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ABSTRACT

IN VIVO BIOLUMINESCENCE IMAGING OF
CARDIOMYOBLAST TRANSPLANTATION

LONG-TERM MONITORING CELL SURVIVAL IN MURINE
SKELETAL MUSCLES WITH IMMUNOSUPPRESSIVE REGIMENS

Le Nguyen Uyen Chi
Adwvisor: Prof. Chang-Hoon Song Ph.D.
Department of Medicine,

Graduate School of Chosun University

The rapid donor cell death and rejection are basic limitations encountered in
normal and stem cell transplantation. Nowadays, the survival of transplanted
cells can be visualized using a novel optical imaging technique. OQur study
aimed to use the bioluminescence imaging technique to monitor the
cardiomyoblasts transplanted into murine skeletal thigh muscles, together
with the applications of some immunosuppressive agents to prevent the

rejection of host immune system.

Embryonic rat cardiomyoblasts were transfected with Fluc reporter gene-—
containing adenovirus in different multiplicity of infection (1, 10, 100) and
cell doses (1x10* — 5x10°), followed by the intramuscular injection into
murine skeletal muscle (n=9 per group). In immunosuppressive therapy,
mice and rats underwent transient immunosuppression with either
Cyclosporine (5mg/kg/day) or Tacrolimus (lmg/kg/day) or Dexamethasone

(4mg/kg/day), beginning on day —3 of implantation. Bioluminescence imaging
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was then daily carried out using a cooled CCD camera (Xenogen). Luciferase
activity was measured by luciferase assay and normalized to the protein

amount determined by protein assay.

Viral transduction at MOI 100 and the 5x10° cell-dose implantation resulted
in optimal transfection efficiency. Nude mice received immunosuppressive
agents displayed the long-term Fluc expression for 30 days, in which
Tacrolimus and Cyclosporine successfully suppressed the cell loss (day 4:
2.71E+07 (Tac), 9.47E+07 (CsA), 5.25E+07 (Dex), and 1.25E+07
p/s/cm?/sr (control)§ day 30: 4.31E+05 (Tac), 1.24E+05 (CsA) and
1.09E+ 04 p/s/cm?/sr (Dex)). In Balb/c mice, Tacrolimus and Dexamethasone
also kept cells alive until day 8 as compared with the signal reduction up to
day 6 of control mice. Bioluminescence expressed for 25 days in rat with

immunosuppressants and 6 days in rat without drugs.

From this study, the induction of immune tolerance using pharmaceutical
agents during cardiomyoblast transplantation Improved the donor cell
survival in murine skeletal muscles. Utility of bioluminescence imaging
resulted in a potential to noninvasively and repetitively monitor implanted

cardiac myoblasts over time.
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I. INTRODUCTION

A. Cell transplantation for treating heart diseases

Cell transplantation has emerged as a potential therapeutic intervention to
enhance angiogenesis, provide structural support, and perhaps even to

restore lost myocardial mass in diseased hearts.

Several approaches in cell trapsplantation and cardiac tissue engineering
have been investigated as potential treatments to enhance cardiac function
after myocardial injury, including the recruitment of endogenous -myocyte
precursors, the injection of skeletal myoblasts, the infusion of endothelial
progenitor cells, the ex vivo cultivation of myocardium—like tissue, and fetal
or embryonic stem cell-derived cardiomyocyte replacement [1-2]. Each
strategy is full of promise but also encounters to some extraordinary
challenges. Replacement of the scar tissue by cells that have the same or
similar properties as the cardiomyocytes — the cardiac muscle cells — is a

novel approach for MI treatment.

B. Problems with survival of transplanted cells and the host immune

response
1. Cell death is a hurdle in transplantation efficacy

For stem or other cell transplantation therapies, the introduced donor cells
must be able to survive in their host environment. However, intramuscular
(IM) injection of cultured isolated myoblasts in classical myoblast transfer
therapy shows that there is a massive and rapid necrosis of donor myoblasts,
with over 90% dead within the first hour after injection [3—-6]. This rapid
myoblast death appears to be due to exposure to tissue culture condition

altering the myoblasts so that when transferred in vivo, they provoke an
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acute adverse host immune response. A very important note is when
equivalent intact donor muscles are implanted directly, without exposure to
cell isolation or tissue culture conditions, there is no adverse immune

response and grafts show excellent survival for up to a year.

The extent to which such immune problems also occur with IM
transplantation of donor stem cells or with delivery of donor (stem or other)
cells via the circulation is unclear [7], but this aspect should be carefully
considered. The report that mesenchymal stem cells (MSCs) from adult
human bone marrow are exempt from rejection after xenotransplantation
into sheep (in contrast to other stem cells) is intriguing [8]. These donor
MSCs were detected in many tissues (although their survival was not
quantified), and such expected immune tolerance has major implications for

clinical cell therapies and requires further investigation.

Massive death of injected donor cells is also recognized as a major problem
with transplanted cardiomyocytes, especially in the inflammatory conditions
that follow infarction [9]. Many cardiomyocytes die by apoptosis and
exposure of cultured cardiomyocytes to heat shock before transplantation
“strikingly increased cell survival at 1 day. Host natural killer (NK) cells
appear to play a particularly important role in this rapid death of cultured
donor myoblasts [3]. As for transplanted cultured skeletal myoblasts, a
central role for host NK cells is also implicated in cardiac allograft rejection
(Maier et al. 2001), and it appears likely that the immune problems
encountered with myoblast transfer therapy will also apply to cultured cells
transferred into the heart.

Moreover, the donor cell death and rejection caused by humoral and cellular
immune reactions are a basic limitation encountered in stem cell therapy for

cardiovascular disease treatment.



