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ABSTRACT

Purpose:  Clinical trials are investigating recombinant human tumor necrosis factor-related 
apoptosis-inducing ligand (rhTRAIL) as a novel anticancer drug. Recently TRAIL receptor-
selective ligands have been developed to enhance efficacy. We investigated whether a DR5-
selective rhTRAIL (D269H/E195R) is more effective than rhTRAIL in combination with irra-
diation in DR4 and DR5 expressing cervical cancer cells.
Methods and Materials: Effect of irradiation alone or combined with D269H/E195Ror 
rhTRAIL on cell surface  TRAIL-receptors expression, apoptosis, caspase-3 activation and cell 
survival of the human cervical cancer cell lines HeLa, CaSki and SiHa was assessed. Real time 
caspase-8 activation was determined with fluorescent-resonance-energy-transfer (FRET) in 
HeLa-ICRP cells stably expressing the caspase-8 reporter protein IC-RP. Antitumor efficacy of 
D269H/E195R and rhTRAIL in combination with irradiation was studied in a bioluminescent 
HeLa-luc xenograft mouse model. 
Results: Irradiation strongly augmented DR5 membrane expression in HeLa and SiHa but 
not in CaSki cells. In combination with irradiation both D269H/E195R and rhTRAIL induced 
a 2-fold stronger increase in apoptosis and cell death especiallyin HeLa cells. Single cell FRET 
analyses demonstrated the fastest onset and the strongest rate of caspase-8 activation by 
D269H/E195R in HeLa-ICRP cells pre-treated with irradiation compared to single treatment 
with ligand or irradiation. This was reflected in a faster caspase-3 activation and PARP cleav-
age by D269H/E195R compared to rhTRAIL. In HeLa-luc xenografts, combination therapies 
inhibited tumor growth stronger than irradiation or ligand alone, and was most pronounced 
for irradiation plus D269H/E195R. At the end of treatment (day 10), irradiated tumors were 
43% smaller when rhTRAIL was added (P = 0.021) and, 81% smaller in combination with 
D269H/E195R (P = 0.034) when compared to irradiation alone. 
Conclusions: Irradiation sensitized cervical cancer cells and xenografts preferentially to the 
DR5-selective TRAIL variant D269H/E195R, which variant should be considered when de-
signing clinical trials on DR5 targeted therapy in combination with radiation. 
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INTRODUCTION

Cervical cancer is worldwide the third leading cause of cancer related deaths among women, 
showing the highest mortality rates in developing countries (1). Cisplatin-based chemoradia-
tion is the standard care for local advanced disease, but still 21-34% of these patients will die 
within 5 years (2). Further escalation of chemoradiation doses to increase treatment efficacy is 
limited due to a small therapeutic window. 

P53-mediated apoptosis is regarded as the main consequence ofDNA damage induced by 
chemotherapy and irradiation (3). In the case of cervical cancer however, most tumors are 
human papilloma virus (HPV)-positive. This then results in a disruption of the p53-mediated 
intrinsic apoptotic route by the HPV encoded E6 oncoprotein (4). The extrinsic apoptotic path-
way, on the other hand, could still be utilized. The extrinsic route can be activated at the cell 
membrane by proapoptotic receptor signals of which two types are currently being investigat-
ed in clinical trials, the recombinant human wild type tumor necrosis factor-related apoptosis-
inducing ligand (rhTRAIL) and the monoclonal agonistic antibodies against the TRAIL death 
receptors (DRs) (5).  TRAIL binds to the two pro-apoptotic cell surface receptors, DR4 and 
DR5, and to two anti-apoptotic cell surface receptors, namely decoy receptor 1 (DcR1) and 2 
(DcR2). In addition, it binds to the soluble receptor osteoprotegerin (OPG). RhTRAIL may be 
an attractive drug to combine with irradiation as it induces apoptosis in cancer cells while spar-
ing normal cells (6). Irradiation enhances rhTRAIL efficacy in vivo in preclinical solid tumor 
models and lymphoid malignancies (7-13). Phase I-II trials with APO2L/TRAIL (Genentech, 
San Fransisco, CA) indicate that it can be safely administered up to 30 mg/kg (14, 15).

In addition to wild type rhTRAIL, novel TRAIL variants that specifically target DR4 or 
DR5 have become available. Targeting a single receptor may enhance apoptosis effect since the 
antagonistic effects of DcRs are avoided (16-18). Recently, it has been shown that a rhTRAIL 
variant specific against DR5 (D269H/E195R) containing two amino acid substitutions (D269H 
and E195R) was more effective in inducing apoptosis and cell killing than rhTRAIL in combi-
nation with cisplatin in DR5-positive A2780 ovarian cancer cells and A2780 xenograft bearing 
mice (19). 

