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Fig. 6. Effect of serial infusion of FVIII on cytokime response of pre-immumzed haemophilia A mice. Haemophilia A mice were intravenously immunized
with 0.05 U g"‘ BW FVIH art 16, 18, 20, 22 and 24 weeks. After measurement of ant-FVIII mhibirory antibodies titers, preimmunized mice were frequently
admimistered with FVIH (0.05 or 0.5 U g™ BW five times per week) through iVAD system, Splenocytes from pre-tmmunized (before, # = §), frequently FVIII-
mfused [0.05 (2 = 4) or 0.5 (1 = 3) U g~! BW five nmes per week] mice were cultured in the absence {open bars) or presence {closed bars) of 3 nu FVIII, and
their cytokine production (TL-2, TL-4, TL-10, IL-12 and IFN-y) were analyzed by ELISA as described in Methods. Values (pg mL™") are means = SD.

#P < 0.05; **P < 0.03.

IL-2, IL-12 and IFN-y in response to in witro FVIII
stimulation (Fig. 6). In contrast, splenocytes deriving
from mice with serial infusion of 0.05 U g™! BW FVII
did not increase their production of IL-2 and IFN-y,
although they counld secrete IL-12 after addition of
FVIIL. Moreover, 0.5 U g~! BW FVIli-repeated admin-
istrated mice produced significant amounts of IL-2 and
1L-12, bur did not change IFN-v levels even after
stimulation of FVIIL

Discussion

Haemophilia A patients with inhibitors are infused daily
FVII according to immune tolerance protocols with the
aim of eradicaring the antibody [10,11]. Central VADs
have been used 1o facilitate repeated administrarion of
clotting factor concentrates in haemophiliac children
requiring 1T [12,13]. We here established a method to
implant a VAD into haemophilia A mice (Fig. 1). We
could prevent exposure to FVII antigen in the mice
during the surgical procedure, because it is known that
the innate immune system is activated by endogenous
‘danger signals’ such as tissue damage that involves
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necrotic cell death [14]. Indeed, titers of anti-FVIII
inhibitory antibodies of the mice were elevated up to
400 BU mL™ after the fifth intermittent stimulation of
FVI, in good agreement with previous findings [9].
Central VADs are associated with infectious and
thrombotic complications necessitating the removal
[6], although recent data from the international-ITI
study showed that infectious episodes during [TI may
not influence treatment outcome [15]. In our animal
models, one mouse that had been frequently adminis-
tered 0.05 U g™t BW of FVIII exhibited a catheter-
related bleeding (Fig. 2; LD#3), whereas another one
with 0.5 U g " BW of FVII had occlusion of iVAD
system (Fig. 2, HD#4). Nonetheless, the iVAD would
be a useful tool to evaluate immune response against
sequential infusion of FVII antigen in haemophilia A
mice because they could be repeatedly infused more
than 180 rimes over 50 weeks.

Recent study showed that port systems are suitable for
inhibitor-expressing children with good predictors of 1T
success {16,17]. In our murine model, high titers against
FVII (>2000 BU mL™" during 50-100 EDs) were
decreased to <500 BU mL™? after 130-150 EDs in all
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mice with serial infusion of 0.05 U g™ BW of FVIII, even
though they were contimally exposed to FVII antigen
(Fig. 2). In contrast, mice administered high-dose
0.5 U g™ BW FVIII five rimes a week had high titers of
anti-FVTII inhibitery antibodies over 180 EDs, suggest-
ing that dose of FVIII antigen might be crucial for the
immune response in haemophilia A mice. We could not
induce immune tolerance in any adult haemophilia A
mouse with sequenrial infusion of FVII antigen, accord-
ing to the international consensus in which successful
immune tolerance induction in haemophilia A is car-
rently defined as both an undetectable inhibitor titer (less
than or equal to 0.6 BU mL™") and normalized FVIII
pharmacokinetics [18]. However, ant-FVIII IgG titers
were markedly decreased to undetectable levels after
80-180 EDs in mice with serial infusion of 0.05 U mL™*
FVIII (Fig. 3). The discrepancy between anti-FVIII inhib-
itory titers and anti-FVIII IgG titers may be dependent on
assay methods in which the former was one-stage APTT
measurement and the latter was ELISA using an anti-
FVII monoclonal antibody as standard.

In haemophilia A patients, several researchers re-
ported that IgG4 is the major component of anti-FVIII
antibodies, aithough all IgG subclasses have been found
[19,20]. In murine models, we showed that kinetics of
anti-FVIIT IgG1, IgG2a and IgG2b titers of haemophilia
A mice with serial infusion of 0.05 Ug™ BW FVII
were similar to those administered 0.5 U g™ BW FVIII
(Fig. 4). In contrast, titers of anti-FVIU IgG3 subclass
were decreased after 50~100 EDs in mice with serial
infusion of 0.05 Ug 1l BW FVIL The Thl immune
response is believed predominant in patients with
inhibitors in the long term [21], and was also the
predominant response in mice that developed antibodies
after challenge in adulthood [22,23]. We demonstrated
a dose-dependent CD4" T-cell proliferative response to
FVII in preimmunized mice (five times injection of
FVIH every 2 weeks), which is compatible with previous
studies demonstrating that human FVII is highly
immunogenic in haemophiliac mice (Fig. 5) [24]. Inter-
estingly, we observed that haemophilia A mice with
sequential infusion of 0.05 U g™ BW FVII after 180
EDs failed to develop CD4* T-cell proliferative response
to in vitro stimulation of FVII antigen (Fig. ). These T
cells could not produce any 11-2, IL-4, IL-10, nor IFIN-y
(Fig. ), whereas those from mice immunized with five-
times infusion of 0.5 U g™ BW FVII were able to
secrete significant amounts of IL-2, 1.-12 and IFN-y. It
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Tumor and Stem Cell Biology

NF-xB Activity Regulates Mesenchymal Stem Cell
Accumulation at Tumor Sites

Ryosuke Uchibori', Tornonori Tsukahara', Hiroyuki Mizuguchi®, Yasushi Saga?, Masashi Urabe’,
Hiroaki Mizukami®, Akihiro Kume', and Keiya Ozawa'+®

Absiract

Mesenchymal stem cells (MSC) accumulate at tumor sites when injected into tumor-bearing mice, perhaps
offering cellular vectors for cancer-targeted gene therapy. However, the molecular mechanisms involved in
MSC targeting the tumors are presently little understood. We focused on MSC-endothelial cell (EC) adhesion
following TNF-o stimulation in an attempt to elucidate these mechanisms. Interestingly, stimulation of MSCs
with TNF-o enhanced the adhesion of MSCs to endothelial cells in viiro. This adhesion was partially inhibited
by blocking antibodies against vascular cell adhesion molecule-1 (VCAM-1) and very late antigen-4 (VLA-4). It
is well known that TNF-o induces VCAM-1 expression via the NF-«B signaling pathway. Parthenolide has an
anti-inflammatory activity and suppressed NF-xB activity by inhibition of IxBa phosphorylation after TNF-a
stimulation and strongly inhibited TNF-a-induced VCAM-1 expression on MSCs. In vivo imaging using
luciferase-expressing MSCs revealed that the bioluminescent signal gradually increased at tumor sites in mice
injected with untreated MSCs. In contrast, we observed very weak signals at tumor sites in mice injected with
parthenolide-treated MSCs. Our results suggest that NF-«B activity regulates MSC accumulation at tumors,
by inducing VCAM-1 and thereby its interaction with tumor vessel endothelial cells. These findings have
implications for the ongoing development of efficient MSC-based gene therapies for cancer treatment. Cancer
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Introduction

Mesenchymal stem cells (MSC) are nonhematopoietic stem
cells with high-proliferative potency and have the ability to
differentiate into multiple lineages. They are detected in
several adult and fetal tissues, including bone marrow, adipose
tissue, and umbilical cord blood. MSCs have generated a great
deal of interest in their potential use in regenerative medicine
due to their ability to migrate to damaged tissues and to
produce cytokines. Furthermore, MSCs can be easily geneti-
cally modified with viral vectors to be used as novel cellular
vehicles in gene therapy protocols. MSCs are also used to treat
severe acute GVHD, because they accumulate at inflammatory
lesions and have immunomodulatory activity.

Interestingly, recent studies indicated that MSCs also have
the ability to accumulate in tumors. Therefore, they can be
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used as cellular vehicles for cancer-targeted gene therapy.
Intravenous injection of engineered MSCs expressing IFN-§
was reported to inhibit the growth of melanoma pulmonary
metastasis (1) and breast cancer (2) in mice and also
prolonged the survival of mice with glioma xenografts (3).
Furthermore, interleukin (IL)-12, which improves immune
surveillance against cancer cells (4), and chemokine CX3CL1
(fractalkine), which is able to activate T cells and natural
killer (NK) cells (5), were used as therapeutic molecules. We
have also shown that retrovirus vector-producing MSCs also
effectively inhibit tumor growth (6). In this context, treat-
ment has been developed using retroviral vectors expressing
the thymidine kinase of herpes simplex virus combined with
the prodrug ganciclovir.

