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Fig 5. GFP transgene expression of MSC infected with adenoviral
and lentiviral vectors. (A) Light photomicrograph and (B) fluores-
cence photomicrograph of MSCs cultured for 3 days after infection
with lentiviral vector (original magnification 40X). (C) Light pho-
tomicrograph and (D) (luorescence photomicrograph of confluent
MSCs cultured for 7 days after infection with lentivirus vectors
(original magnification 40X). (E) Light photomicrograph and (F)
fluorescence photomicrograph of confluent MSCs cultured for 7 days
after infection with adenovirus vector (original magnification 40X).
Data are representative of 3 independent experiments. (G) Construc-
tion of adenoviral and lentiviral vector. G-a = lenti-GFP; G-b =
adeno-GFP;, CMV = human cytomegalovirus immediate early pro-
moter; RRE = Rev response clement; /TR = inverted terminal
repeat.

In this study, we showed that human UCB contains a
small population of MSCs that are capable of differen-
tiating into osteoblasts and adipocytes. These cells may
be expanded and maintained in continuous culture for
more than 6 months. As reported previously,®%!13233
many similarities exist between MSCs isolated from
UCB and BM. Furthermore, we were unable to grow
hematopoietic colonies from UCB-derived MSCs in
our culture system. However, we do not yet know the
origin of these cells, so further studies are needed to
understand whether they were derived from the same
stem cells as the hematopoietic cells or had lost the
ability to differentiate into hematopoictic cells as a
result of the culture conditions used in this study.

As described previousty,®* the definition of MSCs is
made difficult by the lack of a specific cell-surface
marker that defines the progenitor population. In this
study, we identified an immunophenotype of the MSCs.
The results indicate the fack of hematopoietic marker
expression (Fig 3), and UCB-derived MSCs are always
CD34- and CD45-negative once cultures have been
established. The expression of adhesion molecules was
found to be similar in UCB- and BM-derived MSCs,
with the exception of CD90 and CD166. In this study,
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the UCB-derived MSCs showed strong expression of
CD9Y0 and CD166, suggesting an abundance of ostco-
blast progenitors. These results differ from those of
other researchers.®® Our cells also expressed CD105
(endoglin, TGF-£ receptor 1. It is likely that TGF-
signaling plays a role in the control of chondrocyte
differentiation from UCB-derived MSCs.

We also obscrved large interindividual variations in
the ability of UCB to support the growth of UCB-
derived MSCs. Similar observations have been reported
by other researchers® and may support the existence of
a true biologic variation among donors. More specific
methods that identify UCB-derived MSCs and promote
their attachment and growth are clearly needed.

Although we found UCB-derived MSCs to be capa-
ble of expressing antigens of multiple lineages in vitro,
it will be important to demonstrate that these cells can
function across lineage boundaries in vivo. Wide-rang-
ing transplantation trials are therefore needed to further
understand the capacity of these cells. Recent reports
have shown that MSCs can engraft and differentiate
when transplanted into experimental animals®™7 and
play a role in wound healing.”®~** Furthermore, using
a sheep-xenograft model, Liechty and collcagues suc-
cessfully transplanted MSCs into fetal sheep.** Human
MSCs have been engrafted and shown to persist in
multiple tissues for as long as 13 months. These cells
seem to have unique immunologic characteristics that
permit persistence in a xenogenic environment. These
properties suggest the potential usefulness of MSCs in
cell- and gene-based therapies, as well in the treatment
of a wide range of mesenchymal disorders.*>*® MSCs
have recently been investigated for their potential as
platforms for the systemic delivery of therapeutic pro-
teins in vivo after gene transfer.'”

Although the authors of a variety of studies involving
BM-derived MSCs and various viruses have attempted
to transduce exogenous genes, no study involving
UCB-derived MSCs has been reported until now. In
this study we therefore focused the practice of gene
transfer—in which a reliable gene-delivery system is
required to transfer genes for use as platforms for the
systemic delivery of therapeutic proteins—on UCB-
derived MSCs. As a means of demonstrating the effec-
tiveness of lentivirus vector in gene and cell therapy,
we compared the efficiency of exogenous gene trans-
duction and the kinetics of transduced gene expression
to UCB-derived MSCs, using adenoviral and lentiviral
vectors that are used in a wide variety of research,
including cell- and animal-based studies and clinical
tests against genetic and acquired disorders. The pro-
portion of GFP-positive cells in the lenti-GFP group
had a continuous-cxpression level of 83.0% at the end
of 5 weeks. However, the proportion of GEP-positive
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Fig 6. Kinetic representation of exogenous gene expression of MSCs transduced by adenoviral and lentiviral
vectors. The efficiencies of gene transduction were compared after 1, 3, and 5 weeks by means of FACS analysis.
We found the lentiviral vector more efficient than the adenovirus vector for transgene expression in human
UCB-derived MSCs. Data are representative of 3 independent experiments.

cells in the adeno-GFP group declined rapidly, from
70% after 1 week to 0.05% after 5 weeks (Fig 6). These
results indicate that the major advantage of lentiviral
vectors is that they are capable of integrating their
genomes into those of the host cells and therefore have
the potential to enable long-term expression of the
transgene. Lentiviral vectors have a significant advan-
tage over adenoviral vectors with regard to the long-
term stability of transgene expression in human UCB-
derived MSCs, as described in BM-derived MSCs.}”
The differentiation status of cells after gene transfer is
another important consideration. In this study, we
found that the lentiviral vectors had no significant in-
fluence on the surface markers at the end of the 5-week
experiment (data not shown).

The results of this study show that lentiviral vectors
appear to be efficient in delivering and expressing
transgenes in UCB-derived MSCs. One of the impor-
tant clinical requirements of genetically modified
MSC:s is that they are stable and can provide long-term
expression of the desired gene product, as well as
regulation of gene expression according to the severity
of the disease. The continuing development of lentiviral
vectors may be an important advance in moving clinical
gene transfer closer to the goal of being a viable option
for the routine treatment of a variety diseases. Never-
theless, despite the challenges and questions that re-
main, lentiviral vectors do show promise for future
clinical use.

In conclusion, we have shown that MSCs with high
proliferation and differentiation potential are present in
human UCB. Further, we have demonstrated for the
first time that lentivirus vector can transduce exogenous
gene and cause expression to persist. UCB should not

be regarded as medical waste. On the basis of their
great expansion capacity, as well as their differentiation
potential, human UCB-derived MSCs should be re-
garded as attractive targets for cellular or gene-transfer
therapeutic options.

We thank Dr. Hiromitsu Kimura for comments and useful sugges-
tions.
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Apoptosis of cardiomyocytes plays an important role in reperfusion injury following myocardial infarction.
Conversely, interleukin-6 (IL-6)}—a potent cytokine—inhibits myeloma cell apoptosis by activating GP130
through the IL-6 receptor (IL-6R). We hypothesized that the IL-6/soluble 1L.-8R complex can inhibit myocardial
apoptosis, and limit infarct size in reperfused acute myocardial infarction. Anesthetized rats were randomly
divided into five groups: sham, coronary occlusion and reperfusion rats administered [L-6/soluble IL-6R
complex, IL-6 alone, soluble IL-6R (slL.-6R) alone, or a contro! vehicle. Rats were subjected io 30 min occlusion
of the left coronary artery followed by 3 h reperfusion. After reperfusion, the hearts were excised. For detection
and quantification of apoptosis, gel electrophoresis of extracied genomic DNA and TUNEL method of paraffin
sections were performed. The percentage of the infarct area was measured using tetrazolium chloride staining.
The cardiomyocyie apoptosis analysis revealed that apoptosis in the reperfused myocardium was inhibited
only in the complex group. Furthermore, the percentage of the infarct area out of the area at risk was remarkably
reduced in the complex group (23.811.8%), compared with that in the vehicle (37.9+3.7%), the IL-6
{40.7 + 1.0%), or the slL-6R (37.512.4%) groups (P=0.0002). No significant differences were observed among
the vehicle, IL-6, and slL-6R groups. The IL-6/soluble IL-6 recepior complex inhibits cardiomyocyte apoptosis in

reperfused acute myocardial infarction. It possibly reduces irreversible reperfusion injury.
Laboratory Investigation (2005) 85, 1210-1223. doi:10.1038/labinvest.3700322; published online 1 August 2005
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Interleukin-6/soluble interleukin-6 receptor (IL-6/
sIL-6R) complex exhibits various functions in the
central nervous system, the hematopoietic system,
and other tissues.*® Classically, many soluble
receptors are used to inhibit ligand signaling of the
native receptor.” However, soluble IL-6R acts as an
agonist of IL-6 activity. The receptor for IL-6 is
composed of two distinct membrane-bound glyco-
proteins, an 80 kDa cognate receptor subunit (IL.-6R)
and a 130 kDa signal-transducing element (gp130).5-
" The binding of IL-6 to the IL-6R induces the
homodimerization of gp130. Homodimerisation of
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the two gp130molecules causes phosphorylation of
gp130 and the transcription factors STAT1 and
STATS3 by Janus-Kinases (JAK1, JAK2, TYK2), which
are constitutively associated with gp130.** Neither
IL-6 nor IL-6R alone binds or activates gp130. The
heterodimeric complex IL-6/ IL.-6R acts as the active
cytokine.® A soluble form of the IL-6R (sIL-6R) is
still able to bind IL-6 and the complex of IL-6 and
the sIL-6R activates target cells expressing gp130. In
IL-6 signaling, the activation of STAT3 was shown to
be linked with antiapoptotic signals through the
induction of bcl-2.*® Furthermore, IL-6 was reported
to inhibit apoptosis of malignant plasma cells,**
which express IL-6 receptors."®'® In target cells
expressing membrane-bound IL-6R, the function
of IL-6 is further augmented by the addition of
sIL-6R.'”'" In target cells expressing a small or no
available number of membrane-bound IL-6R but
expressing gp130, exogenously added T11-6 fail to
exert its functions; however, coadministration of
soluble IL-6R with IL- 6 induces IL-6-mediated
functions.*®



