Total numbers of CFUs marked with G1Na or LNL6 from the marrow samples
of each animal are indicated. (B) The engraftment site of gene-marked CFUs. Numbers of gene-marked CFUs detected in the limbs of either the injection or

opposite side are separately shown for each aliquot.

In the first monkey examined (Monkey 1), one HSC
aliquot, genetically marked with G1Na, was transplanted
into the right side together with MSCs, while another
HSC aliquot, genetically marked with LNL6, was trans-
planted into the left side without MSCs. At day 46 after
transplantation, the cotransplantation aliquot engrafted 4.4
times more efficiently than the HSC-alone aliquot, as as-
sessed by colony PCR of the ilium marrow that was neutral
from both sides (47.8% vs 10.9%, respectively) (Table 2
and Fig. 2A). In the second monkey (Monkey 2), hemi-
iBMT was conducted with the switching of vectors to
exclude the possibility of a vector-associated bias. The
cotransplantation aliquot again engrafted more efficiently
(6.0 times) than the HSC-alone aliquot, as assessed by
colony PCR of marrow from the four limbs at day 39 after

transplantation (6.0% vs 1.0%, respectively) (Table 2 and
Fig. 2A). In the third monkey (Monkey 3), the cotransplan-
tation aliquot engrafted more efficiently than the HSC-
alone aliquot at day 56 after transplantation, although the
difference in this monkey was not as significant, as assessed
by colony PCR (7.1% vs 4.5%, respectively) (Table 2 and
Fig. 2A). These results suggest that cotransplantation with
MSCs improves engraftment of HSCs in nonhuman
primates.

In addition, in two of the three animals (Monkeys 2
and 3), CFUs derived from the cotransplantation aliquots
were detected in the BM of the opposite side (Fig. 2B),
implying that the transduced CD34" cells injected into
the BM might migrate and achieve homing to the
distant BM.
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Table 2. In vivo transduction levels post-transplantation with or without MSCs

In vivo marking

Groups of Site of Sampling of BM* (% of provirus- Fold increase

Animal (ID no.) hemi-iBMT iBMT Vectors for marking  (post-transplantation) positive colonies) in engrafted CFUs'
Monkey 1 (H025) Cotransplant  Right humerus/femur GI1Na [lium (day 46) 22/46 (47.8) 4.4

HSC alone Left humerus/femur LNL6 5/46 (10.9)
Monkey 2 (HO30) Cotransplant  Right humerus/femur LNL6 Limbs (day 39) 12/192 (6.0) 6.0

HSC alone Left humerus/femur GINa 2/192 (1.0)
Monkey 3 (H033) Cotransplant  Right humerus/femur G1Na Limbs (day 56) 8/112 (7.1) 1.6

HSC alone Left humerus/femur LNL6 5/112 (4.5)

BM=bone marrow; iBMT=intra-bone marrow transplantation; MSCs=mesenchymal stromal cells.
*Bone marrow cells were taken from the ilium and/or limbs (humerus and femur on both sides).
¥Fold increase in engrafted colony-forming units (CFUs) was calculated by dividing the number of CFUs derived from cotransplantation aliquots by that from

hematopoietic stem cell (HSC)-alone aliquots.

Origin of marked cells in PB

Although there were no marked cells detected in the PB in
Monkey 1, 2.0% and 0.4% of the PB cells were marked in
Monkeys 2 and 3 on days 33 and 35 post-transplantation,
respectively, as assessed by semiquantitative PCR
(Fig. 3A). With capillary electrophoresis, which can detect
a 16-bp difference between G1Na and LNLG, these cells
were proven to be marked with the vector for the cotrans-
plant aliquot (Fig. 3B). In all monkeys examined, cells
derived from the HSC-alone aliquots were barely detected
in the PB. These results clearly indicate that cotransplanta-
tion with MSCs enhances transplant-derived chimerism in
the PB.