The ability of MSCs to specifically localize the multiple
tumors, makes them extremely attractive for targeted cancer
therapy. The most likely cause of preferential migration was
considered to be the release of chemotactic gradients from
tumor tissues. MSCs have a variety of chemokine and cytokine
receptors and respond functionally to ligands iz vitro. Tumors
are known to produce a large amount of chemokines and
cytokines, which could serve as ligands for the receptors on
MSCs (7). Therefore, the mechanism of MSC accumulation at
the site of tumors seems to be based on their migratory ability.
Nevertheless, although various growth factors and chemo-
kines, such as platelet-derived growth factor (PDGF), hepato-
cyte growth factor (HGF), and stromal cell-derived factor-1o
(SDF-10t) may be involved, the detailed molecular mechanisms
of MSC accumulation at tumors are poorly understood.
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Mechanisms of MSC Accumulation at Tumor Sites

In the present study, we focused on MSC-endothelial cell
(EC) adhesion following TNF-¢ stimulation in an attempt to
elucidate the mechanism of MSC accurmulation at tumors.

Miaterials and Msthods

Cell culture

Bone marrow-derived human MSCs (Lonza Walkersville,
Inc.) were cultured in mesenPRO RS medium (Invitrogen).
HEK293-derived AD-293 cells (Stratagene), human embryonic
fibroblasts WI-38 (RIKEN BRC), human colon adenocarcinoma
cell lines SW480 (Cell Resource Center for Biomedical Research
Institute of Development, Aging and Cancer, Tohoku Univer-
sity, Miyagi, Japan), and SW480/RFP that was generated by
transduction of SW480 with red fluorescent protein-expressing
retrovirus vectors (RV-RFP), were grown in Dulbecco's Mod-
ified Eagle's Medium (DMEM)/F-12 medium (Invitrogen) sup-
plemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin  (P/S). Human endothelial progenitor cells
{(ApproCell Inc.) were cultured in endothelial progenitor cells
grown medium (ApproCell Inc.). Human colon adenocarcino-
ma cell lines Colo205 (Cell Resource Center for Biomedical
Research Institute of Development, Aging and Cancer Tohoku
University) and Colo205/RFP that was generated by transduc-
tion with RV-RFP, were grown in RPMI medium (Invitrogen)
supplemented with FBS and P/S. All cultures were kept in an
incubator at 37°C and 5% CO,.

Adenoviral vectors

Adenoviral vectors expressing a GFP were constructed by
an improved in viiro ligation method (8, 9). The shuttle plasmid
pHMCAS5-GFP contains a CA promoter (a B-actin promoter/
CMYV enhancer with a B-actin intron), GFP gene, and a bovine
growth hormone (BGH) polyadenylation signal, all of which
are flanked by I-Ceul and PI-Scel restriction sites. [-Ceul/
PI-Scel-digested pHMCA5-GFP was ligated with I-Ceul/
PI-Scel-digested pAdHM4, resulting in pAdHM4-CAGFP.
pAdHM41-K7-CAGFP was constructed by ligation of I-Ceul/
PIScel-digested pHMCAS5-GFP with I-Ceul/PI-Scel-digested
pAdHMA41-K7 (10). Viruses (Ad5-GFP and AdK7-GFP) were
generated by transfection of Pacl-digested pAdHM4-CAGFP
and pAdHM41-K7-CAGFP, respectively, into AD-293 cells with
SuperFect (Qiagen) according to the manufacturer's instruc-
tions. Each virus was purified by CsCl, step gradient ultracen-
trifugation followed by CsCl, linear gradient ultracentrifuga-
tion. Virus particles and biologic titers of each vector prepa-

ration were determined as described by Mittereder and col-

leagues (11). We also created Ad vectors expressing luciferase
(Luc) using the shuttle plasmid pHMCA5-Luc, which contains
the Luc gene derived from pELuc-test (Toyobo Co. Ltd.). MSCs
and fibroblasts were seeded in culture plates or flasks at a
density of 1 x 10" cells/cm®, and the next day the cells were
treated with each adenovirus vector for 1.5 hours. The medium
containing the vectors was removed and replaced with fresh
medium.

Animal models
All animal experiments were approved by the Jichi Medical
University (Tochigi, Japan) ethics committee and carried out in

accordance with the NIH Guide for the Care and Use of
Laboratory Animals. To create tumor-bearing mice, SW480/
RFP cells (3 x 10°) were subcutaneously inoculated into 4- to 6-
week-old male Balb/c nu/nu mice (Clea Japan Inc.). The mice
were used for experiments 7 days after inoculation.

Immunchistochemistry

Cultured MSCs and fibroblasts were transduced with AdK7-
GFP at a concentration of 3,000 virus particles per cell (vp/cell).
Two days after transduction, cells were injected into the left
ventricular cavities (1 x 10°% day 0) of tumor-bearing mice.
Mice were sacrificed on day 4, and 7-im serial cryosections
from frozen tissues were processed. Immunohistochemistry
was conducted with fluorescein isothiocyanate (FITC)-conju-
gated anti-GFP antibody (ab6662; Abcam Inc.) on tumor
cryosections to detect MSCs or fibroblasts. Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPL; Vector Laborato-
ries, Inc.). Images were obtained with a fluorescence micro-
scope (BZ-9000; Keyence). SW480/RFP cells (3 x 10°) were
subcutaneously inoculated into 4- to 6-week-old male Balb/c
nu/nu mice. Mice were sacrificed on day 11, serial sections
from tumor tissues were processed. Immunohistochemistry
was conducted with anti-mouse CD34 monoclonal antibody
(MECI14.7; GeneTex Inc.) on tumor section to detect tumor
blood vessels. Histofine Simple Stain Mouse MAX PO (Nichirei
Biosciences, Inc.) was used as a horseradish peroxidase—
conjugated secondary antibody, and 3,3'-diaminobenzidine
(DAB) solution was used for brown color development. Sec-
tions were then counterstained with Hematoxylin (Wako Pure
Chemical Industries, Ltd.). Images were obtained with a fluo-
rescence microscope (BZ-9000).

In vive imaging of homing ability to tumors

Cultured MSCs and fibroblasts were transduced with AdK7-
Luc at a concentration of 3,000 and 680 vp/cell, respectively.
Two days after transduction, cells were injected into the left
ventricular cavities (1 x 10° day 0) of tumor-bearing mice, and
then optical bioluminescence imaging was conducted to peri-
odically trace the cells using an in vivo imaging system (IVIS;
Xenogen). To detect bioluminescence from MSCs or fibro-
blasts, the reporter substrate p-luciferin (leda Chemical Co.,
Ltd.) was injected into the mouse peritoneum (75 mg/kg body
weight) for scanning. The luminescent intensity at tumor sites
was analyzed using Living Image software (Xenogen).

In vitro migration assays

Cultured MSCs or fibroblasts were serum-starved for 12
hours. One hundred microliters of tumor conditioning medi-
um (CM), or serum-free medium supplemented with PDGF-BB
(10 ng/mL), HGF (30 ng/mL), fibroblast growth factor- (FGF-
B; 20 ng/mL), SDF-1a (150 ng/mL), VEGF-A (25 ng/mL), or
monocyte chemoattractant protein-1 (MCP-1; 100 ng/mL) was
added to the lower wells of migration chambers (8-jtm pore
size; Neuro Probe, Inc.); MSCs or fibroblasts (4 x 10%) were
added to the upper wells. All recombinant proteins were
purchased from R&D systems Inc.. Medium alone (DMEM/
F-12) was used as a negative control and treatment with 30%
FBS was the positive control. After incubation for 24 hours at
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37°C, cells were labeled with CyQUANT NF dye, and cells
aitached to the lower surface of the filters were detached with
trypsin. Fluorescent intensify was measured using a fluoros-
can, and the number of adherent cells was quantified using a
standard curve constructed by a known number of cells.

Flow cytometric analysis of adhesion molecules
Cultured MSCs, fibroblasts or endothelial cells were stim-
ulated with TNF-a and harvested by trypsinization. Cell
aliquots were incubated with FITC-conjugated monoclonal
antibodies (BD) against vascular cell adhesion molecule-1
{(VCAM-1), CD49d, CD29 (Integrin-p1), and analyzed by flow
cytometry (FACScan; BD Biosciences). For each analysis, an
aliquot of cells was also stained with isotype control immu-
noglobulin G (IgG)-conjugated to FITC as a negative control.

Assay for TNF-a produced in tumor-bearing mice

SW480/RFP (3 x 10°%) cells were subcutaneously inoculated
into nude mice. Seven days after inoculation, mice were
anesthetized with an overdose of isoflurane inhalation. The
blood was collected and allowed to coagulate overnight on ice.
After centrifugation of the samples (2,000 X g 30 minutes, 4°C),
the serum was removed and stored at —70°C. Tumor, spleen,
and liver tissues were homogenized in 1.5 mL of o-minimum
essential medium using a tissue homogenizer. The homoge-
nates were then centrifuged (2,000 x g, 30 minutes, 4°C), and
the supernatant was removed and recentrifuged (14,000 x g, 30
minutes, 4°C). Serum and supernatants from tissue homoge-
nates were kept at —70°C until use. TNF-o. was assayed using a
commercially available ELISA kit (mouse TNF-o Instant ELISA;
Bender MedSystems) according to the manufacturer's
protocols.