Although gp130 is expressed on cardiomyo-
cytes,”® whether cardiomyocytes express IL-6R is
controversial. Saito et al’ reported that cardiomyo-
cytes did not express IL-6R, while Youker et al
showed that IL-6 activated IL-6 signal pathway in
cardiomyocytes.?® Chandrasekar et al*' did not
detect IL-6R mRNA in control myocardium, but
found its upregulation in ischemic/reperfused myo-
cardium. To examine whether IL-6 signaling inhibits
apoptosis of cardiomyocyte as well as myeloma
cells, a rat myocardial ischemia/reperfusion model,
in which apoptosis of cardiomyocytes has pre-
viously been documented,”* was used in this
investigation.

Clinically, the mainstay of treatment for acute
myocardial infarction has strived to decrease the
amount of infarcted myocardium. This has involved
timely intervention by reperfusion of the occluded
coronary artery; early reperfusion techniques in-
clude primary angioplasty and thrombolytic ther-
apy.”?®> However, the apparent protective effect of
timely reperfusion in acute myocardial infarction
is accompanied by a paradoxical acceleration in
residual cell death of the reperfused myocardium.
These potential deleterious effects of reperfusion on
the myocardium constitute the dilemma of reperfu-
sion injury.®*** The precise mechanism of reper-
fusion injury remains to be elucidated; however,
myocardial apoptosis has been thought to contribute
significantly to reperfusion injury.***%*” Optimizing
the process of reperfusion to reduce these deleter-
ious effects, perhaps by the administration of
adjunctive therapies or by altering the myocardial
environment, could further improve the outcome of
clinical intervention.???°

In the present study, we showed that IL-6/sIL-6R
complex, but not IL-6 or sIL-6R alone, inhibited
myocardial apoptosis in reperfused acute myocar-
dial infarction. We further showed that IL-6/sIL-6R
complex reduced infarct size in this model.

Materials and methods

Experimental Protocols

Human recombinant IL-6 was obtained from INTER-
GEN (New York, USA). Human sIL-6R was gener-
ously provided by Dr Tadamitsu Kishimoto of Osaka
University. Human sIL-6R has been purified from
human serum and urine.®*”*° This soluble receptor
binds IL-6 with an affinity similar to that of the
cognate receptor {0.5-2nM)**** and prolongs its
plasma half-life.?* The IL-6/sIL-6R complex is
capable of activating cells via interaction with
membrane-bound gp130. The molecular mass of
11.-6/sIL-6R complex (~60kDa) is about three-fold
higher than that of I1.-6 (~20kDa}. In this study, the
11.-6/sIL-6R complex was made by incubating hu-
man recombinant IL.-6 (3.3 ug/kg body weight) with
an excess amount of human sIL-6R (33 ug/kg body
weight) for 15min at 37°C in vitro. For example,
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9.9ul of human recombinant IL-6 {100ng/pl in
ddH,0) and 19.8 ul of human sIL-6R (500 ng/ul in
PBS) were mixed for a rat weighting 300g. Then we
added normal saline to a final volume of 200 pl.

Male Wister rats weighing 270-325g were an-
esthetized with sodium pentobarbital (50 mg/kg,
i.p.} prior to surgery. Rats were randomly divided
into five major groups: sham-operated rats (n=4),
coronary occlusion and reperfusion rats adminis-
tered IL-6/sIL-6R complex (n=13), a control vehicle
(n=13), human recombinant IL-6 (3.3 ug/kg body
weight, n=11), or human sIL-6R (33 ug/kg body
weight, n=11). The volume of each drug is adjusted
to 0.2ml with a control vehicle, normal saline. The
drugs were injected into the left ventricular cavity
in vivo through the carotid cannula 15 min before
coronary occlusion.

The animals were intubated and ventilated with a
rodent respirator. A midline sternotomy was per-
formed, and the heart was exposed. A reversible 4-0
silk slip knot was placed around the left coronary
artery, approximately 5mm distal from its origin,
effectively occluding the vessel. Coronary occlusion
was maintained for 30min, at which time the slip
knot was released, initiating reperfusion. Sham-
operated control rats underwent the same surgical
procedure except that the suture passed under the
left coronary artery was not tied. We injected all the
rats included sham-operated rats with 2mg/kg of
lidocaine through carotid catheter just after the
coronary occlusion to prevent sustained ventricular
tachycardia. After 3h reperfusion, the left coronary
artery was reoccluded briefly, and 1 ml phthalocya-
nine blue dye was injected into the left ventricular
cavity in vivo and allowed to perfuse the nonis-
chemic region of the heart, as previously reported.*
Then, the heart was excised and divided into three
regions: nonischemic, border, and ischemic.

In the experiments using tissue sections, we
identified the border region as being at the edge of
the blue-dye-stained region. This border region
included both perfused myocardium and ischemic
myocardium, because of interdigitation of intramyo-
cardial coronary arteries. Therefore, in the extrac-
tion of genomic DNA, we identified the border
region as the tissue mass which included an equal
amount of the blue-dye-stained and nonblue-dye-
stained region abutting the edge of the blue-dye-
stained area, and whose total weight was approxi-
mately 100 mg.

The study was approved by the Keio University
School of Medicine Care of Experimental Animals
Committee.

Hemodynamic Evaluation

The right carotid artery was cannulated with a 22G
teflon catheter connected to a pressure transducer
(Nihon Koden, Tokyo, Japan). By monitoring arterial
blood pressure, the catheter was advanced into the
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left ventricular cavity for evaluation of left ventri-
cular pressure and also for injection of the drugs.

Infarct Sizing

After reperfusion, the left coronary artery was
reoccluded briefly, and 1ml phthalocyanine blue
dye was injected into the left ventricular cavity in
vivo and allowed to perfuse the nonischemic region
of the heart. The entire heart was excised and sliced
transversely into sections approximately 2mm in
thickness. The slices were photographed and then
incubated in a 1% solution of tetrazolium chloride
(TTC) for 10min at 37°C to stain the viable
myocardium brick red. The samples were fixed in
10% buffered formalin for 24h and then photo-
graphed. The area at risk (regions not stained with
phthalocyanine blue dye) and the infarcted area
(regions not stained with TTC) were outlined on
each photograph and measured using an image
analyzer. Infarct size was expressed as a percentage
of the infarcted area divided by the area at risk.

Agarose Gel Electrophoresis of DNA

Extracted genomic DNA was dissolved in TE buffer
(10mM Tris-HCl and 1mM EDTA, pH 8.0) at 50°C
overnight. The DNA solution was treated with
RNase (100 pg/ml) for 1 h at 37°C.

In all, 12 ug of DNA was electrophoresed in 2%
agarose gel in TAE buffer (40 mM Tris-HCl, 30 mM
acetic acid, and 2mM EDTA, pH 8.0) for 5h at 50 V.
After electrophoresis, the gel was stained in vistra
green solution (Amersham, Buckinghamshire, UX]),
and the DNA was visualized using the Fluor imager
(Molecular Dynamics Inc., CA, USA) as previously
reported.®® To confirm DNA ladder formation, the
linear distribution of signal intensity for each lane
was analyzed using the Image QuaNT software
{Molecular Dynamics Inc.).

TdT-Mediated dUTP-Biotin Nick End Labeling
(TUNEL)

Fragmented DNA was detected in myocardial sec-
tions using a modified end-labeling technique as
previously reported.®* Paraffin-embedded myocar-
dial sections were mounted on glass slides. Non-
ischemic and ischemic area orientation was
confirmed by phthalocyanine blue dye. The slides
were incubated with 5pug/ml of proteinase K for
15min at room temperature (RT), and then the
endogenous peroxidase was inactivated by immer-
sing the sections in 2% H,0,. Deoxynucleotidyl
transferase (0.3 U/ml) and biotinylated dUTP in TdT
buffer (30 mM Tris-HCl, pH 7.2, 140mM sodium
cacodylate, 1TmM cobalt chloride) were added to
cover the sections and the sections were incubated
in a humid chamber at 37°C for 60min. After
washing, the sections were covered with streptavi-
din peroxidase for 15min at RT, and then stained
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with 3,3’-diaminobenzidine tetrahydrochloride. The
sections were counterstained with methyl-green.
Positive control samples were prepared by incubat-
ing sections with DNase I prior to treatment with
terminal transferase. Negative controls consisted of
specimens in which deoxynucleotidyl transferase
was omitted.