Mechanism of improvements by MSCs

Previous studies demonstrated that, in human-mouse xeno-
graft models, transplanted human MSCs, after their differ-
entiation into osteoblasts, osteocytes, and endothelial
cells, appeared to be involved in the maintenance of human
hematopoiesis through two ways: via their physical interac-
tion with primitive hematopoietic cells [18] and via factors
they secrete, such as stromal derived factor-1 (SDF-1) [18],
which have been shown to regulate the proliferation and
survival of hematopoietic stem and progenitor cells
[12,23-25]. To assess the former possibility, we retrovirally
marked MSCs with the B-galactosidase gene before trans-
plantation in Monkey 3, but could not detect LacZ-positive
cells in the BM (data not shown), possibly due to the low
expression level or immune clearance of LacZ. As grounds
of the latter possibility, it has been reported that the expres-
sion of hematopoiesis-supporting cytokines including SCF,
SDF-1, and angiopoietin-1 was upregulated in preadipo-
cytes during differentiation from MSCs [26]. Contrary to
our expectations, we found the reverse tendency: decreased
concentrations of these cytokines in the BM transplanted
with HSCs and MSCs as compared to those with HSCs
alone, albeit not at significant levels (SDF-1a, p=0.21;
SCF, p=0.46; angiopoietin-1; p=0.39; Supplementary
Figure E1 (online only, available at www.exphem.org). It
is possible to speculate that poor engraftment with HSCs

alone might stimulate compensatory signaling pathways
to upregulate the expression of these hematopoiesis-
supporting cytokines.

Discussion

Clinical trials to intravenously coinfuse MSCs have already
been reported both in the autologous [27] and allogeneic
[28,29] settings; however, they aimed at feasibility and
safety, and are not controlled studies. We obtained the
favorable results in terms of engraftment of HSCs in the
controlled autologous setting in monkeys.

Although the migration of HSCs post-transplantation has
already been demonstrated in mouse syngeneic iBMT,
human-mouse xeno-iBMT, and monkey auto-iBMT models
[8,10-13], it has been reported that ex vivo cultured HSCs
lose their capacity for migration and homing [30].
However, there was still a residual capacity for migration
in ex vivo manipulated HSCs without cotransplantation of
MSCs in our study (Fig. 2B). After cotransplantation with
MSCs, the ex vivo manipulated HSCs began to migrate to
the distant BM much more frequently, suggesting that
cotransplanted MSCs restored the properties of HSCs for
migration and homing, at least in part. Moreover, the effi-
cacy of MSCs was much more marked in the PB rather
than in the BM, implying that MSCs might have some
effects on the mobilization steps.

Our setting of hemitransplantation with dual genetic
marking allows tracking and comparison of two HSC grafts
with or without MSCs in the same monkeys, and thus it is
meritorious for evaluation of migration and homing as
described here. It is also useful, considering that there are
large individual differences in outbred monkeys, unlike
mice. Individual differences in monkeys often overwhelm
differences in experimental data. In fact, the differences
in the engraftment post-transplantation among Monkeys
1 to 3 (up to 10-fold) are apparently larger than the differ-
ences in the engraftment between the two HSC grafts (up to
6.0-fold) (Table 2).
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Figure 3. Contribution of transplant-derived cells to the peripheral blood (PB). (A) Polymerase chain reaction (PCR) products separated on agarose gels. The
genomic DNA extracted from the PB of Monkey 2 on day 33 and Monkey 3 on day 35 post-transplantation was subjected to semiquantitative PCR for the
vector neo” sequence. Neo®-marked cells were detected in the PB after transplantation. Positive controls corresponding to 0.002%, 0.02%, 0.2%, 2%, 20%,
and 200% of marked cells were included. (B) Capillary electrophoresis of PCR products. The PCR products in (A) were subjected to capillary electrophoresis
with positive controls. This technique enables us to distinguish G1Na and LNL6 markings with only a 16-bp difference. Upper and lower bands denote G1Na
and LNLS6, respectively. The detected bands in the PB were all derived from the cotransplantation aliquots.

Current literature on the subject of coinfusion of MSCs
with HSCs in an allogeneic setting suggests that enhanced
engraftment is achieved via dampening of the immune
response against donor HSCs [28,29]. Such a mechanism
cannot be formally ruled out, even in our autologous
setting, because transplanted HSCs were genetically
modified to express a foreign gene (neo™).

Although the efficacy of cotransplantation with MSCs
was suggested, the overall rate of HSCs engraftment in this
study appears to be low, as is the case in other studies using

