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Abstract In vivo imaging of apoptosis in a preclinical
setting in anticancer drug development could provide
remarkable advantages in terms of translational medicine.
So far, several imaging technologies with different probes
have been used to achieve this goal. Here we describe a
bioluminescence imaging approach that uses a new formu-
lation of Z-DEVD-aminoluciferin, a caspase 3/7 substrate,
to monitor in vivo apoptosis in tumor cells engineered to
express luciferase. Upon apoptosis induction, Z-DEVD-
aminoluciferin is cleaved by caspase 3/7 releasing amino-
luciferin that is now free to react with luciferase generating
measurable light. Thus, the activation of caspase 3/7 can be
measured by quantifying the bioluminescent signal. Using
this approach, we have been able to monitor caspase-3
activation and subsequent apoptosis induction after cam-
ptothecin and temozolomide treatment on xenograft mouse
models of colon cancer and glioblastoma, respectively.
Treated mice showed more than 2-fold induction of
Z-DEVD-aminoluciferin luminescent signal when com-
pared to the untreated group. Combining D-luciferin that
measures the total tumor burden, with Z-DEVD-aminolu-
ciferin that assesses apoptosis induction via caspase activa-
tion, we confirmed that it is possible to follow non-invasively
tumor growth inhibition and induction of apoptosis after
treatment in the same animal over time. Moreover, here we
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have proved that following early apoptosis induction by
caspase 3 activation is a good biomarker that accurately
predicts tumor growth inhibition by anti-cancer drugs in
engineered colon cancer and glioblastoma cell lines and in
their respective mouse xenograft models.
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Introduction

Bioluminescence imaging (BLI) is a powerful methodol-
ogy that has been developed over the last decade as a tool
for the understanding of biological processes as they occur
in living organisms. Recently, this non-invasive technology
has evolved into a potentially more valuable aid for
assessing cellular and molecular features of biology and
disease in real time.

Apoptosis, or programmed cell death, is a highly regu-
lated process essential for life of multi-cellular organisms.
Its dysregulation plays a fundamental role in several dis-
eases, including cancer [1]. In fact, one hallmark of human
cancers resides in their ability to avoid apoptosis [2]. Thus,
inducing apoptosis in tumor cells is an extremely promis-
ing approach as anti-cancer therapy. Indeed, many che-
motherapeutic drugs exert their effects by inducing a final
common pathway that leads to apoptosis. Agents that are
widely used for cancer treatment, such as temozolomide
(TMZ, guanine methylating agent) and camptothecin
(CPT-11, topoisomerase-I inhibitor) cause DNA damage
and finally induce apoptosis through a pathway that,
although it has not been clearly understood, involves cas-
pase 3 activation as the main player in tumor cell death
induced by treatment with these agents [3, 4].
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Caspases constitute a family of cysteine proteases that
specifically contribute to the initiation and the execution of
different steps in the apoptotic signaling cascade. To date,
14 caspases have been identified in humans and they can
broadly be divided into initiator and effector caspases.
Each caspase remains in an inactive procaspase form
within the cell and it is only after the apoptotic induc-
tion stimuli that it becomes activated and cleaves its
cellular substrates by binding to small specific peptide
sequence [5].

Caspase-3 represents the central effector caspase in
mammalian cells and is finally activated by either intrinsic
or extrinsic apoptotic pathways [6]. The substrate-binding
cleft of caspase-3 recognizes specifically a short 4-amino-
acid stretch (DEVD) within protein substrates, directly
N-terminal to the cleavage site [7]. This tetrapeptide motif
is sufficient to bind specifically to the active caspase-3 and
it is present in many cellular proteins (e.g., poly ADP
ribose polymerase and lamins) [8]. As caspase-3 plays a
vital role in mediating the initiation and the propagation of
the apoptotic cascade, approaches that image its activation
in a non-invasive way have been developed with the aim to
provide a window of opportunity for the preclinical eval-
uation of therapeutics in animals in vivo over long time
intervals.