To determine the ratio of TUNEL-positive myo-
cytes, the number of TUNEL-positive cardiomyocyte
nuclei was divided by the total number of cardio-
myocyte nuclei. Six representative microscopic
fields were analyzed for each region.

Electron Microscope

The hearts were subjected to perfusion-fixation with
Karnovsky’s fixative before excision. Tissue samples
from ischemic, border, and nonischemic regions
were immersed in Karnovsky’s fixative. Thin sec-
tions were mounted on grids; scanned and photo-
graphed.

Blood Analysis

The right femoral artery was cannulated with a 24 G
teflon catheter to obtain blood samples. In all, 4ml
of arterial blood was drawn from the femoral artery
immediately after 3h reperfusion but before dye
injection. In addition to blood counts, the plasma
was separated and C-reactive protein (CRP) was
quantified by Latex Agglutination-Turbidimetric
Immunoassay, using LZ TEST ‘EIKEN’ CRP kit
according to the manufacture’s instruction (Eiken
Chemical Co., Ltd., Tokyo, Japan).

Immunoprecipitation and Western Blot Analysis

Polyclonal antibodies to gp130 and monoclonal
antibody to phosphotyrosine were obtained from
Upstate Biotechnology (Lake Placid, NY, USA).
Sham-operated rats were used for this experiment.
Without the occlusion of the left coronary artery, LV
tissues were harvested at 0, 5, 15, 30, and 60 min
after the injection of IL-6/sIL-6R complex into LV
cavity through the carotid catheter. LV tissues were
homogenized in lysis buffer (150 mM NaCl, 0.02%
sodium azide, 0.1% SDS, 100 pg/ml PMSF, 1 ug/ml
aprotinin, 1% NP-40, 0.5% sodium deoxycholate,
50mM NaF, 256 mM p-glycerophospate, and 1mM
Na;V0, in 50 mM Tris-HCl, pH 8.0) and the 5 mg of
lysates were precleared by incubation with protein
G sepharose (Amersham Pharmacia Biotech, NJ,
USA) for 1h at 4°C. After centrifugation, the lysates
were incubated with the monoclonal antibody to
phosphotyrosine overnight at 4°C. Immunocom-
plexes were collected by incubating with 40l of
protein G sepharose for 2h. Immunoprecipitates
were washed five times with TBS-T (0.1% tween-20
and 137 mM NaCl in 20mM Tris-HCI, pH 7.6). The
precipitated proteins were dissolved in sample
buffer (10% glycerol, 2.3% SDS and 5% f-mercap-



toethanol in 62.5 mM Tris-HCI, pH 6.8) and heated
at 95°C for 5 min. Proteins were separated by 7.5%
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Protein fractions were then
electrophoretically - transferred onto a polyvinyli-
dene difluoride (PVDF) membrane. The membrane
was blocked with 5% nonfat-dried milk in TBS-T.
Then the membrane was incubated with rabbit
polyclonal antibody to gp130 for 1h at RT. The
primary antibody was diluted 1:100 in blocking
solution. After washing in TBS-T, it was incubated
with horseradish peroxidase-conjugated swine anti-
rabbit immunoglobulin diluted to 1:1000 in blocking
solution. The antigen antibody—peroxidase complex
was visualized using the ECL chemiluminescence
detection kit (Amersham International, Buckin-
ghamshire, UK).

Statistical Analysis

All values are expressed as the mean:ts.em.
Statistical significance was determined using an
ANOVA followed by the Bonferroni test. P-values
less than 0.05 were considered statistically signi-
ficant.

Results
Assessment of Infarct Size

Infarct size, or the percent infarct area, was
evaluated as a percentage of infarct area to area at
risk. Phthalocyanine blue dye and TTC staining
were performed to estimate area at risk and infarct

area, respectively (Figure 1a). The average area at

risk was 45.9+2.9% in the vehicle-treated group,
53.3+3.1% in the IL-6/sIL-6R complex-treated
group, 49.3+3.8% in the IL-6-treated group, and
51.4+2.5% in the sIL-6R-treated group, with no
significant differences among the four groups
(ANOVA). However, there were significant di-
fferences (P=0.0002 by ANOVA) in the percentage
of the infarct area relative to the area at risk
(percent infarct area) among the IL-6/sIL-6R complex-
treated (23.8+1.8%), vehicle-treated (37.94:3.7%),
IL-6-treated (40.7+1.0%), and sIL-6R-treated
(37.5+2.4%) groups (Figure 1b). The results of the
Bonferroni test showed that only the IL-6/sIL-6R
complex-treated group showed a significantly smal-
ler (P=0.0004) percent infarct area than the vehicle-
treated group (three comparisons). The IL-6-treated
and slIL-6R-treated groups showed no significant
differences from the vehicle-treated group.

Heart Rate and Left Ventricular Pressure

ANOVA revealed no significant differences in the
heart rate (HR), left ventricular systolic pressure, or
left ventricular end diastolic pressure measured
before coronary occlusion, after coronary occlusion,
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or after reperfusion among the vehicle-treated, IL-6/
sIL-6R complex-treated, IL-6-treated, and sIL-6R-
treated groups (Table 1). The reduction in the infarct
size was not considered to be related to the HR or
blood pressure, but to an antiapoptotic etfect.

Cardiac Arrhythmias

Almost all arrhythmias occurred between 5 and
15 min after coronary occlusion. Some rats showed
isolated premature ventricular contraction (PVC)
just after the reperfusion but those arrhythmias were
not severe. In this study, we injected all the rats
included sham-operated rats with 2mg/kg of lido-
caine through carotid catheter just after the coronary
occlusion to prevent sustained ventricular tachycar-
dia (VT). Even after the injection of lidocaine, some
rats still exhibited PVC or nonsustained VT between
5 and 15min after coronary occlusion. However,
they were transient and recovered without addi-
tional drugs. Although we did not observe the
difference in arrhythmias among the vehicle-treated,
IL-6/sIL-6R complex-treated, IL-6-treated, and sIL-
6R-treated groups, we cannot exclude the possibility
that lidocaine masked the difference in arrhythmias.

Blood Analysis

There were no significant differences in the white
blood cell count or serum CRP level among the
vehicle-treated, IL-6/sI1.-6R complex-treated, I1L-6-
treated, and sIL-6R-treated groups (Table 2).

Agarose Gel Electrophoresis

Genomic DNA obtained from the ischemic and the
border regions of the vehicle group showed typical
DNA laddering with reduced high molecular weight
genomic DNA. However, DNA from any region of
the I1.-6/sIL-6R complex group as well as from the
nonischemic region of the vehicle group did not
exhibit DNA fragmentation. DNA from nonischemic
regions as well as specimens taken from the border
region of the IL-6/sIL-6R complex group exhibited
preservation of high molecular weight genomic DNA
bands (Figure 2}. Similar to the vehicle group, DNA
from the ischemic and the border regions of the IL-6
or sIL-6R group showed typical DNA laddering with
reduced high molecular weight genomic DNA
(Figure 3). Thus, specimens taken from only the
IL-6/sIL-6R complex group exhibited inhibition of
cardiomyocyte apoptosis following reperfusion.

In Situ DNA Fragmentation by TUNEL Staining

To visualize apoptosis in situ, the TUNEL method
was employed to detect apoptotic nuclei in myo-
cardial cells. In the nonischemic regions, positively
stained nuclei were rarely detected in the rat hearts.
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Figure 1 Assessmuont of infarct size. (@) Photos of vat hearts showing phthalocvanine blue dye and tetrazoliuvm chloride (81C) staining,
The heart was shiced transversely into sections approximately 2 mn in thickness. The area al visk was delined as regions nol stained with
phthalocyanine blue dye, shown in the upper panels, and the infarct area was defined as regions not stained with 1TC (white arsa),
shown i the Tower panels. Each pair of apper and lower panels represents the same slice. The infaret size, or the percent infarct area,
was evaluated as a porcentage of the infarct area relative to the avea at visk. Bar reprosents 5 mm. (b) Bar graph representing the percentage
of the infarct arca relative to the arca at risk in rat hearts subjected 10 30 min ischemia and 3 h reperfusion after the administration of the
control vehicle, TL-6. sHL-6R, or the [1-6/soluble TL-6R complox. The drugs were injected in vivo into the LY cavity through a caroticd
cannuba 15 min belore coronary occlusion. The percentage ol infarct area relative to the area at visk was signilicantly smaller in the -6/
sIL-6R complex-treated group (238 + L.8%, n 7) than in the vehicle-reated (37.9-63.7%, 1= 7). -6-treated (40.7 4 1.0%, 1 - 7). and
slL-6R-treated (37.5 4 2.4%. 0+ 7) groups. *P-o0.05 ve vehicle- [-6-Cand sH-6R-treated groups. The error bar represents the s.ean.

were considerably less positive nuclei compared
with the vehicle-treated hearts (Mguare 4). Similar to
the vehicle hearts, numerous TUNEL-positive nu-
clei were observed in the ischemic or border regions
of the IL-6-treated or s1IL-6R-treated hearts (IFigure 5).