2. Preventing the host immune response

In order to achieve successful allotransplantation, immunosuppressive drugs
are necessary to prevent graft rejection. A number of immunosuppressants,
including steroids, cyclosporine (CsA), and tacrolimus, has remarkably

improved cell survival rates in solid organ transplantation
a. Cyclosporine

The cyclosporine is fungal metabolite comprising a class of cyclic
oligopeptides that act as immunosuppressants. Unlike other medications of
immunosuppression that act by killing cells of immune system, Cyclosporine,
sometimes referred as “cyclosporine A” acts by interfering with Helper T—
lymphocyte interleukin production. Cyclosporine A binds and forms a
complex with the intracellular receptor cyclophilin. The
cyclosporine/cyclophilin complex binds to and inhibits calcineurin, a
Ca.sup.2+ —calmodulin—dependent serine~threonine—specific protein
phosphatasé. Calcineurin mediates signal transduction events required for
T—cell activation. Cyclosporines and their functional and structural analogs
suppress the T—cell-dependent immune response by inhibiting antigen—
triggered signal transduction. This inhibition decreases the expression of
proinflammatory cytokines, such as interleukin-2 (IL-2). Without
interleukins, T lymphocytes cannot communicate with one another and

ultimately Killer T—celis armed and sent out to destroy the donated organ.
b. Tacrolimus

Tacrolimus, also known as FK506 or Prograf, is an immunosuppressant that
inhibits signal transduction pathways involved in T-cell activation [10-12].
It is used clinically for allograft rejection, graft-versus—host disease, and

autoimmune diseases [13]. Tacrolimus binds to an intracellular protein
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FK506 binding protein (FKBP-12) that is not structurally related to
cyclophilin (Harding et al. 1989; Siekienka et al. 1989; and Soltoffet et al.
1992). The FKBP/FK506 complex binds to calcineurin and inhibits
calcineurin's phosphatase activity. This inhibition prevents the
dephosphorylation and nuclear translocation of NFAT, a nuclear component
that initiates gene transcription required for lymphokine (e.g., [L-2, gamma

interferon) production and T—-cell activation. Thus, tacrolimus inhibits T-cell

activation.

Figure 1: The site of action of the commonly used immunosuppressive drugs.
Immunosuppressive drugs interfere with allograft rejection at various sites
in the rejection pathways. Glucocorticoids block the release of IL-1 by
macrophages, CsA and Tacrolimus interfere with IL-2 production from

activated T cells.



c. Dexamethasone
Molecular formula: CapHaoFOs

Chemical name: 9-Fluoro—118,17 21-trihydroxy-16a—-methylpregna—1,4-
diene—3,20—dione.

As a glucocorticoid (GC), Dexamethasone binds to cytoplasmic GC receptor
(GR), a member of the steroid hormone receptor superfamily. Several
studies have confirmed that GCs induce and regulate T—cell apoptosis {14-
15]. Recent studies have demonstrated that dexamethasone induces
apoptosis not only in immature thymocytes but also in mature peripheral T
cells [16-17].

C. How to detect cell survival in vivo?
1. Novel techniques for cell monitoring

For the study of stem cell transplantation in animal models, most of recent
methods demand histological analysis in order to determine the fate and
migration of cells. At each period of time, the animals need to be sacrificed,
that appears to be a disadvantage when the necessity of tracking the cell
activities inside an intact whole-body is required, which helps us attain a
far-reaching knowledge underlying biological and physiological properties
of cells. Furthermore, recent developments in stem cell and gene therapy
also require methods to monitor stem cell survival and integration
repeatedly and non-invasively with a high temporal and spatial resolution in
vivo. Novel techniques that allow noninvasive and repetitive imaging of cell
transplants have recently been proposed and evaluated in a limited number
of cell delivery models. One of them involves the use of reporter gene
technology for bioluminescence, fluorescence, MR, SPECT, or PET imaging
[18-19]. With this approach, cell survival of genetically modified cells can
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be monitored more accurately because only viable cells will express the
reporter genes. Moreover, since the reporter genes are passed on to

daughter cells, cell proliferation can also be reliably quantified [20].
2. In vivo bioluminescence imaging

Imaging strategies that use genetically tagged cells that express
bioluminescent reporter proteins offer the advantages of fine temporal
analyses, labeling versatilit);, accessible instrumentation, and a signal-to—
noise ratio that provides high sensitivity of detection. Weak internal sources
of biological light, bioluminescence, can be externally detected using
sensitive charge—coupled device (CCD) cameras as low-light detection
systems. This imaging modality, known as bioluminescent imaging (BLI),
employs light-emitting proteins for real-time in vivo detection of tagged
cells. Given that there are very few sources of light in mammalian cells and
bioluminescent proteins do not require an excitation source, the background

in BLI is nearly nonexistent.

BLI is based on the in vivo expression of luciferase, the light-emitting
enzyme produced by the firefly Photinus pyralis, for instance. This type of
imaging has been successfully used in many areas of research including
tumor tracking [21-24], infectious diseases [25-27], and drug efficacy
studies [21, 28-29]. First described by Contag et al. in 1995, this technique
relies on an adenosine triphosphate— (ATP) and oxygen—dependent
photochemical reaction between luciferin and luciferase, resulting in the
release of photons by living cells. Because of the low background
luminescence of normal tissue and the rapid turnover of the luciferase
enzyme, this technique is well suited for studying the temporal expression

of genes by living cells [24].