Although of interest based on preclinical cell line data, rhTRAIL has not yet been used 
clinically during radiotherapy. The in vivo data of rhTRAIL or D269H/E195R in combination 
with radiotherapy are lacking in preclinical cervical cancer models. Therefore, the aim of this 
study was to evaluate whether irradiation-induced DR5 upregulation in cervical cancer cell 
line models (HeLa, CasKi and SiHa cells) resulted in stronger effect of irradiation combined 
with the DR5-specific rhTRAIL variant D269H/E195R versus rhTRAIL. Moreover, we estab-
lished a bioluminescent HeLa xenograft mouse model to monitor the efficacy of irradiation in 
combination with D269H/E195R or rhTRAIL in vivo. 
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METHODS AND MATERIALS

Materials
Dulbecco’s Modified Eagle Medium (DMEM), Nutrient Mixture F-12 (HAM) medium 

and trypsin stock solution (50x) solution were purchased from Invitrogen-Life Technolo-
gies (Merelbeke, Belgium). Fetal calf serum (FCS) was obtained from Bodinco (Alkmaar, the 
Netherlands). 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetra-zolium bromide (MTT) was pur-
chased from Sigma-Aldrich (Zwijndrecht, the Netherlands), dimethyl sulfoxide (DMSO) from 
Merck (Amsterdam, the Netherlands). RhTRAIL and D269H/E195R were generated and pro-
duced as previously described (16). 

Cell lines and transfection procedures
Cervical cancer cell lines CaSki, SiHa and Hela S3 (HeLa) cells were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). All cell lines contain wild-type 
p53. HeLa cells are derived from an HPV18 adenocarcinoma, while CaSki and SiHa are de-
rived from two HPV16 squamous cell carcinomas. The cells were cultured in combination 
medium with DMEM and HAM supplemented with 10% FCS in a humidified atmosphere at 
37°C and 5% CO2. Cells were detached with 0.05% trypsin/0.5 mM EDTA in PBS (0.14 mM 
NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4.2H2O, 1.5 mM KH2PO4).  

Recently, vectors have been described expressing the initiator caspase reporter protein 
(IC-RP) allowed the real-time monitoring of caspase-8. The construct encodes a fluorescent-
resonance-energy-transfer (FRET) donor-acceptor protein pair (ECFP and Venus) connected 
with a flexible linker that contains the initiator caspase cleavage sequence (IETD). Using PCR 
we have amplified a fragment (bp 598 to 2147) from pECFP-IETD2x-Venus (IC-RP), kindly 
provided by Dr. John Albeck (Harvard Medical School, Boston), and introduced a 5’HindIII 
and a 3’SalI site. The fragment was cloned into pLNCX2 using HindIII and SalI. The newly 
constructed plasmid pLNCX2-IC-RP was transfected into HEK 293 together with pMDg/p and 
pMDg and viral particles were used to transfect HeLa as described previously (20). Following 
flow cytometry sorting, we have generated the stably transfected cell line, Hela-ICRP.

Luciferase expressing HeLa cells were established following transfection with a luciferase 
expression vector. Briefly, the luciferase gene was excised from pGL3-basic (Promega, Mad-
ison, WI) with HindIII and Xbal restriction enzymes (Roche Applied Science, Almere, the 
Netherlands) and ligated into a pcDNA3 vector under the control of the cytomegalovirus 
(CMV) promoter. HeLa cells were cultured to 70% confluency and transfected with 2.5 µg 
plasmid DNA and 5 µl Fugene6 (Roche Applied Science, Almere, the Netherlands) in 250 
µl OptiMem (Invitrogen, Breda, the Netherlands). Two days post-transfection, transfectants 
were selected by adding geneticin (1 mg/ml) (Roche Applied Science). Stable transfectants 
were obtained by plating single cell in 96-wells plates, followed by luciferase testing. When 
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the single cell clone was positive, it was further cultured. The whole procedure was performed 
twice. The positive subclones were all monoclonal clones. Geneticin was added once a month 
to the HeLa-luc culture. Luciferase expression was regularly tested with the luciferase assay 
(#E1500, Promega, Leiden, the Netherlands) and the BioRad ChemiDoc XRS system (BioRad, 
Veenendaal, the Netherlands).

Irradiation
Cells were irradiated in a 137Cs-γ-ray machine (IBL 637, CIS Bio International, Gif/Yvette, 

France) at a dose rate of 0.667 Gy/min. The animals were irradiated using the same machine 
at a dose rate of 1.980 Gy/min with a total dose of 10 Gy.