In the ischemic or border regions of the vehicle
hearts, numerous TUNEL-positive nuclei were ob-
served. However, in the ischemic and border regions
ol the 1L-6/s11-6R complex-treatod hearls, only
scaltered positive nuclei were observed and there

Labioratory Investigation {2005) 85, 1210—1223



Table 1 Heart rate and left ventricular pressure

Vehicle Complex IL-6 sIL-6R

Heart rate (bpm)

Baseline 395+ 20 398+17 36148 335+25

occ 30 312419 330+11 310+13 291424

rep 30 310422 345+17 325418 313428

rep 180 288+18 345+12 294+12 289+18
LVSP (mmHg)

Baseline 107 +6 10916 126 +4 11643

occ 30 94+3 10414 9944 8948

Tep 30 9645 11543 10445 105+8

rep 180 11344 12545 107 +5 10647
LVEDP (mmHg)

Baseline 6.7+1.1 5.94+1.1 4.3+0.7 6.440.5

occ 30 5.6+0.7 7.640.6 8.4+41.0 9.6+1.1

rep 30 5.6+1.5 8.6+0.7 10.2+1.1 7.4+4+1.1

rep 180 5.940.6 7.940.8 5.4+0.2 6.6+0.6

Complex =IL-6/sIL-6R complex; IL-6=interleukin-6; LVEDP =left
ventricular end diastolic pressure; LVSP=left ventricular systolic
pressure; occ = occlusion; rep = reperfusion; sIL-6R =soluble inter-
leukin-6 receptor.

Table 2 Blood analysis

Vehicle Complex IL-6 sIL-61
WBC (/) 8600+1120 76444566 65604733 62504517
CRP (ng/dl) 014002 014002 014002 0.1+0.02

Complex = IL-6/sIL-6R complex; CRP = C-reactive protein; IL-6 = inter-
leukin-6; sIL-6R = soluble interleukin-6 receptor; WBC = white blood
cell count.

Quantitatively, the ratio of TUNEL-positive myo-
cytes in the ischemic (I) and border (B) regions was
significantly smaller in the IL-6/sIL-6R complex-
treated group (I: 4.840.6%, B: 3.9+0.7%) than that
in the vehicle-treated (I: 14.1+0.7%, B: 13.9+
0.9%), IL-6-treated (I: 13.14+0.7%, B: 13.2+0.8%),
and sIL-6R-treated (I: 14.94+1.0%, B: 12.9+1.1%)
groups (P<0.0001 by ANOVA, P<0.0001 by
Bonferroni test when comparing with the vehicle
group in the same region, three comparisons in each
region) (Figure 6). No significant differences were
observed among the vehicle-treated, IL-6-treated,
and sIL-6R-treated groups.

Electron Microscope Findings

To confirm cardiomyocyte apoptosis, we analyzed
the vehicle-treated border and ischemic tissue
sections by electron microscope. The ultrastructural
features of apoptotic cells are known to be shrunk
cells displaying segregation of chromatin into dis-
crete clumps abutting the nuclear membrane,
whereas cytoplasmic organelles most often kept a
normal appearance.”® In the vehicle-treated border
and ischemic sections, apoptotic myocytes pre-
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sented with complete nuclear chromatin conden-
sation along the nuclear membrane (Figure 7).
Consistent with previous studies on myocardial
ischemia/reperfusion,®®*” we were not able to detect
definite apoptotic bodies of cardiomyocyte origin in
these sections.

Activation of gp130 by IL-6/sIL-6 Receptor Complex

To confirm the gp130 pathway is activated by the
injection of IL-6/sIL-6R complex, we examined the
tyrosine phosphorylation of gp130 in rat hearts. As
shown in Figure 8, basal level of tyrosine phosphor-
ylation of gp130 was very little but significant
tyrosine phosphorylation of gp130 was observed in
rat hearts after the infection of IL-6/sIL-6R complex.
Intense phosphorylation of gp130 was observed
between 5 and 15min after injection. These results
indicate that the IL-6/sIL-6R complex activates
gp130 pathway.

Assessment of Left Ventricular Function by LV dP/dt

Having demonstrated that our IL-6/soluble IL-6R
complex reduces infarct size through inhibiting
myocardial apoptosis, we compared LV function
using LV dP/dt between vehicle-treated rats and IL-
6/sIL-6R complex treated rats. Since LV dP/dt is very
sensitive to inotrophic changes, it is considered to
be a good marker which reflects LV function.®*® As
shown in Table 3, trends towards higher positive
dP/dt and negative dP/dt were observed at 30 min
after occlusion and at 30min after reperfusion in
I.-6/sIL-6 complex group; however, these differ-
ences did not reach statistical significance.

Discussion

In this study, we have shown that administration of
IL-6/sIL-6R complex inhibits apoptosis in the re-
perfused myocardium. Furthermore, the above com-
plex was also able to reduce infarct size. IL-6/sIL-6R
complex has been reported to have various func-
tions in the central nervous system, the hemato-
poietic system, and other tissues;*® however, the
effect of the complex in myocardial infarction has
not been directly assessed so far. This is the first
report of the possible therapeutic effects of IL-6/sIL-
6R complex in reperfused myocardial infarction; our
results suggest the possible use of this complex in
the clinical treatment of reperfused myocardial
infarction as well as other cardiac diseases
involving apoptosis such as myocarditis and heart
failure.?9°

IL-6/sIL-6R complex induces the homodimeri-
zation of gp130. Homodimerization of the two
gp130molecules causes phosphorylation of gp130
and the transcription factors STAT1 and STAT3 by
Janus-Kinases (JAK1, JAK2, TYK2) and then acti-
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Figure 2 DNA ladder formation in rat heart administered either a control vehicle or [L-6/sL-6R complex. Genomic DNA was extracted
from rat myocardium and electrophoresed in 2% agarvose gel. Lanes 1-3 represent genomic DNA extracted from a heart exposed to 30min
ischemia and 3 h reperfusion and administered a control vehicle, Lanes 4-6 represent gonomic DNA frons a heart exposed to 30 min
ischemia and 3 h reperfusion and administered the [L-6/51L-6R complex (lanes 1 and 4: ischemic myocardinm; lanes 2 and 5: border
region myocardium; lanes 3 and 6: nonischemic myocardium). Genoniic DNA from the ischemic and border regions (lanes 1 and 2)
exhibited typical DNA laddering in the 200-600bp range; however, genomic DNA from the nonischemic region (lane 3) exhibited
preservation of high molecular weight DNA and did not exhibit DNA ladder formation typical of DNA fragmentation. In the H-6/sl1,-6R
complex treated rat heart, the ischemic myocardium exhibited a smear pattern typical of degradated genomic DNA and did not exhibit
DNA ladder formation. Genomic DNA from the border and nonischemic regions did not exhibit DNA ladder tormation but did exhibit
preservation of high molecular weight DNAL Lane 7 represented genomic DNA from a sham-operated heart and exhibited only the intact
high molecular weight DNA band. M represents a 100 bp DNA ladder marker. The graph on the right reprosents the linear distribution ot
signal intensity of the agarose gel DNA electrophoresis for lanes M, 5, and 2 (M: marker lane; 5 and 2: lanes representing DNA from the
border regions of the TL-6/510-6R complex treated and control vehicle-administered hearts, respectively). This distribulion pattern
confirms that typical DNA laddering can be detected in lane 2 bul not in lane 5. DNA from individual hearts were used. The experiment
shown is representative of three experiments.

