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Use of a Human Artificial Chromosome for Delivering
Trophic Factors in a Rodent Model of Amyotrophic
Lateral Sclerosis

Yasuhiro Watanabe', Yasuhiro Kazuki??, Kanako Kazuki?®, Mitsutaka Ebiki', Mami Nakanishi', Kazuomi Nakamura®,
Miho Yoshida Yamakawa', Hiroyuki Hosokawa', Tetsuya Ohbayashi‘, Mitsuo Oshimura?® and Kenji Nakashima'

A human artificial chromosome (HAC) is maintained as an episome within a cell and avoids random integration into the host
genome. It can transfer multiple and/or large transgenes along with their regulatory elements thereby resembling native
chromosomes. Using this HAC system, we established mesenchymal stem cells (MSCs) that simultaneously expressed
hepatocyte growth factor, glial cell line-derived neurotrophic factor, and insulin-like growth factor 1, termed HAC-MSCs. This cell
line provides an opportunity for stable transplantation and thorough analyses. We then introduced the cells for the treatment of
a neurodegenerative disorder, amyotrophic lateral sclerosis. The HAC-MSCs were transplanted via the fourth cerebral ventricle
(CV) or intravenous (i.v.) infusion at various ages of recipient mice. Littermate- and sex-matched mice underwent a sham
procedure. Compared to the controls, there was an encouraging trend of increased life span via CV transplantation and delayed
onset in i.v. infusion 60 days after transplantation. Further, we confirmed a statistically significant increase in life span via
CV transplantation at 100 days. This effect was not seen in mice transplanted with MSCs lacking the HAC. We successfully
enhanced the trophic potential of the MSCs using the HAC. This strategy could be a promising direction for the treatment of

neurodegenerative disorders.
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Introduction

Stem cell therapy offers great hope for the treatment of
intractable or incurable conditions like neurodegeneration.
However, replenishing damaged neurons is not necessarily
the only strategy of this treatment. Rather, the transplantation
could exert its effect through protecting debilitated neurons
by modulating the surrounding environment via the secretion
of trophic factors or other cytoprotective mechanism(s). In
either case, cell transplantation does not appear sufficiently
potent for the treatment of many central nervous system
(CNS) disorders. It has been anticipated that combination
therapy might consist of stem cells and the expression of
beneficial growth factors.! Although this could be realized
by using gene transfer systems, e.g., viral vectors, there are
still limitations in these systems, including genomic instability
and/or dysregulation of gene expression by random inser-
tions into the host genome. Further, genetic engineering is
currently unable to manipulate large genomic sequences or
multiple genetic regions that remain under normal expres-
sion control. To overcome these problems, we used a human
artificial chromosome (HAC)? strategy combined with mesen-
chymal stem cells (MSCs) expressing three trophic factors:
hepatocyte growth factor (HGF), glial cell line-derived neuro-
trophic factor (GDNF), and insulin-like growth factor 1 (IGF-1).
The established cell lines are termed HAC-MSCs. Genomic

sizes of each factor are as follows: 2,220bp for HGF, 460bp
for IGF-1, and 630bp for GDNF. Although the HAC is called
“artificial,” the HAC by itself contains no “synthetic” materials.
Rather, the HAC used in this experiment is a truncated ver-
sion of human chromosome 21, lacking distal p- and g-arms
but retaining the full capability of autonomous replication and
segregation. Like native chromosomes, the HAC can contain
a large genomic region or several genes concurrently without
requiring integration into the host genome. In this regard, the
HAC system is unique and offers opportunities to use novel
approaches to treat a variety of disease conditions. Using this
system, we are the first to report the establishment of tissue
stem cells containing a HAC that was targeted to treat CNS
disorders by cell transplantation. Specifically, the goal is a
new therapeutic approach for the treatment of a devastat-
ing neurodegenerative disorder, amyotrophic lateral sclerosis
(ALS).

ALS affects upper and lower motor neurons.® It para-
lyzes the limbs and respiratory muscles, causes difficulties
of phonation and swallowing, and inevitably leads to death.
At present, no therapy shows satisfactory efficacy. Here, we
used transgenic SOD16%* (glycine to alanine substitution at
position 93 of the SOD1 protein) mice, or formally B6SJL-
Tg(SOD1¢%4)1Gur mice.* These animals are widely studied
as an ALS model for both the analysis of the underlying patho-
genesis and possible therapeutic interventions. Like human

'Division of Neurology, Department of Brain and Neurosciences, Faculty of Medicine, Tottori University, Yonago, Japan; 2Department of Biomedical Science, Institute of
Regenerative Medicine and Biofunction, Graduate School of Medical Science, Tottori University, Yonago, Japan; *Chromosome Engineering Research Center, Tottori
University, Yonago, Japan; “Division of Laboratory Animal Science, Research Center for Bioscience and Technology, Tottori University, Yonago, Japan. Correspondence:
Yasuhiro Watanabe, Division of Neurology, Department of Brain and Neurosciences, Faculty of Medicine, Tottori University, 36-1 Nishi-cho, Yonago 683-8504, Japan.
E-mail: yawatana @ med.tottori-u.ac.jp