nonhuman primates [31,32]. Further improvements should
be needed to apply these methods to human trials. We did
not follow the animals long-term in the present study. We
would like to see whether or not cotransplantation with
MSCs brings better engraftment. Thus, we euthanized
monkeys at 1 to 2 months post-transplantation to harvest
all the ilium and limbs marrow and we could not follow
them longer-term. Therefore, the present results will reflect
the behavior of short-term hematopoietic repopulating cells,
and longer follow-up (at least 180 day) should be needed to
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evaluate the long-term efficacy of cotransplantation with
MSCs. There also remains a concern over safety. Because
we used ex vivo expanded MSCs, there is a possibility of
causing tumors, such as osteosarcoma. Longer-term studies
are needed to assess safety as well.
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Supplemental Figure E1. Cytokine levels in the bone marrow (BM) and
peripheral blood (PB) post intra-bone marrow transplantation. Stromal
derived factor-1a. (A), stem cell factor (B), and angiopoietin-1 (C) in the
PB and BM plasma were quantified with enzyme-linked immunosorbent
assay that was shown to cross-react with cynomolgus counterparts. The
sample plasma was obtained from the limb marrow (humerus and femur
of right or left side), ilium marrow, and PB in Monkey 3 on day 56 post-
transplantation. The cytokine concentrations in the cotransplantation site
(right side) and hematopoietic stem cells alone site (left side) are shown.
The ilium is not an injection site and thus serves as controls. The PB
also serves as controls. Data represent mean * standard deviation.
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Abstract

Background Mesenchymal stem cells (MSCs) are a promising vehicle for
targeted cancer gene therapy because of their potential of tumor tropism. For
efficient therapeutic application, we developed retroviral vector-producing
MSCs that enhance tumor transduction via progeny vector production.

Methods Rat bone marrow-derived MSCs were nucleofected with the
proviral plasmids (vesicular stomatitis virus-G protein-pseudotyped retroviral
vector components) (VP-MSCs) or pLTR plasmid alone (non-VP-MSCs). The
luciferase-based in vivo imaging system was used to assess gene expression
periodically. To evaluate the anticancer effects, we administered MSCs
expressing herpes simplex virus-thymidine kinase (HSV-tk) into the left
ventricular cavity of nude mice engrafted with 9L glioma cells subcutaneously.

Results Invivo imaging revealed that administration of luciferase-
expressing non-VP-MSCs enhanced the bioluminescence signal at the inoc-
ulation sites of 9L cells, whereas no accumulation was observed in mice
at the site of the control Rat-1 fibroblasts. Compared to non-VP-MSCs, the
administration of VP-MSCs resulted in significant augmentation of the signal
with an increase in transgene copy number. Immunohistochemical analysis
showed marked luciferase expression at the tumor periphery in mice injected
with VP-MSCs, whereas little expression was detected in those injected
with non-VP-MSCs. Under the continuous infusion of ganciclovir, systemic
administration of VP-MSCs expressing HSV-tk suppressed tumor growth more
effectively than non-VP-MSC administration, whereas no anticancer effect was
observed without ganciclovir treatment. Furthermore, VP-MSC administration
caused no transgene transduction in the normal tissues and organs.

Conclusions VP-MSCs accumulated at the site of tumors after intravascular
injection in tumor-bearing mice, followed by insitu gene transfer to
tumors without transduction of normal organs. When applied to the HSV-
tk/ganciclovir suicide gene therapy, more efficient tumor growth suppression
was observed using VP-MSCs compared to non-VP-MSCs. This VP-MSC-based
system has great potential for improved cancer gene therapy. Copyright ©
2009 John Wiley & Sons, Ltd.

Keywords HSV-tk; invivo imaging; retroviral vector; suicide cancer gene
therapy; vector-producing MSCs

Introduction

Tumor invasions and metastases are the principal causes of death in patients
with cancer. However, current anticancer strategies are typically associated
with high toxicity and modest success rates. Suicide gene therapy has been
tested for the treatment of invasive tumors such as malignant glioma; for this
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therapy, retroviral vectors expressing herpes simplex
virus-thymidine kinase (HSV-tk) combined with treatment
with the prodrug ganciclovir (GCV) have been developed
[11. However, this system still has two hurdles, namely,
the transduction efficiency of tumors and immune
responses generated against the vectors [2]. In addition, it
is essential that the vector has a tumor tracking property
to effectively attack invasive or metastatic lesions with
minimal adverse effects [3].

Mesenchymal stem cells (MSCs), as derived from adult
bone marrow, fat, or fetal tissues, are a promising
tool for regenerative medicine because of their self-
renewal capacity and multilineage differentiation ability.
Recent evidence suggests that bone marrow-derived MSCs
selectively accumulate at tumors, and they are promising
vehicles for tumor-targeting therapy [4,5]. However,
MSCs may provide structural support to malignant cells
and locally attenuate the tumor surveillance system
through their immunosuppressive effects, leading to the
progression of tumor growth [6-8]. Therefore, MSCs
should be modified to have an increased antitumor
activity in order to use them for cancer gene therapy
[5,9,10].