HRo12,3 -4

vates cellular signal processes. Our study
indicated that administration of IL-6/sIL-6R com-
plex, but not of IL-6 or sIL-6R alone, inhibited
cardiomyocyte apoptosis in reperfused acute myo-
cardial infarction. In this relation, it is of interest
that coadministration of IL-6 and sIL-6R, but not IL-
6 or sIL-6R alone attenuated motor dysfunction and
neuropathological changes in wobbler mouse motor
neuron disease.”® Transgenic mice overexpressing
both IL-6 and IL-6R present with hypertrophy of
ventricular myocardium wilth advancing age; the
myocardium in these animals has been shown lo
express gp130.*° However, transgenic mice over-
expressing IL-6 or IL-6R alone did not present with
detectable myocardial abnormalities. The present
study also showed that administration of 1L-6 or siL-
6R alone had no effects on cardiomyocytes. In [L-6
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signaling, the activation of STAT3 was shown to be
linked with antiapoptotic signals through the in-
duction of bel-2."" Possible mechanism in our
results is that exogenous IL-6/s1L-6R complex acls
directly on cardiomyocytes by activaling membrane-
anchored gp130 and inhibits cardiomyocyle apop-
tosis. Another possibility is that the above complex
may act on other cell types (eg, leukocytes) and
reduce reperfusion injury through altering the
myocardial environment. Since we showed that 11-
6/sIL-6R complex induced tyrosine phosphorylation
of gp130 within 5min, we speculate the former
mechanism is a more reasonable explanation for our
results. Other studies also showed that 1L-6/s1L-6R
complex as well as ciliary neurotrophic factor and
leukemia inhibitory factor—members of the I1-6
family—reached to the cell surface of targel organs
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Figure 3 DNA ladder formation in rat heart administered either
I1.-6 or sIL-GR. Lanes 1-3 represent genomic DNA extracted from
a heart exposed to 30min ischemia and 3h reperfusion and
administered [L-6. Lanes 4-6 represent genomic DNA from a heart
exposaed to 30 min ischemia and 3 h reperfusion and administered
s1L-6R (fanes 1 and 4: ischemic myocardium; lanes 2 and 5: border
region myocardium; lanes 3 and 6: nonischemic myocardinm).
Genomic DNA from the ischemic and border regions (lanes 1, 2, 4,
and 5) exhibited typical DNA laddering in the 200-600bp range;
however, genomic DNA from the nonischemic region (lanes 3 and
6) exhibited preservation of high molecular weight DNA and did
not exhibit DNA ladder formation typical of DNA fragmentation.
Lane 7 represented genomic DNA from a sham-operated heart and
exhibited onty the intact high molecular weight DNA band. M
represents a 100bp DNA fadder marker. DNA - from individual

hearts were used. The experiment shown s representalive of

three experiments.

and had therapeutic effects after systemic adminis-
tration, "7

Our results demonstrated that myocardial apop-
tosis was inhibited by IL-6/sIL-6R complex in the
border region as well as the nonischemic region. The
characteristics of the border region are considered to
differ from those of normal myocardium. Myocar-
dial infarction induces regional abnormalities {asy-
nergy) in the wall motion of the heart. The infarcted
region presents with akinesis; subsequently, the
border region adjacent to the ischemic region is
subjected to mechanical stretching. This mechanical
stretching can trigger certain signals associated with
apoptosis.” In addition, an increased workload in
the border region requires an increase in oxidative
metabolism for energy production; the resulting
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oxidative stress may activate certain signaling path-
ways and promote apoptosis.”™ !

Although our results provide provocative and
stimulaling possibilities in treatment and suggest
new orientations in clinical rescarch topics, several
issues require further investigations prior to clinical
application.

Apoptosis was originally termed to deline essen-
tial programmed cell death and plays an important

role in both development and maintenance of

tissue homeostasis.® ' In other words, this form
of altruistic cell death can be considered to be a
physiologically fundamental method of ridding the
body of unnccessary cells and can be considered a
heneficial process in response to damage to the
organism. Indeed, we have shown that the [L-6/slL-
6R complex can reduce infarct size and attenuate
reperfusion  injury; however, it remains to be
established whether rescue of these dying myocytes
leads to a belter clinical prognosis. Inhibiting
apoptosis may possibly leave the ‘rescued” myocyles
electrically unstable and may lead to fatal arrhyth-
mias. In this study, we injected all the rats with
2mg/kg of lidocaine just after the coronary occlu-
sion to prevent sustained VT. Then, even though we
did not observe a trend towards more frequent
ventricular arrhythmias in the 1L-6/s1L-6R complex
group, we cannot exclude the possibility that
lidocaine masked the difference in arrhythmias.
Further investigations are required to correctly
address this problem prior to actual clinical appli-
catlion.

It can be argued that in these ischemia/reperfu-
sion models, including our own, cell death occurs
via two major pathways; that is, apoptosis and
necrosis. While these two modes of death are
mutually exclusive, they may very well coexist.
Shimizu et af® showed that Bel-2 and Bel-xl,,
both antiapoptotic proteins, protected mitochondria
against loss ol function, not only in apoptosis,
but also in the process of necrosis. It has also
been reported that both apoptosis and necrosis
share common medialors and pathways leading to
the final stages of cell death.™
this complicated issue further, although DNA
degradation is caused by both necrosis and apop-
tosis, the patlern of degradation between the two
processes is different. While necrosis degrades
genomic DNA in a smear pattern, apoptosis
degrades genomic DNA in the ladder form. In
this study, the 1L-6/slL-6R complex was shown to
inhibit DNA ladder formation. We thus suggest
that - the [IL-6/sIL-6R complex contributes mainly

to inhibition of apoplosis rather than to that of

necrosis; however, it is difficult to ditferentiate
between these two forms ol cell death based solely
on the experimental protocols used in this study.
Further experiments are necessary to clarify this
complicated issue.

IL-6 induces expression of the intercelludar adhe-
sion molecule-1 (ICAM-1), a mediator ol neutro-

To take discussion of
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Figure 4 TUNEL staining of rat heart administered either a control vehicle or IL-6/sIL-6R complex. Tissue specimens were treated with
DNA polymerase I and biotinylated dUTP, and visualized with streptavidin peroxidase and diaminobenzidine-hydrogen peroxide.
Specimens were counterstained with methyl-green. Original magnification, x 200. (a) Positive control: cardiac tissue specimen expuosed
to DNase I prior to nick end labeling. The nuclei ave represented by the positive brown staining. (b) Nonischemic myocardium exposed to
30 min of ischemia followed by 31 of reperfusion administered a control vehicle, The nuclei are stained light green by the counterstain,
(¢) and (d) Specimens from the border region between nonischemic and ischemic myocardium exposed to 30 min of ischemia followed
by 3 h of reperfusion. The blue coloring indicates blood flow from phthalocyanine blue dve. (¢) Represents a cardiac specimen from a ral
administered a control vehicle, and (d) from a rat administered the 1L-6/sIL-6R complex. In (¢), numerous positive brown reaction
products can be observed in the nuclei of apoptotic cells. In (d), the number of apoptotic nuclei is markedly reduced. (e) and (f)
Specimens from ischemic regions exposed to 30 min of ischemia followed by 3h of reperfusion. Ischemia was confirmed by the absence
of blue dye. (¢) Represents a specimen from a ral administered a control vehicle, and (f} from a rat administered the above complex.
Similar to the findings in the border region, the number of apoptotic nuctei is markedly reduced following administration of the complex.

phil-induced injury, and promotes inflammation.””"  important role in the induction of ICAM-1 in the

In the myocardial ischemia—reperfusion model,  ischemic regions. Regarding the clinical study also,
Kukiclka el af'Y showed that 1L-6 played an  Ohtsuka et al! clearly showed that serum levels of

Laboratoey fnvestigation (2008) 85, 1210-1223
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Figure 5 TUNEL staining of rat heart administered either IL-6 or sIL-6R. (a) and (b) Specimens from the border region between
nonischemic and ischemic myocardium exposed to 30 min of ischemia followed by 3 h of reperfusion. The blue coloring indicates blood
flow from phthalocyanine blue dye. (a) Represents a cardiac specimen from a rat administered IL-6, and (b) from a rat administered sll.-
6R. (¢) and (d) Specimens rom ischemic regions exposed to 30 min of ischemia followed by 3h of reperfusion. Ischemia was confirmed
by the absence of biue dye. (¢) Represents a specimen from a rat administered IL-6, and (d) from a rat administered I1L-6R. In (a)-(d),
numerous TUNEL-positive nuclei can be observed. (¢) Represents a specimen obtained from a sham operation. The nuclei are stained

light green by the counterstain. Original magnification, x 200.

IL-6 correlated well negatively with the change in
the reduction of LV end-diastolic volume index 6
months after onset of myocardial infarction. They
concluded that circulating IL-6 at the acute phase is
a powerful independent predictor of LV remodeling
after reperfused myocardial infarction.®* Therelore,
we have to consider potential adverse effects of

IL-6 and potential effects of IL-6 and IL-6/sIL-GR
complex on ventricular remodeling. The balance
between the proinflammatory adverse effect and
antiapoptotic cyloprotective effect of 1L-6 and the
IL-6/sIL-6R complex is important. In this study,
there were no significant differences in the white
blood cell count or serum CRP level among the

1219
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Figure 6 Bar graph reprosenting the ratio of TUNEL-positive
wyocytes in rat heart specimens, The number of TUNEL-positive
cardiomyocyte nuclel was divided by 1he total number of
cardiomyocyte nuclei to determine the ratio of TUNEL-positive
myocyles, In ischemic (It solid bars) and border (B: hatched bars)
regions, the ratio of TUNEL-positive myocytes in the IL-6/s1L-6R
complex group was significantly smaller than that in the vehicle,
the IL-6, or the sIL-6R groups. In the nonischemic (N: open bars)
regions, TUNEL-positive myocytes-were rarely detected in the rat
hearts, Six representative microscopic fivlds were analyzed for
cach region. *P<0.05 vs vehicle, [L-6, or sIL-6R in each region.
The error bar represents the s.ean.

vehicle-treated, 1L-6/s1L-6R complex-treated, 11.-6-
treated, and slL-6R-treated groups. However, we
used an acute model, and it is possible that injection
of the IL-6 or IL-6/sIL-6R complex is associated with
upregulation of the inflammatory response during
the chronic phase. Although the antiapoptotic
cytoprotective effect of the complex was thought to
be stronger than its prointlammatory effect in our
acute model, the balance may be changed in a
chronic model. More data will be needed belore the

1P Anti-pTyr
Blot: Anti-gp130

Figure 8 ‘Time course of gp130 phosphorylation after the
injection of 1L-6/s511-6R complex. Tissue samples obtained from
left ventricle were examined at various times afier injection of [1-
6/s1L-6R complex into LV cavity. Equal amount of proteins frony .
left vontricle of rat hearts oblained 0, 5, 15, 30, and 60 min alter
injection of IL-6/51L-6R complex were lysed with lysis bultir,
immunoprecipitated with antiphosphotyrosine antibody, sepa-
rated by 7.6% SDS-PAGLE, and transferred onto a polyvinylidene
difluoride (PVDF) membrane. The blot was probed with anti-
gp 130 antibody. The experiment shown is representative of three
experiments.