Fluorochrome-labeled inhibitors of caspase (FLICA),
which have been designed as affinity labels of the caspase
active site, demonstrated their successful use in the
detection of apoptosis activity within the in vitro and in
vivo research setting [9]. However, additional findings
have led to doubts as to the specificity of the staining by
various fluorescent-labeled inhibitors of caspases, since the
fluorescent signal was also originated from aspecific
binding of FLICA [10]. Activatable probes with a quencher
and an active fluorochrome separated by DEVD sequence
could potentially provide readout for caspase activation in
mouse tumor models. Nevertheless, as these probes are still
under development [11], they cannot be applied in vivo yet.

Additional approaches that use fluorescence for the in
vivo monitoring of apoptosis involve cells expressing a
modified reporter proteins [12] linked to a DEVD tetra-
peptide, which will emit light only after activation of
caspase 3. However, strategies that rely on fluorescent
signals have drawbacks when used in vivo because of the
high scattering and the high auto fluorescence rates of
visible and near-infrared light in tissues and blood, thus
resulting in lower signal to noise ratio [13, 14]. BLI is not
influenced by unspecific background signal, hence the use
of bioluminescence is generally preferred over fluores-
cence for imaging of living organisms. Moreover, BLI
allows displaying deeper tumor-emitted signals (less than
1 cm from skin, [15]) and, in addition, no photobleaching
occurs for bioluminescent signals.

The use of a caspase-3-activated luciferase enzyme has
proved to be a sensitive tool to monitor in vivo caspase-3
activation, but this approach is generally time consuming
and requires another reporter gene to measure the tumor
burden [16]. Therefore, several laboratories, including
ours, have evaluated the feasibility of using the Z-DEVD-
aminoluciferin substrate, which releases active aminolu-
ciferin only after the DEVD peptide has been cleaved by
caspase-3, to evaluate apoptosis induction [17, 18]. Here
we have assessed apoptosis and tumor growth inhibition
triggered by camptothecin and temozolomide in colon
cancer and glioblastoma cell lines, respectively, and the
mouse xenograft models derived from these cell lines.

For this, we have used p-Luciferin and a new formula-
tion of Z-DEVD-aminoluciferin for the assessment of
tumor burden and apoptosis in the same luciferase-
expressing animal (Fig. 1), permitting accurate data nor-
malization. Moreover, we have validated BLI in vitro by
western blot and by flow cytometry.

Our results support previous data from similar studies,
which used different therapeutics and different tumor models
as the ones evaluated here, and have demonstrated once more
that monitoring the early apoptosis induction might serve as
a suitable biomarker for the prediction of anti-cancer drug
efficacy with respect to tumor mass reduction [18, 19].

Methods
Reagents and antibodies

Z-DEVD-aminoluciferin soluble substrate (VivoGlo™
Caspase-3/7 Substrate, Promega Corp.) was kindly pro-
vided by A. Bosetti (Promega Italia). p-Luciferin was
purchased from Promega Corp. CPT-11 (Irinotecan),

Z-DEVD-aminoluciferin (VivoGilo™)

1o APOPTOTIC

READOUT
+ ATP @
+0
LIGHT PRODUCTION
TUMOR BURDEN
" READOUT

(VITAL CELLS)
BLI IMAGING BY XENOGEN™ IVIS

Fig. 1 Principle of bioluminescence quantification for apoptosis
induction by a Caspase 3/7 substrate in vivo. When Z-DEVD-
aminoluciferin is still linked to DEVD peptide, it cannot interact with
luciferase because of steric hindrance whereas, after caspase cleav-
age, the released aminoluciferin is used by luciferase, together with
ATP and O, to induce light. Subsequently, tumor burden is analyzed
by p-Luciferin
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temozolomide (TMZ) and ZVAD-FMK were obtained
from Aventis, Sequoia Research Product Ltd and Zymed
Laboratories Inc. (San Francisco, CA), respectively.
Anti-Tubulin gamma antibody was obtained from the
Sigma-Aldrich Corporation. Anti-Caspase-3 (Asp 175)
antibody was purchased from Cell Signaling Technology
Inc. (Beverly, MA). Anti-PARP-1 antibody was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Chemiluminescence western blot reagents were purchased
from Amersham Pharmacia Biotech Inc. (Piscataway, NJ).