a. Luciferase enzyme

Luciferase, a small, single polypeptide with molecular weight of 62 KDa, is a
family of proteins produced by luminescent organisms like several insects,
marine species, and some prokaryotes. It is encoded by luciferase gene that
has been isolated and widely used as a high effective reporter gene. As
compared to the bacterial CAT reporter gene, the assay of luciferase
activity is more than 100-fold more sensitive. Luciferase catalizes for a
reaction requiring high—energy molecules such as ATP, and thus light
production is coupled to metabolic activity of the cells expressing the
reporter gene. Other advantages of using the luciferase gene as a reporter
gene are that mammalian cells do not have endogenous luciferase activity,
and that luciferase can produce chemiluminescent light with very high
efficiency, which can be readily detected. Genes coding for luciferases are
useful tools for molecular and cellular biologists and, due to the penetration
of bioluminescent light through mammalian tissues, have more recently been

shown to be valuable for in vivo analyses.
b. Luciferin

The substrate for catalyzing reaction of luciferase is luciferin, a small,
water—soluble molecule that quickly penetrates the membranes of cells in
tissues following intraperitoneal or intravenous injection, even crossing the
blood-brain and placental barriers. Luciferin is easily administered

intraperitoneally together with anesthetic for imaging.
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Figure 2: D-Luciferin (4,5-Dihydro-2-(6-hydroxy—-2-benzothiazolyl)-4-

thiazolecarboxylic acid)
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Figure 3: Bioluminescence reaction between substrate Luciferin and its

Luciferase enzyme.

The most commonly used Luciferase is derived from the Firefly Photinus,
called Fluc. This enzyme and its substrate have several characteristics that
make them useful reporter proteins [30]. Firefly luciferase does not need
external light excitation and self-emits light from yellow to green
wavelengths (550-575nm) in the presence of D-luciferin, ATP, Mg”*, and O.
Secondly, the fast rate of enzyme turnover (Tyz = 3h) in the presence of
substrate D-luciferin allows for the real-time measurements because the
enzyme doesn’t accumulate intracellularly to the extent of other reporters.
Thirdly, the relationship between the enzyme concentration and the peak
height of emitted light in vitro is linear up to 7-8 orders of magnitude.
These properties allow for the sensitive noninvasive imaging of Fluc

reporter gene expression in living subjects.
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Figure 4: The Xenogen In Vivo Imaging System (IVIS) consists of a cooled
charged—coupled device camera mounted on a light-tight chamber, a
cryogenic refrigerator, and a computer system for data analysis (A). B-
Pseudocolor luminescent image is overlaid on a grayscale photographic

image.
c. Bioluminescence imaging system

The instrumentation for low-light imaging is called as the sensitive CCD
detectors that are required to capture transmitted photons have been widely
used in biological imaging (Fig. 4). Cooling the CCD detector to

temperatures of —100 to —120°C is an effective means of reducing thermal
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noise and results in exiremely sensitive CCD cameras that can detect light
over a broad spectral range, including the wavelengths that are more readily

transmitted through living tissue (650-1100 nm)

For BLI the animal is anesthetized and the substrate, luciferin, is injected.
After a fixed time, usually 15 minutes, the animal is placed in a light—tight
chamber upon which a cooled CCD camera has been mounted. A second
image is then acquired, in the absence of an external light source, collecting
the light that is generated internally and transmitted through the animal's

tissues.
D. Purpose of study

As a resuit of this, our study aimed to determine the utility of
bioluminescence in vivo imaging system to monitor Fluc gene expression in
cardiomyoblasts in culture and in animal skeletal muscles adenovirus
expressing FL. We then evaluate the potential of some immunosuppressive
drugs that induce the tolerance of these donor cells against the host immune

responses in intact whole body animal.
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II. MATERIALS AND METHODS

A. Materials

1. Culture media and solutions:

» Medium: Dulbecco’s modified Eagle’s medium (Gibco, Invitrogen).

» Serum: Fetal Bovine Serum (TerraCell International S.A., Canada).

> Antibiotic - Antimycotic (100X): prepared with 10,000 units/ml

penicillin G sodium, 10,000 ug/ml streptomycine sulfate and 25 ug/ml
amphotericin B as fungizone in 0.85% saline (Gibco).

» Dulbecco’s Phosphate — buffered saline (PBS) (Gibco).

» Trypsin—EDTA (10X): includes 0.5% Trypsin with EDTA-4Na (Gibco).
2. Mammalian cell lines:

H9c2 cardiomyoblasts were obtained from the American Type Culture
Collection, Rockville, MD.
3. Inmunosuppressive agentéi

» Tacrolimus (Prograf) from Jujisawa, Ireland

» Cyclosporine (Sandimmun) from Novartis

» Dexamethasone from Choongwae Pharma Corporation, Korea
4. Anaesthetics

» Isoflurane

> Ketamin

» Rompun (Xylazine)

5. Imaging:

D-Luciferin Firefly K+ salt (synthetic) or 4,5-Dihydro—2-{6-hydroxy—
2—-benzothiazolyl]-4-thiazolecarboxylic acid potassium salt, obtained from
Xenogen
6. Luciferase Assay System from Promega, Madison, WI

» Reporter Lysis 5X Buffer

-11-



> Passive Lysis Buffer

» Luciferase Assay Reagent
B. Animals
Three female murine models were used, including immunodeficient nude
mouse (20-25g, 4-6week old), immunocompromised Balb/c mouse (20-25g)
and Sprague Dawley rat (200-250g) achieved from the Japan SLC, Inc.
Haruno breeding branch.
C. Cell culture
H9c2 cardiomyoblasts were cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 3.7 g/L. sodium bicarbonate, 1% penicillin and
streptomycin, 0.2mM L-glutamine, and 10% fetal bovine serum (FBS), at
37°C in a 5% CO2 humidified atmosphere. Medium is renewed every 2 to 3
days. Cell subcultivation is recommended (ratio of 1:2 to 1:4) as reaching
70% of confluence. The culture method follows the protocol supplied by
manufacturer.
D. Recombinant adenovirus vector and Transient transfection to
cardiomyoblasts
1. Construction of recombinant adenovirus
Replication—defective recombinant adenovirus carrying cytomegalovirus
promoter driving firefly luciferase reporter gene (Ad-CMV-Fluc) was
constructed and amplificated. The firefly luciferase gene and enzyme are
subsequently referred to as Fluc and FL.
2. Adenovirus—mediated transient transfection
One day before transfection, H9c2 cells were seeded in 6-well plate
(1x10°/well) or Tiso Flask (2X10%flask) in such a way that they would
obtain 70% confluence on the next day. Ad—~CMV-Fluc vector was incubated
overnight with cells at multiplicity of infection from 1 to 100 in a certain