Figure 7 Electron micrographs of cardiomyocytes. (a) Cardiomyocyte specimen taken from a sham operation. (b) Cardiomyocyte
specimen of the border region exposed to 30 min ischemia and 3h reperfusion administered a control vehicle. Apoptotic myocytes
present with chromatin condensation along the nuclear membrane. Bar reprosents 1 .
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Table 3 Left ventricular dP/dt (positive and negative)

LV dP/dt (positive/negative), mmHg/s

Vehicle IL-6/sIL-6R complex
Baseline  +4667 +422/-2850+275  +4620+543/-2820+260
occ 30 +3567 +340/-2292 1 187 +4650+650/-3225+439
rep 30 +37144264/-25671+277 +4940+542/-32801 256
rep 180 +4429+468/-3214+4343 +41304356/—31804-433

1L-6 = interleukin-6; sIL-6R = soluble interleukin-6 receptor; occ = occlu-
sion; rep = reperfusion.

clinical implications of the actions of this complex
become clearer.

In our models, the effects of the drugs were
produced by a systemic injection, rather than a
coronary injection. Hajjar et al** occluded the aorta
and pulmonary artery to insure that the coronary
arteries were perfused for gene delivery studies in
vivo. If the drugs in the present study had been
delivered to the coronaries with the large vessel
occlusions, the effect might have been larger than
the result we obtained. It is also very important how
long the drug can keep its effects. Peters et al*
examined how long the exogenous IL-6 or IL-6/sIL-
6R complex lasted. They injected mice intraperito-
neally with either 40 ug of IL-6 or 4 ug of IL.-6/sIL-6R
complex per mouse and investigated the acute phase
response gene expression in the livers of those mice.
Their results showed that the effect of 40 ug of IL-6
lasted 24h and the effect of 4 ug of IL-6/sIL-6R
complex lasted 72h. The gene expression in mice
received IL-6/sIL-6R complex was much stronger
than that in mice received IL-6. They concluded that
the IL-6/sIL-6R complex is active markedly long.®®
Whether cardiomyocytes express the IL-6 receptor
is controversial. Youker et al*® showed that IL-6
activated the 1L-6 signal pathway in cardiomyo-
cytes. In target cells expressing membrane-bound
IL-6 receptors, the function of IL-6 is further aug-
mented by the addition of sIL-6Rs.*”"*® Although IL-6
alone had no effect on cardiomyocyte apoptosis in
our models, TL-6 alone might have been effective if
large vessel occlusions had been used. Technically,
the administration of the IL-6/sIL-6R complex can
be clinically implemented in humans by selectively
injecting the IL-6/sIL-6R complex into the target
coronary artery during primary angioplasty or
intracoronary thrombolysis.

In conclusion, the present study demonstrates for
the first time that the IL-6/sIL-6 receptor complex is
effective in ameliorating reperfusion injury in acute
myocardial infarction. This effect may be more
dramatic in humans; this is because only systemic
administration was possible in our experimental rat
models whereas more selective administration
would be possible in humans. Thus our results hint
at possible novel therapies for acute myocardial
infarction.
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Combination of "TERT and bmi-1, E6, or E7 Induces Prolongation of
the Life Span of Bone Marrow Stromal Cells from an Elderly Donor
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Murine bone marrow stromal cells differentiate not only into mesodermal derivatives, such as osteocytes,
chondrocytes, adipocytes, skeletal myocytes, and cardiomyocytes, but alse into neuroectodermal cells in vitro.
Human bonre marrow stromal cells are easy to isolate but difficult to study because of their limited life span.
To overcome this problem, we attempted to prolong the life span of bone marrow stromal cells and investigated
whether bone marrow stromal cells modified with bmi-1, h'TERT, E6, and E7 retained their differentiated
capability, or multipotency. In this study, we demonstrated that the life span of bone marrow stromal cells
derived from a 91-year-old donor could be extended and that the stromal cells with an extended life span
differentiated into neuronal cells in vitro. We examined the neuronally differentiated cells morphologically,
physiologically, and biologically and compared the gene profiles of undifferentiated and differentiated cells.
The neuronally differentiated cells exhibited characteristics similar to those of midbrain neuronal progenitors.
Thus, the results of this study support the possible use of autologous-cell graft systems to treat central nervous

system diseases in geriatric patients.

Murine and human bone marrow stromal cells differentiate
into osteoblasts (2), chondrocytes (13), skeletal myocytes, adi-
pocytes, and cardiomyocytes (24) in vitro and thus are a useful
cell source for bone regeneration (26) and in vivo cardiovas-
culogenesis (11). However, recent studies suggest that bone
marrow stromal cells can also differentiate into a neuronal
lineage (22), and murine bone marrow-derived multipotent
adult progenitor cells differentiate into dopaminergic neuronal
cells (16). Since the use of bone marrow stromal cells entails no
ethical or immunological problems, and bone marrow aspira-
tion is an established routine procedure, they may be a useful
source of cells for transplantation.

Large numbers of cells may be necessary for repairing dam-
aged human tissues to restore function. However, there have
been no reports of a sufficient number of differentiated neu-
rons ever having been obtained from human marrow stromal
cells. One reason is that normal human cells undergo a limited

* Corresponding author. Mailing address: Department of Repro-
ductive Biology and Pathology, National Research Institute for Child
Health and Development, 2-10-1 Okura, Setagaya-ku, Tokyo
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umezawa@1985 jukuin.keio.ac.jp.

T Supplemental material for this article may be found at http://mcb
.asm.org/.
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number of divisions in culture and then enter a nondividing
state teferred to as “senescence.” Senescence is classified
into two categories: “stress-induced premature senescence,”
or “telomere-independent senescence,” and “replicative senes-
cence,” or “telomere-dependent senescence” (3, 5, 38). pl6™*?
(p16), a cyclin-dependent kinase (CDK) inhibitor, is induced
by certain oncogenes and other damage or stress signals and is
required for “premature senescence” in human mammary ep-
ithelial cells and keratinocytes. p16 inhibits dephosphorylation
of pRb by Cdk4/6-cyclin D, and hypophosphorylated pRb
actively represses the genes required for the S phase by se-
questering the E2F transcription factors. “Replicative senes-
cence” is caused by telomere size reduction during successive
cell divisions because of the chromosome end replication prob-
lem. Ectopic expression of telomerase alone bypasses replica-
tive senescence in certain cell types, such as human foreskin
fibroblasts.

To obtain enough human cells to restore the function of
failing organs and to establish a model of cell therapy, the life
span of human marrow stromal cells was extended by infecting
them with retrovirus encoding human telomerase reverse tran-
scriptase (h'TERT) and the human papillomavirus E6 and E7
genes. Both pl6/Rb inactivation by E7 and telomerase activa-
tion by E6 are required to extend the life span of human
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mammary epithelial cells (21) and umbilical cord blood-de-
rived cells (36). E6 also accelerates the degradation of p53,
which induces the CDK inhibitor p21 (35). In contrast to fore-
skin fibroblasts (5), however, the increase in telomerase activity
as a result of the introduction of hTERT is insufficient to
prolong the life span of marrow stromal cells (27).

The protocols for in vitro differentiation into neuronal cells
include the use of a demethylating agent and/or the neurotro-
phic cytokines, such as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), and neurotrophin 3. Ba-
sic fibroblast growth factor (bFGF) activates essential neuronal
transcription factors, such as Hes-1 (10), in neural precursor
cells and embryonic stem cells (19, 31). The Noich-Hesl path-
way plays an essential role in inhibition of neuronal differen-
tiation (17), and the B27 supplement is effective in achieving
long-term viability of primary neurons in culture (7). Taking
these findings into consideration, a simple protocol for neural
transdifferentiation was developed in this study.