Cell lines and culture

The human colon cancer cell line HCT116 and the human
glioblastoma cell line U251 were purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
HCT116 and U251 cell lines were transfected with
pGLA4.13 vector (Promega) using jetPEI (Polyplus) to cre-
ate a stable luciferase expression clone selected by limited
dilution (HCT116-Luc and U251-Luc, respectively).
HCT116-Luc and U251-Luc were maintained in
McCoy’s 5A and RPMI-1640 medium (Gibco BRL, Gai-
thersburg, MD), respectively, supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (Gibco BRL),
100 units/ml penicillin and 100 pg/ml streptomycin at
37°C in a humidified atmosphere containing 5% CO,.

Western blot analysis

Cells were washed twice with PBS, scraped off from the
dishes, and pelleted at 1000 g for 10 min. Cell pellets were
then lysed in cold lysis buffer [2% SDS and 125 mM Tris—
HCI (pH 7)].

Subcutaneous tumors were removed and immediately
frozen in liquid nitrogen. 1 ml of cold lysis buffer (as
described above) was added to 500 mg of frozen tissue,
subsequently homogenized for 30 s and heated at 95°C for
15 min.

The lysates were clarified by centrifugation at
14,000 g for 15 min at 4°C. Identical amounts (50 pg of
protein) of cell lysates were resolved in a 10% SDS-PAGE,
and then proteins were transferred to a 0.45 pm nitrocel-
lulose membranes. Membranes were incubated in blocking
solution consisting of 5% powdered milk in TBST [10 mM
Tris—HCI (pH 8), 150 mM NaCl, and 0.1% (v/v) Tween-
20] for 1 h, then immunoblotted with the primary anti-
bodies. Detection by enzyme-linked chemiluminescence
was carried out according to manufacturer’s protocol.

Flow cytometry

10° cells were fixed with 1% formaldehyde in PBS for
15 min at 37°C followed by dropwise methanol to 70% in
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PBS and stored at 4°C. Cells were washed with PBS plus
1% FBS and permeabilized for 10 min with Triton X-100,
0.1% in PBS at 4°C.

After one wash with PBS, 1 pg per sample of rabbit
anti-cleaved caspase-3 mAb in PBS was added and incu-
bated for 1 h at room temperature. Thereafter, samples
were washed with PBS solution and incubated with 0.5 pg
per sample of AlexaFluor™ 488 conjugated goat anti-
rabbit mAb for 1 h at room temperature. Cells were then
washed with PBS before flow cytometry analysis. Cells
were analyzed by dual laser 488/633 nm BD flow cytom-
etry FACSCalibur™. DNA fragmentation was monitorered
using red fluorescence log scale as already reported [20].

In vitro apoptosis detection using Z-DEVD-
aminoluciferin substrate and ATP/luciferase
quantification

10° HCT116-Luc and U251-Luc cells/well were plated in
triplicate in a 96-well plate with 100 pl complete medium.
5 min before image acquisition 150 pg Z-DEVD-amino-
luciferin were added to each well and BLI was detected
using a charge coupled device camera in the IVIS imaging
(Xenogen). 10° HCT116-Luc cells/well were plated in two
96-well plate with 100 pul complete medium. Cells were
treated with SN-38 from 10 nM to 10 mM. 5 min before
image acquisition 150 pg p-luciferin were added to each
well. In the first plate, luciferase activity was monitored by
Envision (PerkinElmer) luminometer. In the second plate,
ATP was quantified using CellTiter-Glo assay (Promega)
[21].