I vitro adhesion assays

For adhesion assays, endothelial cells (at 4 passages) were
cultured to confluence on fibronectin-coated 96-well plates
(20 ng/mL; Sigma-Aldrich, Inc.) and treated with TNF-o
(10 ng/mL) for 12 hours before assaying. MSCs and fibro-
blasts were treated with TNF-a {10 ng/mL) 12 hours before
the adhesion assays and incubated with isotype control I1gG
or anti-VCAM-1 or very late antigen-4 (VLA-4; 10 pg/mL)
monoclonal antibodies (mAb) for 1 hour. Cells were labeled
with CyQUANT NF dye, and 1 x 10* cells were seeded onto
endothelial cells. After 30 minutes of incubation at 37°C,
wells were washed thoroughly 3 times with PBS to remove
nonadherent cells. Fluorescent intensity was measured
using a fluoroscan, and the number of adherent cells was
quantified using a standard curve constructed by a known
number of cells. In some experiments, MSCs and fibroblasts
were pretreated for adhesion studies with one of the
following substances: TNF-a (10 ng/mL), anti-VCAM-1 anti-
body (mouse monoclonal anti-rat, clone 5F10, 10 ug/mL,
Eurogentec), or anti-VLA-4 antibody (mouse monoclonal
anti-rat, clone 1A29, 10 pug/mL, Research Diagnostics).

Parthenolide treatment of MSCs
Parthenolide (Biomol) was reconstituted in dimethyl sulf-
oxide {DMSO; Sigma-Aldrich, Inc.) to a stock concentration of

0.4 mol/L and subsequently diluted in PBS. MSCs were treated
with parthenolide (5 pmol/L) for 6 hours before experiments.
To assess the effect of parthenolide treatment of transgene
expression, cells were reseeded into 96-well plates, and lucif-
erase assays were conducted using luciferase-expressing MSCs.
Cell viability after parthenolide treatment was also examined
with Cell Proliferation Kit II [2,3-bis[2-methoxy-4-nitro-8-
sulfophenynl]H-tetrazolium-5 carboxanilide inner salt (XTT);
Roche Diagnostics GmbH] according to the manufacturer's
instructions.

Western blotting

Western blot analysis was conducted to measure the NF-xB
pathways. Next, MSCs were pretreated with parthenolide or
vehicle (DMSO) for 6 hours, and then cultured with TNF-o
(10 ng/mL) for 3 minutes. Cells were lysed in radioimmunopre-
cipitation assay (RIPA) buffer containing protease inhibitor
(Pierce Biotechnology). Protein extracts were electrophoresed
on a 4% to 12% Bis-Tris gel (Invitrogen), and transferred to
polyvinylidene difluoride (PVDF) membranes. Membranes were
incubated in PVDF blocking reagent (TOYOBO), and then incu-
bated with primary antibodies against the following proteins:
IkBo, phospho-IxBo (Ser32), NF-xB p65, phospho-NF-kB p65
(Ser536), and o-tublin (Cell Signaling Technology), followed by
incubation with horseradish peroxidase-conjugated goat anti-
rabbit IgG or -mouse IgG1 secondary antibody, and detected
using a Western blotting detection system (GE Healthcare).

Immunecytochemistry

To visualize p65 nuclear translocation, MSCs were pre-
treated with parthenolide or vehicle (DMSO) for 6 hours and
then cultured with TNF-o (10 ng/mL) for 20 minutes. Cells were
fixed with 4% fomaline and permiabilized with Triron-X 100.
After washing with PBS, slides were incubated with rabbit anti-
p65 antibody (Cell Signaling Technology), followed by incuba-
tion with Alexa Fluor 488-conjugated goat anti-rabbit IgG
secondary antibody. The actin cytoskeleton was stained with
Alexa Fluor 546-conjugated phalloidin (Invitrogen); nuclei
were stained with 1,5-bis{[2-(di-methylamino) ethyl]amino}-
4,8-dihydroxyanthracene-9,10-dione (DRAQ)-5 dye (Invitro-
gen). Cells were examined using Keyence BZ-9000.

Fesuils
In vivo imaging of MSC accumulation in tumors

We used bone marrow-derived human MSCs, which
expressed characteristic phenotypic markers for MSCs and
differentiated into adipocyte, osteocyte, and chondrocyte
under specific culture conditions (Supplementary Fig. S1).
Then, fiber-modified adenovirus vectors (AdK7) were used for
efficient transduction of MSCs and fibroblasts in this study.
When the cells were transduced with GFP-expressing AdK7
vectors at a density of 3,000 vp/cell, transduction efficiency was
almost 100% (Supplementary Fig. S2A and $2B). The biolumi-
nescent intensity of MSCs transduced with luciferase-expres-
sing Ad vectors at 3,000 vp/cell was equal to that of fibroblasts
transduced at 680 vp/cell (Supplementary Fig. S2C). Mice
injected with GFP-expressing MSCs or fibroblasts were sacri-
ficed 4 days after injection for immunohistochemical analysis.
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Figure 1. Tumor homing ability of MSCs in vivo. A, subcutaneous tumors were induced by injection of SW480/RFP celis (3 x 10% n nude mice (day 0). Guitured
MSCs or fibroblasts were transduced with GFP-expressing adenovirus vectors 2 days before injection (day 5) and were injected into the left ventricular cavity
(1 x 108, day 7). Mice were sacrificed on day 11, and immunchistochemistry was conducted with anti-GFP antibody on tumor cryosections to detect
MSCs or fibroblasts. Top, fluorescent microscopy view of MSC detection; MSCs (left), RFP-labeled tumor cells (center), nucleic staining with DAPI and merge
(nght). Bottom, fluorescent microscopy view of fibroblast detection; fibroblasts (left), RFP-labeled tumor cells (center), nucleic staining with DAPI and
merge (nght). Data shown are from 1 representative experiment of 3 carned out. Scale bar, 100 um. S, stroma; T, tumor. B, luciferase-expressing MSCs were
injected into tumor-bearing mice via the left ventricular cavity (1 x 108, day 7). Optical bioluminescence imaging was conducted to periodically trace
the cells using IVIS. Top, biodistribution of MSCs as detected by luminescence. Bottom, tumor site detected by red fluorescence. Data shown are

from 1 representative experiment of 8 carried out. C, luciferase-expressing fibroblasts were injected into tumor-bearing mice and VIS imaging was conducted
as described earlier. Top, biodistribution of fibroblasts indicated by luminescence. Bottom, tumor site indicated by red fluorescence. Data shown are
from 1 representative experiment of 7 carried out. D, bicluminescent intensity at tumor sites was quantified using analysis software. The data are expressed as

mean % SD (n = 8 for MSCs and n = 7 for fibroblasts). *, P < 0.05; **, P < 0.01 compared with fibroblasts at the same time.

MSCs identified with anti-GFP antibody were detected in the
boundaries of tumors and tumor stroma. However, we found
no GFP-positive fibroblasts in the tumor tissues (Fig. 1A). We
also used bioluminescence imaging to quantitatively investi-
gate the tumor tropism of MSCs. We injected luciferase-
expressing MSCs or fibroblasts into mice through the left
ventricular cavity, and then conducted optical biolumines-
cence imaging to periodically trace the cells using IVIS. In
mice injected with luciferase-expressing MSCs, optical biclu-
minescence at tumor sites became pronounced over time (Fig.
1B), and signal intensity gradually increased (Fig. 1D). In
contrast, we observed no signal at the tumor sites in mice
injected with luciferase-expressing fibroblasts (Fig. 1C and D).

In vitro migration assays

We analyzed the effects of several growth factors (specifi-
cally PDGF-BB, HGF, and VEGF), chemokines (specifically
MCP-1 and SDF-10), and SW480 culture—conditioned medinm
on MSC and fibroblast migration. These factors are commonly
expressed in tumor tissues, and are thought to be potential

mediators of MSC tropism. We also used serum-free medium
as a negative control and medium containing 30% FBS as a
positive control. Migration was quantified by direct labeling
and counting of cells by a fluorometer (Fluoroskan Ascent FL;
Thermo Labsystems). Exposure to PDGF, HGF, or conditioned
medium from SW480 cells stimulated significant MSC migra-
tion, whereas VEGF and SDF-1a had no significant effect as
compared with serum-free medium (Fig. 2). We compared the
migration capacity of MSCs and fibroblasts, the factors that
attracted MSCs also induced migration of fibroblasts. Rather, it
seems that fibroblasts were more strongly attracted to these
factors than MSCs.

