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Introduction

Glioblastoma multiforme (GBM) comprises 70% of all brain 
tumors, and is considered one of the most aggressive forms of 
brain malignancies. Despite recent advances in diagnosis and 
treatment approaches, GBM tumors are aggressive and consid-
ered incurable. Standard therapy consists of radical resection and 
postoperative irradiation. The median survival rates are in the 
range of 6–13 months.1 A recent study showed that following 
surgery, adjuvant treatment with temozolomide chemotherapy in 
combination with radiotherapy, extended the median overall sur-
vival by approximately 2 months.2 Gene silencing represents one 
possible mechanism that determines resistance to therapy. For 
example, methylation of the promoter of the MGMT gene leads 
to increased sensitivity to temozolomide in GBM.3 Yet, treatment 

Tumor relapse and tumor cell repopulation has been explained partially by the drug-free break period between successive 
conventional treatments. Strategies to overcome tumor relapse have been proposed, such as the use of chemotherapeutic 
drugs or radiation in small, frequent fractionated doses without an extended break period between treatment intervals. 
Yet tumors usually acquire resistance and eventually escape the therapy. Several mechanisms have been proposed 
to explain the resistance of tumors to therapy, one of which involves the cancer stem cell or tumor-initiating cell (TIC) 
concept. TICs are believed to resist many conventional therapies, in part due to their slow proliferation and self-renewal 
capacities. Therefore, emerging efforts to eradicate TICs are being undertaken. Here we show that treatment with 
Photofrin II®, among the most frequently used photosensitizers, sensitized a TIC-enriched U-87MG human glioblastoma 
cell to radiation, and improve treatment outcome when used in combination with radiotherapy. A U-87MG tumor cell 
population enriched with radiation-resistant TICs becomes radio-sensitive, and an inhibition of cell proliferation and an 
increase in apoptosis are found in the presence of Photofrin II. Furthermore, U-87MG tumors implanted in mice treated 
with Photofrin II and radiation exhibit a significant reduction in angiogenesis and vasculogenesis, and an increased 
percentage of apoptotic TICs when compared with tumors grown in mice treated with radiation alone. Collectively, 
our results offer a new possible explanation for the therapeutic effects of radiosensitizing agents, and suggest that 
combinatorial treatment modalities can effectively prolong treatment outcome of glioblastoma tumors by inhibiting 
tumor growth mediated by TICs.

options are still limited, necessitating extensive research into new 
therapeutic modalities to overcome GBM drug resistance.

One possible reason for the resistance of many, if not all, solid 
tumors to radiation and/or chemotherapy can be explained by 
the cancer stem cell concept.4,5 These cells are thought to be the 
sole cells within the tumor that contribute to tumor initiation 
and growth and are therefore also termed tumor-initiating cells 
(TICs).5,6 Such cells are pluripotent and they possess many stem 
cell characteristics, such as self-renewal and multi-lineage differ-
entiation capabilities and the ability to divide limitlessly.5,6 The 
initial identification of TICs was reported in AML, in which 
tumor cells expressing the surface marker CD34+ but not CD38-, 
were able to initiate leukemic growth.4 Additional studies have 
shown that TICs have been identified in a variety of solid tumors 
including melanomas, gliomas, breast, colon, pancreas, prostate, 
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avascularized when compared with tumors grown in mice treated 
with radiation monotherapy. These results further imply a pos-
sible mechanism by which the combinatorial treatment strategy 
reduces tumor relapse and maintains radiation treatment respon-
siveness in glioblastoma cancer patients.

