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Abstract. Purpose. The application of in vivo biolumi-
nescence imaging to non-invasive, quantitative monitoring
of tumour models relies on a positive correlation between
the intensity of bioluminescence and the tumour burden.
We conducted cell culture studies to investigate the re-
lationship between bioluminescent signal intensity and
viable cell numbers in murine leukaemia model cells.
Methods: Interleukin-3 (IL-3)-dependent murine pro-B
cell line Ba/F3 was transduced with firefly luciferase to
generate cells expressing luciferase stably under the
control of a retroviral long terminal repeat. The lucifer-
ase-expressing cells were transduced with p190 BCR-
ABL to give factor-independent proliferation. The cells
were cultured under various conditions, and biolumines-
cent signal intensity was compared with viable cell
numbers and the cell cycle stage.

Results: The Ba/F3 cells showed autonomous growth as
well as stable luciferase expression following transduction
with both luciferase and p190 BCR-ABL, and in vivo
bioluminescence imaging permitted external detection of
these cells implanted into mice. The bioluminescence
intensities tended to reflect cell proliferation and responses
to imatinib 1n cell culture studies. However, the lumines-
cence per viable cell was influenced by the IL-3 concen-
tration in factor-dependent cells and by the stage of
proliferation and imatinib concentration in factor-indepen-
dent cells, thereby impairing the proportionality between
viable cell number and bioluminescent signal intensity.
Luminescence per cell tended to vary in association with
the fraction of proliferating cells.
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Conclusion: Although in vivo bioluminescence imaging
would allow non-invasive monitoring of leukaemia model
animals, environmental factors and therapeutic interven-
tions may cause some discrepancies between tumour
burden and bioluminescence intensity.
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Introduction

In vivo bioluminescence imaging is used increasingly to
evaluate the effects of novel therapeutic strategies against
malignant neoplasms in small animal models {1, 2]. For
monitoring by bioluminescence imaging, mice are inocu-
lated with tumour cells that stably express luciferase under
the control of a constitutive promoter, such as the simian
virus 40 (SV40) promoter, the cytomegalovirus (CMV)
immediate-early promoter or the long-terminal repeat
(LTR) of a retrovirus. Injection of the mice with luciferin,
substrate for luciferase, induces light emission from the
luciferase-expressing cells, and images that reflect the
amount and whole-body distribution of the implanted cells
can be acquired using a charge-coupled device (CCD)
camera. Quantitative indices of tumour burden can be
computed from the images. Owing to the convenient, non-
invasive nature of the imaging procedures, measurements
can be performed repetitively to assess tumour growth and
therapeutic efficacy using each animal as its own control.

The monitoring of tumour models by in vivo biolumi-
nescence imaging relies on a positive correlation between
signal intensity on bioluminescence imaging and tumour
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burden. Ideally, changes in viable cell number result in
proportional changes in light emission. In vitro experi-
ments have demonstrated a linear relationship between cell
numbers and light emission after the addition of D-luciferin
to a dilution series of luciferase-expressing cells [3-7]. It
has also been reported that the signal intensities obtained
by in vivo bioluminescence imaging correlate positively
with tumour burden in various animal models [3, 6, 8-19].
These observations support the use of bioluminescence
imaging for quantitative evaluations of implanted tumour
progression and regression. On the other hand, the activity
of the CMV promoter has been shown to depend on the cell
cycle stage and medium composition [20], and expression
driven by the LTR has been suggested to decline under a
stress condition [21]. It may be possible that alterations in
the physiological status of the cell cause fluctuations in
luciferase expression under the control of a constitutive
promoter, thereby distorting the proportionality between
viable cell number and bioluminescent signal intensity. It
has not been fully examined whether luciferase activity
increases with increasing viable cell number during disease
progression or whether therapeutic interventions affect the
level of luciferase activity per viable cell.

The Philadelphia chromosome (Ph) contains one of
several types of BCR-ABL fusion gene and is important
in the pathogenesis of both acute lymphoblastic
leukaemia (ALL) and chronic myeloid leukaemia [22].
The BCR-ABL fusion proteins retain constitutive tyro-
sine kinase activity, leading to uncontrolled cell prolif-
eration. Patients with Ph* ALL frequently express the
p190 BCR-ABL fusion protein and have a very poor
prognosis [23-25]. Although the BCR-ABL tyrosine
kinase inhibitor, imatinib mesylate (STI571; Novartis
Pharmaceuticals, Basel, Switzerland), is effective in the
treatment of Ph* ALL patients [26], resistance to this
drug develops rapidly, and novel therapeutic strategies
to overcome the resistance need to be explored [27].
Since tumour cells may be distributed extensively and
variably in leukaemia model animals, making it difficult
to assess disease severity, whole-body, quantitative
evaluation of tumour burden by in vivo bioluminescence
imaging appears to have particular value [28].

The interleukin-3 (IL-3)-dependent murine pro-B cell
line Ba/F3 [29] shows autonomous proliferation following
transduction with the p190 BCR-ABL fusion gene [30]. In
this study, we generated p190 BCR-ABL-transformed Ba/
F3 cells stably expressing luciferase under the control of a
" retroviral LTR. Cell culture studies were conducted to
investigate whether bioluminescent signal intensities could
be used as indicators of cell proliferation and responses to
tmatinib. We cultured factor-dependent cells in the
presence of different concentrations of IL-3 and measured
the luciferase activities and viable cell numbers to evaluate
the effect of IL-3 on luciferase expression. The prolifera-
tion of factor-independent cells was monitored serially by
the luciferase assay and viable cell counting, and the
relationship between them was defined, relative to the stage

of proliferation. The effects of imatinib on luciferase
activity and viable cell number were assessed to evaluate
the reliability of bioluminescent monitoring of therapeutic
responses. Our results indicate that changes in biolumi-
nescent signal intensity generally reflect cell proliferation
and therapeutic responses but differ, to some extent, from
changes in viable cell number depending on cell conditions
associated with proliferative activity.

Materials and methods
Cell lines

Ba/F3 cells were maintained in RPMI 1640 medium (Invitrogen,
Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS; JRH Biosciences, Lenexa, KS, USA), 1% penicillin/
streptomycin (Invitrogen) and 100-200 pg/ml recombinant murine
IL-3 (mIL-3; kindly provided by Kirin Brewery, Maebashi, Japan).
Ba/F3 cells transduced with the BCR-ABL genes were cultured in
the absence of mIL-3. The culture density was kept below 5x10°
cells/ml. A retrovirus-packaging cell line for ecotropic retroviruses,
Plat-E [31], was maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% FBS and 1% penicillin/
streptomycin. The medium also contained 1 pg/ml puromycin
(Sigma Chemical Co., St Louis, MO, USA) and 10 pg/ml blasticidin
S (Funakoshi Co., Tokyo, Japan) as selection reagents. All of the
cultures were incubated at 37°C and 5% CO,.

Construction of plasmids and retroviral transduction

The ¢cDNA encoding the firefly luciferase was excised from the
pGL3-basic vector (Promega, Madison, W1, USA) and inserted into
the retroviral vector pMX-neo [32], to generate pMX-luc/neo. The
pMX-neo employs the LTR of Moloney murine leukaemia virus
(MMLYV) for the expression of inserted sequence and barbours a
SV40 early promoter-driven neomycin resistance gene. The wild-
type and mutant p190 BCR-ABL fusion genes were inserted into the
retroviral vector pMC-Ig [32], to generate pMC-p190wt/Ig and
pMC-p190mut/Ig, respectively. The pMC-Ig contains the enhanced
green fluorescence protein (EGFP) gene downstream of the internal
ribosome entry site. The mutant gene, which harbours the Y253H
point mutation in the BCR-ABL kinase domain, was constructed by
replacing the kinase domain of the wild-type cDNA with the
corresponding mutated sequence derived from leukaemia cells from
an imatinib-resistant Ph* ALL patient [33].

