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Fig. 4. Histological analysis of NPs at the transplant site of recipient rats, HE (A), safranin-O (B) and keratan
sulphate THC (C) staining indicate the presence of transplanted NPs at day 5. Safranin-O stains the proteoglycan of
NPs (Red), and keratan sulphate is specific extracellular matrix of NPs (Green). Keratan sulphate was stained even
26 days after transplantation in the recipient of NOD mouse (M).

CD3 (D~F), CD68 (G~1) and CD161 (J~L) (Red) are immunohistochemically double-stained with keratin
sulphate (Green). D, G, and J are the results at day 3; E, H, and K at day 10; F, I, and L at day 40. Keratan sulphate
decreased dependent on time, NK cells and macrophages decreased simultaneousty.
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To summarize, the results of the in vitro CFl and
cytotoxicity assays revealed the presence of a spleen cell
population that had cytotoxic effects on autologous NP
cells. This cytotoxic spleen cell population is composed
of sub-populations of NK cells and macrophages.
Furthermore, as a negative control of cytotoxicity assay,
we used fibroblast-like cells of annudus fibrosus origin,
The result was that the fibroblast-like cells was folerant to
isogeneous spleen cells, however nuclens pulposus cells
was sensitive, This result raised our test hypothesis that
NP is sensitive to specific immune cells,

In vivo study

BL1I study. We performed a BLI study to investigate
immunological responses to transplanted NP tissues in vivo.
The BLI evaluation showed a significantly higher survival
rate for transplanted NP cells in the Lew-NOD group
compared to that in the Lew-Lew group totally {p = 0.036),
at day 7 (0.35+0.18 vs. 0.11£0.05; p = 0.042) and at day
21 (0.16£0.08 vs. 0.03+0.02; p = 0.037) (Fig. 3A), After
90 days, up to 13% of the transplanted NP cells had
survived in the Lew-NOD group {Fig.3B). NP cells
transplanted into Lewis rats {Lew-Lew) did not survive
past 21 days, when luminescence at the NP cell transplant
site had decreased to near background levels (Fig.3C).

IHC staining. Because our results showed that
transplanted NP cell survival was reduced in association
with an immunological reaction, we used immunological
staining to identify which types of immune cells had
infiltrated. Transplanted NP tissues in rats at day 5 existed
mainly in the loose subcutaneous fat tissue as an
agglomeration of cells with a bubble-like extracellular
matrix (Fig. 4A). Safranin-O staining showed the presence
of red-stained proteoglycans (Fig. 4B), and fluorescent
green-stained keratan sulphate, both of which are
constituents of the extracellular matrix of the NP (Fig. 4C).
We observed transplanted NP tissues at day 5 (Fig, 4D, G,

Primary immune system responders to nucleus pulposus cells

1), however, the amount of transplanted NP tissue was
markedly decreased at day 10 in the Lewis rats, while NP
tissue was obviously present in NOD mice recipients even
at day 26 (Fig. 4M). From the IHC evaluation of immune
cells in Lewis rats, no CD3 positive T cells attraction were
observed subcutaneously from day 5 to day 40 (Fig. 4D,
E, F)., Attraction of NK celis and macrophages was
observed at days § and 10 around the outgrown NP tissues
(Fig. 4G H, J, K): however, neither NP tissues nor immune
cells were observed at day 40 (Fig. 41, L), The numbers of
NK cells and macrophages in microscope fields that
included agglomerated NP cell clusters decreased with time
{Table 2).

Discussion

The precise mechanism of immunological involvement in
the pathology of disc herniation has not been defined. We
performed two immunological assays, the CFI and the
cytotoxicity assay, using co-cultured NP and immune cells,
We also developed an in vivo subcutaneous transplantation
model and measured the survival rate of transplanted NP
cells using the BLI method. THC at the transplant site of
the recipient rats was used to identify the immune cells,
The suppression of NP cell colony formation was
observed to be dependent on the effectoritarget (E:T) cell
ratio. We found that non-adherent (CFU-NA) colonies
were more strongly suppressed by immune cells than
adherent (CFU-A) colonies. Because NP cells are known
to be heterogeneous (Chelberg er al., 1995), this difference
in colony formation may reflect the different epitopes
recognized by immune cells, or possible differences in the
immune privilege function, like the presence or absence
of Fas ligand. Based on these possibilities, about 20% of
the NP cell population were alive even at E:T cell ratio of
100:1, which appears to differ immunologically from other
NP cells. Of particular interest was the assessment of divect