Results

TICs of glioblastoma tumor cells exhibit increased resistance 
to radiotherapy, and are sensitized by Photofrin-II. In order to 
test the impact of the combination of Photofrin-II and radiation 
on TICs of U-87 MG glioblastoma cells, we enriched for TICs 
by culturing the cells in stem cell culture conditions as described 
in Materials and Methods. We found that U-87 MG glioblas-
toma TIC-high fractions can grow in spheres, and are enriched 
for TICs based on increased expression of CD133+, a stem cell 
surface marker, on cancer cells in TIC-high when compared with 
TIC-low fractions (Fig. S1). Next, TIC-high and TIC-low cul-
tured cells were exposed to 3 or 10 Gy radiation in the presence 
or absence of Photofrin-II. Cell viability was measured using 
AlamarBlue. The results in Figure 1A demonstrate that U-87 
MG cells from the TIC-high fraction were more resistant to both 
3 and 10 Gy radiation than cells from the TIC-low fractions. 
Furthermore, cells treated with both radiation and Photofrin-II 
exhibited a significant and remarkable reduction in cell viability. 
This effect was evident in both TIC-high and TIC-low fractions. 
We also noted that Photofrin-II, on its own, inhibited cell viability 
of U-87MG cells. Notably, cell viability was lower in TIC-high 
than in TIC-low fraction, probably due to reduced proliferation 
rate of TICs.26 Furthermore, the radiosensitivity effects by means 
of cell viability were also observed in TICs of MCF7 breast carci-
noma, but not of HT29, nor of A549 or PANC1 (Fig. S2).

The combination of radiation and Photofrin-II increases TIC 
death, and decreases the number of TIC colonies. The reduced 
cell viability in TIC-high and TIC-low cells in response to radia-
tion and/or Photofrin-II prompted us to determine whether 
these treatments induce cell death. Recent studies showed that 
Photofrin-II can act as an effective radiosensitizing agent, if 
applied under appropriate conditions.19,20,22 We therefore assessed 
cell death using PARP activity as an apoptosis marker. TIC-high 
and TIC-low cells were placed in serum-free medium and were 
subsequently exposed to 3 or 10 Gy radiation in the presence or 
absence of Photofrin-II. After 8 h, cells were harvested for the 
analysis of active PARP expression by western blot. The results 
in Figure 1B show that PARP activity was markedly enhanced 
following 3 or 10 Gy radiation in the presence of Photofrin-II. 
Again, Photofrin-II on its own also induced apoptosis, but not to 
the same degree as the combination therapy. Comparable results 
were observed when the cells from each fraction were evaluated 
for Annexin V expression as another marker for apoptosis using 
flow cytometry (Fig. S3).

Next, in order to test the capacity of cells from both TIC-high 
and TIC-low fractions following their exposure to radiation and/
or Photodrin-II to form tumorigenic colonies, a soft agar colony 
formation assay was performed. To this end, TIC-high and TIC-
low cells were exposed to radiation and/or Photofrin-II. Cells 

lung and head and neck tumors.7 Like “normal” stem cells, TICs 
are thought to acquire resistance to chemotherapy and radiation 
more than “differentiated” tumor cells.8,9

A large number of mechanisms explaining how cancer cells 
acquire resistance to chemotherapy have been proposed. A variety 
of proteins, for which targeted drugs have been developed, e.g., 
Her2, EGFR monoclonal antibodies or small molecule drugs, are 
mutated and overexpressed in resistant tumor cells.10 Therefore, 
selective proliferation of the more resistant tumor cells during 
the course of the therapy promotes tumor cell repopulation and 
relapse.11 According to the TIC concept, a growing body of evi-
dence suggests that the slow proliferation of such cells, and the 
overexpression of p21 and other cell cycle-regulating molecules, 
may provide an alternative explanation for multidrug resistance 
of cancer cells.8,9,12,13

One possible way to overcome treatment resistance is to com-
bine the drug of choice with sensitizing components that increase 
the specificity and efficacy of the drug used. Studies from the last 
few decades have shown that the effect of radiation on tumors 
can be optimized by the addition of radiosensitizing agents, in 
order to achieve greater damage to the neoplastic tissue than 
the expected damage from radiation alone.14 Porfimer-sodium 
(Photofrin-II) or its derivatives have been studied as photody-
namic therapy agents for the treatment of several malignancies 
including esophageal, intraductal papillary mucinous and glio-
blastoma cancers.15-17 Photofrin-II has also been considered as 
a radiosensitizing agent, and was evaluated in several preclini-
cal tumor models18-20 as well as in the clinic.21,22 This substance 
constitutes of a complex mixture of porphyrins produced by acid 
treatment of hematoporphyrin (Hp), which along with irradia-
tion, amplifies cellular damage.23 Photofrin-II, as well as other 
porphyrins and their analogs, are known to possess a degree of 
selectivity to several types of tumors. They tend to concentrate 
in the tumor tissue when compared with skin, muscle and a vari-
ety of other tissues. The maximum concentration differentials 
for Photofrin-II range between two and five. As porphyrins are 
unable to cross the blood-brain barrier, the degree of tumor selec-
tivity of Photofrin-II is especially high in the brain.23-25

