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Cyclosporin A (10 mg/kg body weight) was subcutaneously
administered for 2 weeks for immunosuppression.

Evaluation

Radiographic Measurement of Disc Height Index. Lateral ra-
diographs of the lumbar spine (60 kV, 10 mA, distance 100 cm)
were taken just before aspiration of the NP and at 0, 2, 4, 6, 10,
18, and 26 weeks after the first operation with 3 rabbits from
randomly selected. To avoid axial rotation of the spine and
decrease the error from beam divergence, fluoroscopic control
was used and radiographs were repeated twice for each animal,
with the beam center located 5 cm from the iliac crest. These
radiographs were digitally scanned and stored in a computer.
Using digitized radiographs, the vertebral body and IVD
heights were measured using image software (J image, NIH) the
disc height index (DHI) at each level was determined based on
the method of Lu et 2l.*' Changes in the DHI were expressed as
%DHI and normalized to the measured preoperative IVD
height (%DHI = postoperative DHI/preoperative DHI X 100,
Figure 1).

Macroscopic and Histologic Examination. At 6, 10, and 26
weeks after the first operation, 4 rabbits from each group, a
total of 12 rabbits at each time point, were killed by intrave-
nous injection of high-dose pentobarbital sodium (120 mg/kg,
Abbott). The L2-L3, L3-L4, and L4-L5 discs were excised
immediately in continuity with their cranial and caudal verte-
bral bodies. These columnar tissues were removed, muscles and
nerves were cut off, and the vertebral body-disc—vertebral
body units were separated (n = 3 discs from each rabbit, a total
of 12 discs per group). The units were then fixed in 10% neutral
buffered formalin solution (Wako}, decalcified in Plank-
Rychlo solution (Decalcifying Solution A; Wako), dehydrated
in a graded series of ethanol (70%, 90%, 99%, Wako), and
processed individually for paraffin wax embedding. To evalu-
ate gross findings, photographs were taken from sagittal plane
of the remaining tissues. The paraffin blocks were sectioned
longitudinally using a microtome to give 4-pum sections. The
center of the outer anulus fibrosus was marked before paraffin
embedding to ensure that only the center of the disc was made
in to sagittal sections. The paraffin sections were dewaxed with
xylene and ethanol, washed with PBS, and stained with hema-
toxylin and eosin, and Safranin-O for evaluation. The disc de-
generation grading system of Nishimura and Mochida,'® fo-
cusing on the morphologic changes in the anular structure, was
used for evaluation: Grade 0, normal structure; Grade 1, mildly
serpentine appearance of the anulus fibrosus with rupture;
Grade 2, moderately serpentine appearance of the anulus fibro-
sus with rupture; Grade 3, severely serpentine appearance of
the anulus fibrosus with mildly reserved contour; Grade 4, se-
verely reserved contour; Grade 5, indistinct. Two histologists
who are familiar with human and animal IVD specimens per-
formed evaluation of these sections, with their intraobserver
error being minimum. When intraobserver discrepancies were
detected, another histologist was asked to determine the grade
{agreement between observers was 96.3%).

Immunohistochemistry. Proteoglycan staining changes in
the discs were studied to evaluate disc degeneration. After de-
waxing and subsequent PBS washing, blocking of nonspecific
antigen reactivity with 5% normal goat serum for 30 minutes
and internal peroxidase reactivity by 3% H,O, in H,O at
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Figure 1. Disc height was expressed as disc height index (DHI}
based on the method described by Lu et al Value in the diagram
is presented as %DHI, which is obtained by dividing the DHI value
obtained at the time of evaluation with DHI value obtained before
the procedure. DH! = (¢ + d)/{a + b}, %DHI = postoperative
DHI/preoperative DHI X 100.

room temperature for 5 minutes was performed. Next, the
sections were labeled overnight at 4 C with anti-human pro-
teoglycan monoclonal antibody (Chemicon, Temecula, CA),
prepared at a dilution of 1:200 in PBS. This antibody recog-
nizes short peptides substituted with keratan sulfate sidechains
and core proteins of proteoglycans in the articular cartilage of
human and rabbits. The samples were washed three times with
PBS and incubated with anti-mouse horseradish peroxidase
{Dako A/S, Profuktionsvej, Denmark) at a dilution of 1:100 in
PBS for 30 minutes at 4 C. Furthermore, regarding Type I
collagen, sections were pretreated with 0.05% protease (Sigma
Chemical Co., St Louis, MO) at 37 C for 30 minutes. Antihu-
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man Type Il collagen antibody (Lab Vision, Fremont, CA) pre- .