Table 2 The number of immune cells in a microscope field (x40)

Day 5 Day 10 Day 40
T cell None None None
NK cell 2-5 1 None
Macrophage 4-7 1-3 None

This table indicates the number of representative agglomerated NP cell clusters in the tissue specimen of

transplanted site in Lewis rats. NK and macrophage cells were observed in the transplanted site in the

early phase, whereas T cells were not observed. In day 40, neither NP tissues nor immune cells were

observed.
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cytotoxic function of the immunological cell types. The
results of the cytotoxicity assays of isolated T, NK, and
macrophage cells demonstrated that only the NK and
macrophage cells had cytotoxic activity on NP cells, The
target molecules and their location on the NP cells remain
undefined; further biological and immunological studies
are necessary.

The results of the BLI study showed differences in the
survival rate of NP cells in the transplanted NP tissues
between the Lewis rat and NOD mouse recipients. NP cells
are known to undergo apoptosis (Park ef al., 2001), and
intervertebral disc cells are thought 1o be able to behave
as competent phagocytes (Jones ¢f al, 2008). However,
these results do not explain the different survival rates of
NP cells in the current study. Because the survival rate of
NP cells was higher in immunodeficient mice than in Lewis
rats, immunological functions are implicated. NOD/shi-
scid mice lack mature lymphocytes, and have macrophage
dysfunction, a reduced level of NK cell activity and
absence of circulating immune components compared 1o
wild-type mice. These factors may account for the
difference in NP cell survival rate between NOD mice and
Lewis rats in our study.

We also detected the infiliration of specific immune
cells into the NP transplant sites; these results definitively
demonstrate the immunological activity of these cell types
against NP tissues. Macrophages and NK cells, but not T
cells, were detected, although the presence of Tand B cells
in isolated human herniated discs and in experimental
porcine models has been previously reported (Geiss ef .,
2007). Our results suggest an carly immunological
response after normal NP tissues were exposed to the
immune system. Thus, macrophages and NK cells were
observed on days 5 and 10 when residual NP was present,
but not on day 40 when the transplanted NP had
disappeared. This finding supports the presence of an
immunological response to transplanted NP tissues.

In our THC study, CD68 positive cells did not resemble
the appearance of resident chondrocytes. Although Jones
et al. (2008) suggested that CD68 positive cells were
transformed resident intervertebral disc cells, based on their
morphology, the results of our study show that these
macrophages are not transformed resident cells but rather
are infiltrating cells.

Autologous tissues are generally not recognized as
foreign by the immune system, The NP is an immune-
privileged tissue isolated from the immune system (Hiyama
et al., 2008) and it, like similarly isolated tissues, including
the eye and testis, can produce inflammatory autoimmune
responses {Wildner and Diedrichs-Mohring, 2004;
Schuppe and Meinhardt, 2005). Another possible trigger
for autoimmunity is innate immunity, which is induced by
chemical factors without specific antigen-antibody
responses, leading to rapid immune responses to
pathological microbe antigens. Because the NP cell
produces chemical factors and the carbohydrate structure
of the extracellular matrix produced by NP cells may mimic
that of pathological microbe antigens, the NP may trigger
an innate immunity response (Bardos ef af,, 2005).

In the in vivo transplantation model, we utilized a
xenogeneic model because the mouse is 100 small to obtain
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enough donor NP cells. The use of NOD mice as recipients
is well established for evaluating the effects of
immunodeficiency. In addition, the xenogeneic
transplantation model is commonly used for
immunological evaluation (Yoshino ef af., 2000).