In vitro adhesion assays

The tumors generated in mice in this study strongly induced
tumor stroma with defined blood vessels, and MSCs specifically
accumulated in this stroma (Fig. 3A). Therefore, we propose a
hypothesis as follows: factors, as indicated in Fig. 2, attract both
MSCs and fibroblasts to the tumor microenvironment, but
importantly, MSCs significantly adhere to endothelial cells as
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Figure 2. Migratory capacity of MSCs and fibroblasts (FB) in response to
growth factors, chemokines, and conditioned medium from SW480 cells.
MSCs or fibroblasts were serum-starved for 12 hours. Cells (4 x 10*) were
added to upper wells of migration chambers. Then, tumor conditioning
medium, serum-free medium supplemented with PDGF-BB (10 ng/mL),
HGF (30 ng/mL), SDF-1a (150 ng/mL), VEGF-A (25 ng/mL), or MCP-1
(100 ng/mL) were added to the lower wells. Treatment with medium alone
(DMEM/F-12) was used as a negative control and treatment with 30%
FBS was used as the positive control. The contents of the upper

wells and lower wells were separated by polycarbonate filters (8 um).
The data are expressed as mean + SD (n = 8 per cell type). Values are
presented as mean + SE. *, P<0.05and **, P <0.01 compared with each
control.

compared with fibroblasts. Therefore, only MSCs migrate and
accumnulate at tumor sites via blood vessels in tumor stroma. We
speculated that inflammatory cytokines (specifically TNF-o) are
required for induction of adhesion molecule expression. First, we
measured TNF-¢. levels in tumor tissues by ELISA. The TNF-a
level is significantly higher in tumor tissues as compared with
liver and spleen (Fig. 3B). Similar results were also observed in
another experiments using Colo205 tumor cells (Supplementary
Fig. $3). Then, we assessed the expression of adhesion molecules
on endothelial cells, MSCs, and fibroblasts by fluorescence-
activated cell sorting analysis. After TNF-a stimulation, endo-
thelial cells and MSCs significantly expressed adhesion mole-
cules including VCAM-1 and VLA-4, compared with fibroblasts
(Fig. 3C). We also examined the in vitro adhesion of MSCs to
endothelial cells. MSCs effectively adhered to endothelial cells as
compared with fibroblasts (Fig. 3D). Furthermore, this adhesion
was partially inhibited by blocking antibodies against VCAM-1
and VLA-4.

Effects of parthenolide om MSC migration and adhesion

We propose a hypothesis that if TNF-a~-induced VCAM-1
expression is inhibited, MSC accumulation at tumors is also
attenuated. It is well known that TNF-« induces VCAM-1
expression through the NF-xB signaling pathway. We used
parthenolide, a sesquiterpene lactone that occurs naturally in
the Feverfew plant. Although parthenolide has several biologic
activities, we focused on its suppressive effect on NF-kB
activity. At first, there were no differences in migratory capac-
ity toward growth factors or chemokines with or without
parthenolide treatment (Fig. 4A). Next, we assessed the inhib-
itory effect of parthenolide on NF-xB activity: MSCs were
pretreated for 6 hours, and then were stimulated with TNF-
o for 3 minutes. Parthenolide suppressed p65 nuclear trans-
location through the inhibition of IxBo phosphorylation (Fig.

4B and C) and strongly inhibited the TNF-0~induced VCAM-1
expression on MSCs (Fig. 4D). Consequently, and MSC-EC
adhesion was strongly inhibited by parthenolide treatment
similarly to anti-VCAM-1 blocking antibody (Fig. 4E).

In vive imaging of parthenolide-treated MSCs

First, we examined the effect of parthenolide treatment on
transgene expression and cell viability. There were no signif-
icant effects on transgene expression and cell viability after
parthenolide treatment (Fig. 5A and B). Next, we conducted in
vivo imaging using IVIS. We observed definite bicluminescence
at tumor sites in the mice injected with untreated MSCs
(Fig. 5C), and bioluminescent intensity was gradually increased
(Fig. 5E), as indicated earlier (Fig. 1B). In contrast, we could not
observe definite accumulation at the tumor sites in mice
injected with parthenolide-treated MSCs (Fig. 5D and E).
Similar results were also obtained by experiments using
Colo205 tumor-bearing mice (Supplementary Fig. $4).

Oiscussion

In this study, we showed that MSC accumulation at tumor
sites would be related not only to migratory capacity toward
growth factors and chemokines, but also to MSC-EC adhesion
following activation by TNF-o.. We further showed that NF-xB
activity regulates MSC accumulation at tumor sites through
the induction of VCAM-1 expression and the resultant inter-
action with tumor blood vessel endothelial cells.

It is thought that MSCs are mobilized into action following
tissue damage, such as injury or inflammation typically accom-
panied by the release of inflammatory cytokines from the
damaged tissues, leading to the recruitment of MSCs to the
target. Tumors have a microenvironment consisting of large
numbers of inflammatory cells (12). This microenvironment
promotes the recruitment of MSCs via various soluble factors
secreted by the tumor and inflammatory cells, including EGF,
VEGF-A, FGF, PDGF, SDF-1q, IL-8, IL-6, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), MCP-1, HGF, TGF-B1, and
urokinase-type plasminogen activator (uPA; ref. 13). However,
in our experimental settings, although systemically injected
MSCs accumulated at the tumors, subcutaneously injected
MSCs did not (data not shown). We also compared the migra-
tion capacity of MSCs and fibroblasts toward growth factors
and chemokines in vifro. Rather, it seems that fibroblasts were
more strongly atiracted to these factors than MSCs. Our results
suggest that the mechanism of MSC accumulation cannot be
explained solely by cytokine-mediated migration. Therefore, we
need different viewpoints to clarify the mechanism.

The tumors generated in this study strongly induced tumor
stroma with large numbers of blood vessels, and MSCs in
particular accumulated in the boundaries between the tumors
and tumor stroma. Furthermore, MSC accumulation at the site
of the tumors was observed only when cells were injected via
the left ventricular cavity. Therefore, we focused on MSC-EC
adhesion to elucidate the mechanisms involved.

It has previously been reported that the interaction of MSCs
with the vascular endothelium resembles leukocyte chemo-
taxis (14). To analyze these interactions, we referred to a model
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liver, spleen, and blood were collected from control and tumor-bearing mice. TNF-a. levels in tissue homogenates and serum were assayed by ELISA.

*, P<0.05; **, P < 0.01. C, MSCs, endothelial cells (EC), and fibroblasts were cultured with TNF-a (10 ng/mL) for 6 hours. Cells were labeled with
FITC-conjugated antibodies and analyzed by flow cytometry (filled histogram). Rat isotype antibodies IgG1 and IgG2a served as respective controls
(open histograms). Values represent the percentage of positive cells after TNF-o stimulation, and values in parentheses represent the percentage of positive
cells without TNF-o. stimulation. D, endothelial cells were cultured to confluence on fibronectin-coated 96-well plates. Then, MSCs or fibroblasts (1 x 10%
were added to cultured endothelial cells. MSCs and endothelial cells were pretreated with the following substances: TNF-a (10 ng/mL), anti-VCAM-1,
VLA-4 (10 ug/ml), or isotype control IgG. Values are mean + SD. **, P < 0.01 (n = 6 per cell type).

that has been proposed for endothelial cell regulation of
leukocyte infiltration in inflammatory tissues. Leukocyte-
endothelial adhesion involves dynamic interactions between
leukocytes and endothelial cells, and involves multiple steps.
These steps must be precisely orchestrated to ensure a rapid
response with minimal damage to healthy tissue (15). Inter-
actions between leukocytes and the endothelium are mediated
by several families of adhesion molecules, each of which
participates in a different phase of the process. The surface
expression and activation of these molecules during an inflam-
matory response is tightly controlled under normal conditions.
Inflammatory cytokines including IL-1 and TNF-a involve
induction of adhesion molecules. In our experimental settings,
although other inflammatory cytokine levels including IL-1
and IL-6 were low (data not shown), significant production of
TNF-. was observed. We do not clearly know the source of
TNF-o in the tumor at this time, and that our in vifro data only
suggest that the stroma is the primary source.

As we expected, TNF-o enabled MSCs to adhere to endo-
thelial cells through induction of the expression of adhesion
molecules, including VCAM-1 and VLA-4. It is generally con-
sidered that VCAM-1 on activated endothelium interacts with

the VLA-4 on the leukocyte in the model of leukocyte—endo-
thelial cell adhesion. At first, we speculated that VLA-4 on
MSCs plays the same important role as leukocytes. Although
both VCAM-1 and VLA-4 on endothelium were efficiently
induced by TNF-« stimulation, TNF-ci—induced expression of
VCAM-1 on MSCs is much stronger than that of VLA-4.
Furthermore, MSC-EC adhesion was more effectively inhib-
ited by anti-VCAM-1 antibody as compared with the anti-VLA-
4 antibody. On the basis of these results, although VLA-4 on
MSC have also related to the MSC-EC adhesion, we thought
that VCAM-1 on MSC has more important implications for this
adhesion. Once MSCs circulate in the bloodstream, adhesion to
endothelial cells is the first step in accumulation in tumors.
TNF-a exerts its biclogic functions through activating the NF-
KB signaling pathway. NF-xB is a major cell survival signal that
is antiapoptotic. MSC accumulation was significantly
decreased through parthenolide inhibition of NF-xB activity.
Although several studies have shown that mitogen-activated
protein kinase (MAPX) phosphorylation by growth factors are
involved in MSC migration (16, 17), parthenolide did not inhibit
MAPK phosphorylation (data not shown). Therefore, at least
parthenolide treatment did not affect in migration ability of
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Figure 4. Effect of parthenolide (PTL) on MSC migration and adhesion. A, serum-starved and parthenolide-treated MSCs were added to the upper wells and
serum-free medium supplemented with PDGF-BB (10 ng/mL), HGF (30 ng/mL), MCP-1 (100 ng/mL), or SDF-1 (150 ng/mL) was added to the lower wells.
Treatment with medium alone (DMEM/F-12) was a negative control and treatment with 30% FBS was the positive control. Values are expressed by relative
number of cells compared with respective controls (without pretreatment with parthenolide). B, to assess the inhibitory effect of parthenolide on

NF-«B phosphorylation, parthenolide-treated MSCs were stimulated with recombinat TNF-o for 3 minutes, and cellular extracts were prepared for Western
blotting. C, to monitor the inhibitory effect of parthenalide on NF-«B activation, immunofluorescent analysis of NF-xB p65 nuclear translocation was
conducted as described in Materials and Methods with an Alexa Fluor 488-conjugated specific antibody (green). Actin filaments were labeled with Alexa Fluor
546-conjugated phalloidin (red); nuclei were stained with DRAQ-5 dye (blue). Objective magnification, x40. D, effect of parthenolide treatment on
TNF-o-induced expression of adhesion molecules was analyzed by flow cytometry. Parthenolide-treated MSCs were cultured with TNF-a (10 ng/mL)
for 8 hours. Cells were labeled with FITC-conjugated antibodies and analyzed by flow cytometry (filled histogram). Rat isotype antibodies IgG1 and IgG2a
served as respective controls (open histograms). Values represent the percentage of positive cells after TNF-a stimulation, and values in parentheses
represent the percentage of positive cells without TNF-a stimulation. E, MSCs (1 x 10*) were added to endothelial cells that had been cultured to confluence on
fibronectin-coated 96-well plates. MSCs and endothelial cells were pretreated with the following substances: parthenolide (5 umol/L), TNF-c (10 ng/mL), anti-
VCAM-1, VLA-4 (10 pg/mL), or isotype control IgG. Values are expressed as mean £ SD (n = 6). *, P < 0.05 and **, P < 0.01.