Flow cytometry 
Following treatment, cells were harvested with cell dissociation buffer (Gibco) for 5 min 

at 37°C and washed twice with cold PBS supplemented with 2% FCS and 0.1% sodium azide. 
Cells were incubated on ice for 30 min with mouse anti-human DR4, DR5, DcR1, or DcR-2 an-
tibody (Alexis Benelux, Breda, the Netherlands) at a final concentration of 20 µg/ml. The fol-
lowing antibodies were used to determine TRAIL receptor membrane expression: TRAIL-R1 
(HS101), TRAIL-R2 (HS201), TRAIL-R3 (HS301), TRAIL-R4 (HS402) and phycoerythrin (PE) 
conjugated goat anti-mouse as secondary antibody. Mouse IgG (DAKO) was used as isotype 
control. TRAIL receptor membrane expression was analyzed using a flow cytometer (Epics 
Elite, Coulter-Electronics) and is shown as mean fluorescent intensity (MFI) of all analyzed 
cells from at least three separate experiments.

Cytotoxicity assays and determination of apoptosis
Cytotoxicity was measured with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

(MTT) assay.In a 96-well culture plate 7,000 CaSki cells, 12,000 SiHa cells or 3,000 HeLa cells 
were seeded in 200 µl culture medium. The next day the cells received 10 Gy radiotherapy, 24 
h later 0-100 ng/ml rhTRAIL andD269H/E195R were added. Control cells were seeded with 
medium.For apoptosis assay 5,000 cells were seeded in 96-well culture plates. The next day 
cells were irradiated (10 Gy), 24 h later 50 ng/ml rhTRAIL and D269H/E195R were added. 
Control cells were treated with medium. Nuclear chromatin was stained with acridine orange 
to identify apoptosis by fluorescence microscopy.

Caspase-3 activity assays
Cell lysates (25 µl) were transferred to a microtiter plate. To initiate the reaction, 50 µM 

of the caspase substrate carbobenzoxy-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-
AMC) (Peptide Institute Inc., Osaka, Japan) in assay buffer (100 mM Hepes buffer, 10% sucrose, 
0.1% 3[(3cholamidopropyl)-dimethylammonio]-1 propanesulphonate (CHAPS), 5 mM DTT 
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and 0.0001% Igepal 630, pH 7.25) was added to the cell lysates. Substrate cleavage leading to 
release of free AMC was monitored at 37°C at 60 sec intervals for 25 cycles using a Varioskan mi-
croplate reader (Thermo Electron Co.) with excitation wavelength 355 nm and emission wave-
length 460 nm.  Enzyme activity was expressed as nmol AMC released/min/mg protein.

Live cell microscopy of caspase activation using FRET
HeLa-ICRP cells were cultured on 35-mm glass bottom dishes (MatTek) in 1.5 mL medium 

overnight allowing cells to attach. The cells were irradiated (10 Gy) or not irradiated and 24 
hours later incubated with 50 ng/ml rhTRAIL or D269H/E195R. Time lapse images were col-
lected using a Zeiss TissueFAXS microscope equipped with an environmental chamber at 
37°C and 5% CO2 and 20x objective amplification, and filter wheels in the excitation and emis-
sion light path containing appropriate filter sets for cyan fluorescent protein (CFP), yellow 
fluorescent protein (YFP) and FRET. Images were collected every 5 min. Ratio images were 
obtained using Image J software using different available custom plug-ins to calculate the 
ratio from the obtained CFP and YFP images, corrected for background and then normalized 
for each single time course experiment.

Western blot analysis
Exponential growing cells were harvested, washed in cold PBS and lysed in sodium do-

decyl suphate (SDS) sample buffer (4% SDS, 20% glycerol, 0.5 M Tris-HCl, pH 6.8 and 0.002% 
bromophenol blue) containing 10% 2-β-mercaptoethanol, by boiling for 5 min in a waterbath. 
Proteins were separated on a SDS-polyacrylamide gel and transferred to a polyvinylidene 
difluoride (PVDF) membrane (Millipore BV, Etten-Leur, the Netherlands) by wet blotting. 
Western blotting was performed as described by Bio-Rad using skim milk as blocking agent. 
Equal loading of protein was checked by Ponceau-S (Sigma-Aldrich) staining of the PVDF 
membrane. The following antibodies were applied: rabbit anti-caspase-3 (9662) from Cell Sig-
nalling Technology (Leusden, the Netherlands), rabbit anti-PARP from Roche Applied Sci-
ence and the loading control mouse anti-Actin from ICN (Zoetermeer, the Netherlands). Sec-
ondary antibodies conjugated with horseradish peroxidase (HRP) were obtained from DAKO 
(Glostrup, Denmark). Chemiluminescence was detected using Lumi-LightPLUS Western blot-
ting substrate (Roche Applied Science).