In vivo animal models

Male athymic nude mice (5 weeks old) obtained from
Harlan Italy were housed in our barrier animal facility in
sterile filter-top cages with 12-h light/dark cycles and fed
with sterile rodent chow and water ad libitum. All animal
studies were carried out in compliance with Italian Legis-
lative Decree no. 116 dated January 27, 1992, and the
European Communities Council Directive no. 86/609/EEC
concerning the protection of animals used for experimental
or other scientific purposes and according to institutional
policy regarding the care and use of laboratory animals.
HCT116-Luc and U251-Luc cell lines were inoculated
subcutaneously (5 x 10° cells/mouse).

HCT116-Luc treated group (n = 6) received single
60 mg/kg CPT-11 i.v., while U251-Luc treated group
(n = 8) received 50 mg/kg/day TMZ per os for 2 days.
Mice were treated when subcutaneous tumors reached
100-200 mm”.

Tumor growth was evaluated by both BLI and caliper
measurements.
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Bioluminescence Imaging

To monitor apoptosis induction, on established time-points
after treatment, mice were injected i.p., with 50 mg/kg
Z-DEVD-aminoluciferin in PBS, followed by anesthetiza-
tion in 2—3% isoflurane atmosphere. From 10 to 60 min after
injection of substrate, mice were imaged using a charge
coupled device camera in the IVIS imaging. Signal intensity
was quantified using a customized version of the IGOR Pro
version 4.09A Software (WaveMetrics, Inc., Lake Oswego,
OR) called Living Image version 3.00 (Xenogen). The sum
of all detected photon counts from subcutaneous tumors was
determined by evaluating automatically chosen ROI areas.
Z-DEVD-aminoluciferin average signal from 10 to 60 min
was calculated and normalized with p-luciferin signal.
Briefly, 6 h after Z-DEVD-aminoluciferin injections (when
no more bioluminescent signal could be detected) mice
received 150 mg/kg p-luciferin i.p., followed by anestheti-
zation in 2-3% isofluorane atmosphere. 10 min after the
injection of substrate, mice were imaged as described above.

Statistical analysis

Results were analyzed for statistical significance using a
Mann—Whitney #-test (Graph Pad Prism Software, San
Diego, CA). P-value summary for each comparison
with control was inserted in figures (*** P < 0.001;
**0.001 < P <0.01; * 0.01 < P < 0.05). P-value < 0.05
was considered statistically significant.

Results
BLI allows to measure apoptosis in vitro in cancer cells

To measure apoptosis directly in living cells, we first
performed an optical imaging experiment in vitro by
adding Z-DEVD-aminoluciferin to stably expressing
luciferase cell lines (HCT116-Luc, U251-Luc) that had
been treated with chemotherapeutics at different time-
points. CPT-11 represents the gold standard treatment for
human colon cancer whereas TMZ is at first line in
glioblastoma treatment [22, 23]. As shown in Fig. 2a,
treatment of HCT116-Luc cells with 1 uM SN-38, the
active metabolite of CPT-11, enhanced the biolumines-
cent signal already at 6 h and reached its maximum at
24 h after treatment. Signal from control cells represented
the basal level of apoptosis and remained constant
through all the time-points. To test the specificity of
Z-DEVD-aminoluciferin cleavage by caspase-3 and -7 we
co-treated the cells with 40 uM ZVAD-FMK, a caspase-3
inhibitor [10]. ZVAD treatment reduced caspase-3 acti-
vation and subsequent cell death up to 24 h post-treatment
time (Fig. 2a).

We performed a flow cytometry analysis using an anti-
active-caspase-3 antibody to demonstrate that the lumi-
nescent signal from treated cells is really dependent on
caspase-3 activation. In agreement with the Z-DEVD-
aminoluciferin luminescent data, HCT116-Luc cells treated
with SN-38 displayed an increase in active-caspase-3

Fig. 2 In vitro assay of a 6h 24h 48h C 6h
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Fig. 3 Luciferase activity
(a) and ATP quantification 100 4
(b) in HCT116-Luc cells 6, 24,
48 and 72 h after SN-38
treatment and relative IC50
quantification by Graph Pad
Prism. Luciferase activity
decreased in a dose- and time-
dependent manner and
correlated with intracellular 0+
ATP concentration. As 1.0410°¢
highlighted by dotted line
squares, luciferase activity
remained nearly unaffected at 6
and 24 h after 1 pM SN-38 100 -
treatment in conjunction with
high level of intracellular ATP.
Instead, as expected, 48 and

72 h after treatment lack of ATP
caused luciferase activity
decrease
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positive cells (Fig. 2b). Again, ZVAD-FMK co-treatment
significantly blocked caspase-3 activation.