The first purpose of this study was to determine whether
prolonging the cell life span with cell cycle-associated mole-
cules would inhibit neurogenic differentiation of marrow stro-
mal cells in vitro. The second purpose was to determine if
transdifferentiation of marrow cells of mesodermal origin to
neurogenic cells was accompanied by global changes in gene
expression or only leaky expression of some neurogenic mark-
ers. The in vitro differentiation process appears to be highly
specific, and the life span of marrow-derived stromal cells can
be extended by retrovirus-mediated transfer of the bmi-I gene,
which reduces expression of p16 (14, 15, 37), stimulates cell
proliferation (9), and is required for maintenance of self-re-
newing hematopoietic stem cells (29).

MATERIALS AND METHODS

Isolation and cell culture. After signed informed consent was obtained, bone
marrow cells were harvested from a 91-year-old human female donor with the
approval (approval numbers 13-1 and 12-1) of the Ethics Committee of Keio
University School of Medicine. The cells were resuspended in growth medium
(MSCGM, PT-3238, and PT-4105; Cambrex Bio Science Walkersville, Inc.,
Walkersville, MD) and cultured as previously described (1, 13). Several bone
marrow stromal cell strains, designated H4-1, H4-2, and H4-3, were generated
from primary or first-passage cells using the fimiting dilution method. The cells
were cultured for further experiments under the approval (approval numbers 25
and 49) of the Ethics Committee of the National Research Institute for Child
Health and Development, Tokyo, Japan.

Infection with recombinant retroviruses. The cells were prepared for infection
with recombinant retroviruses carrying the bmi-1, E6, E7, and hTERT genes, as
previously described (1). Stably transduced cells with an expanded life span were
designated UBT-5, UBE6T-6, UBEGT-7, UE7T-9, UEGETT-11, UEGETT-12,
UE7T-13, UBT-15, and UEGET-16 cells.

Neuronal differentiation of bone marrow stromal cells. Cells removed from
the flask bottom were replated onto a coverslip coated with laminin-polylysine
(no. 354455; Becton Dickinson BioScience) in MSCGM. One day after passage,
the medium was replaced with B27-supplemented Dulbecco’s modified Eagle’s
medium-F12 (Gibco, BRL) containing 20 ng/ml of BDNF (R&D), 10 ng/ml of
bFGF (R&D), and 50 ng/mi of NGF (Invitrogen) for neuroectodermal differ-
entiation. Bone marrow stem cells were processed for immunocytochemisiry and
reverse transcription (RT)-PCR 7 to 21 days after induction.

RT-PCR. Total RNA was prepared from cultured cells with Isogen (Nippon
Gene, Tokyo, Japan). Human neuronal RNA was purchased (human total brain
RNA; lot 2110667; Becton Dickinson BioScience). RNA for RT-PCR was con-
verted to cDNA with a First-strand cDNA Synthesis kit (Amersham Pharmacia
Biotech) according to the manufacturer’s recommendations. The following PCR
primer sets were used for neuron-associated genes: nestin mRNA, sense (5'-A
GAGGGGAATTCCTGGAG-3") and antisense (5'-CTGAGGACCAGGACTC
TCTA-3"); NF-M mRNA, sense (5'-TGAGCTACACGTTGGACTCG-3') and
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antisense (5'-TCTCCGCCTCAATCTCCTTA-3"), notch-1 mRNA, sense (5'-T
CACGCTGACGGAGTACAAG-3') and antisense (5'-CCACACTCGTTGAC
ATCCTG-3'); Sox-2 mRNA, sense (5-CACAACTCGGAGATCAGCAA-3")
and antisense (5'-GTTCATGTGCGCGTAACTGT-3’); neuronal cell adhesive
molecule (N-CAM) mRNA, sense (5'-TCCATCACCTGGAGGACTTC-3") and
antisense (5'-CTCCAGATAGCTGGCAGAGG-3'); MAP-2 mRNA, sense (5'-
GGATTCTGGCAGCAGTTCTC-3’) and antisense (5-TCCTTGCAGACACC
TCCTCT-3'); tubulin-beta III mRNA, sense (5'-ACCTCAACCACCTGGTAT
CG-3") and antisense (5'-TGCTGTTCTTGCTCTGGATG-3'); and Nur-related
factor-1 (Nurrl) mRNA, sense (5'-TTTCTGCCTTCTCCTGCATT-3") and an-
tisense (5'-GTGGCACCAAGTCTTCCAA-3"); 185 mRNA sense (5'-GTGGA
GCGATTTGTCTGGTT-3') and antisense (5'-CGCTGAGCCAGTCAGTGTA
G-3") were used as a positive control. PCR was performed with TaKaRa Z-Taq
(TAKARA SHUZO Co., Ltd.) for 30 cycles, with each cycle consisting of 98°C
for 5 s, 68°C or 60°C for 1 s, and 72°C for 10 s, with an additional 30-s incubation
at 72°C after completion of the final cycle.

Western biot analysis. To detect pl6, p53, p21, p27, Rb, Bmi-1, and actin,
immunoblotting was performed as previously described (30) with antibodies
against pl6 (G3-245; BD Pharmingen, San Diego, CA), Rb (G174-405; BD
Pharmingen), p53 (DO-1), p21 (Ab-1; Oncogene Science, Boston, MA), Bmi-1
{monoclonal antibody generated by T. Kiyono), p27 (BD Pharmingen), and aclin
(Santa Cruz Biotechnology Inc., Santa Cruz, CA).

Telomere length assay. Genomic DNA was extracted from cultured cells.
Restriction enzyme digestion of genomic DNA was carried out with Hinfl and
Rsal. The fragments obtained were resolved on 0.7% agarose gels, transferred to
a Hybond N membrane (Amersham, United Kingdom), and hybridized with
digoxigenin-labeled (TTAGGG); probe. The membrane was then incubated
with anti-digoxigenin alkaline phosphatase, and detection was performed with a
chemiluminescence solution. The size range and intensity were determined with
X-ray film.

Telomerase activity analysis. Telomerase activity was determined with a telo-
mere repeat amplification protocol (TRAP) assay kit, Telo TAGGG telomerase
PCR ELISA plus (Roche, Indianapolis, IN), according to the manufacturer’s
instructions.

G-banding karyotypic analysis. Metaphase spreads were prepared from cells
treated with Colcemid (Karyo Max; Gibco BRL; 100 ng/ml for 6 h). We per-
formed a standard G-banding karyotypic analysis on at least 50 metaphase
spreads for each population.

SKY analysis. Spectral karyotyping (SKY) was performed on metaphase-
transduced cells (UBE6T-7, UE6E7T12, and UE7T13) in 80 population dou-
blings (PDs) according to the kit manufacturer’s instructions (ASI, Carlsbad,
CA) and a previously published method (34).

Immunocytochemical analysis. Immunocytochemical analysis was performed
as previously described (30) with antibodies to MAP-2 (Zymed, San Francisco,
CA), tubulin 3 (Sigma, St. Louis, Missouri), GFAP (DAKQO, Denmark), Nurrl
(N-20; Santa Cruz), and nestin (Biogenesis, United Kingdom) in phosphate-
buffered saline containing 1% bovine serum albumin. As a methodological con-
irol, the primary antibody was omitted. After being washed in phosphate-buff-
ered saline, the slides were incubated with fluorescein isothiocyanate-conjugated
anti-mouse immunogiobulin antibody or phycoerythrin (PE)-conjugated anti-
rabbit immunoglobulin antibody (DAKO, Denmark).

GeneChip expression analysis. Human genomewide gene expression was ex-
amined with the Human Genome U133A Probe array {GeneChip; Affymetrix),
which contains the oligonucleotide probe set for approximately 23,000 full-length
genes and expressed sequence tags, according to the manufacturer’s protocol (Ex-
pression Analysis technical manual and GeneChip Small Sample Target Labeling
Assay version 2 technical note [http:/www.affymetrix.com/support/technical/index
.affx]). Total RNA was isolated with an RNeasy minikit (QIAGEN, Chatsworth,
CA). Double-stranded cDNA was synthesized, and the cDNA was subjected to
in vitro transcription in the presence of biotinylated nucleoside triphosphates.
The biotinylated cRNA was hybridized with a probe array for 16 h at 45°C, and
the hybridized biotinylated cRNA was stained with streptavidin-PE and scanned
with a Hewlett-Packard Gene Array Scanner. The fluorescence intensity of each
probe was quantified by using the GeneChip Analysis Suite 5.0 computer pro-
gram (Affymetrix). The expression level of a single mMRNA was determined as the
average fluorescence intensity among the intensities obtained with 11 paired
(perfectly matched and single-nucleotide-mismatched) probes consisting of 25-
mer oligonucleotides. If the intensities of mismatched probes were very high,
gene expression was judged to be absent, even if high average fluorescence was
obtained with the GeneChip Analysis Suite 5.0 program. The level of gene
expression was determined with the GeneChip software as the average difference
(AD). Specific AD levels were then calculated as percentages of the mean AD
level of six probe sets for housekeeping genes (actin and GAPDH [glyceralde-
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hyde-3-phosphate dehydrogenase] genes). Further data analysis was performed
with Genespring software version 5 (Silicon Genetics, San Carlos, CA). To
normalize the staining intensity variations among chips, the AD values for all
genes on a given chip were divided by the median of all measurements on that
chip. To eliminate changes within the range of background noise and to select
the most differentially expressed genes, data were used only if the raw data values
were less than 100 AD and gene expression was judged to be present by the
Affymetrix data analysis. Hierarchical clustering analysis with standard correla-
tion was used to identify gene clusters. The separation ratio was set at 0.5.
Normalization values were considered significant when (i) expression changed by
at least twofold (activation programy) and (ii) increased gene expression included
at least one present absolute call (Affymetrix algorithm). Normalized values were
averaged for two donors and used for the data analysis, and the normalized
values were used to classify the genes into up-regulated or down-regulated.
There was a statistically significant correlation between the expression levels of
genes of the same cells analyzed twice (r = 0.997). These criteria confirmed the
reproducibility of the differences that were seen between different cells under
different conditions.