The luciferase expression plasmid pMX-luc/neo was transfected
into Plat-E cells to generate the ecotropic retroviral vector. Plat-E
cells (1.5%10° cells/3 ml) were seeded in a 60-mm dish, and pMX-
luc/neo was transfected 16 h later using FuGENE 6 Transfection
Reagent (Roche Diagnostics, Indianapolis, IN, USA) according to
the manufacturer’s protocol. The culture supernatants were harvested
48 and 72 h after transfection, and Ba/F3 cells were transduced in the
presence of polybrene. The infected Ba/F3 cells were selected for 14
days with 1.0 mg/ml G418 (Calbiochem, San Diego, CA, USA) and
termed Ba/F3-Luc cells. Similarly, the Ba/F3-Luc cells and paren-
teral Ba/F3 cells were transduced with pMC-p190wt/Ig or pMC-
p190mut/Ig. The infected cells were selected by IL-3 depletion for 14
days. The Ba/F3-Luc cells transduced with the wild-type and mutant
p190 genes were referred to as Ba/F3-Luc/Wt and Ba/F3-Luc/Mut
cells, respectively.
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In vitro analysis

The standard luciferase assay, intact-cell luciférase assay, viable cell
counting and cell cycle analysis were performed to assess the
bioluminescent features and proliferative status of cultured cells. All
measurements were done in triplicate. The viable cell numbers were
measured using the trypan blue dye exclusion method and a
haemocytometer. For comparisons of sensitivities to imatinib
between cell lines, a cell titre assay was performed using the WST-
8 assay kit (TetraColor One; Seikagaku Co., Tokyo, Japan) according
to the manufacturer’s recommendations.

Luciferase activity in a given volume of cell suspension was
determined by the standard luciferase assay. To prepare the lysate,
100 pl of cell suspension was transferred from a cell culture plate to a
microtube and centrifuged on a tabletop centrifuge (2,000 rpm,
5 min). The pellet was lysed with 200 pl of lysis buffer (Passive Lysis
Buffer; Promega). The lysate was centrifuged, and the supernatant
was stored at —80°C until assayed. Luminescence from the lysate was
measured using the Luciferase Assay Reagent (Promega) according
. to the manufacturer’s recommendation and using a plate reader
(Wallac ' ARVO MX 1420 Multilabel Counter; Perkin Elmer Japan,
Yokohama, Japan). In some experiments, luminescence was also
measured by simply adding p-luciferin (Beetle Luciferin Potassium
Salt; Promega) to the cell suspension without cell lysis. We referred
to this latter assay as the intact-cell luciferase assay. Cell suspension
(50 yl) was transferred to a white 96-well cell culture plate. One
minute after the addition of p-luciferin (10 ul of 600 pg/ml solution)
to the cell suspension, the light output was measured using the plate
reader. Phenol red-free RPMI 1640 medium was used to avoid

possible light absorbance by the dye. For both the standard and the

intact-cell luciferase assay, luminescence per cell (counts per second/
cell; cps/cell) was calculated from the mean luminescence and mean
viable cell number. The measurements of luminescence using the
plate reader were performed at 25°C.

To assess the cell cycle, cells were fixed with cooled 70% ethanol.
Afterwards, the fixed cells were washed twice with phosphate-
buffered saline and incubated with 0.5% ribonuclease A for 30 min.
After the addition of propidium iodide (final concentration, 50 ug/
ml), the cells were analysed by flow cytometry using the
FACSCalibur flow cytometer (Beckton Dickinson, Franklin Lakes,
NI, USA). The cell cycle was analysed using the FlowJo software
(TreeStar, San Carlos, CA, USA). The fraction of proliferating cells,
or proliferation index, was calculated by the following equation:
proliferation index (%)=(G/M+S)(G;/Go+G2/M+8)x100, where
G,/M, S and G,/Gy are the pumbers of cells in the G,/M, S and
G,/Gy phases, respectively. '

In vivo bioluminescence imaging

Two female wild-type BALB/c mice were inoculated subcutaneously
in the right femoral reglon with 1x10° Ba/F3-Luc/Wt cells. Five
minutes later, the mice received an intraperitoneal injection of
150 mg/kg D-luciferin and placed in the light-tight chamber of a
cooled CCD camera system (IVIS Imaging System 100; Xenogen,
Alameda, CA, USA) in the prone position under isofturane
anaesthesia. Photographic and luminescent images were acquired
20 min after p-luciferin injection using the CCD camera system. In
addition, two female BALB/c nwnu mice were mjected intrave-
nously with 2x10° Ba/F3-Luc/Wt cells, followed 10 min later with
injection of p-luciferin. Dorsal, left lateral, ventral and right lateral
images were acquired from 10 min after p-luciferin injection with the
CCD camera system. All luminescent images were collected with an
exposure time of 1 min and binning of 8. Mice were handled
according to the guidelines of the Institute of Medical Science,
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University of Tokyo. The experiments were approved by the

- committee for animal research at the institution.

Results

Generation of factor-independent Ba/F3 cell lines
expressing luciferase

We transduced Ba/F3 cells with firefly luciferase genes
using a retroviral vector, then selected with G418, and
confirmed that the cells expressed luciferase. We then
transduced the obtained luciferase-expressing Ba/F3-Luc
cells and parental Ba/F3 cells with wild-type or mutant
p190 BCR-ABL fusion genes, to give IL-3-independent,
autonomous cellular proliferation. A clone from each of the
four cell lines was selected for further investigation based
on the presence of a single peak of EGFP expression on
flow cytometry and, for luciferase-expressing cells, strong
expression of luciferase.

The cell growth curves, determined by viable cell
counting, were similar for the four cell lines (data not
shown), and no significant effect of luciferase expression
on the proliferation rate was noted. For the evaluation of
sensitivity to imatinib, we cultured the four cell lines in the
presence of various concentrations of imatinib (0-10 pM)
and performed the standard cell titre assay. The dose-
response curves demonstrated the sensitivity of Ba/F3-Luc/
Wt cells and resistance of Ba/F3-Luc/Mut cells to imatinib
(data not shown). The transduction with luciferase genes
did not influence sensitivity to imatinib. Furthermore,
luciferase expression by Ba/F3-Luc/Wt cells maintained in
the absence of G418 was assessed repeatedly. The standard
luciferase assay and viable cell counting were performed
24 h after replating. The luminescence per cell remained
constant (range 159.6-167.0 cps/cell) from 5 to 39 days
after thawing the frozen cell stock, which indicates
excellent long-term stability of luciferase expression even
in the absence of selection pressure.

In vivo bioluminescence imaging

We examined the detectability of the luciferase-expressing
cells by in vivo bioluminescence unagmg For the mice
inoculated subcutaneously with 1x10° Ba/F3-Luc/Wt cells,
light emission was clearly detected at the site of cell
1mplantat10n (Fig. 1a). For the mice injected mtravenously
‘with 2x10° Ba/F3-Luc/Wt cells, light emission was
detected throughout the body (Fig. 1b,c), indicating diffuse
distribution of the injected cells. Relatively strong signals
were shown for the lung, liver and spleen.

Luminescence in dilution series

To assess the relationship between bioluminescent signal
intensity and viable cell numbers, we prepared a dilution

33, No. 5, May 2006
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Fig. 1. In vivo bioluminescence images after inoculation of Ba/F3-
Luc/Wt cells. The pseudocolour luminescent image (blue, green,
yellow and red from the weakest to the strongest) is overlaid on the
grey-scale photographic image. After subcutaneous inoculation in
the right femoral region of the mouse, light emission is shown at the
site of inoculation on the dorsal image (a). Following intravenous
inoculation, the ventral (b) and left lateral (¢) images reveal
extensive light emission, particularly at the sites corresponding to
the lung, liver and spleen

series of the Ba/F3-Luc/Wt cells (range 2.5<10*-1.6x10°
cells/ml) and measured the luminescence for a given
volume of cell suspension using the standard and intact-cell
luciferase assays. For the standard luciferase assay, the
luminescence increased in proportion to the increasing cell
numbers (Fig. 2a) and the luminescence per cell was
constant, irrespective of cell number (range 195.3-
201.5 cps/cell). Luminescence measured by the intact-cell
luciferase assay was also highly proportional to cell
number (Fig. 2b), and the luminescence per cell was stable
(range 1.467-1.571 cps/cell). All of the following assays
were performed in the linear range.

a b
Standard Luc Assay Intact-Cell Luc Assay
10000 v v 1000 v v
= 0
Q Q
2 S
@ S L
01000 W 8100
[ =4 =4
Q 1]
Q Q
7] [723
g 100} 2 10}
E €
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10 A B — 1 - A
1 10 100 1000 1 10 100 1000

Cell number (x 10* celis/mL) Cell number (x 10* cefls/mL)

Fig. 2. Relationship between cell number and luminescence in a cell
dilution series. The levels of luminescence in the standard luciferase
assay (a) and in the intact-cell luciferase assay (b) were highly
proportional to the numbers of Ba/F3-Luc/Wt cells prepared by
serial dilution. Error bars are not visible because the standard errors
are too small

IL-3 levels and luciferase activities

We evaluated the effects of mIL-3 on cell proliferation and
luciferase expression for factor-dependent Ba/F3-Luc cells,
not expressing BCR-ABL. Afier 24-h incubation in the
presence of different concentrations of mIL-3 (100, 10 and
1 pg/ml), viable cell numbers, luciferase activities in the
standard luciferase assay and proliferation indices were
determined. The viable cell number increased with in-
creasing mIL-3 concentration, indicating dose-dependent
stimulation of cell proliferation (Fig. 3a). Luminescence for
a given volume of cell suspension also increased with
increasing mIL-3 concentration (Fig. 3b). The dependence
on mlL-3 concentration was more prominent for lumines-
cence than for viable cell number, and thus luminescence
per cell increased with increasing mIL-3 concentration
(Fig. 3c), which suggests enhancement of luciferase
expression by mIL-3. The proliferation index was higher
for 100 pg/ml mIL-3, consistent with higher proliferative
activity, than for 10 pg/ml or 1 pg/ml (Fig. 3d).