We also showed activation of caspase-3 by western blot
analysis via PARP-1 cleavage, one of the main caspase-3
substrates (Fig. 2c). As already showed by flow cytometry
analysis, ZVAD-FMK treatment reversed the SN-38 effect
on caspase-3 activation. However, the incomplete caspase-
3 inhibition upon ZVAD-FMK treatment suggests that
Z-DEVD-aminoluciferin could be cleaved simultaneously
by additional proteases.

A large amount of necrotic or late-apoptotic cells were
present at 48 h after SN-38 treatment, as shown by DNA
fragmentation analysis (Fig. 2d). Thus, cell death at 48 h
after treatment was responsible for the Z-DEVD-amino-
luciferin bioluminescent signal decrease that did not cor-
relate with the percentage of active-caspase-3 positive cells
measured by flow cytometry at this late time point. To
support our hypothesis, dose response curves from 6 to
72 h after SN-38 treatment was performed to evaluate
intracellular ATP concentration by CellTiter-Glo assay and
D-Luciferin chemoluminescence induced by luciferase. As
shown, lack of ATP during late apoptosis phases is
responsible for the Z-DEVD-aminoluciferin biolumines-
cent signal decrease (Fig. 3). Similarly, the treatment of
U251-Luc cells with 2 mM TMZ resulted in a Z-DEVD-
aminoluciferin bioluminescent signal increase while it
remained constant in control cells and in cells co-treated
with 40 pM ZVAD (Fig. 4a). These results were con-
firmed by flow cytometry analysis using active caspase-3
antibody demonstrating that, also for TMZ-treated U251-
Luc cells, apoptosis is mediated by caspase-3 activation
(Fig. 4b).

@ Springer

Caspase-3 activation and the subsequent PARP-1
cleavage in TMZ-treated cells, as compared with the con-
trol and ZVAD-FMK co-treatment, were showed also by
western blot analysis (Fig. 4c). Again, DNA fragmentation,
and subsequent cell death decreased Z-DEVD-aminolu-
ciferin bioluminescent signal 48 h after TMZ treatment
(Fig. 4d).

These results demonstrate that caspase-3 activation is
required to induce apoptosis in HCT116-Luc and U251-
Luc cell lines treated with chemotherapeutics and that the
inhibition of caspase-3 blocks apoptosis progression and
prevents cell death.

BLI allows to measure apoptosis in vivo in xenograft
models

In order to evaluate the feasibility of measuring apoptosis
in vivo non-invasively, we extended this approach to
HCT116-Luc and U251-Luc mouse xenograft models.
Mice bearing subcutaneous HCT116-Luc tumors that had
reached 100-200 mm?> were treated with a single dose of
CPT-11 at 60 mg/kg and were daily followed by BLI with
both p-Luciferin and Z-DEVD-aminoluciferin. After 24 h,
treatment with CPT-11 resulted in a 2,5-fold induction of
Z-DEVD-aminoluciferin signal in the treated group when
compared to the untreated one (Fig. Sa—d). As already
shown in the in vitro experiments, the Z-DEVD-aminolu-
ciferin signal from treated cells decreased at 48 h (Fig. Se,
f) and this was most likely due to cell death caused by
chemotherapeutic drugs. The Z-DEVD-aminoluciferin
signal was normalized with p-Luciferin to ensure that
induction was not due to unspecific luciferase over-
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Fig. 4 In vitro assay of
caspase-3 activation on U251-
Luc cells treated with TMZ.
U251-Luc cells were treated
with 2 mM TMZ or co-treated
with 40 uM ZVAD-FMK.
Caspase-3 activation, 6, 24 and
48 h after treatment was
measured by Z-DEVD-
aminoluciferin BLI (a), by flow
cytometry analysis using active
caspase-3 antibody (b) and by
Western blot analysis following
active caspase-3 and PARP-1
cleavage (c). Percentage of cells
with DNA fragmentation was
measured by flow cytometry
with propidium iodide (d). All
the experiments were done in
triplicate (error bars SD) and
P-value summary was indicated
for each group by asterisks