Based on the fact that TICs are usually resistant to therapy, 
it would appear that TICs of glioblastoma tumors are probably 
abundant in the tumor microenvironment following radiotherapy 
or chemotherapy, and therefore contribute to the rapid prolifera-
tion of tumor cells at the drug-free break periods,11 contribut-
ing to the aggressiveness and drug resistance of glioblastoma. 
We hypothesized that the combination of radiosensitizing agents 
along with radiation targets both “differentiated” tumor cells 
and resistant TICs of glioblastoma tumors, and therefore may 
inhibit the potential of TICs to repopulate at the treatment-free 
periods, hence it can inhibit glioblastoma re-growth or resistance 
to therapy. We used the U-87MG, a human glioblastoma cell 
line, which has been shown to grow aggressively, and effectively 
enrich for TICs in stem-like cell conditions.13 Here we show that 
the combination of high-dosage radiation and Photofrin-II can 
induce TIC apoptosis, and subsequently inhibit angiogenesis 
and vasculogenesis. Tumors grown in mice that were treated 
with a radiation dose of 10 Gy and Photofrin-II were smaller and 
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Photofrin-II, in combination with radiation, induces tumor cell 
apoptosis of both TIC-high and TIC-low cell fractions, in clear 
contrast to radiation alone, to which TICs were resistant.

The combination of Photofrin-II and radiation delayed 
tumor growth. Based on our in vitro results suggesting that 

were then cultured in soft agar, and 3 wk later, colonies were visu-
alized. The results in Figure 1C show that similar to cell viability, 
PARP expression and Annexin V positivity, the combination of 
Photofrin-II and radiation (in both doses) reduced the number of 
colony formed by TIC and non-TIC populations. Taken together, 

Figure 1. Cell viability and dealth in TIC-high and TIC-low U-87 MG cells following treatment with radiation and Photofrin-II. TIC-high and TIC-low U-
87MG cells were exposed to 1 μg/ml Photofrin-II (Photofrin) and/or 3 or 10 Gy radiation (Rad). After 48 h, cell viability was evaluated by the AlamarBlue 
assay (A), and the levels of cleaved PARP and Actin (loading control) were assessed by western blot (B). In a parallel experiment, TIC-high and TIC-low 
U-87 MG cells were exposed to the same treatment combination as above. Eight hours later, cells were mixed with soft agar and cultured for 3 wk in 
agar colony formation medium as described in Materials and Methods. Colonies are presented in two magnifications (scale bar = 200 μm, where in-
dicated) (C). In (A), results were plotted as fold-increase from background values (blank). *0.05 > p > 0.01; **0.01 > p > 0.001; ***p < 0.001 from control 
group, unless indicated otherwise.
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faster in mice undergoing radiation or Photofrin-II monothera-
pies, as compared with the combination of the two therapies, sug-
gesting that such treatment combination delays tumor growth.