Monitoring of proliferation by luciferase assays

To investigate the validity of bioluminescent signal as a
marker of cell proliferation, we evaluated the proliferation
of factor-independent cells, Ba/F3-Luc/Wt cells and Ba/F3-
Luc/Mut cells, by serial assessments of viable cell
numbers, luminescence in the standard luciferase assay,
luminescence in the intact-cell luciferase assay and prolif-
eration indices. The culture medium was not changed after .
replating, and measurements were performed every 12 h.
No substantial differences were found between the Ba/F3-
Luc/Wt and Ba/F3-Luc/Mut cells (data not shown). The
viable cell numbers increased rapidly and then reached a
plateau (Fig. 4a). As for the standard luciferase assay,
luminescence for a given volume of cell suspension
increased during the proliferative phase, which suggests
that this assay provides an indicator of cell proliferation.
However, increases in luminescence tended to be less
prominent than increases in viable cell number, implying a

‘mild underestimation of proliferation by the standard

luciferase assay. During the platéau phase, luminescence
decreased despite constant viable cell numbers, and a
discrepancy was noted between the proliferation assessed
by viable cell counting and that assessed using the standard
luciferase assay. Luminescence per cell for the standard
luciferase assay showed a gradual reduction over time,
suggesting an incubation time-dependent decline in lucif-
erase expression (Fig. 4b). The cell cycle analysis also
demonstrated a gradual decline in proliferation index, and
the time course was similar between the luciferase activity
per cell and the proliferative fraction (Fig. 4c). The increase
in luminescence seen in the intact-cell luciferase assay was
more pronounced than that in the standard luciferase assay
and closely paralleled the increase in viable cell numbers
during the proliferative phase (Fig. 4a). During the plateau
phase, a discrepancy between viable cell counting and the
intact-cell luciferase assay occurred to a lesser degree than
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Fig. 3. IL-3 concentration and luciferase activity. Factor-dependent
Ba/F3-Luc cells (1x10° cells/ml) were seeded in a 24-well plate in
the presence of different concentrations of mIL-3. After 24 h, the
viable cell number (a), luminescence in the standard luciferase assay
(b), luminescence per cell (¢) and proliferation index (d) were

between viable cell counting and the standard luciferase
assay. The incubation time-dependent decrease in lumi-
nescence per cell for the intact-cell luciferase assay was
evident but less prominent than that for the standard
luciferase assay (Fig. 4b).

Monitoring of responses to imatinib by luciferase assay

We assessed the effect of imatinib on cell proliferation and
luciferase activity for factor-independent cells. After 24-h
incubation of Ba/F3-Luc/Wt cells in the presence of 1.0,
0.5, 0.25 or 0 wM imatinib, viable cell counting, standard
luciferase assay, and cell cycle analysis were performed.
The presence of 1 puM imatinib mildly depressed the
increase in viable cell numbers (Fig. 5a), while such an
inhibitory effect was not evident with 0.5 pM or 0.25 uM
imatinib. Luciferase activity assessed by the standard
luciferase assay was reduced even at 0.25 puM when
compared with the corresponding value in the absence of
‘imatinib, and further decreased in a dose-dependent
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determined for each well. IL-3 dependence was more pronounced
for luminescence than for viable cell number, and luminescence per
cell increased with increasing concentrations of mIL-3. Error bars
in panels a, b and d represent standard errors

manner (Fig. 5b). The decrease in luciferase activity was
more pronounced than that for viable cell number, and thus
luminescence per cell was also reduced by the increasing
imatinib concentration (Fig. 5c). The cell cycle analysis
revealed dose-dependent decreases in the proliferative
fraction (Fig. 5d). For the Ba/F3-Luc/Mut cells, which are
resistant to imatinib, the presence of 1 uM imatinib had no
substantial effect on viable cell number, luciferase activity,
luminescence per cell or proliferative fraction (data not
shown).

We sequentially assessed the proliferation of Ba/F3-
Luc/Wt cells in the presence or absence of 1 pM imatinib.
The measurements, including viable cell counting, stan-
dard luciferase assay and cell cycle analysis, were
performed immediately after the addition of imatinib and
every 12 h thereafter. Although time-dependent increases
in viable cell number (Fig. 6a) and luminescence in the
standard luciferase assay (Fig. 6b) were demonstrated in
the presence and absence of imatinib, the increases were
attenuated in the presence of imatinib. The inhibitory effect

‘on viable cell number was not apparent 12 h after the
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Fig. 4. Monitoring of proliferation of Ba/F3-Luc/Wt cells by
luciferase assays. The cells (5%10* cells/ml) were seeded in a 24-
well plate, and measurements were performed every 12 h aftera 12-h
pre-incubation period. The viable cell numbers and luminescence
values from the standard luciferase assay and from the intact-cell
luciferase assay, expressed as percentages of baseline values,
increased over incubation time (a), and the luciferase assays reflected
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cell proliferation during the proliferative phase. However, definite
underestimation occurred during the plateau phase and was more
pronounced for the standard luciferase assay than for the intact-cell
luciferase assay. Luminescence per cell (b) and proliferation index
(c) decreased over time. Error bars in panels a and ¢ represent
standard errors
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Fig. 5. Imatinib concentration and Iuciferase activity. The Ba/F3-
Luc/Wt cells (1x10° cells/ml) were seeded in a 24-well plate with
different concentrations of imatinib. After 24 h, the viable cell
number (a), luminescence in the standard luciferase assay (b),
luminescence per cell (¢) and proliferation index (d) were

addition of imatinib, but became evident at 24 h. The
inhibitory effect on luciferase activity was evident even at
12 h and was more pronounced than that on cell number.
Luminescence per cell showed a definite decline over time
in the presence of imatinib, while it was almost constant in
the absence of imatinib during the observation period
(Fig. 6¢). The proliferation index at 12 h was almost equal
to that at baseline, irrespective of the presence or absence
of imatinib (Fig. 6d). Otherwise, the time course for the
proliferation index resembled that for luminescence per
cell.

Discussion

In vivo bioluminescence imaging offers a promising tool
for small animal experiments. In this study, we generated
pl190-BCR-ABL-transduced Ba/F3 cells, which were
either sensitive or resistant to imatinib, for monitoring
by in vivo bioluminescence imaging. Since biolumines-
cent monitoring of tumour models requires stable expres-
sion of luciferase, we introduced the firefly luciferase gene

N
o
[=]
@D
o

-
(51
(=]
»
& &
. T

[
=]

50

-
=3
-

Proliferation index (%)

o

0 025 05 1 0
Imatinib (um)

Luminescence per cell (cps/cell) )
Q
o

025 05 1
Imatinib (uMm)

determined. Increases in imatinib concentration decreased all
measures. The effect was more pronounced on luminescence than
on viable cell number. Error bars in panels a, b and d represent
standard errors '

under the control of the MMLV LTR, a representative
constitutive promoter. No substantial differences in pro-
liferation rate or responsiveness to imatinib were found
between the cell lines with and without the luciferase
gene, justifying the prediction of proliferation and treat-
ment responses of cells that do not express luciferase,
based on those of cells that stably express luciferase.
Although it is possible to maintain stable gene expression
in cell cultures using selection agents, stable expression of
luciferase in the absence of selection pressure is needed
for in vivo use. We confirmed the long-term stability of
luciferase expression in medium not containing selection
agents. We imaged mice using a CCD camera after
subcutaneous or intravenous inoculation of the luciferase-
expressing Ba/F3 cells and demonstrated the feasibility of
visualising the cells, located either superficially or deeply,
by in vivo bioluminescence imaging. In vivo light signal
was clearly detected for wild-type mice coated with white
fur as well as for nude mice. Luciferase expression in the
cells i1s considered to be sufficient for in vivo imaging.
These in vitro and in vivo results suggest that the cells
established here have characteristics suitable for the
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Fig. 6. Sequential assessments of Ba/F3-Luc/Wt cell proliferation in '

the presence or absence of 1 uM imatinib. Twelve hours after
seeding the cells (2x10* cells) in 980-p! of medium in a 24-well
plate, 20 pl of medium with or without imatinib was added. The
measurements were performed immediately after the addition of the
medium and every 12 h thereafter. The viable cell numbers (a) and

luminescence in the standard luciferase assay (b) are expressed as
percentages of the values at time 0. Imatinib inhibited the increase in
cell number and, earlier and more severely, the increase in luciferase
activity. Gradual reductions in luminescence per cell (¢) and
proliferative fraction (d) are apparent in the presence of imatinib.
Error bars in panels a, b and d represent standard errors
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bioluminescent evaluation of therapies in leukaemia
model animal, whereas the feasibility of in vivo monitor-
ing of disease progression and therapeutic response using
the cells and bioluminescence imaging needs to be
examined in future animal experiments.