Keywords: amyotrophic lateral sclerosis; human artificial chromosome; mesenchymal stem cells

Received 16 August 2015; accepted 17 August 2015; advance online publication 6 October 2015. doi:10.1038/mtna.2015.28


http://www.nature.com/doifinder/10.1038/mtna.2015.28
mailto:yawatana@med.tottori-u.ac.jp

Human Artificial Chromosome for Delivering Trophic Factors
Watanabe et al.

ALS cases, the mice showed a decline of motor performance
leading to death, making it easy to evaluate the efficacy of
the transplantation because the endpoint could be set as the
onset of the disease and/or overall life span, without requir-
ing pathological or biochemical examination. A significant
number of cell transplant experiments have been conducted
using this model. However, fundamental parameters such as
transplantation route (via the fourth cerebral ventricle (CV) or
via intravenous (i.v.) administration) or the best transplanta-
tion timing have not been evaluated. Using HAC-MSCs as
donor cells allows the generation of stable and reproducible
results. Thus, we successfully confirmed the efficacy of the
transplantation, and we were further able to determine the
best transplantation parameters in our model system.

Results

Construction of HAC-MSCs

The Cre expression vector and P1 artificial chromosome
(PAC) vector containing genes for HGF (hgf), GDNF (gdnf),
IGF-1 (igf-1), and luciferase (e-luc)® were co-transfected
into 3’- hypoxanthine phosphoribosy! transferase (HPRT)-
deficient Chinese hamster ovary (CHO) (hprt-/-) cells con-
taining an artificial chromosome (21HAC2) (Supplementary
Figure S1a).? Recombinant clones were selected using
hypoxanthine-aminopterin-thymidine (HAT) over a period of
10 days. Thirteen out of 38 drug-resistant clones were proven
to be positive by PCR (data not shown). Fluorescence in situ
hybridization (FISH) analyses showed that the PAC construct
was inserted into the 21HAC2 in CHO (hprt-/-) cells in two
clones out of the genomic PCR-positive clones (Figure 1a).
The 21HAC2 with the PAC was transferred to MSC® by micro-
cell-mediated chromosome transfer (MMCT) using the CHO
clones (Supplementary Figure S1b).2 The MSC (21HAC2-
hgf, gdnf, igf-1, e-luc) cells (designated HAC-MSCs) were
characterized by PCR and FISH analyses. PCR showed
that 30 of the 46 HAC-MSCs clones contained the HAC with
the PAC (data not shown). FISH analyses showed that the
PAC construct was inserted into the 21HAC2 in MSCs in

Figure 1 FISH analyses of the HAC with the PAC in CHO cells
and MSCs. FISH analyses of CHO (21HAC2-hgf, gdnf, igf-1, e-luc)
and MSCs (21HAC2- hgf, gdnf, igf-1, e-luc). Digoxigenin-labeled
human COT-1 DNA (red) and p11-4 (red) were used to detect the
(a) HAC in CHO cells and (b) MSCs, respectively. Biotin-labeled
PAC (green) was used to detect the PAC DNA on the HAC in a and
b. Chromosomal DNA was counterstained with 4’,6-diamidino-2-
phenylindole. The inset shows an enlarged image of the HAC with
the PAC (arrow).

Molecular Therapy—Nucleic Acids

12 clones tested (Figure 1b). Two independent HAC-MSCs
clones 3-31 and 3-32 were utilized in the following study.

Clonal selection and characterization of HAC-MSCs

We assayed the concentrations of HGF, GDNF, and IGF-1 in
the conditioned media obtained from candidate HAC-MSCs
clones 3-31, 3-32, and the original MSCs. Clone 3-31
expressed approximately four times more HGF (Figure 2a),
three times more GDNF (Figure 2b), and four times more
IGF-1 (Figure 2c) compared to the MSCs. Although clone
3-32 showed higher expression levels of HGF compared to
clone 3-31 (Figure 2a), GDNF expression level was insuffi-
cientcomparedto clone 3—-31 (Figure 2b). Inluciferase assays,
background luciferase luminescence was negligible. Clone
3-31 emitted twice as much light as clone 3-32 (Figure 2d).
Considering these results, we selected clone 3—-31 for trans-
plant experiments. Green fluorescent protein (GFP) expres-
sion by clone 3—31 was sufficient by fluorescence microscopy
(Figure 2e,f). Lastly, to investigate whether HAC-MSCs and
MSCs had different characteristics, we employed flow cyto-
metric analysis. Clone 3-31 expressed low levels of endothe-
lial marker CD31, endothelial progenitor cell marker CD34,
and leukocyte marker CD45 as did MSCs (Supplementary
Figure S2). Mesenchymal marker CD90 was expressed to
similar extents by clone 3-31 and MSCs (Supplementary
Figure S2). Hereafter, we term clone 3-31 as simply HAC-
MSCs, unless otherwise specifically mentioned.