MSCs toward growth factors from tumors in this experimental TNF-o intensely induces IL-6 and MCP-1 from cancer-associ-
settings. Nevertheless, MSC accumulation was significantly ated fibroblasts and normal fibroblastic cells and has indirect
decreased through parthenolide inhibition of NF-xB activity. influences on generation of prometastatic microenvironment
‘We did not show histologic evidence in the experiments using (21). Furthermore, TNF-a is also released in cardiac infarction,
parthenolide. However, we show that parthenolide does not during acute coronary syndromes, and in chronic heart failure;
inhibit luciferase activity ir vitro (and thus does not seem to be MSCs also accumulate at the site of cardiac infarction (22, 23).
toxic), and that therefore the effect observed in vivo should be These results indicated that proinflammatory cytokines pro-
an effect on recruitment. Although we focused on the function mote homing of stem cells in the heart and that these cytokines
of TNF-ouin this study, other inflammatory cytokines including have a positive effect on cardiac regeneration. Therefore,
1L-1B and IFN-y also have ability to induce VCAM-1 expression activation with TNF-o is one of the critically important steps
in target cells (18), and may be involved in MSC accumulation. for MSC accumulation. Moreover, MSC-based tissue-targeted

TNF-o. is a major inflammatory cytokine that plays impor- strategies may be adapted for various inflammatory diseases.
tant roles in diverse cellular events, such as cell survival, In MSC-based cancer-targeted gene therapies, it is thought
proliferation, differentiation, and death. Numerous reporis that therapeutic efficacy is directly linked with accumulation
have shown that TNF-¢ levels in serum- are increased in efficiency of MSCs at tumor sites. Our results suggested that
patients with cancer (19, 20), and TNF-« is also related closely combination use of NF-kB inhibitors, including bortezomib, or
to the tumor progression including metastasis. For example, TNF-o. blocking agents, such as infliximab, reduces the
Cancer Res; 73(1) January 1, 2013 ) Cancer Research
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Figure 5. Invivo imaging of NF-xB-suppressed MSC accumulation at tumor sites. A, luciferase-expressing MSCs were cultured with parthenolide for 8 hours
and luciferase assays were periodically conducted. Values are expressed as mean = SD (n = 4 each). RLU, relative fight unit. B, cell viability of parthenolide
(PTL)-treated luciferase-expressing MSCs was also examined by XTT assays. Values are expressed as mean + SD (1 = 4 each). C, luciferase-expressing
MSCs without parthenolide treatment were injected into tumor-bearing mice through the left ventricular cavity and IVIS imaging was periodically conducted.
Each data shown are from 1 representative experiment of 8 carried out. D, luciferase-expressing MSCs with parthenolide treatment were injected into tumor-
bearing mice and VIS imaging was periodically conducted. Imaging was conducted as described earlier. Each data shown are from 1 representative
experiment of 8 carried out. E, bioluminescent intensity at tumor sites was quantified using analysis software. The data are expressed as mean + SD (n = 8
each). *, P < 0.05; **, P < 0.01 compared with a group of parthenolide () at the same time.

therapeutic efficacy of gene-modified MSCs due to inhibition
of the accumulation steps. In contrast, tumor-specific TNF-
a~inducing agents would be useful in enhancing therapeutic
efficacy, thus further research is required in identifying such
agents to more effective therapeutic strategies.

In conclusion, the present study shows that NF-xB activa-
tion through TNF-o. stimulation and VCAM-1/VLA-4-medi-
ated MSC-EC adhesion may be an important element in MSC
accumulation. Although MSCs are useful as cellular vehicles for
cancer-targeted gene therapy, past studies have shown that
increased MSC accumulation is needed to enhance therapeutic
efficacy. Thus, methodology for the enhancement of MSC
accumulation should be developed and our findings suggest
a solution.
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Interleukin-10 expression induced by adeno-associated
virus vector suppresses proteinuria in Zucker obese rats

M Ogura'?, M Urabe!, T Akimoto?, A Onishil?, C Ito?, T Ito®, T Tsukahara', H Mizukami!, A Kume!,

S Muto?, E Kusano? and K QOzawa!

Varying degrees of metabolic abnormalities mediated by chronic inflammation are implicated in the chronic glomerular injuries
associated with obesity. Interleukin (1L)-10, a pleictropic cytokine, exerts anti-inflammatory effects in numerous biological
settings. In the present study, we explored the biological benefits of adeno-associated virus (AAV) vector-mediated sustained
1L-10 expression against the pathological renal characteristics observed in Zucker fatty rats (ZFRs). We injected an AAV vector,
encoding rat IL-10 or enhanced green fluorescent protein (GFP) into male ZFRs at 5 weeks of age. Subsequently, the renal
pathophysiological changes were analyzed. Persistent IL-10 expression significantly reduced the urinary protein excretion of
ZFRs compared with GFP expression (47.1 £ 11.6 mg per mg-creatinine versus 88.8 + 30.0 mg per mg-creatinine, P<0.01).
The serum levels of 1L-10 negatively correlated with the urinary protein in AAV-treated rats (r=-0.78, P<0.01). Renal
hypertrophy, increased widths in the glomerular basement membrane, and the lack of uniformity and regularity of the foot
process of the visceral glomerular epithelial cells of ZFRs were significantly blunted by [L-10 expression. IL-10 also abrogated
the downregulation of glomerular nephrin observed in ZFRs treated with the GFP vector. Qur findings provide insights into

the potential benefit of the anti-inflammatory effects of [L-10 on the overall management of glomerulopathy induced by the

metabolic disorders associated with obesity.

Gene Therapy (2012) 19, 476-482; doi:10.1038/gt.2011.183; published online 24 November 2011
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INTRODUCTION
Numerous pathophysiological disorders have been demonstrated to be
related to obesity.! Not exceptionally, accumulating evidence also
suggests a role for obesity in the development of chronic kidney
disease.>~* The renal effects of obesity in humans and experimental
animals include both functional and morphological adaptations, such
as an increased glomerular filtration rate, increased renal blood flow,
and renal hypertrophy with focal segmental glomerulosclerosis.’~”
Although the qualitative and quantitative information about the
pathogenesis of the glomerulopathy associated with obesity remains
to be delineated, varying degrees of metabolic abnormalities appear to
be involved. Indeed, hyperinsulinemia resulted in the stimulation of
the synthesis of insulin-like growth factors, and the upregulation of
transforming growth factor-B1 by elevated serum leptin has been
implicated in the chronic glomerulopathy associated with obesity,>
Moreover, hyperlipidemia may also promote glomerulosclerosis
through mechanisms in which engagement of lipoprotein receptors
on mesangial cells, oxidative cellular injury, macrophage chemotaxis
and accelerated synthesis of fibrogenic cytokines are involved.!?
Interleukin (IL)-10 is a multifunctional cytokine with anti-inflam-
matory properties.'! Accumulating evidence suggests potential roles
“for IL-10 in the management of several pathophysiological disorders,
including obesity. Indeed, IL-10 has been shown to not only reduce
cholesterol levels, but also to improve the insulin resistance in
experimental animal models.'>!* Moreover, it has also been reported

that obese patients and subjects with metabolic syndrome have a lower
level of serum IL-10 than healthy normal subjects.'* These observa-
tions led us to consider the therapeutic potential of modulating
inflammation by 1L-10 in the overall management of obese patients.