Animals and bioluminescence imaging
Female nude mice (Hsd:Athymic Nude-nu) were obtained from Harlan (Horst, the Neth-

erlands) at 4-6 weeks of age. Inoculation was performed after 1 week acclimatization. Subcu-
taneous injection of 5x106 HeLa-luc cells in 200 µl PBS solution in the shoulder region was per-
formed under anesthesia. All animal studies were conducted in accordance with the Dutch 
Law on Animal Experimentation and local guidelines, and were approved by the local ethical 
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committee. 
Bioluminescence imaging (BLI) was carried out as described before (19) every 4 days up to 

6 weeks. Images were taken at 10, 15 and 20 min after D-luciferin injection. Treatment started 
if BLI signal increased 5 days after inoculation (day 0), compared to the signal of 4 days ear-
lier (day -4).  Six treatment arms were included: control (vehicle), irradiation 10 Gy, rhTRAIL 
10 mg/kg, D269H/E195R 10 mg/kg, irradiation plus rhTRAIL, and irradiation plus D269H/
E195R. RhTRAIL andD269H/E195R intraperitoneal injections were started one day after irra-
diation, for 10 consecutive days. Every other day tumor volume was measured with a digital 
calliper whereby volume = (length x width2)/2. Animals were sacrificed when the tumor was 
> 1200 mm3 on imaging days.

Statistical analysis
In vitro data were analyzed using unpaired two-tailed Student’s t-test. In vivo data were 

assessed by Wilcoxon-Mann-Whitney test and Cox-regression analysis. The in vivo data were 
represented as means + SEM, bioluminescence signals depicted in radiance (photon/sec/cm2/
sr), in percentage compared to the start of treatment (day 0). A P-value < 0.05 was considered 
significant. Statistical analysis was performed using SPSS 18 for Windows (SPSS Inc). 

RESULTS

Irradiation increases TRAIL receptors membrane expression in cervical cancer cell lines
The basal membrane expression of the pro-apoptotic receptors DR4 and DR5, and anti-

apoptotic receptors DcR1 and DcR2 was investigated in cervical cancer cell lines HeLa, CaSki 
and SiHa. All cell lines expressed medium or high levels of DR4 and DR5, and very low levels 
of DcR1 and DcR2 (Fig. 1A-C). Irradiation (10 Gy) strongly induced membrane expression of 
DR5 in HeLa and SiHa cells, whereas a small induction in DR4 was observed in HeLa cells 
only. Irradiated HeLa, SiHa and CaSki cells became positive for DcR1 membrane expres-
sion, while enhanced DcR2 membrane expression was observed in irradiated HeLa and SiHa 
cells. 

Combining irradiation with rhTRAIL orD269H/E195Rreduces cell survival
To investigate whether the irradiation-induced increase in DR5 surface expression result-

ed in more efficient reduction in cell survival, MTT assays were performed. When HeLa cells 
were treated with either rhTRAIL or D269H/E195R for 48 h a small reduction in survival was 
observed. A large effect on survival was seen in CaSki cells, while SiHa cells were not sensi-
tive to rhTRAIL and D269H/E195R at all. Following pre-treatment with irradiation (10 Gy), 
rhTRAIL and D269H/E195R had a similar effects on HeLa cells with an additional ~5 % and 
~10% reduction in survival at the lowest dose and a ~30 % decrease in survival at the high-
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est dose compared to single ligand treatment. In CaSki cells, irradiation plus D269H/E195R 
decreased survival with ~20% compared to D269H/E195R alone at higher concentrations (Fig. 
2A, B). In SiHa cells, irradiation plus rhTRAIL at higher concentrations decreased survival 
with ~10% compared to rhTRAIL alone, but irradiation could not overcome resistance to 
D269H/E195R (Fig. 2C).

Irradiation combined with rhTRAIL or D269H/E195R enhances apoptosis  
Next,  cells were treated with rhTRAIL and D269H/E195R to investigate whether 

the irradiation-induced increase in DR5 surface expression resulted in higher apop-
tosis levels. In all three cell lines, pre-treatment with irradiation (10 Gy) induced low 
levels of apoptosis as measured by the acridine orange apoptosis assay (Fig. 3A). 
Treatment for 6 h with rhTRAIL (50 ng/ml) or D269H/E195R (50 ng/ml) resulted in 
clearly detectable apoptosis levels in HeLa and SiHa cells. No significant difference 

Figure 1. Irradiation enhances TRAIL membrane receptor expression in cervical cancer cell lines. DR4, 

DR5, DcR1 and DcR2 membrane expression 24 h after 10 Gy radiation in (A) HeLa, (B) CaSki and (C) 

SiHa. Included are the isotype control (grey shaded area), untreated cells (grey line) and irradiated cells 