In conclusion, even non-degenerated NP cells elicitan
immune response, and macrophages and NK celis in
particular are shown to have an early immunological
function when NP cells are exposed to the immune system,
While these results may not be directly applicable to the
human, this study provides important information for
understanding the pathophysiological mechanism of disc
herniation.
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ABSTRACT

Regenerative medicine by the transplantation of differentiated cells or tissue stem cells has been clinically
performed, particularly in the form of cell sheets. To ensure the safety and effectiveness of cell therapy, the
efficient selection of desired cells with high quality is a critical issue, which requires the development of a new
evaluation method to discriminate cells non~invasively with high throughput. There were many ways to
characterize cells and their components, among which the optical spectral analysis has a powerful potential for this
purpose. We developed a cellular hyperspectral imaging system, which captured both spatial and spectral
information in a single pixel. Hyperspectral data are composed of continual spectral bands, whereas multispectral
data are usually composed of about 5 to 10 discrete bands of large bandwidths. The hyperspectral imaging system
which we developed was set up by a commonly-used inverted light microscope for cell culture experiments, and
the time-lapse imaging system with automatic focus correction. Spectral line imaging device with EMCCD was
employed for spectral imaging. The system finally enabled to acquire 5 dimensional (x, y, z, time, wavelength)
data sets and cell-by-cell evaluation. In this study, we optimized the protocol for the creation of cellular spectral
database under biological understanding. We enabled to confirm spectrum of autofluorescence of collagen,
absorption of specific molecules in the cultural sample and increase of scattering signal due to cell components
aithough detail spectral analyses have not been performed.

Keywords: hyperspectral imaging, cellular function, intrinsic optical spectrum, regenerative medicine, cell sheet,

1. INTRODUCTION

Regenerative medicine is now developed to a practical level. The transplantation of differentiated cells or tissue
stem cells has been clinically performed, particularly in the form of cell sheets and also engincered tissue. To
ensure the safety and effectiveness of cell therapy and sheet transplantation, the efficient selection of desired cells
with high quality is a critical issue, which requires the development of a new evaluation method to discriminate
cells non-invasively. The required evaluation method should enable to discriminate cells in culture condition of
monolayer or cell-sheet. There were many ways to characterize cells and their components, among which the
intrinsic optical spectral analysis has a powerful potential for this purpose .
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There are several possible situations to discriminate cells using intrinsic optical spectra *. Cell cycle is one of key
factors for the cell characterization. Different Cell phase, such as cell in S-phase and in M-phase has completely
different cellular character. Chromatin is contributing factor in genomic change and cell cycle modulation. The
microscopic observation of chromatin would be easily accepted as highly scattering substance in the nuclear. The
scattering parameter of chromatin would be extracted depending on the cell cycle. Collagen, as major contents of
extracellular matrix, is autofluorescence substance. The formation of pericellular matrix would be monitored,
which directly related cell-sheets’ function. Mitochondria would denote energy status of cell and relating NADH
complex, which is well-known optical absorber. Therefore, quantitative optical parameters are potentially very
helpful in determining the cellular character.

Our uitimate goal is to develop a total cellular imaging system demonstrating useful intracellular and/or
extracellular spectrum including proper analyses, which enables to discriminate desired cells for cell safety and
efficacy for application to regenerative medicine. That is, the intrinsic optical spectrum, which has a relation to
cellular biological understanding, could indicate whether the cell can be practically applied to regenerative
medicine,

2. BUILD UP HYPERSPECTRAL CELLULAR IMAGING SYSTEM
2.1 Hyperspectral Imaging

Hyperspectral imaging devices are common in remote sensing reconnaissance. It captures both spatial and spectral
information in a single pixel. Hyperspectral imaging collects the same picture at different wavelength to generate a
“datacube” that can reveal objects. Another advantage of this imaging form is that different element leaves unique
spectral signatures behind in various bands of the spectrum. Using these specific signatures, it is possible to
identify the materials that make up an observed object.

We developed microscopic hyperspectral imaging system in order to discriminate cells and demonstrated the
optimal protocol to obtain the spectrum of arbitrary intracellular and/or extracellular region. The system was
equipped with time-lapse microscopy and spectroscopic imaging apparatus including an EMCCD detector
described details below (2.2 — 2.4). The protocol for spectral acquisition was determined for synchronizing the
hyperspectral image with general microscopic image.
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imicroscapy
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Fig.1 Apparatus for the hyperspectral cellular imaging system (The system configuration in the photograph (Ieft) refers o the
drawing (right))
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2.2 Components - 1. Time-lapse microscopy

Integrated flexible microscope system (Nikon, ECLIPSE Ti) which allowed high-speed screening image capture
was employed. The microscope system has faster operation speed which could reduce overall light exposure. It
was equipped with time-lapse imaging with automatic focus correction system and CO; incubator cell culture
system. The time-lapse image enabled that the same object (e.g., a cell) is photographed at regular time intervals
over several hours. The time-lapse serial data allow us to observe the morphological change in the process of
diffcr%ntiation and/or lineage conversion such as iPSC emergence which could be definitively confirmed by its
shape °.