Transplantation

HAC-MSCs were transplanted via the fourth cerebral ventricle
(CV) into transgenic SOD1%%A mice” at the ages of 60 days
(n=12,5=5,%2=7),80days (n=11, ¢ =6, ? =5), 100
days (n=14,5 =5, =9),and 120 days (n=11,5 =5, ¢ =
6). As a control, phosphate-buffered saline (PBS) was injected
at60 days (n=11,5=5,%=6),80days (n=11,5=6, ¢ =
5),100 days (=12, =5, ¢ =7),and 120 days (n=11, & =
5, ¢ = 6). The immunosuppressive agent was administered to
control mice and transplanted mice. In the mice transplanted
at 80 days (Figure 3b,f,j; Supplementary Figure S3b,f) and
120 days (Figure 3d,h,l; Supplementary Figure S3d,h),
the transplantation showed no difference in terms of the age
of onset, death, disease duration, body weight, nor hind-limb
reflex score between transplanted and sham-operated mice. In
the mice transplanted at 60 days of age, there were encourag-
ing trends resulting in delayed death (Figure 3a) and increased
disease duration (Figure 3i) in the treated mice compared to
the controls. If gender was taken into account, there was statis-
tical significance in the female mice of the 60-day-transplanted
groups in disease duration (transplanted versus control:
23.3+2.8 versus 13.5+2.6, P < 0.05), whereas in male mice,
there was no difference between the groups (transplanted ver-
sus control: 25.8+4.7 versus 28.2+3.3). This discrepancy in
the transplantation effect on females over males was consistent
with our previous report.” We do not yet have any conclusive
explanation whether this gender difference come simply from
hormonal disparity, e.g., estrogen or androgen or other intri-
cate mechanism(s). The mice transplanted with HAC-MSCs at
100 days of age showed statistically significant improvements
in terms of the age of death (Figure 3g), disease duration
(Figure 4k), and body weight (Supplementary Figure S30).
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Figure 2 Characterization of HAC-MSCs and parental MSCs. Expression levels of (a) HGF, (b) GDNF and (c) IGF-1 were determined
by enzyme-linked immunosorbent assay assessment of conditioned media obtained from each cell culture. For HAC-MSCs clone 3-31, the
(b) GDNF and (c) IGF-1 expression levels were the highest among the three groups and still good for (a) HGF. Chromosomally introduced
luciferase of HAC-MSCs clone 3—-31 was about twice as high as that of (d) HAC-MSCs clone 3-32. The HAC vector used in the present study
possessed the GFP gene beneath multiple cloning sites; therefore, we also confirmed green fluorescence under ultraviolet (UV) light. The
GFP fluorescence was seen in (f) HAC-MSCs (3—-31) but not (e) MSC alone.

Next, we performed the transplantation with nonchromosom-
ally modified MSCs and compared the outcome to sham-oper-
ated mice to see if the effect of HAC-MSC transplantation was
attributable to the introduction of HAC. We compared unmodi-
fied MSC (n=15, & =7, ¢ = 6) and the sham-operated group
(n=13, 9 =6, ? =7).The differences between the transplanted
and sham-operated groups were not statistically significant:
onset, 125.6+1.9 versus 126.8+1.4; life span, 148.0+2.3 ver-
sus 149.8+1.5; disease duration, 22.4+2.5 versus 23.0+1.4
(Supplementary Table S1).

The mice were i.v. transplanted at 60 days of age (n = 14,
d =7,% =7) and at 100 days (n = 19, & = 10, ¢ = 9),
and controls were sham-operated at 60 days (n= 15, o = 6,
¢ =9) and at 100 days (n =18, & = 10, ¢ = 8). In the i.v.
groups, significant differences were not found in the 100-day-
transplanted group regarding onset time, life span, disease
duration, or body weight (Supplementary Figure S4b,d,f,h).
In the groups transplanted i.v. at 60 days, there were encour-
aging trends in the onset, life span, and body weight (Sup-
plementary Figure S4a,c,g) of the treated mice compared
to the controls.