In the present study, we evaluated the effects of IL-10 on the renal .
characteristics of Zucker fatty (Zucker-fa/fa) rats, which have recently
been focused on as an experimental animal model of renal injuries
mediated by obesity-associated metabolic disorders.”!>!® The biolo-
gical efficiency of the systemic administration of recombinant IL-10
seems to be insufficient because of the immediate decrease resulting
from its short bioactive half-life.!” Instead, we have transferred the
gene encoding IL-10 using an adeno-associated virus (AAV) vector, as
these vectors can be used to transduce skeletal muscle, thereby
inducing the systemic and sustained expression of potentially ther-
apeutic proteins following a single intramuscular administration.!>18

RESULTS

The expression of IL-10 in Zucker rats

Our first series of experiments verified the integrity of our vectors in
the Zucker-fa/fa rats. The serum concentrations of IL-10 in the rats
were determined at 5, 10, 15, 20 and 25 weeks after the initial
treatments, which included the administration of phosphate buifer
saline (PBS) and transductions of the recombinant AAV type 1-based
vector carrying the rat IL-10 (AAV-IL-10) or control-enhanced
green fluorescent protein gene (AAV—GEFP). As shown in Figure [,
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Figure 1 The longitudinal changes in serum concentrations of IL-10 at 5,
10, 15, 20 and 25 weeks after the initial sham treatments (PBS alone), and
transductions of AAV~IL-10 or AAV—GFP into the Zucker fa/fa rats or lean
littermates. Inset: an analysis of the cryostat sections of the anterior tibial
muscles injected with AAV—GFP or PBS (control). The immunofiuorescence
analyses performed 10 weeks post-vector injections revealed ubiquitous
GFP expression within the muscle tissue, thus suggesting efficient gene
transduction by the AAV vectors. Scale bar is indicated in each panel.
The data are the meansts.d. {(n=6). **P<0.01 versus ZF and ZF+GFP
groups; "P<0.01 versus the value at 5 weeks of age.

statistically significant increases in serum IL-10 were confirmed in
Zucker-fa/fa rats administered AAV-IL-10 (sham Zucker-fa/fa rats
administered PBS (ZF)+I1-10), whereas the levels in Zucker-fa/fa rats
administered AAV-GFP (ZF+GFP), ZF and control Zucker lean
littermates (Zucker +/+) administered PBS (ZL) were comparable.
The levels of IL-10 in ZF+IL-10 were about 12-fold higher at week 5,
and an average of 5-fold higher than ZF, ZF+GFP and ZL groups at 25
weeks after the initial treatments.

The effects of IL-10 on clinical and laboratory characteristics
The body weights of all rats were increased during the observation
period. Although the degree of the increases was significantly higher in
the Zucker-fa/fa rats than in the ZL rats, the mean body weights of ZF,
ZF+GFP and ZF+IL-10 at each time point were comparable
(Figure 2a). Similarly, the food consumption of the Zucker-fa/fa rats
was significantly greater than that of the ZL, although there were no
significant differences in the amount of food intake in the three
Zucker-fa/fa rat groups (Figure 2b). On the other hand, the serum
levels of total cholesterol (Tcho) and triglycerides (TG) were signifi-
cantly higher in Zucker-fa/fa rats compared with ZL throughout the
observation period. However, in the ZF+IL-10, the serum Tcho was
significantly lower than those in the ZF and ZF+GFP (Figure 2c).
Similar trends were also confirmed in the longitudinal changes in the
serum TG. As shown in Figure 2d, Zucker-fa/fa rats had significantly
higher serum TG than their lean littermates; however, the expression
of IL-10 seemed to negatively affect the level of TG. At 30 weeks of age,
these parameters negatively correlated with the IL-10 level in the
Zucker-fa/fa rats with PBS or AAV treatment (Figures 2e and f).
During the observation period, no significant difference in the systolic
blood pressure was observed in the Zucker-fa/fa rats treated with PBS
or the AAVY, although there was a trend for the systolic blood pressuze
in the ZL to be higher than that of all of the Zucker-fa/fa rats (data not
shown). '
We next analyzed the effect of IL-10 on the parameters related to the
glucose metabolism. As shown in Table 1, the fasting blood glucose

Interleukin 10 and obesity-related nephropathy
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levels of Zucker-fa/fa rats were significantly higher at 10 weeks after
the administration of the vector with GFP or PBS administration
compared with the lean littermates. At 30 weeks of age, we determined
the blood hemoglobin Alc (HbAlc) and serum immuno-reactive
insulin levels. As shown in Figure 3a, the transduction of IL-10
reversed the increase in the levels of HbAlc that was confirmed in
ZF and ZF+GFP rats, thus suggesting that IL-10 might have a role in
improving the disturbance of the fed-state glucose metabolism in the
Zucker fa/fa rats. Indeed, the fed state serum insulin level was
significantly elevated in ZF+IL-10 rats compared with the other
groups, whereas the levels of fasting serum insulin in the Zucker-fa/
fa rats were comparable (Figure 3b).

The effects of IL-10 on renal characteristics

We also explored the effects of IL-10 on the renal characteristics of the
obese rats. As shown in Figure 4a, all three groups of obese rats (ZF,
ZF+GFP and ZF+IL-10) demonstrated a gradual increase in urinary
protein in a time-dependent manner, and the urinary protein level in
the ZF and ZF+GFP finally increased up to 102.2+21.9 and
88.8 +30.0mg per mg-creatinine, respectively. At 30 weeks of age,
the urinary protein in the ZF+IL-10 (47.1 £ 11.6 mg per mg-creati-
nine) was significantly lower than in the other Zucker-fa/fa rats groups
(P<0.01). Moreover, the serum levels of IL-10 negatively correlated
with the urinary protein level in Zucker-fa/fa rats (r=—0.88, P<0.01,
n=17; Figure 4b). During the observation period, the creatinine
clearance (Cer) in obese rats without IL-10 was significantly increased
at both 25 and 30 weeks of age (Figure 4c). There was also a negative
correlation between the serum IL-10 level and Ccr (r=-~0.65, P<0.01,
n=15; Figure 4d).

Figure 5 shows the anatomical and morphological effects of IL-10
on the Zucker-fa/fa rats. All three groups of Zucker-fa/fa rats had
significantly higher kidney weights than the ZL at 30 weeks of age.
However, the expression of IL-10 caused a significant decrease in the
kidney weight when compared with the ZF and ZF+GFP (1.70 £ 0.13 ¢
versus 1.86+0.12 g, P<0.05, and 1.85%£0.09g, P<0.05, respectively;
Figure 5a). When viewed under a light microscope, there were no
apparent histological changes compatible with glomerulosclerosis and
cellular infiltrations within the glomerulus in any of the subjects;
however, the Zucker-fa/fa rats had a larger area of glomeruli than the
ZL, which was significantly reduced by the persistent expression of IL-
10 in the ZF+IL-10 (Figures 5b and c¢). Transmission electron micro-
scopy showed the hyperplastic glomerular basement membrane
(GBM) and prominent foot process effacement in ZF and ZF+GFP
(Figure 5b), but these changes seemed to be prevented or reversed in
the ZF+IL-10. Indeed, there were significant differences in the mean
width of the GBM between the ZFHL-10 and the other two groups of
Zucker-fa/fa rats (Figure 5d). The lack of uniformity and regularity of
the foot process demonstrated by scanning electron microscopic was
remarkable in the ZF and ZF+GFP, but this was not observed in the
ZF+11-10 and ZL (Figure 5b).

The effects of IL-10 on the expression of nephrin within the
glomeruli of Zucker-fa/fa rats

To determine the potential mechanisms of the counter-effect of IL-10
on the changes in the renal characteristics in the Zucker-fa/fa rats, we
evaluated the effects of IL-10 on the expression of nephrin within
glomeruli. As shown in Figure 6, the glomerular nephrin expressions
in Zucker fa/fa rats treated with PBS or AAV—-GFP were significantly
diminished compared with that of lean littermates, and the transduc-
tion of IL-10 apparently reversed the reduced expression of nephrin
within glomeruli that was observed in the Zucker-fa/fa rats (Figure 6).
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Figure 2 The changes in the body weights (a), food consumption (b), serum Tcho (c) and serum TG (d). The body weights and food consumption were
significantly higher in obese rats than in lean littermates at each point time. Note that the body weights and the food consumption in the three groups of
obese rats were comparable, whereas the serum Tcho and TG levels were significantly lower than those in the ZF and ZF+GFP groups. The data are the
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Table 1 Changes in FBS in Zucker fa/fa rats and age-matched control a s b
lean littermates 5.0+ ## 25, [ fasting state
o l——__] i fed state
Age (weeks) ZL ZF ZF+GFP ZF+IL-10 ’]* g 207
< 454 >
10 127.2412.1 157.54£21.0° 1755+19.6° 1758+24.5° < 5// z 159
20 120.2+73 126.3+13.5 129.2+11.5 139.2+£22.12 % 1 / § 10
30 108.8+14.3 118.7+16.3 1353+20.0° 1268%10.82 T 40 % g€
Abbreviations: FBS, fasting blood glucose; GFP, green fluorescent protein; IL, interleukin; / @ 51
ZF, sham Zucker-faffa rats administered PBS; ZL, Zucker lean littermates (Zucker +/+) /
administered PBS. 2P<0.05 versus ZL. 35 2 0
ZL  zZF  ZF ZF ZL ZF  ZF  ZF
+GFP HL10 +GFP  +IL10
SCUSSION Figure 3 The effect of the IL-10 expression on the level of blcod HbAlc (a)
DISCU ) and serum immunoreactive insulin (b). The data were determined with blood
The present study clearly demonstrates for the first time that IL-10,  samples obtained from rats at 30 weeks of age. **P<0.01 versus the
delivered by an AAV vector, suppresses the changes in renal character-  control and #P<0.01, respectively.
istics in obese rats, including the increase in urinary protein, elevated
Cer, glomerular hypertrophy and the decreased glomerular expression
of nephrin, without affecting the body weight and food intake of Numerous studies have focused on the abnormalities in lipid
the rats. These results suggest the potential benefits of IL-10 in  metabolism as a potential mechanism underlying various types of
the management of obese subjects with renal pathophysiological glomerular injuries, and the treatment of hyperlipidemia has been
abnormalities. shown to reduce the excretion of urinary proteins and to decrease the
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r=—0.78, P<0.01 and r=—0.65, P<0.01, respectively).

glomerular injury characterized by mesangial matrix expansion and
focal segmental glomerulosclerosis, which are typical of Zucker fa/fa
rats at about 60 weeks of age, without any changes in glomerular
hemodynamic function.”!%161% As such renal structural alterations
seem to be relatively nonspecific and may represent part of a common
final pathway,!> we focused on the changes in renal characteristics that
precede the development of mesangial matrix expansion and focal
segmental glomerulosclerosis. Consistently, the histological analyses of
our Zucker fa/fa rats performed at 30 weeks of age failed to
demonstrate such glomerular lesions. Instead, glomerular hypertro-
phy, an increase in the widths of the GBM and the elevation of Ccr due
to presumable glomerular hyperfiltration, which have all been impli-
cated in hyperglycemia and are considered to be early events followed
by diabetic glomerulosclerosis among diabetic subjects,?*~2% were
observed.