pared at a dilution of 1:50 in PBS, and the sections were labeled
for 30 minutes at room temperature. The samples were washed
with PBS and reacted with anti-mouse HRP (Dako A/S, Pro-
fuktionsvej, Denmark) at room temperature for 30 minutes,
washed and reacted with Histofine Simple Stain Diaminoben-
zidine (Nichirei Corp.) for 5 minutes. Finally, the sections were
counterstained with hematoxylin for examination.

Survival of Transplanted Cells. To obtain frozen sections
of the HNPSV-5 transplanted discs, 2 HNPSV-5 trans-
planted rabbits were separately made and killed 4 and 24
weeks posttransplantation. To confirm the survival of trans-
planted cells after transplantation, 3 discs from 1 rabbit
were excised immediately in continuity with their cranial
and caudal vertebral bodies at each time points. The verte-
bral body-disc—vertebral body units were rapidly frozen at
—80 C. These discs were sectioned axially at the central level
of the disc, and all samples were embedded in optimal cut-
ting temperature compound (Tissue-Tek 4583, Sakura Fi-
netek, Tokyo, Japan). The blocks were sectioned at 7 um
using a cryomicrotome, and the sections were fixed in 4%
paraformaldehyde at 4 C for 30 minutes and stained over-
night at 4 C with mouse anti-SV40 T antigen antibody
(Pab419; Oncogene, Boston, MA) diluted 1:100 in PBS with
5% normal goat serum. Goat anti-mouse IgG Alexa fluor
594 (Molecular Probes, Eugene, OR) diluted 1:50 in PBS
was used as second antibody. Nuclear staining was then
performed by using mounting medium containing DAPI
(Vectashield, Vector, Burlingame, CA). After PBS washes,
fluorescent microscopic evaluation was performed to assess
the percentage of double positive cells in the NP.

Graft-Versus-Host Reaction in Transplanted Discs. Fro-
zen sections of HNPSV-5-transplanted rabbit discs harvested at
4 weeks and 24 weeks after transplantation were used for eval-
uation of the presence of graft-versus-host reaction. The mes-
enteric lymph nodes were also excised and were rapidly frozen
at —80 C for control samples. The sections were pretreated
with a blocking buffer (10% normal goat serum in 1 X PBS) for

15 minutes. Purified mouse anti-rabbit CD4 monoclonal anti-
body (lot: M042011, BD) and CD58 monoclonal antibody
(lot: 02960698, VMRD, Inc.) were prepared at 1:50 dilution
in PBS, and sections were labeled overnight at 4 C. The samples
were washed with PBS and reacted with Histofine Simple Stain
Peroxidase (Nichirei Corp., Tokyo, Japan) for 60 minutes at
room temperature and Histofine Simple Stain Diaminobenzi-
dine (Nichirei Corp.) for 5 minutes. Finally, the sections were
counterstained with hematoxylin for immunohistochemical
examination.

Reverse Transcription—Polymerase Chain Reaction. At
26 weeks after the first operation, total RNA was extracted
from the discs in three groups (2 rabbits, 6 discs from each
group) using Isogen reagent (Nippon Gene, Tokyo, Japan).
RNA samples were then reverse transcribed to cDNA using
oligo dT primers and Multiscribe Reverse transcriptase (Ap-
plied Biosystem, Foster City, CA), followed by specific am-
plification of matrix specific genes and electrophoretic sep-
aration. Gene specific PCR primers were designed using -
rabbit mRNA sequence data obtained from GenBank, which
isshown as follows: Aggrecan: 5'~-GAGGAGATGGAGGGT-
GAGGTCTTT-3', 5'-CTTCGCCTGTGTAGCAGCTG-3';
versican:5'-TTATGTGGATCATCTGGACGG-3',5'-GCA-
TCCAAGAGCCACCCA-3';Typelcollagen:5'-AACACTGCC-
AACGTCCAGAT-3, 5'-CTGCAGCACGGTATAGGTGA-3';
GAPDH: 5'-TCACCATCTTCCAGGAGCGA-3', 5'-CACAA-
TGCCGAAGTGGTCGT-3'. The gels were scanned under UV
light with a Densitograph system (Atto Biotechnologies inc, To-
kyo, Japan) and band intensities were quantified densitometrically
and normalized to GAPDH gene values using a CS Analyzer (ver-
sion, 2.01, Atto).