Observations of host spinal cords and graft cells after
transplantation

Lumbar spinal tissues were obtained from 130-day-old mice
that had undergone transplantation at 100 days with MSCs

(n = 8) or HAC-MSCs (n = 3) or were subjected to a sham
operation (n = 3). As controls, the spinal cord was obtained
from wild-type mice at the same age without surgical treat-
ment (n = 3). Immunohistochemical analyses were performed
using antibodies targeting anti-neuronal nuclei (NeuN) for
motor neuronal loss, glial fibrillary acidic protein (GFAP) for
astrocytosis, and ionized calcium binding adaptor molecule
1 (Iba1) for microglial activation. The same degrees of motor
neuronal loss (Figure 4a,e,i,b,f,j), astrocytosis (Figure
4c¢,9,k), and microglial activation (Figure 4d,h,l) were seen
in both HAC-MSC transplanted (Figure 4e—h) and sham-
operated (Figure 4i-l) groups, compared to wild-type mice
(Figure 4a-d). We counted the number of motor neurons
remaining 30 days after the transplantation (Figure 4m) using
a previously reported method.” The numbers of remaining
motor neurons were not statistically different among sham-
operated, MSC-transplanted and HAC-MSC transplanted
groups. Consequently, we could not distinguish the HAC-,
HAC-MSC-, or sham-operated groups by histological means.

Why was it not possible to detect the pathological changes
in spite of the clinical improvements? In chronic denerva-
tion conditions like ALS, muscle strength is maintained by
compensatory reinnervation until 70-80% of motor units
are lost.® In the present study, animals were transplanted at
100 days and evaluated at 130 days, at which time less than
20-30% of motor neurons remained and subsequent gliosis

B
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Figure 3 Cell transplantation via the CV to various ages of SOD1%%* transgenic mice. At the ages of 60 (first line), 80 (second line),
100 (third line), and 120 days (last line), SOD1¢%* transgenic mice underwent cell transplantation or sham surgery. Figure shows the age of
onset (first row), endpoint (second row), and disease duration (last row). There were weak beneficial tendencies such as delayed onset in the
group transplanted at (a) 60 days and disease duration in the group transplanted at (j) 80 days. These did not reach statistical significance.
Statistical significance was achieved in three instances: the endpoint for transplantation at 100 days (g, log-rank test, *P = 0.0030) as well as

disease duration (k, **P = 0.023).

was progressing. It is possible that the pathological differ-
ences between transplanted mice and control groups were
too small to be detected by immunohistochemistry. In turn,
the efficacy of this late stage therapeutic intervention would
suggest the usefulness of our concept of combined therapy
as discussed later. On the other hand, when we examined
the expression of small heat-shock protein 27 (Hsp 27) in
mice transplanted with HAC-MSCs (Figure 5g,h) or unmodi-
fied MSCs (Figure 5d,e), we observed explicit upregulation
of Hsp27 in HAC-MSC recipients. We could not observe any
difference among the groups in their expression of aB crys-
talline (ABC) (Figure 5c,f,i), a small heat shock protein. In
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double staining for GFAP or Iba1, upregulation of Hsp27 was
found to have occurred in reactive astrocytes.

We next evaluated the state of grafted cells using GFP
immunoreactivity. In this way, we observed a small number
of GFP-positive cells in the parenchyma of the lumbar spi-
nal cords 30 days after the transplantation (Supplementary
Figure S5a,b). To further investigate the expression level of
neurotrophic factors in the lumbar spinal cords, we designed
human-specific primers to evaluate graft-derived mRNA and
performed reverse transcription (RT)-PCR analyses. We suc-
cessfully observed the expression of human GDNF 1 day after
transplantation. However, 7 days after the transplantation, we
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Figure 4 Histological analyses of mice transplanted with HAC-MSCs or sham-operated mice. Spinal cords were obtained from mice in
three groups: wild-type (first line), sham-operated (second line), and HAC-MSCs (third line) transplanted via the CV. (a,b) In wild-type mice,
motor neuron numbers in the anterior horn of the spinal cord were preserved and immunostaining for (¢) GFAP and for (d) Iba1 was modest.
(e,f,i,j) In contrast, the SOD1%%3A mice subjected to sham surgery and the mice transplanted with HAC-MSCs showed significant decreases
in large motor neurons. Marked augmentation of the immunoreactivity of (g,k) GFAP as well as (h,l) Iba1 was observed in both groups. In
spite of improvements such as a longer life span, there was no significant difference between the sham-operated and HAC-MSC groups with
regard to the immunohistochemical analyses. (m) The number of remaining motor neurons in the anterior horn of the G93A spinal cords was
counted in sham-operated, MSC-transplanted, and HAC-MSC-transplanted mice. We confirmed an advantageous tendency in HAC-MSC
transplanted mice over other groups. There were, however, no statistical differences among them.

detected the GDNF signal in only one tissue out of six and
none after 30 days (Supplementary Figure S5c).