Systemic administration of genetically modified MSCs
to produce an anticancer cytokine has been shown to be
effective in tumor suppression. Intravenous injection of
MSCs expressing interferon (IFN)-g inhibits the expansion
of the pulmonary metastasis of melanoma and breast
cancer in mice [11] and prolongs the survival of mice
with glioma xenografts [4]. For more efficient and specific
MSC-based gene therapy, we aimed to develop MSCs with
a vector-producing property.

In the present study, we developed MSCs that locally
produce the HSV-tk-expressing retroviral vectors (VP-
MSCs), which facilitate transgene transduction and
tumor targeting. By using a mouse subcutaneous glioma
model, we examined tumor tropisms and cancer-
killing effects of systemically administered VP-MSCs.
To assess the safety of this system, we demonstrated
that tumor-specific transduction was achieved by the
progeny retroviruses produced by VP-MSCs at the site
of tumors.

Materials and methods

Cell culture

The malignant rat glioma cell line 9L and fibroblasts
derived from a normal rat Rat-1 were obtained from
the Riken BRC Cell Bank (Ibaraki, Japan) [12]. The
stable firefly luciferase-expressing rat MSCs and 9L
(9L/LNCL) were developed by transduction with a
recombinant retroviral vector encoding luciferase and
neomycin resistance genes. The cells were cultured in
Dulbecco’s modified Eagle’s medium and nutrient mixture
F12 (DMEM-F12; Invitrogen, Grand Island, NY, USA)
and 10% fetal bovine serum (FBS; Sigma Chemical Co.,
St Louis, MO, USA) supplemented with 100 units/ml
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of penicillin and 100 pg/ml of streptomycin in an
atmosphere of 5% CO, at 37°C.

MSC isolation and culture

All animal experiments were approved by the Jichi
Medical University ethics committee and were performed
in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. MSCs
were prepared from the rat bone marrow as described
previously [13]. Briefly, 5-week-old male Sprague-Dawley
(SD) rats (Clea Japan, Tokyo, Japan) were sacrificed by
an overdose of isoflurane inhalation, and their femurs and
tibias were dissected. After the epiphyses were removed,
the bone marrow was flushed out with DMEM-F12. A
single cell suspension was obtained by sequential drawing
of the marrow into syringes through 27-G needles. The
cells were cultured at a density of 1 x 106 cells/cm? in
noncoated T-25 or T-75 cell culture flasks containing
DMEM-F12 and 10% FBS supplemented with 100
units/ml of penicillin and 100 ug/ml of streptomycin
in an atmosphere of 5% CO; at 37°C. After 3 or
4 days of culture, the medium was replaced and the
non-adherent cells removed. Thereafter, the medium was
then changed twice weekly. When 60-80% confluence
was attained, the adherent cells were placed at a density
of 1 x 10* cells/cm? in a T-225 flask for expansion. After
15 passages, the cells were used for the experiments.

VP- and non-VP-MSC preparation

HSV-tk or the firefly luciferase expression cassette was
cloned into pLTR to create pLTR-tk or pLTR-luc. pGP
and pVSV-G express the Moloney murine leukemia virus
gag-pol and the vesicular stomatitis virus-G (VSV-G)
pseudotyped envelope protein under the control of a
cytomegalovirus promoter, respectively [12]. Nucleofec-
tion of MSCs was performed according to the manu-
facturer’s instructions (Amaxa Biosystem, Cologne, Ger-
many). To generate VP-MSCs, 2 x 10% MSCs were gently
resuspended in 100 ul of Human Mesenchymal Nucleo-
fector Solution (Amaxa Biosystem) and mixed with the
proviral plasmids pGP, pVSV-G and pLTR-tk or pLTR-luc
at concentrations of 1, 1 and 2 pg, respectively. The
mixture was then pulsed with the program U-23. Non-
VP-MSCs were generated by nucleofection with pLTR-tk
or pLTR-luc alone. Vector-producing HEK293 (VP-293)
cells and non-VP-293 cells were similarly developed
by nucleofection using the X-01 pulse program. Cells
were cultured in six-well plates containing prewarmed
DMEM-F12 before the experiments. Quantification of
RNA genome titer in culture supernatant was deter-
mined by reverse transcription-quantitative polymerase
chain reaction (PCR) using a Retrovirus Titer Set (Takara
Bio Inc., Shiga, Japan) according to the manufacturer’s
instructions. The results of viral titer were expressed as
genomes/pil.