-12-



volume of serum free DMEM covering cells. After 6 hours, the virus
supernatant was removed and cells were consequently incubated in DMEM
containing FBS and antibiotics overnight. One day after transfection, cells
were washed 3 times in 1X phosphate-buffer saline (PBS, pH 7.0), detached
by 1X Trypsin-EDTA and implanted into animals.

s Hew virad
CHA  Gene [HA

b ModiSed DNA injected

Figure 5: Application of adenoviral vector for gene transferring into
mammalian cells. Fluc reporter gene was constructed in adenovirus so that

it can be introduced into H9¢c2 cells.
E. Intramuscular Implantation of cardiomyoblasts

Murine animals (n=9/group) received a 4:1 mixture of Ketamin (80mg/kg)
and Xylazine (10mg/kg) for anesthesia were implanted with FL-expressing
H9c2 cardiomyoblasts at the right thigh skeletal muscles. In in vivo MOI test,

« Yl



H9¢2 cells were injected at 1x10° per mouse; and 5x10° cells were injected

in each mouse for pharmaceutical therapy.
F. Pharmaceutical effects for the prolongation of cell survival

From three days before cell transplantation mice (n=3 for each group) were
daily pre-treated with Cyclosporine (5mg/kg/day), or Tacrolimus
(1mg/kg/day), or Dexamethasone (4mg/kg/day). Mice were then implanted
with H9c2Z cells expressing the Fluc gene. The control animals were

received saline injections (1ml/kg/day, n=3).

Cell survival was daily assessed after cell transplantation by using optical
bioluminescence imaging technique. All the experiments were performed in

triplicate.
G. Imaging of cardiomyoblast implantation

Optical bioluminescence imaging was performed with the Xenogen In Vivo
Imaging System (IVIS) (Figure 5) consisting of a cooled charged couple
device (CCD) camera mounted on a light-tight specimen chamber, a
cryogenic refrigeration unit, a camera controller, and a computer system for
data analysis. Both the IVIS and its imaging analysis software are

commercially available (Xenogen Corp.)

After intraperitoneal injection of D~Luciferin at a dose of 375mg/kg body
weight, mice were serially imaged for 30 minutes using 30 x 1-minute
acquisition scan everyday until the bioluminescent signals had completely
faded away. The bioluminescence was quantified in unils of photons -

second ! - centimeter?™! - steridian™’.
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CcCD
camera

(IVIS)

Figure 6: IVIS imaging system monitor H9¢2 cells at mouse thigh skeletal

muscle.
H. Luciferase assay

Luciferase expression in transfected cells was monitored according to the
instructions given by the supplier using the Luciferase Assay System from
Promega. For in vitro study, cells were washed extensively and lysed by
adding 4 volumes double—distilled H,0O and 1 volume Reporter Lysis 5X
Buffer. The lysate was centrifuged at 12,000 rpm for 2 minute at 4°C to
remove cell debris. A volume of 20 ul of this lysate was dispensed into wells
of 96-well plate and loaded into the luminometer (Centro LB 960, Berthold)
followed by the autoinjection of 100 ul of the Luciferase assay reagent per
well controlled by a MicroWin software. Light intensity was shown as

relative light unit (RLU) and normalized to the protein as measured by Bio-
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Rad Protein Assay System (Bio—Rad, Hercules, CA). Transfection were

performed in triplicates with <10% variation.

For in vivo study, after imaging, the mouse thigh muscles were excised and
homogenized in Passive Lysis Buffer at 4ml/g tissue. After freezing and
thawing three times at —800oC for 15 min each, the homogenate was
centrifuged at 14,000 rpm for 15 min. Fluc activity was assessed using

Luciferase assay reagent as described.
L Protein assay

As following the Bio—Rad protein assay, the standard curve was set up with
BSA dilution in PBS. 800ul of each sample was added with 200ul of Bio—Rad
protein assay reagent, vortexed and loaded into cuvette. Light absorbance
was read at 595nm, compared to the standard curve to determine the

protein concentration of experimental sample.
J. Data Analysis

Data are given as mean * standard deviation. For statistical analysis, the 2-
tailed Student’s t test was used. Differences were considered significant at
P<0.05. Luciferase activities from in vivo CCD imaging were correlated by

least—squares linear regression.
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M. RESULTS

1. Validation of the presence of Fluc gene and protein in transfected
H9c2 cells

After transfection with adenoviral vector on the 6—well plate, 1x10° H9c2
cells was incubated for 24 hours and checked for the luciferase-mediated
signals by imaging and luciferase assay. For imaging, Fluc expression was
detected in H9c2-Fluc cells only (Fig. 7A). In contrast, control H9c2 cells
produced no Fluc expression. Moreover, the high RLU obtained in H9c2-
Fluc samples by luciferase assay as compared to the background levels of
H9c2Z samples and the control confirmed for the expression of Fluc protein

in adenovirus—-mediated injected H9c2 cells (Fig. 7B).
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Fig. 7: Validation of firefly luciferase expression in H9¢c2 cells. (A) In vitro
bioluminescence imaging reveals firefly luciferase—mediated signals only in
H9c2-Fluc cells and not in control H9c2 cells. (B) Fluc protein presenting in

transfected cells was quantified as RLU/ mg protein.