Statistical Analysis. Comparison of group means between
NC, DG, and Tx groups were determined using the repeated
measure ANOVA and fisher’s PLSD post hoc test. Statistical
significance was determined based on P < 0.01. Error bars
were set to represent standard deviation (SD).

*
120
100 -f S S, G
80 + I

Figure 2. Decrease of %DH! in

—
b
b
" -é—v—O»i

DG and Tx groups begun at 2 60
weeks after the first operation.
After 4 weeks, there was signifi-

cant statistical difference be- 40
tween DG and Tx group discs
compared with NC group discs.

HNPSYV transplantation

I

(NC, 985 = 7.60; DG, 7229 = 20
9.38; Tx, 7455 + 6.61, P < 0.001).
%DHI of Tx group at 4 weeks

after HNPSV-5 transplantation
recovered significantly (NC, Y 2 4
99.4 + 6.04; DG, 59.1 + 6.49%; Tx,

78.01 = 8.76%, P < 0.001).
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B Results

Disc Height Change Measured by DHI

Two weeks after nucleus aspiration, a significant de-
crease in the disc height measurement was detecred in
both the DG and Tx groups. In the Tx group, the %DHI
began to return towards normal from 2 weeks after
transplantation. At 4 weeks after transplantation, the
%DHI of the Tx group was significantly higher than that
of the DG group (DG: 59.1% =* 6.49%; Tx: 78.01% *
8.76%). The NC group maintained a %DHI of 97.1% *+
7.23% throughout the 26 weeks. At 24 weeks after
transplantation, the %DHI of the Tx group was signifi-
cantly higher than that of the DG group (DG: 66.87% *
8.35%; Tx: 83.69% = 7.03%), showing the effective-
ness of HNPSV-5 transplantation (Figure 2).

Macroscopic Examination

Nucleus pulposus in NC group’s discs showed NP with
containing ovalshaped gelatinous tissue with distinct
structure of nucleus-anulus border (Figure 3a). At 26
weeks after nucleus aspiration, discs in the DG group
showed depletion of the nucleus, in which the nucleus-
anulus border could not be identified, with a significant
decrease in disc height compared with NC group’s discs
(Figure 3b). In the discs of the Tx group, the NP could be
found, but not as perfectly oval shaped as NC group’s
discs, but apparent border between the NP and the anu-
lus fibrosus (AF) could be identified (Figure 3c).

Histologic Analysis
Discs of NC group rabbits did not show significant de-
generative changes throughout all the experimental pe-
riod (Figure 4a, b). In the discs of DG group’s rabbits, at
10 weeks after the first operation, the NP cells remained
with demonstrating some cell clumping and disintegra-
tion of the curved structure of the inner AF. At 26 weeks
after the operation, the structural appearance of the nu-
cleus tissue disappeared with apparent invasion of sur-
rounding connective tissue and the curved structure of
AF had completely collapsed (Figure 4c, d).

In the HNPSV-5-transplanted model, the structure of
the NP and AF was maintained throughout the experi-
ment. However, mild degenerative changes, such as the
mild serpentine appearance of AF, were seen from 6
weeks after nucleus aspiration. The NP of the Tx group’s
discs did not show histologic appearances similar to the
normal rabbit discs. Instead, honeycomb appearances
with slight proliferation of surrounding connective tissue
were noted. As for presence of tumorigenesis, invasion of
transplanted cells from the nucleus to anulus or the car-
tilage endplate was not found 24 weeks after transplan-
tation (Figure 4e, {).