Photofrin-II therapy reduces angiogenesis and BMDC col-
onization in radiated tumors. Recent studies have shown that 
radiotherapy can induce mobilization of several types of BMDCs 
known to promote angiogenesis. For example, Kioi et al. showed 
that glioblastoma tumors treated with five daily 2 or 4 Gy local 
radiation to the brain induced Gr1/CD11b monocytic cell 
recruitment into the treated tumors.27 Such bone marrow cells 
are known to contribute to tumor angiogenesis or to promote 
refractoriness of tumors following antiangiogenic therapy.28 We 
therefore sought to determine the angiogenesis profile of tumors 
grown in mice treated with radiation and Photofrin-II. To do 
so, tumors implanted in mice were harvested at endpoint and 
tumor sections were analyzed for microvessel density (MVD) 
using the endothelial cell marker, CD31. The results in Figure 
2B and C show that radiation and Photofrin-II monotherapies 

Photofin-II in combination with radiation can induce TIC kill-
ing, we next assessed the in vivo effects of this combination 
therapy. In particular, we were interested in evaluating whether 
a single dose of the different types of therapies would increase 
treatment benefit by means of delayed tumor growth. To this 
end, 8- to 10-wk-old athymic nude mice were implanted with 
5 × 106 U-87 MG tumor cells. When tumors reached a size of 
50 mm3, mice were treated with 10 mg/kg Photofrin-II, a dose 
of which was previously determined,19 in combination with a 
single dose of 10 Gy ionizing radiation. Control mice received 
PBS as the vehicle of Photofrin-II. The results in Figure 2A show 
that tumor size was reduced in mice exposed to a single dose of 
radiation and Photofrin-II in comparison to all other treatment 
groups. Most notably, Photofrin-II on its own also had some 
antitumor activity, with no overt toxicity, as measured by body 
weight (Fig. S4). Furthermore, since the therapy was adminis-
tered only once, we were able to monitor tumor growth over time. 
As shown in Figure 2A, over the next 18 d, tumor growth was 

Figure 2. Evaluation of tumor growth and angiogenesis in mice bearing U-87 MG tumors following a single treatment with Photofrin-II and radiation. 
U-87 MG human glioblastoma cells (5 × 106) were subcutaneously injected into the flanks of 8- to 10-wk-old athymic nude mice (n = four to five mice/
group). When tumors reached a size of 50 mm3, mice were treated with 10 mg/kg Photofrin-II (Photofrin) and/or were exposed to 10 Gy radiation (Rad). 
Tumors were measured periodically, and tumor volume was plotted using the formula width2 × length × 0.5 (A). At end point, tumors were removed 
and evaluated for microvessel density (MVD) by staining for the endothelial cell marker, CD31 (in red) and visualized by Leica CTR 6000 (scale bar = 
100 μm) (B). Quantification of the number of vessels per field was plotted (C). **0.01 > p > 0.001; ***p < 0.001 from control group, unless indicated 
otherwise.
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angiogenesis and vasculogenesis mediated by different types of 
BMDCs found in tumors following radiotherapy.

The combination of radiotherapy and Photofrin-II decreases 
the proximity of U-87 MG TICs to blood vessels. Previous 
studies demonstrated that TICs of brain tumors are found at the 
perivascular site of blood vessels, providing an additional basis for 
the proangiogenic properties of TICs.30 We therefore investigated 
the pro-angiogenic effect of TICs in U-87 MG tumors treated 
with the combination of Photofrin-II and radiation. To do so, we 
analyzed the percentage of CD133+ cells (as a marker for glioblas-
toma stem cell31) in tumors from all treated groups. The results in 
Figure 4A show that the percentage of CD133+ cells at the tumor 
site was significantly increased following radiotherapy when com-
pared with their percentage in untreated tumors. However, the 
percentage of such cells was markedly and significantly reduced 

exhibited a mild and similar antiangiogenic effect when com-
pared with control. Notably, MVD was substantially reduced 
in mice treated with the combination therapy as compared with 
radiation and Photofrin-II monotherapies. To assess the sys-
temic angiogenesis effects mediated by BMDCs of the combi-
nation therapy, tumors were prepared as single-cell suspensions, 
and subsequently were stained for hemangiocytes and MDSCs, 
both of which are known to promote angiogenesis.28,29 Using 
flow cytometry, we found that the percentage of both MDSCs 
and hemangiocytes were significantly and profoundly increased 
following radiotherapy. However, the combination therapy sig-
nificantly reduced the percentage of MDSCs and hemangiocytes 
in treated tumors when compared with radiation-treated tumors 
(Fig. 3). Taken together, these results indicate that the combina-
tion of Photofrin-II and radiation significantly decreases tumor 