Calcium imaging. The intracellular Ca®* concentration was monitored by
means of the flucrescent Ca?* indicator Fluo-3. The cultured cells were exposed
to 10 pmol/liter Fluo-3 acetoxymethylester (Molecular Probes, Eugene, Oregon)
at 37°C for 30 min and then washed in Tyrode’s solution containing (in mmol/
liter) NaCl, 140; KCl, 4; MgCl,, 0.5; CaCl,, 1.8; HEPES, 5; and p-glucose, 55 (pH
adjusted to 7.4 with NaOH). The signal from the cell was monitored with a
fluorescence microscope (BX50WI; Olympus, Tokyo, Japan) and a high-resolu-
tion optical mapping system (MiCAM-01; SciMedia Ltd. Tokyo, Japan) at a
wavelength of 530 nm and an excitation wavelength of 488 nm. The cells were
challenged with a depolarization stimulus in the form of high-potassium (144
mmol/liter) Tyrode’s solution (KCI substituted for NaCl) applied with a rapid
solution changer (RSC-160; Molecular Kinetics, Indianapolis, Indiana) at a flow
rate of 100 pl/s at a distance of 1 mm from the cell at a room temperature of
25°C. The image analysis was performed with Iger Pro software (Wavemetrics,
Lake Oswego, OR) and by customized procedures. The background fluorescence
intensity was subtracted from the data, and the areas were normalized to the
control response to normal Tyrode’s solution and shown on a color scale.

Quantitative RT-PCR. RNA was extracted from cells using the RNeasy kit
(QIAGEN, Valencia, CA). Contaminating DNA was eliminated by two sequen-
tial DNase (Invitrogen) treatments. An aliquot (1 pg) of total RNA was reverse
transcribed by using an oligo(dT) primer. For the thermal cycle reactions, cDNA
was amplified (ABI PRISM 7000; Perkin-Elmer Applied Biosystems) using the
SYBR RT-PCR kit (Takara Bio, Japan) under the following reaction conditions:
40 cycles of PCR (95°C for 15 seconds and 60°C for 1 min) after an initial
denaturation (95°C for 10 min). The controls consisted of amplifications without
reverse transcription and reactions without the addition of a cDNA template.
The authenticity and sizes of the PCR products were confirmed using a melting
curve analysis (using software provided by Perkin-Elmer) and a gel analysis.
mRNA levels were normalized using the GAPDH gene as a housekeeping gene.
The following primer sets were used: h"TERT mRNA, sense (5'-CGGTGTGC
ACCAACATCTACAAG-3') and antisense (5'-TCAGAGATGACGCGCAGG
A-3'); Bmi-1 mRNA, sense (5'-CGCTTGGCTCGCATTC-3') and antisense (5'-
AGCTCAGTGATCTTGATTCTCGTTG-3'); E6 mRNA, sense (5'-GCACAG
AGCTGCAAACAACT-3’) and antisense (5'-CTCACGTCGCAGTAACTGTT
G-3'); E7 mRNA, sense (5'-ATGACAGCTCAGAGGAGGAG-3") and anti-
sense (5'-TCCTAGTGTGCCCATTAACAG-3'); NR4A2/Nurrl mRNA, sense
(5'-TTCGGCAGAGTTGAATGAATG-3') and antisense (5'-GAAATTAAAG
GTGGACAGTGTCGTA-3"); and GAPDH mRNA, sense (5'-CCAGCCGAG
CCACATCGCTC-3") and antisense (5-ATGAGCCCCAGCCTTCTCCAT-3").

Nucleotide sequence accession numbers, The gene chip datasets have been
deposited in the GEO database with accession number GSE2110 (GSM38114 to
GSM38116).

RESULTS

Human marrow stromal cells with an extended life span.
Bone marrow stromal cells were obtained from a 91-year-old
human donor and subcloned by limiting dilution. One subclone
of the cells isolated was designated H4-1 cells (Fig. 1). To
extend the life span of the H4-1 cells and obtain a large num-
ber of cells, five different types of cells were obtained by trans-
ducing them with combinations of bmi-1, E6, E7, and/or TERT
genes (http://1985 jukuin.keio.ac.jp/umezawa/cells/name.html).
We referred to the cells transduced with bmi-1 and TERT as
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UBT-5 and UBT-15 cells, the cells transduced with bmi-1, E6, and
TERT as UBE6T-6 and UBEGT-7 cells, the cells transduced with
E7 and TERT as UE7T-9 and UE7T-13 cells, the cells transduced
with E6, E7, and TERT as UE6E7T-11 and UEGE7T-12 cells,
and the cells transduced with E6 and E7 as UE6E7-16 cells.
Random amplified polymorphic DNA analysis revealed that the
five different types of stable transduced cells (UBT-5, UBE6T-7,
UESE7T-12, UE7T-13, and UE6E7-16) were definitely derived
from H4-1 cells (see Fig. S1 in the supplemental material).

The UE6E7T-12, UEGETT-11, UETT-9, UE7T-13, UBE6T-6,
and UBEGT-7 cells were successfully grown and were shown to
have extended life spans (Fig. 1A). The life spans of the
UE6E7T-12 and UE7T-13 cells were extended to 200 PDs.
The life spans of the UBT-5, UBE6T-7, UEGE7T-11, UETT-9,
and UBEG6T-6 cells were extended to 60 PDs. The UBT-5 cells
also proliferated for more than 60 PDs and were shown to
have an extended life span. However, hTERT alone did not
extend the life span (data not shown). Nontransduced parental
H4-1 cells reached “senescence” in culture at 44 PDs, and
UEG6E7-16 cells entered a period of “crisis” in culture at 70
PDs (Fig. 1A and B), implying that E6 and E7 are able to
prolong the cell life span but that their prolonging effect is
limited. The H4-1 cells exhibited large, flat morphology at 40
PDs, while the other cells were small and spindle shaped (Fig.
1C). :
None of the cells exhibited malignant transformation activ-
ity: they did not form a focus after confluence in vitro; cells
grafted into subcutaneous tissue of immunodeficient mice (non-
obese diabetic [NOD]-SCID-interleukin 2 receptor knockout
mice) did not form tumors, at least during the observation
period (more than 30 days); and the morphologies of all clones
remained unchanged for 40 to 200 PDs.

Expression of Bmi-1, Rb, p53, p27, and p21 proteins in
transduced cells. The expression of cell cycle-associated pro-
teins was analyzed in cells transduced with the hTERT and
bmi-1, E6, or E7 genes and in parental H4-1 cells (Fig. 2).
Human dermal keratinocytes at senescence (PD 27) served as
a control for expression of p16™*, hypophosphorylated RB,
and p53 proteins at a high level.

Bmi-1 proteins were expressed in the UBT-5 and UBE6T-7
cells, but not in the H4-1, UE6E7-12, and UE7T-13 cells. p16
proteins were down-regulated in the bmi-I-overexpressing
cells, i.e., UBT-5 and UBE6T-7 cells. p53 and p21 proteins
were down-regulated in E6-overexpressing UBE6T-7 and
UEGETT-12 cells. These results are consistent with the hypoth-
esis that p53 is proteolysed via ubiquitination by E6 (33). Hy-
pophosphorylated Rb was down-regulated in E7-overexpress-
ing cells, probably as a result of proteolysis by E7. There was
no significant difference in p27 protein levels between any of
the cells tested.

Increase in telomerase activity and maintenance of telomere
Iength in cells transduced with the hTERT gene. No telomer-
ase activity was detected by the TRAP assay in the parental
H4-1 cells at PDs 20 and 40, but telomerase activity was de-
tected in UBT-5, UBE6T-7, UEGE7TT-12, and UE7T-13 cells
transduced with the hTERT gene at all of the PDs tested.
UEGE7-16 cells not transduced with the hTERT gene did not
exhibit any telomerase activity at PDs 40 to 120 (Fig. 3A).
Likewise, the telomere length of the parental H4-1 cells de-
creased with the number of PDs, whereas the telomere length