In analysis performed 6, 10, and 26 weeks after nu-
cleus aspiration using the histologic grading system,
grading of the discs from DG group consistently moved
toward higher grade with time (Figure 5). At 26 weeks,
83.3% of the DG group’s discs were Grade 5, whereas in
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Figure 3. a, In macroscopic findings, NC group’s disc showed
intact oval-shaped gel-like nucleus. b, DG group discs presented
narrowing of disc height and absence of the nucleus pulposus. ¢,
Aithough not perfectly circular, restoration of nucleus and recov-
ery of disc height were achieved by HNPSV-5 transplantation.
Bars = 2 mm.

the Tx group’s discs, 66.7% were Grade 2 and 25%
Grade 3, which clearly shows that cell transplantation
significantly decelerated disc degeneration in the Tx
group’s discs in comparison with the DG group’s discs
(Figure Sc).
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Figure 4. a and b, Sagittal section of NC group's disc (age
equivalent to 26 weeks after the first operation in the other groups)
with the majority of the cells composing the nucleus being large
vacuolated cells in spatial gelatinous extracellular matrix. Grade 0,
normal structure. ¢ and d, Discs of DG group’s disc group rabbits
26 weeks after the first operation. Completely ruptured or reversed
lamellar fibers and invasion of connective tissue is present, which
is graded as Grade 5, indistinct structure. The HNPSV-5 trans-
planted disc figures (e and f) show moderately serpentine appear-
ance of the inner anulus fibrosus, Grade 2, and in the nucleus,
chondrocyte-like cells in honeycomb appearance showing a mildly
DG group's disc. Bars = 500 um {a, c, e), 200 um (b, d, f).

Safranin-0, Proteoglycan Staining, and Type Il
Collagen Staining

The staining intensity of Safranin-O and proteoglycan in
the NC group’s discs was most strongly stained among
the discs of the three groups (Figure 6a, b). At 24 weeks
after transplantation, in the DG group’s discs, the stain-
ing intensity of Safranin-O decreased or did not show
significant intensity in the area where the NP were de-
pleted (Figure 6a-DG). In contrast, Tx group’s discs
showed high Safranin-O staining intensity close to that
of normal rabbit discs (Figure 6a, NC). The staining of
proteoglycan was equivalent to that of Safranin-O (Fig-
ure 6b, DG and Tx). Therefore, it was suspected that the
transplanted HNPSV-5 cells produced proteoglycan af-
ter transplantation. With regard to Type II collagen
staining (Figure 6c¢), the nucleus pulposus and internal
layer of the disc were strongly stained in the NC group.
The DG group did not show such strong staining as the
NC group. The disc was more strongly stained in the Tx
group than in the DG group. The internal layer of the
anulus fibrosus was more strongly stained than the outer
layer in the Tx group, although the difference between
the two layers was not as evident as in the NC group.
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Figure 5. The results of analysis of disc degeneration using the
6-stage histologic grading system of Nishimura and Mochida. a, At
2 weeks after nucleus aspiration, discs of both DG and Tx group
discs showed mild degenerative changes. b, At 10 weeks after
nucleus aspiration, only discs of DG group’s discs continued to
progress degeneration. ¢, At 26 weeks after nucleus aspiration,
83.3% of discs from DG group’s discs showed Grade 5, indistinct
structure, whereas in discs of HNPSV-5 group, 66.7% preserved
Grade 2 and 25% Grade 3. These findings indicate that HNPSV-5
transplantation therapy efficiently suppressed disc degeneration.

Graft-Versus-Host Reaction
The degree of immunoreaction in the Tx group’s discs
was quantified using anti-CD4 and CD58 monoclonal
antibodies to detect an invasion of lymphocytes or
monocytes (Figure 7a, b). Mesenteric lymph nodes,
which stained prominently, served as the positive control
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Figure 6. Staining for Safranin-0
(a) and proteoglycan (b) in discs of
NC group, showing strong inten-
sity in nucleus and inner anulus. In
the discs of DG group’s disc, stain-
ing intensity of both Safranin-0
and proteoglycan was uniform and
poar. In Tx group’s discs, staining
was seen in both the regenerated
nucleus and the inner anulus. ¢,
Staining for Type Il collagen.
Bars = 500 um.