Fig. 5 Z-DEVD-aminoluciferin
BLI on HCT116-Luc
subcutaneous tumor model.
HCT116-Luc xenograft mice
were treated with a single dose
of CPT-11 at 60 mg/kg. Mice
(n = 6 per group) were injected
i.p., with 50 mg/kg Z-DEVD-
aminoluciferin in PBS (a, c, e)
Bioluminescent signals were
collected from 10 to 60 min
after injection in untreated
(triangles) or CPT-11 treated
(squares) mice before (a) or 24
(¢) and 48 (e) hours after
treatment. (b, d, f)
Representative images of
Z-DEVD-aminoluciferin BLI at
40 min after Z-DEVD-
aminoluciferin injection in
untreated or CPT-11 treated
mice before (b) or 24 (d) and 48
(f) hours after treatment. Error
bars represent £ SEM and
P-value summary was indicated
for each group by asterisks
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expression caused by the treatment (Fig. 6a). Ex vivo
analysis by western blot demonstrated the activation of
caspase-3 and subsequent PARP-1 cleavage at 24 h after

CPT-11 treatment (Fig. 6b). 1 week after treatment, cali-
per measurements demonstrated a significant tumor growth
inhibition (0.001 < P < 0.01, 60% treated vs controls),
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Fig. 6 In vivo measurement of apoptosis by Z-DEVD-aminoluciferin
BLI in HCT116-Luc subcutaneous tumor model. (a) Caspase-3/7
activation on HCTI116-Luc xenograft mice was followed by
Z-DEVD-aminoluciferin BLI before or 24 and 48 h after a single
dose of CPT-11 at 60 mg/kg. Z-DEVD-aminoluciferin luminescence
signals were normalized with p-Luciferin signals both in untreated
(white bars) and treated (black bars) animals (n = 6 per group).
(b) Caspase-3 activation and PARP-1 cleavage at 24 h after treatment
were demonstrated by ex vivo western blot analysis. Each lane
represents the tumor lysate from one mouse. (¢) HCT116-Luc
subcutaneous tumor growth were followed by caliper measurements
for 3 weeks after cells inoculation. CPT-11 treatment at day 8 showed
tumor growth inhibition (black squares) compared to untreated tumor
growth (black triangles). Error bars represent + SEM and P-value
summary was indicated for each group by asterisks

revealing that tumor cells died through apoptosis after a
single CPT-11 injection (Fig. 6¢).

Similarly, mice bearing 100-200 mm® U251-Luc
tumors were orally treated with 50 mg/kg/day TMZ for
2 days. TMZ induced 2-fold Z-DEVD-aminoluciferin sig-
nal increase in the treated group versus the control group
24 h after the second TMZ treatment (Fig. 7a).

Ex vivo analyses by western blot demonstrated TMZ-
induced caspase-3 activation only 48 h after the first
treatment (Fig. 7b), in agreement with in vitro western
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Fig. 7 In vivo measurement of apoptosis by Z-DEVD-aminoluciferin
BLI in U251-Luc subcutaneous tumor model. a Caspase-3/7 activa-
tion on U251-Luc xenograft mice was followed by Z-DEVD-
aminoluciferin BLI before or 24 and 48 h after the first 50 mg/kg
TMZ treatment. Z-DEVD-aminoluciferin luminescence signals were
normalized with p-Luciferin signals both in untreated (white bars)
and treated (black bars) animals (n = 8 per group). b Caspase-3
activation and PARP-1 cleavage were demonstrated by ex vivo
Western blot analysis. Each lane represents the tumor lysate from one
mouse. ¢ U251-Luc subcutaneous tumors showed a significant
reduction 1 week after TMZ treatment (black bar) compared to
untreated tumors (white bar). Error bars represent = SEM and
P-value summary was indicated for each group by asterisks

blot analysis and with in vivo Z-DEVD-aminoluciferin
results.