Figure 3. Evaluation of the percentage of myeloid-derived suppressor cells and hemangiocytes in U-87 MG tumors treated with radiation and 
Photofrin-II. U-87 MG tumors (described in Fig. 2), were harvested and prepared as single-cell suspensions. Cells were analyzed for myeloid-derived 
suppressor cells (MDSCs) (Gr1+/CD11b+) (A) and hemangiocytes (CXCR4+/VEGFR1+/CD45+) (B), using flow cytometry. Only control and radiation (Rad) 
groups are presented in the flowchart. **0.01 > p > 0.001; ***p < 0.001 from control group, unless indicated otherwise.
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tumors were found in close proximity to blood vessels following 
radiation or Photofrin-II monotherapies. However, the distance 
was markedly and significantly increased in tumors treated with 
Photofrin-II and radiation.

The combination of radiation and Photofrin-II induces TIC 
death. The low percentage of TICs as well as the dramatically 
reduced angiogenesis and vasculogenesis in tumors treated with 

following the combination of radiation and Photofrin-II when 
compared with the radiotherapy group.

Next, we analyzed the proximity of TICs to blood vessels in 
all treated tumors, by staining tumor slides for murine-CD31, 
human-CD133 and murine-CD45 representing endothelial 
cells, U-87MG TICs and hematopoietic cells, respectively. The 
results in Figure 4B and Figure S5 show that TICs of U-87 MG 

Figure 4. Evaluation of TICs and blood vessels in U-87 MG tumors treated with Photofrin-II and radiation. U-87MG cells (5 × 106) were subcutaneously 
injected into flanks of 8- to 10-wk-old athymic nude mice (n = four to five mice/group). When tumors reached a size of 50 mm3, mice were treated with 
10 mg/kg Photofrin-II (Photofrin) and/or were exposed to 10 Gy radiation (Rad). At end point, tumors were removed and either prepared as single-cell 
suspensions and evaluated for the percentage of CD133+ cells (as a marker for glioblastoma TICs) using flow cytometry (A), or tumor sections were 
immunostained for murine-CD31 as a marker for endothelial cells (red), human-CD133+ as a marker for TICs (violet) and murine-CD45+ as a marker for 
hematopoietic cells (green). Nuclei were stained with DAPI (blue). Images were captured using Leica TCS SP5 confocal imaging systems (scale bar = 
50 μm). High magnification images are shown in the lower panel (zoom factor ×4). Filled arrows indicate endothelial cells, and empty arrows indicate 
TICs (B). A summary of the quantification of the distance between CD133+ and CD31+ cells is provided in Figure S5. *0.05 > p > 0.01; **0.01 > p > 0.001.
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U-87 MG tumors, resulting in induced tumor cell apoptosis and 
delayed tumor relapse.

Discussion

A growing body of evidence suggests that TICs of glioblastoma 
tumors can contribute to tumor growth, in part by the induction 
of angiogenesis. TICs were shown to be located at the perivas-
cular site, secreting proangiogenic factors to attract endothelial 
cells.30 In addition, C6 glioblastoma cells have been shown to 
promote not only angiogenesis, but also vasculogenesis medi-
ated by different types of BMDCs.32 This study revealed that 
targeted antiangiogenic therapy or chemotherapy administered 
as monotheapies did not affect the number of TICs in treated 

the combination of Photofrin-II and radiation, prompted us to 
evaluate the viability of TICs in the re-growing tumors. To test 
this, sections from tumors obtained at endpoint were stained 
for human-CD133 and TUNEL to detect apoptotic TICs. Of 
note, we verified that the human CD133 does not cross-react 
with mouse tissue, using bone marrow cells expressing CD133 
(data not shown). The results in Figure 5 and Figure S6 dem-
onstrate a marked increase in the percentage and the number 
of CD133+TUNEL+ cells in the combination treatment group 
as compared with all other groups. Notably, increased num-
ber of TICs in radiotherapy-treated groups was also observed 
implicating the TIC resistance to such therapy (Fig. S6). These 
results further suggest that the combination of radiation and 
Photofrin-II targets tumor cells and their TIC subpopulation in 