Discussion

MSCs and trophic factors

MSCs, as adult stem cells, are capable of self-renewal and
have the potential to differentiate into multiple lineages with
practically no risk for malignant transformation.® MSCs pref-
erentially migrate to damaged sites or tissues, including the
CNS. lItis relatively easy to obtain patient’s own MSCs, thereby
facilitating autologous transplantation. Even in the case of
an allograft, MSCs are weakly immunogenic.”® The MSCs
release trophic factors of their own, and our system intensi-
fies the expression of HGF, GDNF, and IGF-1 through the
HAC system. None of these three factors is reported to affect
the MSCs’ capacity for self-renewal or their pluripotency. In
contrast, vascular endothelial growth factor (VEGF), a candi-
date for ALS treatment, stimulates endothelial differentiation

of MSCs if its concentration reaches high levels."" We neither
used neurotrophins like NGF, BDNF, or NT-3 because high
level expression of these factors could promote apoptosis in
neurons through a low-affinity p75 neurotrophic receptor.'2
While neurotrophic factors have long represented a great
hope for the treatment of neurodegenerative diseases,
none of these have reached clinical use. One of the rea-
sons behind such failures is, no doubt, poor accessibility of
these factors to the CNS. HGF, GDNF, and IGF-1 scarcely
penetrate the blood—brain barrier, and only GDNF can reach
motor neurons by retrograde axonal transport. Because of
the inefficiency of blood—brain barrier penetration, peripher-
ally injected factors would cause systemic side effects that
would overwhelm any benefits provided for the CNS. Along
with many salutary properties of MSCs, we hypothesized
that HAC-MSCs could act as useful vectors for the delivery of
trophic factors to the CNS. Also, this strategy might be rela-
tively economical for the continuous supply of trophic factors

-
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Figure 5 Immunohistochemical study of small heat shock proteins. To further investigate the effect of the transplantation of HAC-MSCs,
small heat shock proteins, Hsp27, and ABC were examined. Tissues were also stained for (b,c,e,f,h,i) GFAP or (a,d,g) Iba1 to determine
which cell populations were responsible for the overexpression of the small heat shock proteins. In wild-type mice, (a,b) Hsp27 and (¢) ABC
were undetectable. In the group transplanted with HAC-MSCs, we observed marked elevation of the immunoreactivity of (g,h) Hsp27 but not
(i) ABC compared to that of (d,e,f) MSCs alone. The Hsp27-positive cells in the group of HAC-MSCs are not (g) Iba1 but (h) GFAP positive

indicating these cells are mainly reactive astrocytes.

instead of infusing large quantities of purified proteins or pep-
tides. In this regard, cell transplantation procedures via the
CV or by i.v. are both feasible modes of delivery. Our results
indicated both routes were beneficial but the transplantation
via the CV was advantageous compared to i.v. with regard to
efficacy. To our surprise, the transplanted cells dramatically
decreased with time, and practically none of them survived a
week following the CV transplantation. We suggest that this is
due in part to the abrupt environmental changes from a cul-
ture dish to the cerebrospinal space in rodents; i.e., changes
in nutritional composition, trophic support, vascular supply,
scaffolds, and so forth. Rationally, a longer period of engraft-
ment and improved survival would enhance the therapeutic
effects of transplantation. We hypothesize that modification
of transplanted cells and/or the host tissue microenvironment
would improve graft cell survival. There are several reports
of cell transplantation experiments'®-'7 using high expresser
SOD1¢%A mice and a single injection'7 or serial injection-
s'%of donor cells via CV (Supplementary Table S1). Life
spans have been used as endpoints of both the transplanted
mice and controls. Those studies used MSCs, 57 umbilical
cord blood cells,® neural progenitor cells,' and neuronal stem
cells;'® all were of human origin. In these previous reports,
the transplantation efficacy was mostly observed around
60 (refs. 16,17) or 75 days' of operation. The experiment
done by Habisch et al.’® and a single-injection experiment in
the article reported by Zhang et al.’®* showed no beneficial
results from cells transplanted at the ages of 45 and 56 days,
respectively. These results indicated that the transplantation
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should be done far earlier relative to disease onset, while
our present results indicated that the transplantation of HAC-
MSCs was efficacious as late as 100 days of age, i.e., merely
20 days before the onset, at which time distinct ALS pathol-
ogy is obvious.®'® When we transplanted unmodified MSCs
at 100 days, we failed to find any efficacy. Furthermore, pre-
vious reports indicated that the transplantation efficacy was
improved by genetic modification to enhance the expression
of GDNF'™ or VEGF."® None of the previous studies confirmed
the therapeutic effects as late as 100 days of transplantation,
which we stress the marked findings in the present study.
We conclude that the therapeutic effects at 100 days trans-
plantation are largely due to trophic effects of chromosomally
introduced trophic factors. Considering that few differences
were seen in pathological observations among the HAC-,
HAC-, MSC-, or sham-operated groups, we conjecture that
the trophic factors exert their effects largely by functional
maintenance of the remaining motor neurons by affecting the
neurons themselves and/or other mechanism(s), e.g., inter-
acting via glial cells. We also propose that the effects were
attained by using multiple trophic factors.