Light emission from a tumour, as measured in biolumi-
nescence imaging, is used as a quantitative marker of
tumour burden (1, 2]. Proportionality between total
luciferase activity of the tumour and the number of viable
tumour cells, i.e. constancy of luciferase activity per viable
cell, is desirable for such assessment. Previous cell culture
studies demonstrated that viable cell numbers correlated
linearly with light output in a dilution series of luciferase-
expressing cells [3—7], and proportionality was confirmed
in the present study for both the standard and intact-cell
luciferase assays. However, for a dilution series, the cell
conditions are uniform and the potential variations in
luciferase expression related to changes in the physiolog-
ical status of the cell are not taken into consideration. We
cultured luciferase-expressing cells under various condi-
tions and compared the luciferase activities, measured
using the standard luciferase assay, with the viable cell
pumbers. In most cases, the time- and dose-dependent
patterns for the luciferase activities were similar to those
for the viable cell numbers, which suggests that changes in
luciferase activity generally reflect changes in viable cell
number. However, the luciferase activity per viable cell
varied significantly according to the mIL-3 concentration
for the factor-dependent cells, and according to the stage of
proliferation and imatinib concentration for the factor-
independent cells, which distorted the proportionality
between viable cell number and bioluminescent signal
intensity. Cytokines, proliferative stages and therapeutic
drugs are suggested to affect luciferase expression,
probably due to alterations in the activity of the LTR
promoter. The activity of the CMV promoter has been
reported to depend on the cell cycle stage and to be high
during the S phase [20]. In our study employing the MMLV
LTR, the luciferase activity per cell tended to be higher for
cell cultures containing a larger fraction of proliferating
cells. Although the molecular mechanisms remain to be
studied, cytokines and cell culture conditions may have
similar effects on proliferative activity and LTR activity.
The signal on in vivo bioluminescence imaging may be
related not only to viable cell numbers but also to
proliferative activity.

Positive correlations between tumour burden and
bioluminescent signal have been shown in many in vivo
studies [3, 6, 8-19]. However, Scatena et al. described
constant bioluminescent signals despite 3.3-fold increase in
tumour volume [34]. A similar discrepancy between liver
weight and bioluminescence has been demonstrated for
hepatic tumour models with no evidence of significant
necrosis or fibrosis on histological examinations [7]. While
these observations are attributable partly to enhanced
absorption of light photons within large tumours, changes

-in tumour physiology may also be responsible. In the
monitoring of proliferation of the factor-independent,
luciferase-expressing cells in the present study, the lucif-
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erase activity per viable cell decreased gradually, and the
standard luciferase assay underestimated the proliferation,
especially during the plateau phase. The medium was not
changed during the observation period, and poor medium
condition resulting from long incubation may have
depressed the activity of the LTR promoter. The progres-
sion of implanted tumours in living animals can cause
dynamic changes in the microenvironment, such as
alterations in the blood supply and oxygenation. Such
changes may influence the activity of the LTR promoter
and, consequently, signal on in vivo bioluminescence
imaging. In vivo bioluminescence imaging has been used
for the evaluation of the effects of antineoplastic therapies,
including imatinib treatment [28], and bioluminescence has
also been used for the in vitro assessment of therapeutic
response [13, 35, 36]. In studies with imatinib-sensitive
cells, the addition of imatinib to the culture medium
reduced the luciferase activity per viable cell in a dose-
dependent manner. In sequential measurements after

~ exposure to imatinib, inhibition of the increase in luciferase

activity occurred earlier and was more severe than that seen
in the viable cell numbers, which suggests that luciferase
expression declines early after the addition of imatinib
owing to a reduction in the activity of the LTR promoter.
Residual tumour burden may be underestimated when the
therapeutic effect of imatinib is assessed by in vivo
bioluminescence imaging. From another viewpoint, the
reduction in luciferase activity per cell may be beneficial,
since it enables more sensitive detection of the therapeutic
effect.

We performed serial assessments of proliferation using
the intact-cell luciferase assay as well as the standard
luciferase assay. Although the standard luciferase assay
appears to accurately evaluate luciferase activity, the signal
on in vivo bioluminescence imaging is not dependent solely
on luciferase activity. For in vivo imaging, D-luciferin is
absorbed through the peritoneum, is delivered by the blood
flow and enters the luciferase-expressing cells. p-Luciferin
is oxidised by luciferase in the presence of co-factors
(oxygen, adenosine triphosphate and magnesium), resulting
in light emission. Some of the emitted light photons pass
through the tissues and, finally, are detected by the CCD
camera. The intensity of the signal measured by in vivo
imaging may depend on various factors, such as D-luciferin
absorption through the peritoneum, blood flow, cell mem-
brane permeability, the availability of co-factors, intracel-
lular pH and the transparency of overlying tissues, in
addition to the amount of luciferase. Among these
parameters, the importance of attenuation of emitted light
by overlying tissues has been well recognised [4]. It has also
been pointed out that cell uptake of b-luciferin is inefficient
and may be a limiting factor for in vivo bioluminescence
[37]. The intact-cell luciferase assay may be affected by cell
membrane permeability and the intracellular environment
and appears to simulate in vivo imaging more faithfully than
the standard luciferase assay. In the monitoring of cell
proliferation, the decrease in luminescence per cell was less
prominent for the intact-cell luciferase assay than for the
standard assay. Prolonged incubation appears to lower the
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pH of the culture medium, thereby reducing the negative
charge of D-luciferin added to the medium. The relative
preservation of luminescence per cell in the intact-cell
luciferase assay may be attributable to enhancement of cell
membrane permeability to D-luciferin by the low pH of the
medium [38, 39]. Variations in p-luciferin availability due
to changes in the tissue microenvironment may influence
the intensity of the signal on in vivo bioluminescence

imaging. Various changes may occur in association with

disease progression and therapeutic responses in living
mice and may affect the relationship between biolumines-
cent signal and tumour burden. The relationship in living
mice remains to be investigated under various conditions.

In conclusion, we generated pl90 BCR-ABL-trans-
formed Ba/F3 cell lines stably expressing luciferase under
the control of a retroviral LTR for in vivo evaluations of
treatment strategies for leukaemia. Our cell culture studies
indicate that the bioluminescent signal generally reflects
cell proliferation and responses to imatinib. However,
differences in cell culture conditions and the addition of
imatinib alter the levels of luminescence per cell as well as
the fraction of proliferating cells. Although in vivo
bioluminescence imaging would allow non-invasive mon-
itoring of leukaemia model animals, environmental factors
and therapeutic interventions may cause discrepancies
between tumour burden and the intensity of biolumines-
cence in relation to changes in proliferative activity. The
association of luciferase expression with proliferative
activity may enhance the sensitivity of bioluminescence
imaging to therapeutic responses. The relationship between
viable cell number and bioluminescence may vary
depending on the cell types and promoters, and it is
recommended to examine the relationship for each lucif-
erase-expressing cell line.
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Abstract

Thyroid dysfunction is a common complication after allogeneic hematopoietic stem cell transplantation (SCT). However,
thyrotoxicosis as defined by elevated serum-free thyroxine (FT,) or free triiodothyronine (FT;) levels together with low thyroid-
stimulating hormone (TSH) levels is rare after SCT. Here we describe 2 patients who developed thyrotoxicosis within the first
50 days after unrelated cord blood transplantation (CBT). Patient 1 is a 32-year-old woman with acute myelogenous leukemia
(AML)-M5a who underwent CBT. On day +41, she developed tachycardia. On day +48, FT, increased to 2.2 ng/dL and TSH
was suppressed to less than 0.1 wU/mL. Antithyroid peroxidase antibody was positive. On day +83, FT, spontaneously
decreased to 1.4 ng/dL. Patient 2 is a 42-year-old man with AML-M4 who underwent CBT. On day +42, he developed tachy-
cardia. On day +48, FT; increased to 4.75 pg/mL and TSH was suppressed to 0.02 pU/mL. Antithyroid peroxidase antibody
was positive. Eight months after CBT, his thyroid function spontaneously returned to normal. The presence of antithyroid per-
oxidase antibody suggested that immune-mediated reactions might be associated with the development of thyrotoxicosis after
CBT in our patients. The present study shows that thyrotoxicosis can occur during very early periods after CBT.