- 18-



2. Fluc gene transferring efficiency of adenoviral vector.

Using adenovirus for gene transfer to mammalian cells depends on the
multiplicity of infection (MOD of virus. We performed the viral transfection
in both in vivo and in vitro studies to estimate the potential of adenovirus for
gene transferring into cardiomyoblasts and determined the optimal amount

of adenovirus for transfection.

To evaluate the efficacy of adenovirus—mediated transfection, we incubate
Fluc—adenovirus with cardiomyoblasts at MOI from 1 to 200 overnight in 6—
well plate or T125 flasks. The plate was then imaged by IVIS or cell-
harvested for in vivo injection. The bioluminescence emission was shown as
in figure 8A with the correlation between bioluminescence signal detected
by in vitro imaging and viral MOI at r’= 0.993 (Fig. 8B), demonstrating for
the adenoviral transfection efficacy on embryonic cardiomyoblasts. These
results are in familiar with those of in vivo study when injecting H9c2-Fi
cells with different MOI into nude mice (Fig. 8C). The virus titer at MOI 100
offers the best transfection as Fluc activity always prevailed over the other
MOI (Fig. 8D), thus, the use of MOI 100 was chosen for all next experiments
because it offer the high efficiency of viral transduction {day 1 — MOI 100:
2.79E+ 07 £3.8%, MOI 10: 1.24E+07 £24%, MOI 1: 2.01E+06 +£10.2% , the
longest time for cell detecting (5 days) as well as the nontoxic effect for cell

physiology.
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Figure 8: Dependence of Adenoviral transfection on the multiplicity of
infection. In vitro results showed the potential of adenoviral transfection in
gene transfer belongs to the MOI in the direct ratio (A, B). The in vivo
imaging confirmed for that correlation of MOI and bioluminescence signal
performed by IVIS (C), and MOI is the optimal choice for adenoviral

transfection next (D).
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3. Sensitivity of detection and the correlation of bioluminescence

signal implanted cell dose.

For studying the kinetic of Fluc expression on cell density dependence,
Fluc—transferred H9c2Z were plated at to 6-well plate in different cell dose
from 1x10° to 5x10° per well and measure either the bioluminescence using
IVIS cooled CCD camera or the Luciferase activity using luminometer. The
results showed an increase in cell number brought about a highly correlative
increase of bioluminescence (Fig. 9A). The cell densities created linearly
proportional and highly correlated BL signals in imaging (r>=0.99) (Fig. 9B)
and even correlated with RLU of Fluc activity in cell lysates by Luciferase
assay (r*=0.99) (Fig. 9C).

For estimating the sensitive detection threshold of cocled CCD camera in
detecting number of implanted cells in vivo, serially amount of Fluc-
transferred H9c2-cells (1x10°, 5x10° 1x10°, and 5x10° cells) were injected
into thigh skeletal muscles of nude mice. The highest signal detected in
mouse imaging was induced as injecting 5x10° cells that lasted until 7 days
post—transplantation (Fig. 9D). The Fluc expression showed in
bioluminescence images was in cell-dependent manner (Fig. 9E).
Remarkably, a strong correlation exists between the BL signals obtained in
mouse imaging and the in vitro Fluc activity of implanted cell lysates
determined from the Luciferase assay (Fig. 9F). These results revealed the
potential use of bioluminescence imaging technique in tracking transplanted
cells deep inside animal tissue and the ability of introducing 5 million cells to
mouse muscle so that the longest bioluminescent emission can be detected

from these cardiomyoblasts.
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Figure 9: Correlation of cell number to bioluminescence signals and Fluc
activity. (A) Increasing implanted cell dose brought about a correlative
increase of bioluminescence. (B) The cell densities created linearly
proportional and highly correlated BL signals as imaging (r2=0.99) and even
correlated with RLU of Fluc activity in Luciferase assay (r2=0.99) (C). (D)
Nude mice injected with series of cell number showed a cell dose-
dependent manner in vivo with the optimal used cell number can be reach to
5 million cells to have the optimal Fluc expression in H9¢2 (E). Finally, a
strong correlation exists between the BL signals obtained in mouse imaging
and the in vitro Fluc activity of implanted cell lysates determined from the

Luciferase assay (F).
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4. Effects of Immunosuppressive agents on cell survival
4.1 Cell implantation into nude mice

To determine if different immunosuppressive drugs can help prolong cell
survival, 5x10° H9¢2-Fluc cells were transplanted into the skeletal muscles
of both nude and Balb/c mice. Animals were treated with Cyclosporine
(5 mg kg™! d™Y), dexamethasone (4 mg kg! d1), tacrolimus (Prograf)
(1 mg kg ! d7Y, or saline (1 ml kg™! d™!) as control. Here, we show the
longitudinal bioluminescent emission expressed in agent—treated groups (Fig.
10A). Animals treated with immunosuppressants showed significantly
stronger Fluc activities from one day after transplantation compared to the
control (P < 0.05). Tacrolimus—treated nude mice had longer visible signal
until 30 days compared to other treated groups (Cyclosporine and
Dexamethasone: around 25 days, Control: 8 days). The quantification of
biocluminescence signal counted on the ROI (region of interest) in each case
is followed m Table 1. Cell survival in all drug-treated groups shows in the
same manner of a drastic decline for early 8 days post—transplantation and
stably sustains by one month (Tacrolimus: 59.8% [day 2], 3.68% [day 81;
Cyclosporine: 52.4% [day 21, 2.0% [day 8]; Dexamethasone: 41.7% [day 21,
1.6% [day 8] as the percentage of cell survival on day 1) when compared to
control mice (day 2: 32.4% and day 8: 1%) (Fig.10B). Especially, Fluc
activity in cell lysate revealed the existence of H9c2 cell implanted in
mouse muscles was improved by administration of immunosuppressive

agents in early 10 days compared with control mice (Fig. 10C).
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Figure 10: Effect of immunosuppressive agents on post—transplanted cell
survival on nude mice.