Figure 5. Analysis of TUNEL+TICs in U-87 MG tumors following Photofrin-II and/or radiation treatment. U-87 MG tumors (described in Fig. 4) were 
(A) sectioned and subsequently immnostained for CD133+ as a marker for TICs (violet), and TUNEL as a marker for apoptosis (green). Nuclei were 
stained with DAPI (blue). Images were captured using Leica TCS SP5 confocal imaging systems (scale bar = 50 μm). High magnification images are 
shown in the lower panel (zoom factor ×3). (B) A summary of the percentage of CD133+ and TUNEL+ cells is provided. ***p < 0.001 from control group, 
unless indicated otherwise.
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anti-VEGF neutralizing antibody, suggesting that TICs are a 
crucial source of key angiogenic factors.36 Furthermore, we found 
that the number of TICs increases in tumors undergoing radio-
therapy, but is dramatically and significantly reduced in tumors 
treated with Photofrin-II and radiotherapy. Taken together, 
although we have based our in vivo experiments on glioblas-
toma tumors implanted subcutaneously and not orthotopically, 
our results suggest that the antitumor effect of Photofrin-II and 
radiation is manifested by both direct tumor cell killing and the 
inhibition of the TIC microenvironment that supports angiogen-
esis and BMDCs in treated tumors. Of note, the use of a single 
dose of radiation is performed in order to minimally expose mice 
to light during the course of the therapy, since Photofrin-II serves 
not only as a radiosensitizing agent but also as a photosensitizing 
agent. In addition, the current clinical practice using the new 
radiation systems allows the exposure of high-dose radiation in 
hypofractionation setting, which was found to increase treat-
ment outcome in relatively short periods of treatment time, with 
minimal toxicity. Furthermore, the antiangiogenic effect of the 
combination therapy can lead to the resistance of treated tumors 
to additional doses of radiation during the course of the therapy. 
Thus, daily fractionated radiotherapy may not be the preferred 
treatment strategy in this setting.

The mechanism of action of Photofrin-II as a radiosensitizer 
is not yet clear.19-21 One assumption is that the radiosensitizing 
process of Photofrin-II may involve the oligomeric porphyrin 
constituents which are enriched in Photofrin-II.20 Cytotoxic 
molecules, such as hydroxyl radicals that are generated as a 
result of the primary interaction of irradiation with water, may 
enhance the overall biological cytotoxic effects of Photofrin-II 
through the production of radical derivatives. These derivatives 
act as amplifying factors propagating the extent of the cellular 
damage. Additional findings from a recent study suggested that 
Photofrin-II reacts with OH and O2 radicals, which are generated 
intracellularly via the radiolysis of water.21 Photofrin-II was also 
found to reduce the repair process which often limits the radia-
tion-induced cellular damage, via sublethal damage. The partial 
damage can subsequently lead to stimulated repair mechanisms, 
especially in the context of TICs, which consist of increased 
DNA repair machinery.8 Thus, Photofrin-II, in addition to its 
tumor cell killing activity, may also reduce the repair process in 
TICs when combined with ionizing radiation. It therefore would 
be of interest to characterize and isolate additional radiosensi-
tizing agents such as specific potent derivatives of Photofrin-II 
which may have antitumor/radiosensitizing activities against dif-
ferent tumor types, and evaluate their potency in TIC killing.

Although we have not uncovered the mechanisms by which 
Photofrin-II sensitizes TICs to radiotherapy, several preclinical 
studies on murine tumor models have shown that this treatment 
modality inhibits tumor re-growth. Such studies measured the 
efficacy of Photofrin-II as both a specific and selective radiosensi-
tizing agent, in terms of tumor-doubling time (Δt), i.e., the time 
interval for the tumor volume to double when compared with 
the volume at the time of irradiation, the value of which was 
found to be substantially higher in mice exposed to radiation and 
Photofrin-II.19-21 In our study, we found that the combination 