These findings might not be surprising, as abnormal glucose
metabolism characterized by mild hyperglycemia, as well as hyper-
insulinemia and insulin resistance, are alternative metabolic charac-
teristics of Zucker fa/fa rats.””!>?* Obviously, this was also the case
with the present study. Of note, IL-10 seems to improve the disturbed
fed-state glucose metabolism of the Zucker fa/fa rats, as the HbAlc in
ZF-1L-10 rats was significantly decreased compared with the rest of the
obese groups. The recovery from advanced insulin resistance is
unlikely to be implicated in these rats. Instead, the accelerated increase
in serum insulin seems to be involved in the countervailing effect of
11-10 on the glucose intolerance. Such an increase in serum insulin
may be attributable to a change in the metabolic clearance or altered
sensitivity to blood glucose. Alternatively, IL-10 might stimulate
pancreatic B-cell function.?* Although the elevation of serum insulin
seemed to be necessary for glycemic control among our obese animals,
one may argue that this might have adverse consequences on the renal
tissue, and thus, might contribute to the development of a wide range

of glomerular and interstitial injuries associated with disturbed
glucose metabolism.

Indeed, it has been shown that hyperinsulinemia pleiotropically
affects the kidney tissue through various pathways.>>%* Nevertheless,
renal pathophysiological evaluations failed to confirm the adverse
effect of hyperinsulinemia in ZF-IL10 rats. Our results suggest that the
biological significance of the improvement in glucose intolerance,
mediated by the further increase in serum insulin induced by IL-10,
on the renal characteristics of Zucker fa/fa rats should exceed that of
hyperinsulinemia. Otherwise, an alternative process independent of
the regulation of obesity-related metabolic disturbance might be
involved in the countervailing effect of IL-10 on the renal pathophy-
siological characteristics among our obese animals.

Whether the glomerular morphological changes demonstrated in
the present study cause or contribute to the presumable development
of mesangial matrix expansion and focal segmental glomerulosclerosis
in Zucker-fa/fa rats, which have been demonstrated to have abnormal
lipid metabolism at ages older than 30 weeks,”!%161% remains to be
determined. However, the fact that there were significant decreases in
the serum levels of Tcho and TG in the ZF+IL-10 rats led us to
consider that the early phase of the changes in the renal characteristics
of Zucker fa/fa rats might be modulated, at least in part, by IL-10
through the reduction of Tcho and TG. Although the course of the
etiological linkage between IL-10 and TG remains to be delineated,
previous data suggest that IL-10 might have a direct effect on the
cholesterol metabolism through the suppression of the hydroxy-
methylglutaryl-CoA reductase expression, thereby lowering the Tcho
level.!?

A hyperplastic GBM is often accompanied by changes in the visceral
glomerular epithelial cells, that is, podocytes, and a progressive loss of
podocyte foot processes associates with narrowing of the filtration
slits, whereas the number of podocytes decreases with the increase in
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Figure 5 The effects of IL-10 expression on the renal morphological changes in ZFRs. (a) The changes in the weights of the kidneys of ZF (black hatched
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versus the controls; #P<0.05 versus the ZF and ZF+GFP groups. (b) Representative photomicrographs of periodic acid-Schiff-stained light microscopic,
transmission electron microscopy and scanning electron microscopic views. The scale bars are shown in the panel for the control lean littermates. (¢) The
differences in the glomerular area of the ZF (black hatched box), ZFtGFP (black striped box), ZFtIL-10 (black box) and ZL (white box) rats. (d) The
differences in the width of the GBM of ZF (black hatched box), ZFtGFP (black striped box), ZFtIL-10 (black box) and ZL (white box) rats. The results are
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urinary protein excretion.?%?” Although the precise number of podo-  particularly, the balance of lipid peroxidase, was recently proposed
cytes was not quantified in the present study, such pathogenic to account for the decrease in nephrin mRNA in experimental
processes were likely modulated by IL-10, as the prominent foot glomerulopathy?® Therefore, it is reasonable to consider that IL-10
process effacement associated with the hyperplastic GBM, and thelack  should directly or indirectly modulate such pathophysiological pro-
of uniformity and regularity of the foot process confirmed in ZF and  cesses within our obese subjects.
ZF-GFP were recovered in ZF+IL-10. Moreover, IL-10 remarkably Although the present study provides information regarding the
blunted the reduced glomerular expression of nephrin, which has been  effects of IL-10 on the renal characteristics of the Zucker fa/fa rats, our
located to the slit diaphragm of glomerular podocytes, where it acts as  results should be interpreted within the context of the study’s limita-
a renal ultrafilter barrier function.?® Although the mechanism leading  tions. First, the number of animals included in each group was small,
to the downregulation of glomerular nephrin in our rats is not well  implying that the study may be underpowered for the evaluation of
characterized, the potential role of reactive oxygen species, and  several parameters, and selection bias may also be present. Indeed, our
Gene Therapy
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findings, demonstrating that the mean body weights and the food
consumption levels of each of the obese groups, might have been
underestimated, as it has been reported that IL-10 could attenuate the
changes in food mntake and energy expenditire in the experimental rat
model of acute nflammatory disturbance associated with bacterial
infection.?® It may be interesting to determine whether the IL-10
treatment applied to our obese rats affected their glucose and lipid
metabolism without inducing any change in their body weight and
food consumption. Whether our findings remain true when the
number of subjects 1s increased should be evaluated in greater detail
m a future study.

In summary, AAV vector-mediated IL-10 gene transfer inio the
Zucker faffa rats could introduce efficient and stable IL-10 expression,
resulting 1n the marked reduction of urinary protein excretion. These
changes were associated with the recovery of renal structural altera-
tions. Our observations indicate the presence of complex interactions
between the changes in the renal characteristics of Zucker fa/fa rats

Interleukin 10 and obesity-related nephiopathy
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and the inflammatory cascade, as well as the potential benefit of the
anti-inflammatory effects of IL-10 in the overall management of
glomerulopathy mediated by obesity-related metabolic disorders.

METHODS

AAV vector production

DNA encoding rat IL-10 was PCR-amplified from rat splenocyte complemen-
tary DNA as described previously, using the primers 5-GCACGAGAGCCAC
AACGCa-3" and 5-GATTTGAGTACGATCCATTTATTCAAAACGAGGAT-3.18
For efficient transgene expression 1n the skeletal muscle, we constructed a
recombinant AAV type 1 vector, which carnied the IL-10 gene or GFP gene,
controlled by the modified chucken B-actin promoter with the cytomegalovirus
posttranscriptional regulatory element (a generous gift from Dr Thomas Hope,
Infectious Disease Laboratory, Salk Institute). AAV vectors were prepared
according to the previously described three-plasmud transfection adenovirus-
free protocol, with minor modification to use the active gassing system.!83!
Briefly, 60% confluent human embryonic kidney 293 cells incubated 1n a large
culture vessels were co-transfected with the proviral transgene plasmid, AAV-1
chimeric helper plasmid (plRepCap), and the adenoviral helper plasmid
pAdeno (Avigen Inc., Alameda, CA, USA).! The crude viral lysates were
purified by two rounds of CsCl mn a two-tier centrifugation. The uter of the
viral stock was deterrmned agamnst plasmud standards by using dot blot
hybridization, after which the stock was diluted 1in PBS before injection.