(A) Longitudinal bioluminescent emission expressed in agent—treated
groups. Tacrolimus—treated nude mice have longer visible signal
until 30 days compared to other treated groups.

(B) Cell survival in all drug—treated groups shows in the same manner of
a drastic decline for early 6 days post—transplantation and stably
sustains by one month .

(C) Fluc activity in cell lysate revealed the existence of H9c2 cell
implanted in mouse muscles was improved by administration of
immunosuppressive agents in early 10 days compared with control

mice.
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Agents Day 1 Day 2 Day 6 Day 10 Day 30

Tacrolimus 1.87E+07 + | 1.12E+07+ | 1.28E+06 & | 5.59E+05+ | 4.31E+05 +
5254562 2317659 534062 245007 147714

Cyclosporine 1.93E+07 + | 1.0IE+07 £ | 1.17E+06 + | 3.64E+05+ | 1.24E+05 &
5286847 1401725 694366 154324 23726

Dexamethasone | 1.44E+07 + | 599E+06+ | 3.74E+05% | 2.03E+05% | 1.09B+05 +

5456494 2171549 189578 91988 46669
- 0
F1-H9c2 1.33E+07 & 431E+0 2.93E+05+ | 946E+04 £
control 2598559 1087027 163187 25575

*+ Bioluminescence unit: photon/sec/cm?/sr

Table 1: Quantification of bioluminescence signals in the in vivo imaging of

nude mice with or without injection of immunosuppressive agents,

4.2 Cell implantation into Balb/c mice

To survey the monitoring capability of bioluminescence imaging technology
on cell survival supported with the immunosuppression on several murine
models, we compare the effects of all previous immunosuppressants on the
immunocompromised Balb/c mice. Thirty—six Balb/c mice were divided into
4 groups like the protocol of nude mouse experiments. Figure 11A showed
the detection of CCD camera on cell survival in all four groups of animals, in
which the bioluminescence signals were prominently expressed on day 1
and 2 after transplantation, followed by the gradual decline of signal, first on
the control at day 6 and on other groups during 4 days later. The chart (Fig.
11B) which Hlustrates the reduction of Fluc signal, in another meaning is the
effect of H9¢2 cell survival's prolongation induced by immunosuppressants,
demonstrated that the relative cell survival of control mice was detected for

5 days and expressed the Fluc activities were 24.5% on day 2, 5.1% on day
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3, and 1.1% on day 5, reduced to the same denominator of the signals on
day 1. Cardiomyoblast survival was prolonged by immunosuppressants, such
as Tacrolimus for 8 days (1.2%) and Dexamethasone for 10 days (0.4%).
The percentage of cell survival is equivalent with bioluminescence max
photons noted in Table 2. Although the effect of Cyclosporine was helpful
for cell survival around early 5 days after transplantation as compared to
the control [Cyclosporine: 4.13E+ 05 p/s/cm2/sr (3.0%) and control group:

1.64E+05 p/s/cm2/sr (1.1%)], but it was no as effective as other two

drugs (1.32E+05 p/s/cm2/sr on day 8).

Agents Day 1 " Day 2 Day 3 Day 5 Day 10
Tacrolimus 2.46E+07 £ | 1.28E+07 £ | 3.28E+06 % | 2.22E+06 L | 8.68E+04 &+
154353567 7776252 3882203 1420036 625
Cyclosporine 1.40E+07 & § 7.28E+06 L | 1.66E+06 + | 4.13E+05 + | 3.91E+04 &
9981223.9 2366768 1414227 2633599 5256
Dexamethasone | 2-49E+07 £ | 1.03E+07 & | 2.74E+06 + | 1.65E+06 £ | 1.07E+05 =
21688105 2753118 1943989 689828 62555
F1-H9c¢2 1.55E+07 & | 3.80E+06 &£ | 7.99E+05 £ | 1.64E+05 £ | 7.40E+03 =
control 5572862 824875 800527 89130.15 176

+ Bioluminescence unit: photon/sec/cm?”/sr

Table 2: Quantification of bioluminescence signals in the in vivo imaging of

Balb/c mice with or without injection of immunosuppressive agents.
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Figure 11: Effect of immunosuppressive agents on Balb/c mice.
(A) Mice injected with agents remain the longitudinal imaging for 10 days.
(B) Tacrolimus and Dexamethasone were more effective than CsA. The

decline of cell survival was clearly seen in treated groups for early 8 days.
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4.3 Cell implantation into rat

Experimental SD rats (n=8) were implanted with Fluc-expressing H9¢2 cells
(5x10°), together with the daily injection of immunosuppressants or saline,
as described before. Fluc gene expressing density is in correspondence with
the amount of living H9c2 cells in the host environment. In figure 12A,
control rats without immunosuppressants could express the photonic light
until the days 6 and wholly vanished afterward, whereas those at rats
applied with agents were detected for long time, for example, 10 days with
CsA and 25 days with Tacrolimus and Cyclosporine agents (imaging could
not be performed after that time since the animals were sacrificed because
of habitat contamination). A comparison among 4 groups about daily Fluc
activities on the percentage of the activity of day 1 could be related briefly:
on day 2 : control 18.4%, Tacrolimus 29.8%, CsA 71.5%, Dexamethasone
27%: on day 6: control 1.9%, Tacrolimus 16.2%, CsA 4.4%, Dexamethasone
3.5%; on day 10: Tacrolimus 4.6%, CsA 2.9%, Dexamethasone 6.5% (Fig.
12B). The percentage of cell survival by day is equivalent with

bioluminescence max photons noted in Table 3.