Potential clinical use of HAC-MSCs and tailor-made
medicine

Like the motor neurons in ALS, substantia nigral neurons
are affected in Parkinson’s disease and striatal neurons
are involved in Huntington’s disease. These pathologic con-
ditions lead to neurodegeneration of specific neuronal cell
populations in a gradual but progressive manner. In contrast,



ischemic stroke precipitates acute damage due to the restric-
tion of the blood supply and thereby devastates neurons as
well as glial cells. We suggest that both acute and chronic
neurologic damage would be potential targets of HAC-MSCs
treatment. To broaden the therapeutic application of HAC-
MSCs, other neurotrophic factor combinations could be
used. Although MSCs possess low immunogenicity, they do
express human leukocyte antigens (HLA). HLA-A, HLA-B,
and HLA-DR are known to play major roles in immunological
rejection. It is important to note that it is possible to minimize
or avoid serious immuno-rejection by obtaining good matches
for HLA-A, HLA-B, and HLA-DR. The distributions of these
loci are not random. In the Japanese population, for example,
a certain strain of HLA homozygous stem cells match three
loci in up to 20% of the population.'® Fifty such cell lines could
match 90.7% of the population. These facts indicate that it is
not necessary to use autologous HAC-MSCs in every case.
Future gene-editing technology might be able to modulate
the expression of HLAs genes or other important elements of
immunogenicity. Further, producing HAC-MSCs requires two
steps of single cell selection and expansion, i.e., transferring
genes of interest from a PAC to a HAC in CHO cells, and
then transferring the HAC from the CHO cells to MSCs by
MMCT. Currently, HACs with trophic factors are maintained
in CHO cells. Thus, new HAC-MSCs with desirable HLA loci
could be obtained on demand by a single MMCT procedure.
These approaches would minimize the cost and maximize
the therapeutic possibilities.

Phase 1 clinical trials using MSCs in ALS patients have
been started and safety has been demonstrated.?’ Further
studies will demonstrate whether the procedure is effective
enough for practical use for the treatment of ALS patients.
However, considering the animal experiments which are not
necessarily sufficient to demonstrate the efficacy if using
unmodified cells'®'7 and the present one (nonchromosom-
ally modified MSCs), it might be so optimistic to anticipate the
effect on human ALS patients. In such case, to maximize a
cell transplantation effect, cell engineering technique like the
HAC system would be inevitable for further therapeutic steps.

Materials and methods

Cell culture. We used human immortalized MSCs® that were
immortalized by the combination of human telomerase
reverse transcriptase (hTERT) and human papillomavirus
E6 and E7 (HPV16E6/E7) genes. The immortalization did
not affect the potential for adipogenic, osteogenic, and chon-
drogenic differentiation.® The MSCs were maintained in Dul-
becco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA)
plus 10% fetal bovine serum (JRH Biosciences, Lenexa, KS),
100 U/ml penicillin and 100 mg/ml streptomycin.

Construction of HAC-MSCs. P1 artificial chromosome (PAC)
vector-containing cDNAs for the HGF, GDNF, IGF-1, and
E-Luc were constructed as described previously.®* The cDNA
clones were purchased from the RIKEN DNA Bank (lbaraki,
Japan). The cDNAs were subcloned into a CAG expression
vector (pCX-EGFP), and then, the cassettes were cloned
into a PAC vector with loxP and hprt. The PAC vector was
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transfected into hprt-deficient CHO (hprt-/-) cells containing
21HAC2 (ref. 2) using Geneduice (Novagen, Madison, WI) in
accordance with the manufacturer’s protocol. After genomic
PCR and FISH analyses, the HAC with the PAC vector were
transferred to MSCs via MMCT as described previously.?

FISH analysis. FISH analyses were performed using fixed
metaphase spreads of each cell hybrid using digoxigenin-
labeled (Roche, Basel, Switzerland) human COT-1 DNA
(Invitrogen), digoxigenin-labeled p11-4 (hChr.21-derived
alpha-satellite clone),?' and biotin-labeled PAC DNA, essen-
tially as described previously.?

Polymerase chain reaction. PCR was performed using stan-
dard methods. Primer pairs for the detection of the region of
the PAC were as follows: hHHGF-61S/hHGF-2251AS (2220bp),
5’-ccgtccagcagceaccatgtgggtgaccaaactc-3'and 5’-cagacacac
ttacttcagctatgactgtgg-3’; IGF(Xhol)S/IGF(Xhol)AS (460bp),
5’-aactcgaggtacttcagaagcaatgggaaaaatcagcagtc-3°  and
5’-ttctcgagactcctcaggagggtcttcctacatectgtag-3’; GDNF(Xhol)
S/GDNF(Xhol)AS (630bp),5’-aactcgagcaccatgaagttatgggatgt
cgtggcetgtetge-3” and 5'-ttctcgagtcagatacatccacaccttttagcgga
atgc-3’. The primer pairs for detecting the Cre-loxP mediated
insertion of the PAC into 21HAC2 were as follows: TRANSL1/
TRANSRT1 (409bp), 5’-tggaggccataaacaagaagac-3"and 5’-cc
ccttgacccagaaattcca-3’. CHO (hprt-/-) and MSC cells were
used as negative controls.