Int J Hematol. 2006;83:348-350. doi: 10.1532/1JH97.05166
©2006 The Japanese Society of Hematology
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1. Introduction without the use of TBI developed ESS at 3 months after
BMT. In contrast, thyrotoxicosis as defined by elevated
Thyroid dysfunction is one of the common complications  serum FT, or FT, levels together with low TSH levels is rare
after allogeneic hematopoietic stem cell transplantation  after SCT. Recently, Kami et al reported that 7 (12%) of 57
(SCT). Overt or compensated hypothyroidism usually occurs ~ patients developed thyrotoxicosis within 6 months after
as a late complication of SCT [1]. The use of total body irra-  BMT [5). The onset of thyrotoxicosis ranged from 61 to 176
diation (TBI) in a conditioning regimen has been considered days after BMT. In this study, we describe 2 patients who
to be mainly responsible for the occurrence of late-onset  developed thyrotoxicosis within the first 50 days after umbil-
hypothyroidism [2]. Within the first 6 months after SCT, the ical cord blood transplantation (CBT).
most common thyroid dysfunction is euthyroid sick syn-
drome (ESS), defined by decreased serum-free triiodothyro-
nine (FT;) and/or free thyroxine (FT,) levels together with
normal or low thyroid-stimulating hormone (TSH) levels
[3,4]. Previous studies reported that 43% to 48% of patients
who underwent bone marrow transplantation (BMT) with or

2. Case Report

Patient 1 is a 32-year-old woman with acute myelogenous
leukemia (AML)-MSa who achieved complete remission
(CR) after 3 courses of chemotherapy. Thyroid function tests
before CBT were normal, showing serum FT, of 1.1 ng/dL
(normal range, 0.9-1.8 ng/dL) and TSH of 2.4 pU/mL (nor-

Correspondence and reprint requests: Akira Tomonari, MD, mal range, 0.6-4.9 pU/mL). Antithyroid microsomal and
PhD, Department of Hematology/Oncology, The Institute of antithyroglobulin antibodies were negative. She underwent
Medical Science, The University of Tokyo, 4-6-1, Shirokanedai, CBT following a conditioning regimen with 12 Gy TBI,
Minato-ku, Tokyo 108-8639, Japan; 81-3-3443-8111; fax: 81-3-5449- 120 mg/kg cyclophosphamide, and 12 g/m? cytarabine with
5429 (e-mail: atomonar@ims.u-tokyo.ac.jp). granulocyte colony-stimulating factor (G-CSF) in September
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2000 [6,7). The cord blood (CB) grafts contained 5.29 X
10"/kg total nucleated cells from an unrelated donor with
1 locus-mismatch in HLA-DR. Graft-versus-host disease
(GVHD) prophylaxis consisted of cyclosporine and a short
course of methotrexate. A neutrophil count consistently
greater than 500/pL was achieved on day +28. Grade Il acute
GVHD involving the skin occurred, but resolved without
steroid therapy. Cytomegalovirus infection was not docu-
mented by an antigenemia assay. On day +41, she developed
tachycardia with a heart rate (HR) ranging from 100 to
140 beats/minute at rest. She had no fever. Physical examina-
tion did not reveal any other abnormalities. The thyroid
gland was painless and not enlarged. Thyroid function tests
on day +48 showed an elevated FT, level of 2.2 ng/dL and a
suppressed TSH level of less than 0.1 wU/mL. She received a
diagnosis of thyrotoxicosis. Because the symptoms were
mild, no treatments were administered. Her HR at rest
tended to decrease to between 90 and 120 beats/minute on
day +52, and further decreased to less than 90 beats/minute
on day +62. Antithyroid peroxidase antibody was positive
with a level of 22 U/mL (normal level, < 0.3 U/mL) on
day +62. Antithyroid microsomal, antithyroglobulin, and
antithyroid receptor antibodies were negative. On day +83,
FT, decreased to 1.4 ng/dL, but TSH was still suppressed to
less than 0.1 pU/mL. Leukemia relapsed 14 months after
CBT, and she died 8 months later.

Patient 2 is a 42-year-old man with AML-M4 who
failed to achieve CR after 4 courses of chemotherapy.
Thyroid function tests before CBT were normal showing
FT, of 1.26 ng/dL (normal range, 0.95-1.74 ng/dL) and
TSH of 0.57 wU/mL (normal range, 0.38-3.64 pU/mL).
Antithyroid microsomal and antithyroglobulin antibodies
were negative. He underwent CBT in May 2003. The con-
ditioning regimen and GVHD prophylaxis were the same
as for Patient 1. The CB grafts contained 3.05 X 107/kg
total nucleated cells from 2 unrelated donors both with 2
locus-mismatches in HLA-B and DR. A neutrophil count
consistently greater than 500/pwL was achieved on day +25.
On day +28, full donor chimerism from 1 of 2 donors was
confirmed in bone marrow cells. Grade II acute GVHD
involving the skin occurred, but resolved without steroid
therapy. He developed positive cytomegalovirus antigene-
mia and received ganciclovir therapy on day +36. From
day +42, he developed tachycardia with HR ranging from
100 to 130 beats/minute at rest. He had no fever. Physical
examination did not reveal any other abnormalities. The
thyroid gland was painless and not enlarged. On day +48,
serum FT, and FT; levels increased to 1.69 ng/dL and
4.75 pg/mL (normal range, 2.13-4.07 pg/mL), respectively,
and the TSH level was suppressed to 0.02 pU/mL. He
received a- diagnosis of thyrotoxicosis, which was not
treated. His HR at rest tended to decrease to between 80
and 110 beats/minute on day +50, and further decreased to
less than 80 beats/minute from day +71. Antithyroid per-
oxidase antibody was positive with a level of 1.81 U/mL
on day +61. Antithyroid microsomal, antithyroglobulin,
and antithyroid receptor antibodies were negative. On
day +76, FT, and FT; tended to decrease to 1.21 ng/dL
and 4.26 pg/mL, respectively, and TSH tended to increase
to 0.08 wU/mL. Eight months after CBT, thyroid function

tests returned to normal, showing FT, of 1.39 ng/dL,
FT, of 3.71 pg/mL, and TSH of 0.88 nU/mL. However,
leukemia relapsed 8 months after CBT, and he died 7
months later.

3. Discussion

Thyrotoxicosis is a rare complication after SCT. We
presented here 2 patients who developed thyrotoxicosis
after CBT. This is the first report of thyrotoxicosis occur-
ring after CBT. The severity of thyrotoxicosis in our
patients was mild. In addition to the negative feedback
mechanism of the pituitary-thyroid axis, low levels of TSH
might be attributable to impaired secretion of TSH [8,9].
Compared with thyrotoxicosis after BMT in previous
reports, the most distinctive feature of thyrotoxicosis in
our patients was that the onset was extremely early after
transplantation. In both patients, thyrotoxicosis was diag-
nosed on day +48.

Kami et al have reported early changes of thyroid func-
tion after BMT {5). They showed that 7 (12%) of 57 patients
developed thyrotoxicosis during the first 6 months after
BMT. The onset of thyrotoxicosis was a median of 104 days
(range, 61-176 days) after BMT. Thyrotoxicosis was transient
in all patients. The median duration was 2 months (range, 1-3
months). Six of 7 patients had antithyroid peroxidase anti-
body, antithyroglobulin antibody, or antithyroid receptor
antibody. The mechanisms of thyrotoxicosis developing early
after SCT remained unclear. Various factors might con-
tribute to the development of thyrotoxicosis after SCT. These
included a conditioning regimen [1,2], GVHD [10], viral
infection [11], genetic predisposition [12], and adaptive trans-
fer of autoimmune thyroiditis from the donor [13,14]. How-
ever, the presence of antithyroid peroxidase antibody sug-
gested that immune-mediated reactions might be associated
with thyrotoxicosis after CBT in our patients.