(black line). The histograms are representatives of three independent experiments.
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in apoptosis level was detected between rhTRAIL and D269H/E195R treatment. Pre-treatment 
for 24 h with 10 Gy followed by rhTRAIL and D269H/E195R treatment for 6 h significantly 
enhanced rhTRAIL and D269H/E195R-induced apoptosis  in  HeLa and CaSki cells, and to 
a lower extent in SiHa. RhTRAIL or D269H/E195R in combination with irradiation induced 
~20% more apoptosis in HeLa compared to rhTRAIL or D269H/E195R (P < 0.01 and P < 0.001, 
respectively). In CaSki, rhTRAIL or D269H/E195R in combination with irradiation induced 
~15% more apoptosis than single treatment  with the individual ligands (P < 0.05 and P < 0.01, 
respectively). A small but significant increase (6%) of apoptosis was visible in SiHa only for 
irradiation plus D269H/E195R compared to either treatment alone (P < 0.05) (Fig. 3A). 

Figure 2. Irradiation increases cytotoxicity in cervical cancer cells. Cell viability assays were performed 

following irradiation for 24 h followed by rhTRAIL or D269H/E195R (48 h) in increasing concentration 

(0-100 ng/ml) in (A) HeLa, (B) CaSki and (C) SiHa. The graphs showed mean ± SEM of three independent 

experiments. *P < 0.05, **P < 0.01, 1irradiation plus rhTRAIL versus rhTRAIL, 2irradiation plus D269H/

E195R versus D269H/E195R.

RhTRAIL and D269H/E195R induced similar levels caspase-3/7 activity in combination 
with irradiation in HeLa and CaSki cells after 6 h, in agreement with the acridine orange 
apoptosis assay. Monitoring caspase-3 activation from 2 h to 6 h highlighted that caspase-3/7 
activity in HeLa cells was observed at an earlier time point with irradiation and D269H/E195R 
(120% higher) compared to irradiation and rhTRAIL (2 h versus 4 h) (Fig. 3B). 

Irradiation plus D269H/E195R induces earlier caspase-3 and PARP cleavage
Our results indicated a difference in kinetics of caspase-3 activation observed with irra-

diation and D269H/E195R, compared to irradiation plus rhTRAIL (Fig. 3B). This might be of 
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relevance for the in vivo testing of these ligands that have a known short serum half-life in 
mice even when injected intraperitoneally (19, 21).  

Figure 3. Irradiation enhanced rhTRAILs induced apoptosis in cervical cancer cell lines.  (A) Apoptosis 

assay was scored by acridine orange staining in HeLa, CaSki and SiHa. The cells were pretreated for 24 h 

with irradiation (10 Gy). Afterwards 50 ng/ml rhTRAIL or D269H/E195R was added for another 6 h. (B) 

Caspase activity was analyzed under similar condition as the apoptosis assay, the cells were harvested at 

2, 4 and 6 h after rhTRAIL or D269H/E195R treatment. DEVDase activity was measured. Caspase activity 

was expressed as fold change compared to untreated control. Mean ± SEM of three independent experi-

ments are presented. *P<  0.05, **P < 0.01, ***P < 0.001. White bars depict 0 Gy and black bars 10 Gy.

To gain more insight in the kinetics of apoptotic pathway activation, we monitored the 
kinetics of caspase-8 activation by D269H/E195R, rhTRAIL, and the combination of the li-
gands with irradiation. We, therefore, stably transfected Hela cells with a retroviral vector 
expressing the initiator caspase reporter protein (IC-RP), which allowed real-time sensitive 
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monitoring of caspase-8 like activity in living cells (22). Activation of initiator caspase-8 was 
monitored with the IC-RP probe (IETDase activity), only in cells that finally became apop-
totic. The onset of the IC-RP probe cleavage was detectable after ~60 min with D269H/E195R 
en after ~200 min with TRAIL. Irradiation did not induce IC-RP probe cleavage (results not 
shown).  In irradiated cells, D269H/E195R treatment induced caspase-8 activity within ~60 
min versus ~80 min with rhTRAIL treatment (Fig. 4A). The most remarkable difference is the 
faster rate of caspase-8 activation with D269H/E195R compared with rhTRAIL both in irradi-
ated and non-irradiated cells.

To test whether the faster activation of caspase-8 is reflected in the downstream activation 
of executioner caspases, such as caspase-3, and cleavage of the caspase-3 target  PARP, these 
proteins were examined at earlier time points (0.5 h, 1 h and 2 h) following ligand treatment 
(Fig. 4B). When indicated, cells were irradiated with 10 Gy 24 h before ligand treatment. Af-
ter 1 h full length caspase-3 decreased and the cleaved caspase-3 products appeared after 
treatment with ligands in irradiated and non-irradiated cells, but only in irradiated cells plus 
D269H/E195R the caspase-3 p17 level was detectable (lane 10). The importance of the p17 
fragment is indicated by the appearance of cleaved PARP in irradiation plus D269H/E195R 
treated cells only (lane 10). After 2 h, only in cells treated with combination treatment with 
either D269H/E195R or rhTRAIL the p17 concentration is sufficient to be detected (lane 12 
and 14). Cleaved PARP was also observed with combination treatment (lanes 12 and 14), with 
the highest PARP cleavage present in irradiation plus D269H/E195R treated cells (lane 14).  A 
weak activation of caspase-3 and PARP cleavage became visible for D269H/E195R at 2 h.   