Enzyme-linked immunosorbent assays. The concentrations
of HGF, GDNF, and IGF-1 in conditioned media from the
original MSCs and HAC-MSCs were measured using sand-
wich enzyme-linked immunosorbent assays. The following
capturing and detection antibodies were used: anti-human
HGF monoclonal antibodies (MAB694; R&D Systems, Min-
neapolis, MN) and biotinylated antihuman HGF antibodies
(BAF294; R&D Systems) for HGF; antihuman GDNF (500-
P81; PeproTech, Rocky Hill, NJ) and biotinylated rabbit
antihuman GDNF antibodies (9500-p81BT; PeproTech) for
GDNF; and antihuman IGF-1 monoclonal antibodies (27E10;
Cosmo Bio, Tokyo, Japan) and antihuman IGF-1 monoclo-
nal antibodies (16G4; Cosmo Bio) for IGF-1. The detection
antibodies for IGF-1 are labeled with peroxidase using per-
oxidase Labeling Kit -NH2 (Dojindo Molecular Technologies,
Kumamoto, Japan).

Luciferase assay and GFP fluorescence. Luciferase assays
(Luciferase assay kit; Stratagene, La Jolla, CA) were per-
formed according to the manufacturer's protocol. Briefly,
cultured HAC-MSCs and their original MSCs were washed
and removed from the plates. After brief homogenization, the
supernatant fraction of each cell lysate was assessed for the
measurement of the light produced from the reaction. The
autofluorescence of GFP was observed using a fluorescence
microscope.

Flow cytometric analysis. The HAC-MSCs and MSCs were
incubated with allophycocyanin (APC)-conjugated antibod-
ies against CD31 (BioLegend, Tokyo, Japan), phycoerythrin
(PE)-conjugated antibodies against CD34 (BioLegend),
PE/cyanine 7 (Cy7)-conjugated antibodies against CD45
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(BioLegend), or APC/Cy7-conjugated antibodies against
CD90 (BioLegend) for 30 minutes at 4 °C in 0.5% bovine
serum albumin and 2 mmol/l EDTA in PBS. Labeled cells
were run on a BD FACSCantoll flow cytometer (BD Biosci-
ences, San Jose, CA). Data were analyzed using BD FACS-
Diva software (BD Biosciences).

Animals. All of the studies were carried out in accordance
with the guidelines for animal experimentation at the Faculty
of Medicine, Tottori University. We used transgenic SOD16934
with high level expression of the mutant form of the SOD1
protein.* They were purchased from Jackson laboratory (Bar
Harbor, ME). Male SOD1%%* mice are cross-bred with female
nontransgenic C57BL/6CR and maintained with a C57BL/6
background. Transgenic progenies were identified by PCR of
mouse tail DNA.

Transplantation. Because the MSCs were of human origin,
an immunosuppressive agent FK506 (3mg/kg/day, kindly
provided from Astellas Pharma, Tokyo, Japan) was admin-
istered orally to the mice a week prior to the operation. The
transplantation procedures were performed in two different
ways: intrathecal injection via CV and i.v. administration. In
both the experiments, littermates were distributed equally into
cell-transplanted and sham-operated mice, with the groups
balanced with regard to date of birth, body weight, and gen-
der. The body weight of each mouse was measured at 17,
18, 19, and 20 weeks of age. Weight loss was expressed as
a percentage of the 17-week weight.

For CV administration, transplantation was performed with
stereotaxic coordinates through the forth ventricle.” A 30G
needle was inserted from the site 6 mm caudal to the Bregma
suture on the midline to 3.75mm depth from the cerebellar
surface, where the fourth ventricle was located. Twenty-five
microliters of cell suspension in PBS (about 1x10° cells)
was injected slowly over 10 minutes. To determine the opti-
mal transplantation period, we used mice that were 60, 80,
100, and 120 days old. Sham controls were injected with 25
pl PBS without cells. For the comparison of HAC-MSCs to
unmodified MSCs, about 1x 108 MSCs were injected in the
same manner as previously described. In i.v. transplanta-
tions, the right side jugular vein was exposed in deeply anes-
thetized SOD1 mice. One million HAC-MSCs in 200 pl PBS
were injected through the jugular vein over 10 seconds. Con-
trol mice received 200 pl of PBS in the same manner.