As observed in the HCT116-Luc xenograft model,
1 week after the two TMZ treatments, subcutaneous U251-
Luc tumor burden was reduced by 70%, demonstrating that
TMZ-treated tumor cells died upon apoptosis induction
(Fig. 7c). In our experience, it was possible to monitor
4 days long the apoptosis in mice, without significant body
weight loss or any other apparent sign of toxicity (data not
shown).
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Discussion

Since caspase family proteins are key mediators in the
classical apoptosis pathway, detection of their proteolytic
activity provides a useful assay for the analysis of early
biochemical events associated with apoptosis in vivo.

Previous reports have already demonstrated that mea-
suring caspase-3/7 activation using Z-DEVD-aminolucif-
erin in a bioluminescent assay is an extremely sensitive
approach to measure apoptosis in vitro and also in vivo
[17-19, 24]. However, the first preparation of Z-DEVD-
aminoluciferin that was used in vivo appeared to be toxic
and did not allow a second imaging session of the animal
[17], and the new formulated Z-DEVD-aminoluciferin
substrate that was utilized in most recent studies was not
toxic but had solubility issues [18, 19]. In our study, we
have used a new preparation of Z-DEVD-aminoluciferin
that is not toxic and has an improved solubility. Actually,
Z-DEVD-aminoluciferin could be dissolved in PBS
because the improved solubility of this second generation
preparation avoids the strong tendency toward peptide
aggregation and precipitation at high concentrations [18,
19]. Utilizing this new preparation of Z-DEVD-aminolu-
ciferin we have measured apoptosis both in vitro and
in vivo in a sensitive and reproducible manner in two
different cell lines, and their respective xenograft models,
treated with apoptosis inducing chemotherapeutics. In vitro
measurement of apoptosis using Z-DEVD-aminoluciferin
has been validated by flow cytometry analysis, which
detects signals at single cell level and, therefore, represents
an accurate readout of cellular events. We have also shown
that a single dose of CPT-11 at 60 mg/kg induces apoptosis
in a colon cancer xenograft model and leads to tumor
growth inhibition measured either by BLI and caliper
1 week after treatment. Similarly, TMZ induces apoptosis
in a glioblastoma xenograft model 24 h after a 2-day
treatment. Again in this case, 1 week after treatment we
can observe tumor mass reduction. Apoptosis measured by
BLI has been confirmed by ex vivo western blot analysis,
which showed effective caspase-3 cleavage and its acti-
vation through the degradation of PARP-1, its specific
substrate.

Normalization with bp-Luciferin signal ensures that
induction of Z-DEVD-aminoluciferin signal in treated
mice is dependent on caspase-3 activation and it is not due
to unspecific luciferase over-expression caused by the
treatment. In fact, treatments that cause cell cycle inhibi-
tion have been observed to stimulate luciferase reporter
vector to express more protein (data not shown). This leads
to an artificial increase in bioluminescent signal that,
however, can be normalized using p-Luciferin signal as
reference. In this study, we have also demonstrated, for the
first time, that the decrease in Z-DEVD-aminoluciferin

bioluminescent signal at late time points mainly depends
on the decrease of intracellular ATP. Thus, cells in late
stage apoptosis maintain activated caspase-3, as shown by
flow cytometry analysis, but they are not viable anymore
and, therefore, the lack of ATP does not allow the lucif-
erase-luciferin reaction to continue. For this reason, para-
doxically, Z-DEVD-aminoluciferin signal from treated
cells at 48 h is lower than in the control ones and the
correlation between BLI and percentage of cleaved caspase
3/7 cells is completely lost at the last time point (data not
shown). This indicates that Z-DEVD-aminoluciferin bio-
luminescence represents the signal from vital and meta-
bolically active cells that are already committed to die.
However, the ATP quantification does not prove univocally
the causal relation between light signal loss and the
reduction of ATP levels, and it could be speculated that
additional factors could contribute to this phenomenon.