J Gene Med 2009; 11: 373-381.
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Transduction of 9L cells and MSCs with
progeny retrovirus produced by
VP-MSCs

The 100-ul culture supernatants of luciferase-expressing
VP-MSCs or non-VP-MSCs in a 96-well plate after
24 h of nucleofection were added to 9L cells or MSCs
(1 x 10% cells for each well) in a 96-well plate. After
48 h of incubation, transduction efficiency was estimated
by the luciferase assay using a chemiluminometer
(Fluoroskan Ascent FL, Thermo Labsystem, Beverly,
MA, USA) and the Bright-Glo Reagent kit (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions.

Chemiluminescence assay for
evaluating tumor-killing effects in vitro

9L/LNCL cells stably expressing luciferase were used
in the present study. Briefly, 5 x 10* 9L/LNCL cells
were cocultured with 2.5 x 10* VP-MSCs or non-VP-
MSCs in 48-well flat-bottomed plates (day 0). At day
3, the cells were exposed to varying concentrations
(0.01-100 pmol/1) of GCV (F. Hoffmann-La Roche, Basel,
Switzerland). At day 7, the luciferase assay was performed
with a chemiluminometer (Thermo Labsystem) using
the Bright-Glo Reagent kit (Promega) according to the
manufacturer’s instructions.

Determination of HSV-tk transgene
copy number in vitro

To estimate the copy number of transgene in the cells
transduced with retroviral progeny, 9L cells and MSCs
were co-cultured and whole cells were collected at
day 7. Quantitative values were obtained from the
threshold cycle (Ct) number that indicated exponential
amplification of the PCR product by using a sequence
detection system (ABI Prism 7700; Applied Biosystems,
Madison, WI, USA). The relative copy number of
the HSV-tk gene was determined as the ratio of the
copy numbers in the group of 9L cells co-cultured
with VP-MSCs to the copy numbers in the non-
VP-MSC group. The copy number of the reference
gene GAPDH was also determined to correct the
variation in the DNA amount and amplification efficiency.
The gene specific primers are shown below: HSV-tk
forward, 5-CGTCGCCGATGGGGTGTTCT-3', reverse, 5'-
GCGCGGCCGGGTAGCACAGG-3', rat GAPDH forward, 5'-
CAGCAATGCATCCTGCAC-3/, and reverse, 5'-GAGTTGC-
TGTTGAAGTCACAGG-3'.

In vivo bioluminescence imaging for
detecting transgene expression

9L cells or Rat-1 cells (3 x 10% each) in 100 ul of
phosphate buffer saline (PBS) containing 25% (v/v)

Copyright © 2009 John Wiley & Sons, Ltd.
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basement membrane matrix (Matrigel; BD Biosciences,
Franklin Lakes, NJ, USA) were subcutaneously inoculated
into the bilateral dorsal region (3 x 108 cells/site) of 4-
to 6-week-old male Balb/c nu/nu mice (Clea Japan).
Immediately after inoculation, the luciferase-expressing
VP-MSCs or non-VP-MSCs (5 x 10° cells/body each)
were injected into the left ventricular cavity of mice.
Three experimental groups were formed: group 1,
mice inoculated with Rat-1 cells and injected with
non-VP-MSCs; group 2, mice inoculated with 9L cells
and injected with non-VP-MSCs; and group 3, mice
inoculated with 9L cells and injected with VP-MSCs;
n = 4 for each group. After injection of the cells, optical
bioluminescence imaging was performed to periodically
trace the cells using an invivo imaging system (IVIS;
Xenogen, Hopkinton, MA, USA). The reporter substrate
D-luciferin (75 mg/kg body weight) was injected into
the mouse peritoneum for scanning. The luminescence
levels in the region of interest (total flux; photons/sec)
were analysed using the Living Image software (Xenogen,
Alameda, CA, USA).

Immunohistochemistry

Mice were anesthetized with an overdose of isoflurane
inhalation and fixed by perfusion with 4% paraformalde-
hyde. The tissues were then embedded in an opti-
mal cutting temperature compound (Sakura Finetek,
Tokyo, Japan), frozen, and sectioned into 20-um-thick
slices. Immunohistochemical staining was performed with
a rabbit monoclonal anti-luciferase antibody (1 :5000;
Promega) by the avidin-biotin-peroxidase method. Irrele-
vant rabbit immunoglobulin (Ig)G (Promega) was used as
a negative control. Sections were treated with horseradish
peroxidase-labelled anti-rabbit IgG secondary antibody
(Dako, Glostrup, Denmark; 1:200), and luciferase-
positive cells were visualized using the Vectastain Elite
ABC kit (Vector Laboratories, Burlingame, CA, USA). The
sections were counterstained with hematoxylin.