CB grafts contain fetal lymphocytes. Thus, there may be
some similarity between postpartum thyroiditis and thyro-
toxicosis after CBT in our patients. In postpartum thyroiditis,
transient thyrotoxicosis generally occurs 1 to 3 months after
delivery and lasts for 1 to 2 months [15]. The symptoms are
often quite mild. Antithyroid peroxidase antibody or antithy-
roglobulin antibody is found in 52% to 100% of patients.
Lymphocytic infiltration of the thyroid gland causes transient
thyrotoxicosis. Recently, the presence of fetal cells in the
maternal thyroid gland has been identified [16]. Intrathy-
roidal fetal microchimerism is considered to play a role in the
occurrence of postpartum autoimmune thyroid disease {17].
To identify the pathogenesis of thyrotoxicosis after CBT, his-
tological examination of the thyroid is necessary.

Between August 1998 and January 2005, 86 adults under-
went CBT using a conditioning regimen, including 12 Gy TBI
in our institution. Among them, only 2 patients were diag-
nosed with thyrotoxicosis after CBT. This might be an under-
estimation of the true incidence rate, because the thyroid
function was not evaluated in all CBT patients. Prospective
large-scale studies are needed to determine the incidence,
clinical features, and risk factors for thyrotoxicosis after
CBT. This study shows that thyrotoxicosis can occur during
very early periods after CBT.
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Light Emission Requires Exposure to the Atmosphere in Ex Vivo

Bioluminescence Imaging

Yusuke Inoue, Kiyoko lzawa, Arinobu Tojo, Rieko Sekine, Toshiyuki Okubo, and Kuni Obtomo

University of Tokyo, Japan

Abstract

The identification of organs bearing luciferase activity by in vivo
bioluminescence imaging (BLI) is often difficult, and ex vivo
imaging of excised organs plays a complementary role. This
study investigated the importance of exposure to the atmos-
phere in cx vivo BLI. Mice were inoculated with murine pro-B
cell line Ba/F3 transduced with firefly luciferase and p190
BCR-ABL. They were killed following in vivo BL1, and whole-
body imaging was done after death and then after intra-
peritoneal air injection. In addition, the right knee was
exposed and imaged before and after the adjacent bones were
cut. Extensive light signals were scen on in vivo imaging. The
himinescence disappcared after the animal was killed, and air
injection restored the light emission from the abdomen only,
suggesting a critical role of atmospheric oxygen in lumines-
cence after death. Although no substantial light signal at the
right knee was seen before bone cutting, light emission was
evident after cutting. In conclusion, in ex vivo BLJ, light
cmission requires exposure to the atmosphere. Bone destruc-
tion is required to demonstrate luciferase activity in the bone
marrow after death. Mol Imaging (2006) 5, 53-56.

Kcywérds: BioJunti ence imaging, lucife ex vivo method, oxygen, bone marrow.

Introduction
In vivo bicluminescence imaging (BLI) enables one to
evaluate the intensity and distribution of expression of
the luciferase gene in an intact laboratory animal and is
used increasingly for various purposes, such as monitor-
ing gene therapy and cell trafficking, investigating tran-
scriptional regulation, and evaluating protein—protein
interactions [1). Commonly, animals expressing firefly
luciferase are injected with p-luciferin for in vivo BLIL
Light photons are produced through the oxidation of
p-luciferin in the presence of oxygen, adenosine triphos-
phate, and magnesium [2] and are detected by using a
sensitive charge-coupled device (CCD) camera. Whole-
body, quantitative assessments of luciferase expression
can be performed repetitively in a given animal.
Bicluminescence imaging provides projectional im-
ages, not tomographic images, and, in addition, the scat-
tering of light photons impairs the spatial resolution.
These factors reduce the ability of in vivo BLI to identify
the organs with luciferase activity. Using a CCD camera,

one can easily determine the luciferase-expressing
organs by imaging the excised organs after o-luciferin
injection, an imaging procedure called ex vivo BLI [3-8].
Ex vivo imaging enhances the detectability of luciferase
expression [7,9], and the quantitative accuracy of ex vivo
imaging has been validated by using a conventional
luciferase assay of organ homogenates as a standard
[3). Although ex vivo imaging is invasive and does not
allow repetitive assessments of an individual animal, it
serves as a valuable adjunct to in vivo imaging for
detailed evaluation.

1t has been reported that the luminescence of the
liver of 2 mouse having luciferase-expressing intrahe-
patic tumors and hemorrhagic ascites disappeared after
sacrifice and recovered after excision of the liver [10].
The authors attributed the increase in the light signal
after excision to the increased oxygen availability on
exposure to ambient air. However, light photons are
severely attenuated by the tissues and bhlood, and the
increase in the detected light signal might be due to the
elimination of attenuation by the abdominal wall and
hemorrhagic ascites. In this study, we investigated the
importance of exposure to the atmosphere in ex vivo
BLI to obtain insight into the ex vivo technique.

Materials and Methods
Cell Lines

The interleukin-3 (IL-3)-dependent murine pro-B cell
line Ba/F3 was transfected with both the firefly luciferase
gene and the wild-type p190 BCR-ABL fusion gene
retrovirally as described previously (11)], and the estab-
lished cells were termed Ba/F3-Luc/Wt cells. The cDNA
encoding the firefly luciferase was excised from the
pGlL3-basic vector (Promega, Madison, WI), and the

Abbreviations: BLI, bioluminescence imaging; CCD, charge-coupled device; IL 3, intereukin-3;
ALL, acute lymphoblastic leukemia.
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long-term stability of luciferase expression in the estab-
lished cells was confirmed in vitro. The p190 BCR-ABL
fusion gene is important in the development of acute
lymphoblastic leukemia (ALL) (12], and Ba/F3 cells trans-
formed with p190 BCR-ABL show IL-3-independent,
autonomous proliferation [13]. The Ba/F3-Luc/Wt cells
were maintained in RPMI 1640 medium (Invitrogen,
Grand Island, NY) supplemented with 10% (v/v) fetal
bovine serum (FBS, JRH Biosciences, Lenexa, KS) and
1% penicillin/streptomycin (Invitrogen), in the absence
of 1L-3. Cultures were incubated at 37 C in 5% CO,.

Animals

Five 8-week-old female BALB/c nu/nu mice were
inoculated with 2 10° Ba/F3-Luc/Wt cells intravenously
via the tail vein. The mice were obtained from SLC Japan
(Tokyo, Japan) and were handled according to the
guidelines of the Institute of Medical Science, University
of Tokyo. The experiments were approved by the com-
mittee for animal research at the institution.

Imaging Procedures

About 4 weeks after cell inoculation, we performed
BLI with a cooled CCD camera system (IVIS Imaging
System 100, Xenogen, Alameda, CA). The mice received
an intraperitoneal injection of 150 mg/kg p-luciferin, and
photographic and luminescent images in the dorsal, left
lateral, ventral, and right lateral projections were ac-
quired under isoflurane anesthesia (in vivo BLI). Addi-
tional ventral images were obtained 20 min after
injection. Subsequently, the mice were killed by cervical
dislocation and then imaged repetitively. About 10 min
after death, 4 mL of air was injected intraperitoneally,
and imaging was performed again. The imaging param-
eters used to acquire these whole-body luminescent
images were an exposure time of 10 sec and binning
of 8. A region of interest covering the entire mouse
except the tail was placed on the ventral image, and the
whole-body signal intensity was quantified by using the
Living Image software (version 2.50, Xenogen).

Following the whole-body imaging, ex vivo imaging of
the excised organs was performed. The liver, spleen,
intestine, ovary, uterus, kidney, lung, and heart were
imaged using the CCD camera system. In addition, the
right knee was exposed, and ventral images of the body
remaining after removing the internal organs were
obtained. The imaging was repeated after cutting the
right distal femur and right proximal tibia. A region of
interest was placed over the right knee, and the signal
intensity was compared before and after cutting. The

imaging parameters used to obtain the ex vivo lumines-
cent images were an exposure time of 10 sec and
binning of 4 or 8.

Results

In vivo BLI demonstrated extensive light signals, indicat-
ing proliferation of the implanted cells in various
regions, including the head and neck, chest, abdomen,
and limbs (Figure 1). After sacrifice, the light signal
decreased rapidly and essentially disappeared within
several minutes. The whole-body signal intensities in
the ventral projection just before sacrifice, 2 min after
death, and 5 min after death were 3.49  10% £ 9.10
107 (mean = SD), 143 10° = 7.28  10° and 2.25
10° + 1.06 10° ps !, respectively. Intraperitoneal air
injection definitely increased the signal (6.62 107 *
265 10”7 ps !5 min after injection), while the light
sources were localized only in the abdomen.