(Figure 7c, d). When the nucleus pulposus of the IVDs in
the NC group was stained as a negative control, no pos-
itive cells were noted (Figure 7e, f). None of the sections
of the Tx group’s discs harvested 4 and 24 weeks after
transplantation were stained by CD4 or CDS8 anti-
rabbit monoclonal antibody and the results demon-
strated no infiltration of inflammatory cells in trans-
planted space.

Matrix Gene Expression

The effect of cell transplantation on the gene expression
of aggrecan, versican, and Type II collagen was semi-
quantified by RT-PCR, with values normalized to
GAPDH. At 24 weeks after transplantation, the all
mRNA expressions of were significantly enhanced by cell
transplantation (aggrecan; DG: 32.01 + 18.36, Tx:
78.37 £ 12.3, versican; DG: 71.95 £ 21.03, Tx: 124.7 =
18.6, Type Il collagen; DG: 62.09 * 11.8, Tx: 77.36 =
13.6, P < 0.001, Figure 8).

Survival of Transplanted Cells
Axial sections of Tx group’s discs showed that average of
89% * 5% of cells in NP stained positive for SV40 T
antigen (Figure 9). Normal rabbit discs stained as a neg-
ative control showed no positive cells. Accordingly, sur-
vival of HNPSV-5 cell line was confirmed for the 24
weeks after transplantation.

B Discussion

In recent years, various different cell types have been
examined as possible donor cells for IVD transplantation
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therapy. Others transplanted NP cells including no-
tochord cells into IVDs of the rats and rabbits, but no-
tochord cells are extremely uncommon in the IVDs of
adult humans, with chondrocyte-like cells accounting for
almost all of the cells that can be detected. To achieve the
most effective tissue regeneration, it is desirable to use
cellular constituents that usually form a particular tissue.
However, clinical access to healthy NP tissue is very re-
stricted, and even if tissue is obtained by some fortuitous
circumstance, iz vitro expansion is difficult.

With this in mind, Ganey et al® and Gruber et af
performed animal studies on the use of disc chondrocytes
for transplantation. As they also transplanted cellular
constituents of the AF into the NP, changes from the
original tissue environment can be anticipated, and fur-
ther consideration is required before this technique can
be applied clinically.

Others!*™!® are also investigating the use of mesen-
chymal stem cells as potential donor cells. However, in
vitro methods of inducing the differentiation of stem cells
into NP cells have not yet been established. The specific
markers and differentiation-inducing factors for NP cells
have not been identified, so transplanted cells may not
differentiate into NP cells, depending on the posttrans-
plantation cellular environment.

Accordingly, we decided to investigate a technique using
a human NP cell line as the cell source for a tissue regener-
ation method using cellular constituents as close to the orig-
inal as possible. Establishment of this cell line allowed us to
effectively amplify cells that are normally very difficult to



1184 Spine * Volume 31 » Number 11 « 2006

@ . .- ® . .

- [4

.::;'. " W LT ; ;,‘ f A ’é} " P -
R EF B
Figure 7. Immunohistochemistry results of CD4 and CD58 showed
that no apparent positive staining for CD4 (a) and CD58 (b) was
noted in discs of Tx group, 24 weeks after transplantation. ¢ and
d, Lymph node specimens as positive controls. e and f, Normal NP
specimens as negative controls.

obtain. The HNPSV cell line that we developed uses a re-
combinant SV40 adenovirus vector to immortalize healthy
nucleus pulposus cells, thus allowing the first in vitro am-
plification of a human nucleus pulposus cell line.?

In this study, we transplanted HNPSV cells into a
rabbit IVD degeneration model and found that the disc
height was significantly greater in the Tx group than in
the DG group from 4 weeks posttransplantation. Mac-
roscopically, the NP was absent in DG group at 24 weeks
posttransplantation, along with the loss of disc height,
whereas in the Tx group the NP was preserved. Histo-
logic examination showed that the AF was not ruptured