2.3 Components - 2. Imaging spectrograph

ImSpector V8 (Specim) was employed as the imaging spectrograph in our system. It has visible range (380-800
nm) with 8 nm spectral resolution. It works as a spectral line imaging device which produces full contiguous
spectral information in each line pixel with high spectral resolution to provide a push-broom hyperspectral
operation.

2.4 Components - 3. EMCCD and Software

Andor’s iXon"™M+DU-897 back illuminated EMCCD {(Electron Multiplying Charge Coupled Device) was
employed. Its active pixels were 512 x 512 and frame rate is 35 fps. The ‘on-chip’ amplification process of the
EMCCD was realized without sacrificing the photon collection capability of the sensor, with back-illuminated
sensors offering up to 95% Quantum Efficiency (QE). Thus, the system was equipped with a suitable sensor.
Original software for the hyperspectral operation was developed linked to general microscopic image. The line
scanned hyperspectral image were confirmed as identical system to the general microscopic image precisely.

Table 1 Feature of the developed system

Wavelength range 380~780nm

Spectroscopic tool Spectral line imaging

Spectral resolution 8nm

X axis : 30um/object lens magnification
Y axis : microscopic view field/512 pixels
Imaging rate 35 frame/sec maximum

Noise reduction Dark-current and thermal noise correction
-Color image display from spectrum to RGB conversion
-Spectral display at each pixel

Image display -Image display at specific wavelength
-Calculation function of color difference

Image resolution

Image processing

3. PROTOCOL FOR DETERMININATION OF INDIVIDUAL SPECTRUM OF
ARBITRARY INTRACELLULAR AND/OR EXTRACELLULAR REGIONS

The cell-related known spectra to date might not be proven because the spectra were obtained under undefined
biological aspect. The spectra of cell components (nuclear chromatin, subcellular organelle and extracellular
matrix) for regenerative medicine should be determined under biological realistic condition. Consequently, in order
to reach our ultimate goal, spectral database should be created on biological understanding at the first step in order
to ensure cell safety and effectiveness using the intrinsic spectrum of arbitrary intracellular and/or extracellular

region. That is, proper protocol for the spectral acquisition should be designed. In this study, light source has not
been optimized yet.
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/ PROTOCOL \

L. Baseline acquisition of the hyperspectral image for setting exposure time and gain after
dark-current and thermal noise correction,

*Sample: culture dish filled with culture medium as background

1. General microscopic observation.

*Phase contrast image or differential interference contrast image

H1. Determination of arbitrary intraceliutar and/or extracellular regions for spectral acquisition,
IV, Hyperspectral image acquisition under the set exposure time and gain,

V. Marked (stained) microscopic observation to visualize distribution the specific region
{nuclear, subcellular organelle and extracellular matrix)

*Example: Hoechst stain {nuclear), Cell mask stain (whole celt), PKH stain (cell membrane)
V1 Determination of the particular spectrum for creation of database

\V . Spectral database creation under biological understanding condition /

Fig.2 Primary cartilage cells obtained from a knee joint of Japanese White rabbit cultured for monolaver in an incubator with air
containing 3% CO, at 37°C. A: differential imterference contrast image B tmage stained with Cell mask, C: image stained with
Hoechst

4. CONCLUSION

We have successfully developed the hyperspectral imaging system for acquiring spectrum of cells itself used in
regenerative medicine. The system finally allowed to acquire 5 dimensional (x, y. z, time, wavelength) data sets.
We enabled to confirm spectrum of autofluorescence of collagen, absorption of specific molecules in the cultural
medium and increase of scattering signal due to cell components (data not shown) although detail analyses have
not been performed.
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