Ex vivo imaging of the excised organs showed intense
light signals for the liver and spleen. Signals were also
observed for the lung, intestine, and gynecologic organs,
except for the absence of intestinal signals in one
mouse. Imaging of the body remaining after removal
of the internal organs showed a small bright focus in the
paraaortic region in two mice. Enlarged paraaortic
lymph nodes were removed and imaged together with
the remaining body, 4and the lymph nodes were proven
to be the light sources. In two mice, light emission from
the anterior thorax near the thoracotomy incision was
shown. For the right knee, no substantial luminescent
signal was found before bone cutting. The light signal
increased dramatically after bone cutting (Figure 2). The
signal intensities for the right knee before and 1 min

(8 LMD s d 01 x

Figure 1. Whole-body bioluminescenca images. The pseudocolor luminsscent
image is overlaid on the grayscale photographic image. Shown are ventral
images before sacrifice (lefY), 5 min after death (middle), and 5 min after
intraperitoneal air infection (right). The same color scale was used in the three

_ panels. The light signal disappeared after death and was recovered only for the

abdomen after air injection.
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Figure 2. Bioluminescence images before (left) and 1 min after (right) culting
around the right knee. The same color scale was used for both panels. A light
signal at the right knee was seen only after cutting.

after cutting were 1.72  10° = 5.75  10* and 3.51
107 £ 266 10’ ps *, respectively.
Discussion

Patients with Philadelphia chromosome-positive ALL fre-
quently express the p190 BCR-ABL fusion protein and
have a poor prognosis [12]. Although the BCR-ABL
tyrosine kinase inhibitor, imatinib mesylate (Novartis
Pharmaceuticals, Basel, Switzerland), is effective, resis-
tance to this drug develops rapidly and novel thera-
peutic strategies need to be explored [14]. Ba/F3-Luc/Wt
cells show IL-3-independent, autonomous proliferation
and stable luciferase expression, and mice injected with
the cells intravenously may be used to evaluate treat-
ments for Philadelphia chromosome-positive ALL by
in vivo BLL

The mice implanted with Ba/F3-Luc/Wt cells showed
extensive light emission in vivo. This light signal disap-
peared after death, as described previously (10}, and the
intraperitoneal air injection restored light emission from
the abdomen only. Light photons should be attenuated
similarly before and after air injection, and these obser-
vations support the hypothesis that luminescence after
sacrifice requires exposure to the atmosphere. Lumines-
cence from cells transduced with firefly luciferase relies
on the oxidation of p-luciferin catalyzed by luciferase.
Oxygen in the atmosphere appears to play a critical role
in the oxidation after death.

Although the identification of the involved organs was
difficult from in vivo images, ex vivo imaging showed the
proliferation of implanted cells in the liver, spleen, lung,
intestine, gynecologic organs, and lymph nodes. How-
ever, signals from these organs could not fully explain
those observed on in vivo images. Proliferation in the
bone marrow is expected based on the nature of Ba/F3
cells. Although some in vivo signals appeared to origi-

Molecular maging e Vol. S, No. 2, April~June 2006

nate from the skeletal system, light signals were essen-
tially absent on imaging the remaining body after
removing the internal organs and involved lymph nodes,
except for the signal from the anterior thorax near the
thoracotomy incision in two mice. We evaluated lumi-
nescence at the right knee further. Whereas in vivo Bl
suggested luminescence at the site, imaging of the dead
body did not show a substantial light signal, even after
removal of the overlying tissues. Subsequent cutting
around the knee restored the light emission dramatical-
ly. The transfer of oxygen from the atmosphere to cells
within the bone marrow cavity appeared to be blocked
by the bone cortex. The signal from the anterior thorax
was probably attributable to luminescence in the incised
sternum. Our results indicate that destruction of the
bone cortex is required to assess luciferase expression in
the bone marrow.

Although the need for oxygen in luciferase reaction is
well known, to the best of our knowledge, the.crucial
role of exposure to atmospheric oxygen in ex vivo
imaging has not been clearly demonstrated. In particu-
lar, the knowledge that bone destruction is required to
assess luciferase activity in the bone marrow would be
important in experiments using models of bone metas-
tasis and blood cell iransplantation. If a researcher picks
up a bone, taking care not to damage the bone, and
image it, he or she may miss luciferase activity in the
bone marrow cavity. If a researcher does not know
the need for bone destruction, he or she may image
the whole skeleton after removing skin and soft tissues
to assess luciferase activity in the bone marrow, resulting
in failure of detection.

In summary, we demonstrated that light emission
in ex vivo BLI needs exposure to the atmosphere.
Researchers should be aware that bone destruction is
required to elucidate luciferase activity in the bone
marrow cavity after sacrifice.

Acknowledgments

This work was supported in part by Grants-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science
and Technology of Japan.

References

[1] Contag CH, Ross BD (2002). It's not just about anatomy: In vivo
bioluminescence imaging as an eyepiece into biology. J Magn
Reson Imaging. 16:378-387.

{2) Day JC, Tisi LC, Bailey MJ (2004). Evolution of beetle biolumi-
nescence: The origin of beetle luciferin. Luminescence. 19:3-20.

[3] Carlsen H, Moskaug JO, Fromm SH, Blomhoff R (2002). In vivo
imaging of NF-kappa B activity. J Immunol. 168:1441-1446.



56

Ex Vivo Bioluminescence and the Atmosphere Inoue et al.

(4]

{6l

7]

{8]

9]

Yull FE, Han W, Jansen ED, Everhart MB, Sadikot KT, Christman
JW, Blackwell TS (2003). Bioluminescent detection of endotoxin
effects on HIV-1 LTR-ddven transcription in vivo. J Histochem
Cytochem. 51:741-749.

Kalikin LM, Schneider A, Thakur MA, Fridman Y, Griffin LB, Dunn
RL, Rosol T}, Shah RB, Rehemtulla A, McCauley LK, Pienta KJ
(2003). In vivo visualization of metastatic prostate cancer and
quantitation of disease progression in inununocompromised
mice. Cancer Biol Ther. 2:656-660.

Jenkins DE, Yu SF, Hornig YS, Purchio T, Contag PR (2003).
In vivo monitoring of tumor relapse and metastasis using bio-
luminescent PC-3M-luc-C6 cells in murine models of hurnan pros-
tate cancer. Clin Exp Metastasis. 20:745-756.

Jenkins DE, Oei Y, Hornig YS, Yu SF, Dusich J, Purchio T, Contag
PR (2003). Bioluminescent imaging (BLI) to improve and refine
traditional murine models of tumor growth and metastasis. Clin
Exp Metastasis. 20:733—744. :

Liang Q, Yamamoto M, Curel DT, Herschman HR (2004). Non-
invasive imaging of transcriptionally restricted transgene expres-
sion following intratumoral injection of an adenovirus in which
the COX-2 promoter drives a reporter gene. Mol Imaging Biol.
6:395—-404.

Yoshimitsu M, Sato T, Tao K, Walia JS, Rasaiah VI, Sleep GT,
Murray GJ, Poepp! AG, Underwood J, West L, Brady RO, Medin

{10]

{11)

(12]

[13]

14]

JA (2004). Bioluminescent imaging of a marking transgene and
correction of Fabry mice by neonatal injection of recombinant
lentiviral vectors. Proc Natl Acad Sct USA. 101:16909-16914.
Sarraf-Yazdi S, Mi J, Dewhirst MW, Clary BM (2004). Use of in vivo
bioluminescence imaging to predict hepatic tumor burden in
mice. J Surg Res. 120:249-255.

Inoue Y, Tojo A, Sekine R, Soda Y, Kobayashi S, Nomura A, Izawa
K, Kitamura T, Okubo T, Ohtomo K (2006 February 24). In vitro
validation of bioluminescent monitoring of disease progression
and therapeutic response in leukaemia model animals. Eur J
Nucl Med Mol Imaging. (E-pub ahead of print}

Copelan EA, McGuire EA (1995). The biology and treatment of
acute lyrnphoblastic leukemia in adults. Blood. 85:1151-1168.
Li S, Haria RL Jr., Million RP, Daley GQ, Van Etten RA (1999).
The P190, P210, and P230 forms of the BCR/ABL oncogene in-

- duce a similar chronic myeloid leukemia-like syndrome in mice

but have different lymphoid leukemogenic activity. J Exp Med.
189:1399-1412.