A remarkable point in this series of experiment, as well as in the Balb/c
experiments, is the limitation of CsA in suppressive the recipient’s immune
system, in other words, in improving donor cell’s survival, as compared to
the immune—tolerating effects of Tacrolimus and Dexamethasone, although
CsA effectively prevent cell rejection at the early stage (4 days) after
transplantation. Furthermore, Fluc expression particularly increased again

after 10 days in Dexamethasone treated rats
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Figure 12: Effect of immunosuppressive agents on SD rats.

(A) Rats injected with agents remain the longitudinal imaging for 25 days.
(B) CsA prevented cell rejection much more effective than Tacrolimus and
Dexamethasone at 3 previous day but early stop its function later. An
increase of signal was detected in Dexamethasone treated group from day

10 to day 25.
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Agents Day 1 Day 2 Day 5 Day 15 Day 25
T. . 1.94E+06 £ | 5.76E+06 &+ | 3.14E+05 % | 3.09E+05 & | 9.58E+04 £
acrolimus
263687 153731 73525 23668 4567
C . 261E+06 £ | 1.87E+06 £ | 1.16E+05 + | 1.39E+ 04 + | 7.40E+03 £
yclosporine
236622 626852 25787 2575 652
De 257E+06 + | 6.96E+05 + } 8.99E+04 X | 5.54E+05 & | 1.63E+06
xamethasone
156385 836686 4729 3736 9636
F1~H9c2 985E+05 + [ 1.81E+05 £ | 1.82E+(4 &
control 63667 16267 8368

*+ Bioluminescence unit: photon/sec/cm?/sr

Table 3: Quantification of bioluminescence signals in the in vivo imaging of

SD rats with or without injection of immunosuppressive agents.
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IV. DISCUSSION

Before the discovery of molecular imaging techniques, researches on
animals for cellular or subcellular mechanisms belonged to postmortem
analysis (histological staining, DNA extraction, TUNEL apoptosis) in
which the animals were required to be sacrificed at every certain time of
experiment, that seemed to be a limitation for continuously observing the
processes taking place in animal bodies. Using a new developed
technique of molecular imaging, our study was able to address the
cardiomyoblast survival and especially, combine with the
immunosuppressive assistance in an allogeneic cell transplant model. Our
major findings are: first, bioluminescence imaging is useful for
monitoring cell graft in living animals from the early to the late phases
after transplantation; the second is the immunosuppressive agents can
enhance cell survival against host immune response for the early 10
days and continuously sustain graft survival for one month on

immunodificient nude mouse and 10 days on immunocompromised mouse.

Although studying on the embryonic rat cardiomyoblasts, we performed
all of cardiomyoblast transplantation into skeletal muscle site instead of
myocardium for the researching convenience. Although the H9c2 cell
line was derived originally from embryonic rat myocardium, its
morphologic, biochemical, and electrophysiologic properties more
closely resemble those of a skeletal muscle cell line [31]. Therefore

H9Yc¢2 can survive and fuse with the thigh muscle cells.

To transfer the Fluc reporter gene into embryonic rat cardiomyoblast H9¢2,

we used adenovirus as a transgene vector at an optimal multiplicity of
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infection to penetrate into cardiomyoblast. The MOI 100 was determined
after testing on series of MOI in both in vitro and in vivo (Fig. 8), showing
that Fluc-adenovirus has high transduction efficiency [32-33]. To date,
replication~deficient Ad vectors are proved as the most efficient gene
transfer vehicles for the gene therapy strategies, and El-deleted, so—called
first generation vectors are widely used in both animal and human trials
(Crystal et al., 1995), because of their ability to efficiently infect target
cells and translocate the expression cassette to the nuclei (Brenner et al.,

1995, Crystal et al., 1995).

In cell transplantation therapy, the significant limitation for grafting success
is the rapid cell death and rejection. Humoral and cellular immune
reactions are responsible for the poor outcome of myoblast
transplantations, especially allo~ and xenografts [34-35]. In Balb/c mice
and SD rats implanted with myoblast without immune suppression, cells
survival decreased more rapidly than from day 2 (20.5%) to day 6 (0.9%)
(Fig. 11, 12), that could be caused by immune cells as macrophages,
natural killer cells and T lymphocytes [36]. On the other hand, it seems
that the cell death was caused anti-viral defense of the NK cells. The
active NK cells are detected-within-two days of a virus infection and
they have been identified as a major effecter cells against
cytomegalovirus (CMV), the promoter of adenovirus in this study. Here
we use a replication—deficient adenoviral vector which carries the single
reporter gene encoding for Firefly luciferase under the control of the
cytomegalovirus (CMV) promoter, and is deleted the E1 region. Despite
deletion of the El region, leaky expression of immunologic adenoviral
protein occurred, which would lead to the host immune response against

H9¢2 cells expressing the reporter gene and this response may be
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responsible for the loss of transgene expression. Therefore, as injected
into mouse muscles, H9¢c2 secreted the adenoviral proteins which
excited the immunological cells in mouse to recognize and destroy H9¢c2
cells in the acute rejection phase, results in the swift decrement of cell

survival right after transplantation in Balb/c mice and SD rats.