NC DG Tx

= — — ER

Aggrecan

E S versican

Figure 8. Results of aggrecan,
versican, and Type Il collagen
mRNA expression showed that
these matrix associated genes
were significantly restored after
transplantation of HNPSV-5,
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in the Tx group, and the boundary between nucleus and
anulus could be clearly visualized. Using the six-stage
histologic grading system by Nishimura, 87% of DG
group was assessed as Grade 5, whereas 67% of the Tx
group was Grade 2. Expression of mRNAs for three im-
portant protein constituents of the nucleus pulposus ma-
trix, aggrecan, versican, and Type II collagen was deter-
mined by RT-PCR, and they were significantly greater in
the Tx group than in the DG group. This indicates that
transplantation of HNPSV helped to preserve the matrix
of the nucleus pulposus. Aguiar et al reported that pro-
teoglycan synthesis by nucleus pulposus cells was in-
creased during coculture with notochordal cells.?? It was
therefore suggested that the notochordal cells derived
from rabbit might interact with transplanted nucleus
pulposus cells in the transplanted IVD, which might pro-
duce positive effect on degenerative IVDs. Thus, trans-
plantation of a human NP cell line was shown to delay
disc degeneration in this rabbit model.

A point that must be considered with respect to this
cell transplantation model is that it involved xenograft
transplantation. Accordingly, there was a risk of a graft-
versus-host reaction; however, no inflammatory cell in-
filtration was seen through 24 weeks posttransplanta-
tion, and immunostaining revealed no cells positive for
CD4 and CD58. This is thought to be because the NP
maintained its immunologic integrity and because an im-
munosuppressant (cyclosporine) was administered at the
time of transplantation. However, further long-term fol-
low-up is required to assess rejection.

The greatest barrier to clinical application of this tech-
nique is the tumorigenic potential of transplanted cells.
The HNPSV line does not proliferate unchecked i vitro
and shows contact inhibition, with the limit of its prolif-
erative potential being some 40 to 50 generations."” This
is because the vector is an adenovirus.”* Unlike other
viral vectors, such as retrovirus and lentivirus vectors,
the adenovirus vector is not incorporated into chromo-
somal DNA, so expression of SV40 T antigen is transient
and decreases with time.

In vivo tumorigenesis involves the unrestricted prolif-
eration of cells and tissues but is unlike carcinogenesis,
which includes the invasion of adjacent tissues and or-
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Figure 9. Cells stained positively for SV40 T antigen is seen in 89%
+ 5% of the cells in the nucleus, 24 weeks after HNPSV-5 transplan-
tation, confirming survival of the transplanted cells. a, SV40. b, DAPI.
¢, SV40 + DAPI. Bars = 200 pm.

gans as well as metastasis to distant sites. Carcinogenesis
is also said to require adhesion factors that are unlikely
to be associated with this cell line. In this study, no obvi-
ous invasion of the AF or surrounding tissues was detected
24 weeks posttransplantation. Because the NP cells are
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transplanted into an enclosed cavity surrounded by the AF
and the cartilage endplate, the contact inhibition effect on
the cells or a decline in the expression of SV40 T antigen
may prevent tumorigenesis/carcinogenesis. Another possi-
ble reason is that metabolic activity in the NP is low and the
cell cycle is prolonged.

However, some problems remain. SV40 T antigen, in-
duced in the HNPSV cell line, is a protein that blocks the
action of p53 protein and speeds the transition from G1
phase to G2 phase, possibly increasing the proportion of
cells with inadequate DNA repair. The link between SV40
T antigen and telomeres, which determine the lifespan of
cells, is being studied, but a definite relation has not been
established.?*?’ Studies that involve the transplantation
of this cell line in immunodeficient animals, such as nude
or SCID mice, are needed to examine cell differentiation
and proliferation.

B Conclusion

Several issues need to be resolved before direct clinical
application of these immortalized cells can be consid-
ered, but there are no satisfactory treatments available at
present for IVD degeneration and this cell line shows
considerable promise as an alternative source for cell
transplantation therapy because it maintains its original
characteristics while showing excellent proliferation.
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® Key Points

e The human nucleus pulposus cell line was trans-
planted into rabbit discs in a disc degeneration
model.

o Deceleration of disc degeneration was evident af-
ter human nucleus pulposus cell line transplanta-
tion, as shown by disc height, and macroscopic and
histologic examination.

e Aggrecan and Type II collagen mRNA expres-
sion in discs from the transplanted group was sig-
nificantly higher than the DG discs.

e Although further follow-up is necessary, no ap-
parent tumorigenic activity of the transplanted
cells was identified.
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