Ottmann OG, Druker BJ, Sawyers CL, Goldman JM, Reiffers ), Silver
RT, Tura S, Fischer T, Deininger MW, Schiffer CA, Baccarani M,
Gratwohl A, Hochhaus A, Hoelzer D, Femandes-Reese S, Gathmann
1, Capdeville R, O'Brien SG (2002). A phase 2 study of imatinib
in patients with relapsed or refractory Philadelphia chromosome-
positive acute lymnphoid leukemias. Blood. 100:1965-1971. -

Molecular Imaging e Vol. 5, No. 2, April—June 2006



Correspondence

Human herpesvirus 6 variant A infection with
fever, skin rash, and liver dysfunction in a
patient after unrelated cord blood
transplantation

Bone Marrow Transplantation (2005) 36, 1109-1110.
doi:10.1038/sj.bmt.1705184; published online 10 October
2005

Human herpesvirus 6 (HHV-6) causes significant complica-
tions after hematopoietic stem cell transplantation (SCT)
including skin rash, encephalitis, pneumonia, and bone
marrow suppression.!> HHV-6 is classified into two
variants, A (HHV-6A) and B (HHV-6B). The two variants
are thought to have different epidemiologies. Most
symptomatic HHV-6 infections after SCT are caused by
HHV-6B.>* Although HHV-6A has occasionally been
isolated after SCT,*” the pathogenicity of HHV-6A
remains largely uncertain. Here, we describe the first case
of HHV-6A infection after umbilical cord blood trans-
plantation (CBT).

In April 1999, a 49-year-old woman with overt leukemia
from myelodysplastic syndrome underwent CBT from an
HILA-one-antigen-mismatched donor. The grafts contained
2.1 x 107/kg total nucleated cells and 0.2 x 10°/kg CD34-
positive cells. The conditioning regimen included 12 Gy
total body irradiation, 120mg cyclophosphamide, and
12g/m? cytarabine with the concomitant administration
of. recombinant human granulocyte colony-stimulating
factor.® Graft-versus-host disease (GVHD) prophylaxis
consisted of cyclosporin and methotrexate. She received

Bone Marrow Transplantation (2005) 36, 1109-1110
© 2005 Nature Publishing Group  All rights reserved 0268-3369/05 $30.00

www.nature.com/bmt

1000 mg/day acyclovir orally from day —3 to day 35 to
prevent herpes simplex virus reactivation. From day 12 to
17 after CBT, she developed fever higher than 38.0°C with
the maximum temperature of 39.6°C on day 16 (Figure 1).
On day 13, an erythematous skin rash occurred in the
forearms and hands. On day 16, the serum aspartate
aminotransferase (ALT) and alanine aminotransferase
(AST) levels were mildly elevated to 36 and 56IU/,
respectively (normal, within 30 IU/l). The maximum levels
of AST and ALT were 36 IU/l on day 16 and 851U/l on day
18, respectively. No jaundice, body weight gain, edema, or
pulmonary symptoms were observed. These symptoms
resolved spontaneously without additional antiviral ther-
apy. On day 26, myeloid engraftment with an absolute
neutrophil count of more than 500/ul was achieved. No
acute or chronic GVHD were observed. She did not
developed cytomegalovirus infection. No bacterial or
fungal infections were documented. By a real-time quanti-
tative polymerase chain reaction (PCR) method,” the
presence of HHV-6A DNA in serum was retrospectively
examined. HHV-6A DNA was detected in serum samples
on days 14, 21, and 28 after CBT with levels of 1 x 10°,
6 x 10%, and 2 x 102 copies/ml, respectively (lower limit of
detection, 2 x 10° copies/ml). However, HHV-6A DNA
was not detected in serum samples on days 7 or 35 after
CBT. HHV-6B DNA was not detected in any serum
samples obtained from day 7-35 after CBT. After a post-
CBT follow-up of 72 months, she is currently alive without

" disease progression.

We have previously examined the incidences of HHV-6B
infection in adults after CBT and bone marrow transplant-
ation (BMT) by a real-time quantitative PCR method on
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Figure 1 Clinical course of the patient with HHV-6A DNAemia.
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serum samples.'” HHV-6B DNA was more frequently
detected in serum samples at weeks 2 or 3 after CBT than
BMT (20 of 23 patients, 87% vs 4 of 21 patients, 19%,
P <0.0001). By using the same methodology, we studied the
incidence of HHV-6A infection in 50 adults after CBT. In
one patient (2%), as described above, HHV-6A DNA was
detected in serum samples on days 14, 21, and 28 after
CBT. In the remaining 49 patients, HHV-6A DNA was not
detected. The presence of HHV-6 DNA in peripheral blood
or other samples does not necessarily indicate clinical
disease.! In addition, further examination for other
pathogenic viruses were not undertaken in our patient.
However, previous studies have shown that detection of
HHYV-6 DNA in serum or plasma is a useful marker of
active infection.>>% Thus, fever, skin rash, and liver
dysfunction in our patient were considered to be associated
with HHV-6A infection. This is the first report studying the
incidence and the clinical features of HHV-6A infection in
the early period after CBT.

The majority of HHV-6 infections after SCT are caused
by HHV-6B.>-> However, Secchiero et al° examined
infections by HHV-6A and HHV-6B differentially by a
PCR method, on serum samples after BMT. In three of, 13
patients (23%), HHV-6A DNA was transiently detected
during episodes of fever and pulmonary symptoms after
BMT. In these three patients, HHV-6A DNA in serum was
first detected on days —3, 88, and 123 after BMT. However,
HHV-6B DNA was not detected in the 13 patients. The
incidence of symptomatic HHV-6A infections in the study
seemed to be higher than in other studies. In Japanese
adults, most HHV-6 infections within 4 weeks after CBT
are caused by HHV-6B. Despite the relatively low incidence
of HHV-6A infection after CBT, the pathogenesis of HHV-
6A needs to be examined further.
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Abstract

We report the results of unrelated cord blood transplantation (CBT) after myeloablative conditioning in 3 patients with
myelodysplastic syndrome-refractory anemia (MDS-RA). All patients were treated with total body irradiation, cytosine ara-
binoside (Ara-C), and cyclophosphamide, followed by unrelated HLA-mismatched CBT. Granulocyte colony-stimulating fac-
tor was infused continuously, starting 12 hours before Ara-C therapy and continuing until the end of Ara-C therapy. All
patients received standard cyclosporine and methotrexate therapy as graft-versus-host disease prophylaxis. All patients had
myeloid reconstitution, and the times to reach an absolute neutrophil count >0.5 X 10°/L were 23, 20, and 26 days. All patients
showed full donor chimerism at the time of the first bone marrow examination (on day +42, +43, and +62) after CBT. All
patients are alive and free of disease at between 17 and 39 months after CBT. These results suggest that adult MDS-RA
patients without suitable related or unrelated bone marrow donors should be considered as candidates for CBT.
Int J Hematol. 2005;81:424-427. doi: 10.1532/1JH97.05014.
©2005 The Japanese Society of Hematology
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1. Introduction 2. Case Reports

Allogeneic stem cell transplantation is considered the Between October 2001 and August 2003, 3 adult patients
only curative therapy for myelodysplastic syndrome (MDS) with MDS-RA were treated with unrelated CBT at the Insti-
patients. Recently, alternative donor sources other than tute of Medical Science, University of Tokyo. MDS was
human leukocyte antigen (HLA)-identical siblings have defined by French-American-British Cooperative Group cri-

been used as allogeneic stem cell sources [1-5]. We have pre- teria [7]. All patients received 12 Gy total body irradiation as
viously reported the results for a group of adult patients with 4 fractions on days -8 and —7. Cytosine arabinoside (Ara-C)
advanced MDS who underwent unrelated cord blood trans- was administered intravenously over 2 hours at a dosage of

plantation (CBT) [6]. However, there have been no reports 3 g/m? every 12 hours on days -5 and —4 (total dose, 12 g/m?).
detailing the results of adult MDS-refractory anemia Recombinant human granulocyte colony-stimulating factor
(MDS-RA) patients treated with CBT after conventional (G-CSF) was administered by continuous infusion at a
myeloablative conditioning. Here, we report our clinical  dosage of 5 pg/kg per day. Infusion of G-CSF was started 12
experience with 3 adult patients with MDS-RA treated with hours before the first dose of Ara-C and stopped at the com-
unrelated CBT after myeloablative conditioning, pletion of the last dose. Cyclophosphamide was administered
intravenously over 2 hours at a dosage of 60 mg/kg once daily
on days -3 and -2 (total dose, 120 mg/kg). Two days after the
completion of conditioning, the patients received a CBT. All
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