Determination of luciferase transgene
copy number in vivo

To estimate the copy number of transgene in tissues
in tumor-bearing mice, small pieces of tissues were
obtained from peripheral and central portions of the
tumors at 21 days after MSC administration. Quantitative
values were obtained from the threshold cycle (Ct)
number that indicated exponential amplification of the
PCR product by using the sequence detection system
(ABI Prism 7700). The relative copy number of the
luciferase gene was determined as the ratio of the copy
numbers in the peripheral or central portions of tumors
in the group of 9L tumor in mice inoculated with VP-
MSCs to the copy numbers in non-VP-MSCs group. The
copy number of the reference gene GAPDH was also
determined to correct for variation in the DNA amount

J Gene Med 2009; 11: 373-381.
DOIL: 10.1002/igm



376

and amplification efficiency. The gene specific primers
were: Luc forward, 5-TTCTGGGGGCGCACCTCTTC-3,
and reverse, 5'-GGGGGCCACCTGATATCCTTTGTA-3'.

Survival of MSCs at the tumor sites in
vivo

The stable luciferase-expressing MSCs were mixed with an
equal number of nontransduced 9L cells (1.5 x 10° cells
each) and were suspended in 100 ul of PBS containing
25% (v/v) Matrigel. Immediately, the mixture was
subcutaneously inoculated into the bilateral dorsal region
of nu/nu mice (n = 4 for each group). Luminescence at
the tumor sites was periodically determined using IVIS
(Xenogen), and the luminescence levels were analysed
using Living Image software (Xenogen).

Assessment of tumor-specific
transduction

To estimate the level of progeny retroviral transduction,
PCR analysis was performed. DNA was extracted from
the tumors or normal tissues by using a DNA extraction
kit (Qiagen) at 21 days after MSC injection and then
amplified using Ex Taq (Takara Bio Inc.). The PCR
products (560 bp) extending from the 5 long-terminal
repeat (LTR) or 3’-LTR of the retroviral vector were
produced using the gene-specific primers: LTR forward,
5-AGGGCCAAGAACAGATGAGACAGC-3' and reverse, 5'-
GTACAGACGCAGGCGCATAACATC-3'. Conversion of the
3'-LTR to the 5-LTR after retroviral transduction was
confirmed by the typical banding pattern (440 bp +
120 bp fragments) generated after Xbal digestion.

Assessment of the anticancer effects of
VP-MSCs in vivo

9L/LNCL cells (3 x 10° each) in 100 pl of PBS containing
25% (v/v) Matrigel were subcutaneously inoculated in
the bilateral dorsal region of 4- to 6-week-old male
Balb/c nu/nu mice. PBS (group 1), MSCs (group 2),
HSV-tk-expressing non-VP-MSCs (group 3) or VP-MSCs
(group 4; 5 x 10° cells/body each) were then injected
into the left ventricular cavity of the mice (n =4 for
each group). Seven days after MSC injection, GCV
(100 mg/kg/day) or PBS was continuously administered
into the peritoneum by using mini-osmotic pumps (Alzet,
Palo Alto, CA, USA) for 28 days. The tumor growth was
monitored two or three times a week by measuring
tumor sizes using a caliper, and tumor volumes were
calculated using the formula: tumor volume (mm?) =
a(mm) x b>(mm?) x 0.5 (a, the height of the tumor; b,
the width of the tumor).

Statistical analysis

Data from multiple experiments are expressed as the
mean + SEM. Statistical analyses were performed
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using StatView (Abacus Concepts, Inc., London, UK).
Differences in parameters were evaluated by analysis
of variance combined with Welch’s t-test. p < 0.05 was
considered statistically significant.

Results

Characterization of VP-MSCs

Consistent with previous studies, the bone marrow-
derived rat MSCs used in the present study exhibited
a spindle shape; they differentiated into adipocytes,
osteocytes, and chondrocytes in appropriate culture
media (data not shown). The green fluorescence protein
(GFP)-based semiquantitative analysis revealed that
nucleofection is more efficient for the transfection of MSCs
than the calcium-phosphate method and lipofection: the
percentage of GFP-positive MSCs after 24 h of transfection
by each method was approximately 60.1%, 3.1% and
12.3%, respectively.

The secretion of retroviral vectors into the cul-
ture media of VP-MSCs (Figure 1a) and VP-293 cells
(Figure 1b) increased and peaked at 48 h after nucleofec-
tion, whereas the vector production from non-VP-MSCs
or non-VP-293 cells was undetectable. There was no sig-
nificant difference in the amounts of produced vectors at
48 h between VP-MSCs and VP-293 cells.