These data demonstrate that caspase-8 and caspase-3 activation occurred at an earlier time 
points when cells were treated with irradiation plus D269H/E195R and caspase-3 activation 
was more robust compared with irradiation plus rhTRAIL. 

In vivo efficacy of irradiation and rhTRAIL or D269H/E195R in HeLa xenograft bearing mice
Irradiation is the major treatment modality in current standard treatment of locally ad-

vanced cervical cancer. Therefore, we evaluated rhTRAIL or D269H/E195R combined with 
irradiation also in a bioluminescent HeLa-luc xenograft mouse model. We have generated a 
stable luciferase positive HeLa cell line that allows us to monitor hatching and grow of the 
cells in mice. Successful hatching was established and could be visualized with biolumines-
cence imaging (BLI). Only when the BLI signal increased from day -4 to day 0, were mice 
assigned to one of the six treatment groups: control (vehicle), irradiation (10 Gy), 10 mg/kg 
rhTRAIL, 10 mg/kg D269H/E195R, irradiation plus rhTRAIL and irradiation plus D269H/
E195R. The treatment regimen was started on day 0 with irradiation. The next day, rhTRAIL 
orD269H/E195Rwas injected intraperitoneally for 10 consecutive days. 
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Figure 4. Irradiation plus D269H/E195R induced rapid caspase-8 and caspase-3 activation.  (A) HeLa 

cells, being irradiated (10 Gy) 24 h before or not irradiated at all, were treated with 50 ng/ml rhTRAIL or 

D269H/E195R. Time-lapse images of the CFP/YFP emission ratio, after start of treatment with the ligands, 

were analysed in HeLa single cells expressing the IC-RP FRET probe. IETDase activity profile displayed 

FRET cleavage and the consequent increase in CFP/YFP emission ratio is plotted. The curves represent 

the analysis of apoptotic HeLa cells following  rhTRAIL (n=18), rhTRAIL plus irradiation (n=24),  D269H/

E195R (n=22), or D269H/E195R plus irradiation (n=38)  treatment. (B) HeLa cells were exposed to 10 Gy 

irradiation 24 h prior to ligands treatment. The following day the cells were incubated with rhTRAIL 

or D269H/E195R for 0.5 h, 1 h or 2 h. Caspase-3 and PARP expression were determined with western 

 blotting. For each blot one representative of 3 independent experiments is shown. Actin serves as loading 

control. 
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Significant tumor growth inhibition compared with control was observed in groups treat-
ed with D269H/E195R, irradiation plus rhTRAIL, or irradiation plus D269H/E195R (Fig. 5A).  
From day 6 to day 16, irradiation plus D269H/E195R significantly inhibited tumor growth 
compared with control (P < 0.02).The effect of this treatment was larger compared to irradia-
tion or D269H/E195R alone (P < 0.035 on days 6-12 and 16). A similar effect was observed 
for irradiation plus rhTRAIL; this treatment combination inhibited tumor growth compared 
with control from day 6 to 12 (P < 0.03 on day 6 and 8, P < 0.01 on days 10-12). Irradiation plus 
rhTRAIL was more effective than irradiation alone on day 6 and 10 only (P = 0.043 and P = 
0.021). We observed a larger inhibitory effect of irradiation plus D269H/E195R versus irradia-
tion plus rhTRAIL on tumor growth from day 6 till day 16 (P < 0.035). 

To examine the effect of treatment on tumor cells vitality, bioluminescent imaging was 
performed every 4 days. The groups treated with irradiation plus D269H/E195R or irradiation 
plus rhTRAIL showed lower signals than the other groups (Fig. 5B and C). The irradiation 
plus D269H/E195R treated group showed less signal than the control or irradiated group (P 
= 0.017 and 0.034, respectively on day 8). Following irradiation plus rhTRAIL treatment BLI 
signals were much lower than in the untreated or tumors treated with rhTRAIL alone (P = 
0.008 and P = 0.014 on day 8). As soon as treatments with rhTRAIL or D269H/E195R were 
stopped, tumor growth quickly resumed, which is reflected in the increase in BLI signal and 
tumor volume at day 12 (Fig. 5A and B). This resulted in several moribund mice that had to 
be sacrificed 4 days later (day 16) (Table 1).