It is known that cell death is associated with the
breakdown of cancer tissues and the release of intra-cel-
lular components; indeed, tumors are often associated with
an acidic extra-cellular environment and the cytotoxic
treatment of large volume tumors that are highly respon-
sive to the treatment has been associated with the tumor
lysis syndrome, culminating in acute renal failure and
acidosis [25]. Moreover, in human leukaemia cells, it has
been observed an increased lactate production following
loss of mitochondrial membrane potential during apoptosis
[26]. Firefly luciferase is very sensitive to pH variations,
the pH decrease can lead to a reduced detectable light
signals due to quantum yield reduction (quantum yield is
0.88 or 0.5, for pH 7.5 or 6.0 respectively), and pH
dependent bathochromic (red) shifts occur due to the
luciferase structure changes in an acidic environment. So
far, lower pH values can adversely affect BLI, since the
luciferase reaction emits less light at low pH [27].

Beyond the reduced levels of ATP and the decrease in
pH, we cannot exclude that the loss of membrane integrity
during the transition from apoptosis to necrosis, could lead
to a reduction of additional cofactors that are required for
light production in the luciferin-luciferase reaction.

The Z-DEVD-aminoluciferin signal increase observed
in HCT116 cells treated with SN-38 and ZVAD-FMK
40 uM for 48 h might be explained by Z-DEVD-amino-
luciferin cleavage by a protease other than caspase-3
[28, 29].

BLI is an ideal tool for high-throughput screening in
preclinical setting. Firstly, BLI is relatively cost effective
and user friendly. Furthermore, BLI is a non-invasive
imaging technique and enables longitudinal monitoring of
disease progression within the same animal. In this way,
each animal can function as its own control, and this leads
to a decreased amount of animals per study with a reduc-
tion in experimental costs. Finally, BLI produces images
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that supply measurements of tumor growth that are neither
subjective nor qualitative. Thus, BLI using Z-DEVD-ami-
noluciferin allows measuring, in vivo and in real-time,
apoptosis induction after treatment at the desired time-
points without the need to sacrifice animals and to perform
ex vivo analysis.

In our study we performed BLI measurement of apop-
tosis and total tumor burden in subcutaneous tumor models.
However, BLI sensitivity combined with high tissue pen-
etration of red-light emitted by luciferase (till 1 cm in
depth) has allowed to extent the use of this method to other
rodent tumor models and to models that develop tumors
more internally in the organism, i.e., orthotopically
implanted animal tumor models [15, 20].

So far, in clinical settings, many biomarkers have been
validated for the evaluation of the activity of new com-
pounds under development [30]. However, biomarker
modulation and compound activity do not always reflect
treatment efficacy in terms of tumor growth inhibition or
disease regression [31]. Non-invasive measurement of
apoptosis represents a new concept of biomarker which is a
direct index of treatment efficacy in killing tumor cells.

In conclusion, in vivo imaging of apoptosis through
Z-DEVD-aminoluciferin bioluminescence exploits imag-
ing of vital cells to measure a death-committed signal. This
paradoxical situation allows monitoring in vivo of both
vital tumor cells and cells in early apoptosis, in the same
animal and at the same time, without being affected by
eventual necrosis areas that may be different from animal
to animal. The sensitivity and accuracy offered by BLI
open the door to a real-time PK/PD model through which
to predict anti-tumor efficacy of newly developed com-
pounds and, at the same time, to optimize their dose-
scheduling. Moreover, as our studies are in agreement and
support similar studies, even if they are based on different
cancer models and have used different therapeutics, this
emphasize the possibility to extend the use of this approach
to a wide oncology research and to several development
programs.
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