Chemiluminescence assay showed that 9L glioma cells
were efficiently transduced with the vectors generated
from VP-MSCs (Figure 1c). On the other hand, when
MSCs were treated with the culture media of VP-
MSCs or non-VP-MSCs, transduction was undetectable
(Figure 1d).

Tumor-killing effects of VP-MSCs in
vitro

The in vitro luciferase assay revealed that the biolumi-
nescence signal of luciferase-expressing 9L/LNCL cells
decreased in a GCV dose-dependent manner after cocul-
ture with HSV-tk-expressing MSCs (Figure 1e). The con-
centration required to induce a 50% inhibition (ICsg)
value of GCV in the presence of VP-MSCs at day 7 was
considerably lower than that in the presence of non-VP-
MSCs (0.33pmol/1 versus 83umol/1). At this time-point,
real-time PCR analysis showed that the relative copy
number of the HSV-tk gene in the VP-MSC group was
approximately 17.5-fold more than that in the non-VP-
MSC group (Table 1). Because transduction of MSCs with
progeny retrovirus was inefficient (Figure 1d), these data
suggests that 9L glioma cells were mainly transduced
with progeny luciferase-expressing retrovirus produced
by VP-MSCs (Figure 1c).

J Gene Med 2009; 11: 373--381.
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Figure 1. Function of vector-producing mesenchymal stem cells (VP-MSCs) in vitro. (a, b) Time course of luciferase-expressing
retrovirus production from VP-MSCs and vector-producing HEK293 (VP-293) celis. VP-MSCs (a, @; n = 3) or VP-293 (b, @; n = 3)
were developed with pGP, pVSV-G, and pLTR-luc at concentrations of 1, 1 and 2 pg by nucleofection. Non-VP-MSCs (a, O; n = 3)
or non-VP-293 (b, O; n = 3) were developed with pLTR-luc by nucleofection. The RNA genome titer of progeny virus in the
culture supernatant of these cells was determined by reverse transcription-quantitative PCR. (¢, d) Transduction of rat glioma 9L
cells (c) or MSCs (d) with luciferase-expressing retrovirus produced by VP-MSCs. The 9L cells and MSCs were treated with the
culture supernatant of non-VP-MSCs (open bar; n = 3) or VP-MSCs (solid bar; n = 3) that were nucleofected 2 days before. The
luminescence levels of these cells were measured by a chemiluminescence luciferase assay after 48 h of treatment. (e) Tumor-killing
effects of VP-MSCs in vitro. MSCs were cocultured with luciferase-expressing 9L/LNCL glioma cells at a ratio of 1:3 (day 0), and
different doses of GGV (0.01-100 mmol/l) were added to the culture media on day 3. The number of viable 9L/LNCL cells was
estimated by a luciferase assay on day 7. The groups were as follows: MSCs without genetic modification (O); MSCs nucleofected
with herpes simplex virus-thymidine kinase (HSV-tk)-expressing plasmid (non-VP-MSCs, @); and MSCs nucleofected with retroviral

vector components pLTR-tk, pGag-pol, and pVSV-G (VP-MSCs, O). For each group, n = 3; *p < 0.05 versus non-VP-MSC group

Table 1. Relative HSV-tk transgene copy number in the
co-cultures of 9L tumor cells and MSCs

Relative HSV-tk transgene copy number

Non-VP-MSCs 1.0
VP-MSCs 17.5

9L cells and MSCs were co-cultured and whole cells were collected at
day 7. The relative copy number of the HSV-tk gene was determined
as the ratio of the copy numbers in the group of 9L cells co-cultured
with VP-MSCs to the copy numbers in the non-VP-MSC group. The copy
number of the reference gene GAPDH was also determined to correct the
variation in the DNA amount and amplification efficiency.

Tumor tropism of VP-MSCs in vivo and
enhanced transgene expression in situ

In vivo imaging indicated that luciferase-expressing MSCs
transiently appeared just after injection at high perfusion
organs, such as the brain, liver, kidney and spleen,
irrespective of administration of VP- or non-VP-MSCs
(day 0). After systemic administration of non-VP-MSC,
the signal peaked at day 10 and declined thereafter at
the tumor sites, whereas no signal enhancement was
observed at the site of Rat-1 inoculation (Figures 2a

Copyright © 2009 John Wiley & Sons, Ltd.

and 2b). By contrast, the signal after administration of VP-
MSCs further increased over day 21 (Figures 2¢ and 2d),
and no signal was observed in the normal organs at this
time-point. Immunohistochemical studies showed marked
luciferase expression at the tumor periphery in the VP-
MSC group after 21 days of administration (Figure 2e).
No signal of luciferase expression was observed in the
normal tissues at this time-point. Real-time PCR analysis
revealed that the relative copy number of the luciferase
gene at the tumor periphery of the VP-MSC group was
approximately 47.5-fold more than that of the non-VP-
MSC group (Table 2). These results indicate not only
successful retroviral vector production by VP-MSCs, but
also effective gene transfer by progeny retrovirus in situ.