In the control group, median survival was 20 days, and all mice had to be sacrificed at day 
24 when tumors had reached a volume of > 1200 mm3 (Table 1). Irradiation plus D269H/E195R 
resulted in a survival benefit (median 24 days) compared with the other groups; control (log-
rank P = 0.043), irradiation (median 19 days; log-rank P = 0.062), rhTRAIL (median 18.6 days; 
log-rank P = 0.012), D269H/E195R(median 20 days; log-rank P = 0.021), and irradiation plus 
rhTRAIL (21 days; log-rank P = 0.014). After 24 days all mice had to be sacrificed except the 
last mouse in the irradiation plus D269H/E195R group. The animal was terminated on day 36 
due to the maximal follow-up duration, while the tumor was < 1200 mm3. 

DISCUSSION

The key findings of the present study are the enhanced apoptosis and reduced survival ob-
served with irradiation in combination with rhTRAIL or the DR5-selective TRAIL variant 
D269H/E195R in human cervical cancer cell line models in vitro and in vivo. Our results in-
dicate that the kinetics of caspase-8 and caspase-3 activation and apoptosis are faster with 
D269H/E195R compared with rhTRAIL in irradiated cervical cancer cells. Moreover, we show 
that especially the combination of D269H/E195R and irradiation is effective and strongly aug-
mented the anti-tumor effect of irradiation or D269H/E195R single treatment in the biolumi-
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nescent HeLa xenograft model. These results points to the potential application of DR5-selec-
tive targeting TRAIL variant D269H/E195R over rhTRAIL in combination with irradiation for 
cervical cancer treatment.

Figure 5. Growth inhibition of cervical xenografts by irradiation, rhTRAIL and D269H/E195R. Nude mice 

were inoculated with 5x106 HeLa-luc cells. 5 days later treatment was started in mice with increased bio-

luminescent signal compared to signal 4 days earlier (1 day after inoculation. The mice received control 

vehicle (n=7), 10 Gy irradiation (n=4), rhTRAIL 10 mg/kg (n=5), D269H/E195R 10 mg/kg (n=4), irradiation 

plus rhTRAIL (n=4) or irradiation plus D269H/E195R (n=3). Irradiation was given on day 0 (start treat-

ment), whereas rhTRAIL and D269H/E195R were given for 10 consecutive days starting 1 day after irra-

diation (day 1-10). The graphs show tumor progression as mean ± SEM of (A) tumor volume and (B) BLI 
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signal fold change compared to starting point (day 0). (C) Bioluminescent images on day 0, 4, 8 and 12 are 

shown. Similar photon scales are set for all groups to visualize effects in time. The same mouse from each 

group is shown at each time point. *P < 0.05, **P < 0.01. (A) 1D269H/E195R versus control, 2irradiation plus 

rhTRAIL versus control, 3irradiation plus rhTRAIL versus irradiation, 4irradiation plus D269H/E195R 

versus control, irradiation, D269H/E195R, or irradiation plus rhTRAIL, 5irradiation plus rhTRAIL versus 

rhTRAIL. (B) 1irradiation plus rhTRAIL versus control, irradiation or rhTRAIL, 2irradiation plus D269H/

E195R versus control or irradiation.

Irradiation is considered to induce apoptosis via DNA damage signalling, thereby acti-
vating p53 and triggering mitochondrial (intrinsic) apoptotic pathway (23). However, many 
tumors exhibit inherent or acquired radioresistance (24). In preclinical models, radioresis-
tance can be overcome by various molecular targeted approaches including modulation of the 
intrinsic or extrinsic apoptotic pathway (25, 26). Consequently, the use of targeted agents to 
enhance apoptosis may be an interesting option to improve efficacy of irradiation-based cer-
vical cancer treatment. In the present study, we show that irradiation (10 Gy) strongly induces 
DR5 membrane expression in cervical cancers cells. However, irradiation also increases DcR2 
expression in these cells, which can result in rhTRAIL-induced DcR2-DR5 interactions and 
reduced formation of death-inducing signalling complexes (27). Specific targeting of a TRAIL 
death receptor may, therefore, be more advantageous, allowing for more specific binding to 
one death receptor and simultaneously reducing binding to the DcRs (27, 28). 