Preparation of tissue sections. Mice that were transplanted
with HAC-MSCs, unmodified MSCs, or sham-operated mice
were histologically evaluated. In this set of experiments, the
transplantations were performed only via CV at 100 days
of age, and the tissues were obtained 30 days after the
transplantation.

Animals were deeply anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (Abbott Laboratories, North
Chicago, IL) and transcardially perfused with normal saline
solution, followed by 4% paraformaldehyde in 0.1 mol/l phos-
phate-buffered solution. A lumbar spinal cord segment was
immersed in the same fixative and cryoprotected in a series
of sucrose solutions (10, 15, and 20%) in PBS at 4 °C for
2 days. After tissue was embedded in Tissue-Tec (Sakura
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Finetek, Tokyo, Japan), the samples were frozen in liquid
nitrogen cooled isopentane. Ten-micrometer-thick sections
were cut transversely using a cryostat.

Histopathological ~and immunohistochemical  staining.
Selected sections were stained with hematoxylin and eosin
and immunostained for NeuN, GFAP, Iba1, Hsp 27, ABC,
or GFP. For immunohistochemical study, the sections were
permeabilized with 0.2% Triton X-100 and 4% paraformalde-
hyde and blocked with 1 mg/ml bovine serum albumin and
1% normal goat serum (Funakoshi, Tokyo, Japan) in PBS.
We used the following primary antibodies and final dilutions:
mouse anti-NeuN monoclonal antibody (1:100, MAB377;
Chemicon, Temecula, CA), rabbit polyclonal antibody against
GFAP (prediluted; Dako, Troy, MI), rabbit anti-lbal (1:100;
Wako Pure Chemical Industries, Osaka, Japan), mouse anti-
Hsp27 (1:100, M-20; Santa Cruz Biotechnology, Dallas, TX),
and mouse anti-oB crystalline monoclonal antibody (1:100,
1B6.1-3G4; Stressgen, Ann Arbor, Ml), and mouse anti-GFP
monoclonal antibody (1:250, MAB3580; Chemicon). The sec-
ondary antibody was goat antimouse antibody IgG fluores-
cein isothiocyanate (1:100; Santa Cruz Biotechnology), goat
antirabbit antibody IgG fluorescein isothiocyanate (1:100;
Santa Cruz Biotechnology), and goat antirabbit antibody IgG
Texas Red (1:100; Santa Cruz Biotechnology). Specimens
were incubated with primary antibodies overnight at 4 °C, fol-
lowed by incubation with secondary antibodies for 1 hour at
room temperature.

Quantitative RT-PCR analyses. To analyze gene expression
specific for grafted cells, we designed PCR primers specific
for human forms of GDNF, HGF, and IGF-1. The HAC-MSCs
were transplanted into the mice at 100 days of age, and the
spinal cords were removed 1 day (n = 6), 7 days (n = 6), and
30 days (n = 6) after the transplantation. Spinal cords from
nontransplanted mice were combined with 1.0x10* cultured
HAC-MSCs and were used as internal positive controls for
normalization, while cDNA from C57BL/6 mouse tissues
was used as a negative control. Using a previously reported
method,?? total RNA was prepared from the lumbar spinal
cords using ISOGEN (Nippon Gene, Tokyo, Japan), purified
using RNeasy columns (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions, and treated with RNase-
free DNase | (Wako Pure Chemical Industries). First-strand
cDNA synthesis was performed using random hexamers and
SuperScript Ill reverse transcriptase (Invitrogen). Quantitative
RT-PCR was performed using an Applied Biosystems 7900HT
Fast Real-Time PCR system and EXPRESS gqPCR SuperMix
with premixed ROX (Life Technologies, Carlsbad, CA). Mouse
B-actin was used as an endogenous control gene to normal-
ize target genes. The following primers were used for the
analyses: B-actin, 5’-ggatgcagaaggagattactgc-3’ and 5’-ccac-
cgatccacacagagta-3; human GDNF, 5’-gtctgcctggtgctgete-3
and 5’-ggataatcctctggcatatttgag-3’; human HGF, 5-gaaggat-
cagatctggttttaatga-3° and 5’-tgcatccataattaggtaaatcaatc-3’;
human IGF-1, 5’-tgtggagacaggggctttta-3° and 5’-atccacgat-
gcctgictga-3’. TagMan probes #63, #70, #56, and #67 were
used to detect mouse B-actin, human forms of GDNF, HGF,
and IGF-1, respectively. To perform relative quantification, the
comparative threshold cycle (C;) method was used. The fold



change in gene expression profile was referred to an internal
positive control.

Statistical analysis. The quantitative data were expressed
as means = SEM. Statistical analysis was performed with
repeated-measures analysis of variance or with the Kaplan—
Meier method (log-rank test) using Statview software (Aba-
cus Concepts, Piscataway, NJ).
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