Survival of MSCs at the tumor site

The enhanced signal observed in the VP-MSC group
may be in part due to expansion or division of VP-
MSCs in situ. To exclude this possibility, we estimated
the survival of MSCs in the vicinity of the 9L tumor. We
employed stable luciferase-expressing MSCs to avoid the
conditions of transient gene expression. When the cells
were inoculated with 9L tumor cells at the dorsal region

J Gene Med 2009; 11: 373-381.
DOI: 10.1002/jgm



378

R. Uchibori et al.

(a) )
Non-VP.-MSCs
] = 40x108
Rat-1 3 ] jd
. ?é‘ 3.0x106 i
( g |
Non-VP-MSCs A
l L 20x10¢ - *T*/l
ol ] . * Ll{
L 1.0x10° - L
© 5 1
° »/'/ E
VP-MSCs = 0 ool b
! 20 25
gL
(e}
§
B
[+ 8

Central

Figure 2. Tumor tropism and enhanced transgene expression after VP-MSC administration. Rat-1 fibroblasts (a) or 9L glioma cells (b,
¢) were subcutaneously inoculated into the bilateral dorsal region of Balb/c nu/nu mice (3 x 108 cells/site). Luciferase-expressing
MSCs (5 x 105 cells/body) were then administered through the left ventricular cavity (day 0). Luminescence was periodically
measured through an intraperitoneal injection of p-luciferin (days 0-21). (d) Quantification of luminescence levels at the 9L tumor
site after injection of VP-MSCs (O) or non-VP-MSCs (0). For each group, n = 4; *p < 0.05 or **p < 0.01 versus non-VP-MSC group.
(e) Immunostaining for luciferase expression in the subcutaneous tumor, MSCs (5 x 105 cells/body) were injected into the left
ventricular cavity immediately after subcutaneous inoculation of 9L cells in the bilateral dorsal part of the Balb/c nu/nu mice (day
0). The tumor tissues were obtained 21 days after MSC administration. Luciferase-positive cells (brown) were detected at the tumor
periphery with an anti-luciferase antibody. Arrowheads, luciferase-positive cells. Scale bar = 100 mm

Table 2. Relative luciferase transgene copy number in 9L tumors
in mice inoculated with VP-MSCs

Relative luciferase
transgene copy number

Experiment 1 Experiment 2
Central Non-VP-MSCs.Luc ND ND
VP-MSCs.Luc ND ND
Peripeheral Non-VP-MSCs.Luc 1.0 1.0
VP-MSCs.Luc 47.5 27.7

Small pieces of tissues were obtained from peripheral and central portions
of tumors at 21 days after MSC administration. The relative copy number
of the luciferase gene was determined as the ratio of the copy numbers
in the peripheral portions of tumor in the group of 9L tumors inoculated
with VP-MSCs to the copy numbers in non-VP-MSCs. The copy number of
the reference gene GAPDH was also determined to correct for variation
in the DNA amount and amplification efficiency.

of the mice (day 0), the luciferase expression peaked at
day 10 and rapidly declined after day 14 (Figures 3a
and 3b), indicating the elimination of inoculated MSCs.
These results suggest that the signal enhancement after

Copyright © 2009 John Wiley & Sons, Ltd.

day 14 in the VP-MSC group was not caused by the
expansion of inoculated MSCs.

Tumor-specific transduction by
VP-MSCs

We evaluated the progeny retroviral transuduction of the
tissues at 21 days after MSC administration. The 5'-LTR
sequence of transgene in VP-MSCs and non-VP-MSCs does
not contain the Xbal site (Figure 4a, upper panel). On the
other hand, the 5-LTR sequence of transgene in target
cells transduced with progeny retrovirus produced from
VP-MSCs contains the Xbal site because this 5'-LTR is the
copy of 3'-LTR (containing the Xbal site) in retroviruses
(Figure 4a, lower panel). Therefore, the presence of
two fragments (440 bp + 120 bp) of PCR products from
the 5-LTR region (560 bp) indicates that retroviral
vector-mediated gene transfer occurred. Because the PCR
products from the tumors in the VP-MSC group were
digested into two fragments with Xbal (Figure 4b), ths
means that the tumors were transduced with progeny
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