Notably, although experimental nude mouse is immunodeficient animal
that does not have the immune responses caused by T lymphocyte
activity; therefore cell rejection does not entirely take place and
implanted cells could exist for long time, graft survival can sustain for
approximately 6—8 days, for example, in the control group without drug
administration (Figure 10), cell survival was detected until 8 days with
gradually weakened signal and entirely lose tract afterward (32.4% on
day 2, 5.7% on day 4 and 1% on day 8). It can be explained by the
activities of other immune cells except T lymphocytes. According to the
Animal Lab information, these nude mice in spite of absence of T cell
function but have high functioning activity of macrophages and NK cells,
which induce the acute rejection that usually appears 6 hours after
transplantation and increases on the following days afterward.
Furthermore, small numbers of cells carrying T-cell markers have been
found in athymic nude mice and there is also accumulating evidence to
suggest that bone~marrow precursors can home to mucosal epithelia and
mature to form functional T-cells with ¥6 TCRs, and probably also T
cells with aB TCRs, without the need for a thymus [36]. Once the T-
Iymphocyte present, it can activate for the cytokine production and
consequently stimulate the activities of other immune cells to reject graft.

In addition, according to other findings of graft rejection after myoblast
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transplant performed in the muscles of histocompatible or severe
combined immunodeficient (SCID) mice or immunosuppressed animals in
some studies highlight the importance of other unknown innate factors

that are involved in graft rejection [37-38].

Our efforts in preventing cell death and rejection using some
immunosuppressive agents (Tacrolimus, Cyclosporine and
Dexamethasone) introduced a prolongation of cardiomyoblasts in animal
body and a longitudinal imaging in murine animals. The use of
Cyclosporine and Dexamethasone during the crucial early phase after
myoblast transplantation can result in a long—term survival of cells.
However, Cyclosporine did not result in the high potential maintenance
for H9c2 in Balb/c mice (Fig. 11) and SD rats (Fig. 12), probably because
it is just effective when administered before the transplantation but is
ineffective in suppressing ongoing rejection [39]. In generally, these
pharmaceutical regimens were responsible for the longitudinal survival
of cardiomyoblast in Balb/c mice until days 10, whereas their prominent
effects showed in nude mice for over 30 days, as well as more than 25

days in SD rats.

In this primary research on imaging grafted cell survival’s prolongation,
we encountered on some hurdles that limited our results. First, we
hypothesized that if the bioluminescence signal decline in athymic animal
model showed in figure 10 was not caused by the activities of host
immune system, whether the cell were still survive in mouse muscle?
Here we used adenoviral vector for the transient transfection of Fluc
gene; thus, the in vivo reporter gene activity declines after few days,

which may have further contributed to signal reduction. It was possible
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that H9¢2 cells liberated Fluc gene at that time but still maintain in
muscles. We need more evidence for the presence of these cells by
other analysis modalities such as histology or immunohistochemistry
staining. Though adenoviral vector has a high transduction efficacy, but it
can not preserve the long-time gene expression because the reporter gene
is not integrated into the chromatin of mother or daughter cells. This can
be the severe limitation as the desired goal of noninvasive imaging is to
tract cell survival and proliferation longitudinally. Because of this
drawback, we have now switched our delivery system from adenovirus—
to lentivirus-based vectors. Lentivirus vectors have some advantages
such as they can stably integrate into cell genome with minimal
cytotoxicity, infect both dividing and nondividing cells and are not
subjected to gene silencing [40].

From this study, we conclude that induction of immune tolerance by
using separating immunosuppressive agents like Tacrolimus,
Dexamethasone and Cyclosporine in initial phase during myoblast
transplantation improve long—term cell survival and may help to reduce
the adverse effects associated with sustained immunosuppressive
treatment. However, in nowadays, there are strategies for combining
immunosuppressive agents. Currently, monotherapy is not commonly
used any longer; instead of it, dual therapy, usually revolving
Cyclosporine or Tacrolimus is more and more popular [41].
Combinations of immunosuppressive agents have proved to be an
effective strategy to inhibit diverse pathways of the multifaceted immune
system, allowing the reduction of both dosage and adverse effects of
each individual drug.
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Besides the effect of host immune response which causes the rapidly
reduce of cell survival, grafted cell can die due to apoptosis, the
programmed cell death. The dead cardiomyocytes implanted into
ischemic heart had features of apoptosis [9], which can be limited by
activating the Akt pathways or even more effectively by heat shock prior
to transplantation. Since the potential of Akt (protein kinase B), a
serine/threonine kinase with antiapoptotic and oncogenic activities, acts as a
critical enzyme in several signal transduction pathways involved in cell
proliferation, apoptosis, angiogenesis, and diabetes, application of Akt gene
therapy against cell apoptosis is our on—going goal in cardiac cell

survival prolongation.
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V. CONCLUSION

In conclusion, our study revealed that the use of a molecular imaging
technique 1s excessively potential in tracking grafted cell survival in living
animals. It brings about the benefit of analyzing time—consumption, of
effectiveness, noninvasiveness and repetitiveness for imaging on animals,

with either a little or a great number of implanted cells.

We prolonged cell survival by using immunosuppressive medications of
which the efficacies were applied not only in clinical treatments but also in
other studies. It demonstrated that immunosuppressive intervention on cell
implantation resulted in an immune tolerance in a certain time duration after

transplantation in murine animals

Our focusing work now is challenging the firefly luciferase reporter gene
transfection by another virus vehicle, the lentivirus, required for the stable
maintenance of Fluc expression, together with using the Akt gene therapy
for anti-apoptosis. We definitely believe in this potential to improve the
graft survival, supporting to the monitoring studies of gene expression, cell
survival, especially cardiac stem cell proliferation and differentiation for cell

therapy in heart failure treatment.
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