Animal model and experimental design

All animal procedures were approved by the Jichu Medical University ethics
commuttee and were performed 1n accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Amumals. Male Zucker-fa/fa
and Zucker +/+ rats were obtained from Japan SLC Inc (Shizuoka, Japan).
Ammals were housed 1n a temperature and humudity controlled room, and
standard rat chow (CE-2, Clea Japan, Inc, Tokyo, Japan) and water were
available ad libitum. Five-weeli-old male Zucker-fa/fa rats were randomly
divided mto three groups (n=6 in each group): that 1s, ZE ZF+GFP and
ZF+IL-10. Control lean littermates administered PBS (ZL) were also included
1n the study. Under ether anesthesia, the PBS buffer or AAV vectors in PBS were
injected into the bilateral antenior tibial muscles of the rats (200 ul per site,
1x10!" genome copies per rat). For each ammal, body weight and food
consumption were measured at 5, 10, 15, 20, 25 and 30 weeks of age. Urinary
samples were collected 1n metabolic sampling bottles over 24 h. Blood samples
were collected by tail clipping under ether anesthesia after the rats had fasted
for 16 h. In some circumstances, morning blood samples were also collected to
determime the fed-state blood glucose and serum immunoreactive msulin
levels. The serum levels of Tcho (Cholesterol C-test; Wako Chemucals, Tokyo,
Japan), TG (L-Type TG H Kit; Wako Chemicals) and IL-10 (Quantikine ELISA
Kit; R&D systerns, Minneapolis, MN, USA) were determined according to the
manufacturer’s mstructions. The levels of glucose (Shino-Test, Tokyo, Japan)
and HbAlc (RAPIDIA Auto HbAlc-L; Fujirebio, Inc.,, Tokyo, Japan) were
determmed with whole blood samples. The immunoreactive serum 1nsulin level
was determmed using a commercial radioimmunoassay kit (Rat insulin RIA
lat; Linco Research, Inc., St Charles, MO, USA) with rat nsulin as the standard.
Systolic blood pressure was measured by the non-invasive tail-cuff method
using a manometer-tachometer system (MK-2000, Muromach: Kikai, Tokyo,
Japan). The amount of urinary protem excretion for 24 h was determined with
TP-HR II Wako reagent (Wako Chemicals). Serum creatinine and urinary
creatinme were measured with the creatinine reagent (Alfresa Pharma Cor-
poration, Osaka, Japan), using an automated analyzer (Hitachi-7180, Hitachi
High-Technologies, Tokyo, Japan). We calculated the Ccr using the following
equation: Cer (mlmin~!)=urnary creatmme (mgdi~!) x unne flow rate
(mlmin~Y/serum creatinine (mgdi—!).

Light microscopy

At 30 weeks of age, the anesthetized rats were perfused with 100 ml of saline.
For evaluation of light mucroscopic findings, the kidneys were fixed n 10%
paraformaldehyde in PBS (pH 7.4) and finally embedded in paraffin, sectioned,
and analyzed for histology. Then, 3-um sections were subjected to periodic
acid-Schiff staining. The mean glomerular tuft volume was determined by the
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umages from 50 consecutive glomerular cross sections, which were collected for
each of the histological sections using an Olympus BX50 light microscope
(Olympus, Tokyo, Japan). The area of each glomerular profile was measured
manually by tracing the glomerular outline on a computer screen, and the size
of each area was calculated by computerized morphometry (Image-Pro plus,
Media Cyberneucs, Inc., Bethesda, MD, USA). The measurements were
performed 1n a blinded fashion.

FElectron microscopy

For transmussion electron mucroscopy, tissues of the left kidneys fixed with
2.5% glutaraldehyde in phosphate buffer (pH 7.4) were postfixed mn 2%
osmium tetroxide for 2 h at 4 °C. Then, samples were dehydrated 1n a graded
series of ethanol solutions at room temperature, and embedded in Quetol 812
(Nisshin EM Co., Tokyo, Japan). Thin sections of 80 nm were contrasted with
4% uranyl acetate for 15mm and subsequently stamned with lead citrate for
5min at room temperature. Samples were finally examuned using a transmis-
sion electron microscope (H-7500, Hitach: High-Technologies). The mean
width of the GBM was determined by the images of 100 consecutive glomerular
sections obtamed from two subjects i each group. For scanmng electron
microscopic examination, small pieces of the kidney cortex were fixed in 2.5%
glutaraldehyde 1n sodium cacodylate buffer (pH 7.4) for 2 h, and subsequently
postfixed 1n 1% osmuium tetroxide. Specimens were then dehydrated 1n a series
of ethanols of increasing concentrations, and critical point dried. Once
mounted onto speamen holders and desiccated, the samples were sputter-
coated with a layer of gold and examined with a $-4300 scanning electron
microscope (Hitachi High-Technologies), and images were collected at stan-
dard settings.

Immunofluorescent staining

The analysis of nephrin expression in the renal cortex was performed using an
immunofluorescence technique. The snap-frozen sections of 3 um, fixed in 1%
formaldehyde and blocked 1n 5% normal goat serum, were incubated with
rabbit anti-nephnin primary antibodies (Immuno-biological Laboratories Co.,
Ltd., Gunma, Japan) and washed twice with PBS. Subsequently, sections were
also incubated with Alexa Fluor 488-conjugated anti-rabbit antibodies (Invi-
trogen, Carlsbad, CA, USA). Stained sections were examined using a PROVIS
AX-80 opuical microscope (Olympus). The results were calculated as the
mntensity of fluorescence within the glomerular tuft by using the Image ]
1.42q software package (National Institutes of Mental Health, Bethesda, MD,
USA). On average, over 30 randomly selected hilar glomerular twft cross-
sections were assessed per rat.

Statistical analysis

The results were expressed as the means* s.d. of the mean. The data were
analyzed by an analysis of variance combined with Fisher’s protected least
significant difference. Differences with P<0.05 were considered to be statisti-
cally significant. The correlation test was used to measure the association
between two variables, if appropriate.
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Recovery of neurogenic amines in phenylketonuria mice after

liver-targeted gene therapy

Hiroya Yagi®°, Sho Sanechika®, Hiroshi Ichinose®, Chiho Sumi-Ichinose®,
Hiroaki Mizukami®, Masashi Urabe®, Keiya Ozawa® and Akihiro Kume?®

Phenylketonuria (PKU) is a common genetic disorder
arising from a deficiency of phenylalanine hydroxylase.

If left untreated, the accumulation of phenylalanine leads
to brain damage and neuropsychological dysfunction.
One of the abnormalities found in hyperphenylalaninemic
patients and a mouse model of PKU is an aminergic
deficit in the brain. We previously showed correction of
hyperphenylalaninemia and concomitant behavioral
recovery in PKU mice after liver-targeted gene transfer
with a viral vector. Here, we addressed whether such a
functional recovery was substantiated by an improved
amine metabolism in the brain. After gene transfer, brain
dopamine, norepinephrine, and serotonin levels in the PKU
mice were significantly elevated to normal or near-normal
levels, along with systemic improvement of phenylalanine
catabolism. The results of biochemical analyses validated

Introduction

Phenylketonuria (PKU; OMIM 261600) is a common
inherited metabolic disorder, mostly arising from a
deficiency of phenylalanine hydroxylase (PAH) [1].
PAH is exclusively responsible for converting phenylala-
nine into tyrosine, and its deficiency results in a systemic
accumulation of phenylalanine in the body. Although the
mechanisms involved are not fully understood, excessive
amounts of phenylalanine are toxic to the developing
brain and have a negative impact on neuropsychological
function in adults. Therefore, the present treatment for
PKU mandates strict restrictions of dietary protein in
infancy and childhood to limit phenylalanine intake, and
a similar diet is recommended for life. One possible
mechanism responsible for the neurological dysfunction is
an aminergic deficit, as earlier studies showed drastic
decreases in neurotransmitters such as dopamine, nor-
epinephrine, and serotonin (5-hydroxytryptamine, 5-HT)
in the brains of untreated PKU patients [2,3]. A similar
aminergic deficit was found in a mouse model of PKU
(the Pah™? strain) [4—7]. We and other investigators have
explored the feasibility of somatic gene therapy for PKU,
and have shown that recombinant adeno-associated virus
(AAV) vectors can achieve long-term corrections of
hyperphenylalaninemia (HPA) in PzA™“ mice [8-10].
We also demonstrated a behavioral recovery in the treated
animals, indicating that some brain functions benefited
from this approach [8]. In the present study, we
addressed whether liver-targeted gene therapy for PKU
would reinstate the metabolism of neurogenic amines,
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thereby improving homeostasis and the function of the
central nervous system.

Materials and methods

Animals

All the animal experiments were carried out in accor-
dance with the institutional guidelines under protocols
approved by the Institutional Animal Care and Use
Committee at Jichi Medical University (Shimotsuke,
Japan). PAH-deficient C57BL/6-Pzk*? mice (PKU mice,
—/-) were homozygous for the same PzA"*? mutation as
that described in the original BTBR-P#/™? strain [4,5],
but had been bred and backcrossed on the C57BL/6]
background. Genotyping for the presence of the Pah™
mutation was performed by PCR analysis of tail biopsy
DNA [9]. All the mice were maintained on standard
mouse chow (CE-2 from Clea, Tokyo, Japan). Blood was
collected from the tail veins on a filter paper for newborn
mass screening (No. 545 from Advantec Toyo, Tokyo,
Japan), and blood phenylalanine concentrations were
determined by an enzymatic fluorometric assay using an
Enzaplate PKU-R kit (GE Healthcare, Tokyo, Japan) and
a Fluoroskan Ascent FL plate reader (Labsystems,
Helsinki, Finland) [8,9]. In-vivo phenylalanine oxidation
was evaluated by a noninvasive breath test using
[1—13C]L—phenylalaninc [9,11].

In-vivo gene transfer
The construction and preparation of the AAV8-pseudo-
typed self-complementary AAV vector for PKU (scAAVS/

DOI: 10.1097/WNR.0b013e32834e3a87

—137—