We observed that irradiation in combination with either rhTRAIL or D269H/E195R strong-
ly sensitized HeLa cells, while no major differences were observed in the levels of apoptosis 
or survival between rhTRAIL and D269H/E195R. However, short term assays closely moni-
toring caspase-8 and caspase-3 activation clearly indicated enhanced activation kinetics with 
D269H/E195R compared with rhTRAIL. These results may be explained by several observa-
tions. D269H/E195R has a slightly stronger affinity for DR5 than rhTRAIL, but more impor-
tantly, due to its enhanced specificity it prevents being trapped in inhibitory decoy receptor 
containing complexes, resulting in much faster receptor activation and apoptosis induction 
(16-19). In addition, irradiation induced DR5 cell surface expression, which resulted in more 
death inducing signaling complexes and enhanced caspase-8 activation, as we observed with 
the FRET analyses. On the contrary, irradiation induced DR4 as well as DR5 expression in 
HeLa cells and both receptors have been shown to signal apoptosis induction by rhTRAIL in 
these cells (29), which can explain why at later time points a similar level of apoptosis was 
observed with both ligands.Since rhTRAIL has a short half-life in mice (~10 min) and men 
(~40 min) (15, 19, 30), faster binding kinetics of DR5-selective rhTRAIL over rhTRAIL could 
be of benefit to achieve a higher anti-tumor response in vivo. Taking into account that animals 
were injected only once a day, it is tempting to speculate that the improved binding kinetics 
and the faster onset of apoptosis may explain the better performance D269H/E195R compared 
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to rhTRAIL. Our results showed that as soon as rhTRAIL or D269H/E195R treatment was 
stopped both tumor volume and the BLI signals increased, again indicating the short half-life 
of rhTRAIL and D269H/E195R. Furthermore, it shows that the combinations of irradiation 
plus rhTRAIL or irradiation plus D269H/E195R have a transient effect on HeLa-luc tumor 
growth. Prolonged treatment with rhTRAIL or D269H/E195R in combination with fraction-
ated irradiation may further improve tumor responses. Cisplatin is part of chemoradiation 
treatment of cervical cancer. It is, therefore, of importance to further explore the effect of 
cisplatin on DR5-mediated apoptosis. This may especially be of interest taking into account 
the observed induction of DR5 surface expression by cisplatin and the superior efficacy of 
D269H/E195R over rhTRAIL in combination with cisplatin in human ovarian cancer cells and 
an ovarian cancer xenograft model (19). 

Table 1. Survival of HeLa-luc bearing mice treated with irradiation, rhTRAIL and D269H/E195R.

Treatment groups Numbers of 
animals Animals alive after start treatment

Day 16 Day 20 Day 24 Day 36

Control 7 4 2

Irradiation 4 1 1

RhTRAIL 5 2 2

Irradiation plus rhTRAIL 4 4

D269H/E195R 4 3

Irradiation plus D269H/E195R 3 3 3 1 1

Data represent counts of surviving animals depicted in time (day 16, 20, 24 and 36). The total counts of each group were presented in the second 
column as N. When all animals had been sacrificed, the columns were left blank. 

It is known that cancer cells, including cervical cancer cells, can differ in their sensitivity to 
either DR4- or DR5-mediated apoptosis (16, 17, 29, 31, 32). Human cervical carcinoma speci-
mens express both DR4 and DR5 (33-35). Agonistic DR4- or DR5-monoclonal antibodies to-
gether with irradiation enhanced apoptotic induction in HeLa cells (29), suggesting that DR4-
selective rhTRAIL could be of interests as well in cervical cancer.  This supports the rationale 
to develop both DR4- and DR5-selective ligands for cervical cancer patients. Currently new 
DR4-selective TRAIL variants are being developed (18) besides recently developed TRAIL 
receptor-selective ligands (17, 18, 32, 36, 37) and DR5-selective peptides (38). It will be a major 
challenge to define which patient may benefits from DR4 or DR5 targeted therapy. The fact 
that many (targeted) therapies including irradiation and cisplatin induce DR5 surface expres-
sion, gives a rationale for DR5 targeting strategies (39, 40). Although DR5-targeting antibod-
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ies may have an advantage with respect to serum half-life (15 days), the ligands are better 
equipped for sequential treatment schedules to prevent drug combination-induced toxicity.

We found that BLI was useful to identify mice with successful HeLa-luc tumor implanta-
tion and to predict individual tumor growth, even before any tumor was palpable. In addition, 
tumor growth based on the BLI signal was very reproducible, and tumor growth responses 
to therapies such as irradiation and apoptosis-inducing ligands could be semi-quantitatively 
measured. However, when HeLa-luc tumors grew larger, possibly as a result of necrosis and 
fibrosis, larger variations in BLI signal were observed. An important feature of BLI in this 
model was that an increase in bioluminescence signal preceded the actual increase in tumor 
volumes. Thus, BLI is a useful modality for non-invasive monitoring of tumor initiation, fol-
low-up of tumor growth and non-invasive assessment of tumor responses. 

In conclusion, irradiation sensitized cervical cancer cells and xenografts preferentially to 
the DR5-selective TRAIL variant D269H/E195R, which variant should be considered when 
designing clinical trials on DR5 targeted therapy in combination with radiation. 
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