tumors, whereas the combination of an antiangiogenic drug 
with chemotherapy significantly reduced the number of TICs in 
treated tumors. These findings suggest that eradication of TICs 
can be achieved not only by direct TIC killing, but also by dis-
rupting the angiogenic TIC microenvironment.33 In the current 
study, we evaluated the impact of radiation in combination with 
the radiosensitizing agent, Photofrin-II, on tumor growth. To this 
end, we grew U-87 MG gliobalstoma tumor cells in either TIC-
high (stem cell) or TIC-low (“normal”) conditions. We found 
that the TIC-enriched population was more resistant to both 3 
and 10 Gy radiation than U-87 MG cells from the TIC-low cul-
ture. This is consistent with the findings of Bao et al. who have 
shown that TICs of glioma tumors contribute to tumor radio-
resistance via the high activation of DNA damage checkpoint 
kinases.34 Importantly, we found that the addition of Photofrin-II 
to TIC-high and TIC-low radiated cells resulted in reduced cell 
proliferation and increased cell death, as shown by high activity 
of PARP in treated cells, increased number of Annexin V positive 
cells, and reduced number of tumor cell colonies using the soft 
agar colony formation assay. In this regard, it would be of interest 
to test a combination of Photofrin-II and PARP inhibitor since 
PARP was found to be highly expressed in cells following expo-
sure to Photofrin-II. We should note that cells from TIC-high 
conditions were also slightly sensitive to radiation (in both radia-
tion doses) probably due to the cultured cell methodology which 
only enriches for TICs but does not isolate pure TICs. Thus, it 
is more likely that the non-TICs in the TIC-high fraction were 
sensitive to the radiotherapy. Overall, the use of Photofrin-II as 
a radiosensitizing agent targets not only “differentiated” tumor 
cells, but also TICs, providing a possible mechanism to explain 
the clinical benefits of the combination therapy for the treatment 
of brain tumors (M. Schaffer, unpublished observations).

Our in vitro results prompted us to test the activity of 
Photofrin-II in vivo in mice bearing U-87 MG glioblastomas. 
We found that both radiation and Photofrin-II monotherapy 
groups inhibited glioblastoma tumor growth. However the com-
bination of the two therapies increased treatment activity, and 
further delayed tumor growth. Although the enhanced antitu-
mor activity of Photofrin-II has already been documented,19,22 in 
the current study we demonstrate that this treatment benefit may 
also be a result of TIC killing, as it markedly inhibited tumor 
growth over a long period of time, even after a single therapy. 
Consistently, TUNEL staining revealed a substantial increase in 
the number of apoptotic TICs in the combinatorial treatment 
group, providing an explanation for the delayed tumor growth. 
We also found that tumors treated with Photofrin-II and radia-
tion exhibit lack of angiogenesis by means of decreased microves-
sel density, and decreased numbers of proangiogenic BMDCs 
colonizing-treated tumors when compared with radiation-treated 
tumors. We postulate that the elimination of TICs, which are 
known to induce angiogenesis in brain tumors,30 accounts for 
the antiangiogenic effects as a result of the combination therapy. 
Indeed, several studies have indicated that tumor cells derived 
from TIC populations contain more pro-angiogenic factors than 
tumor cells derived from non-TIC populations.33,36 The pro-
angiogenic effects of TIC-derived tumors can be abolished by 
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all FCS. Subsequently, cells were resuspended in sphere-media. 
For U-87 MG spheres, DMEM/F-12 containing 10 μg/ml 
insulin, 100 μg/ml transferrin, 40 ng/ml sodium selenite solu-
tion, 100 μg/ml BSA, 60 ng/ml progesterone, 16 μg/ml putres-
cine, 63 μg/ml N-acetyl cysteine, 5 μM forskolin, 10 ng/ml 
PDGF and 10 ng/ml bFGF was used in accordance with.37 For 
HT29 spheres, DMEM/F-12 containing: 10 μg/ml insulin, 
100 μg/ml transferrin, 40 ng/ml sodium selenite solution, 0.4% 
BSA, 60 ng/ml progesterone, 16 μg/ml putrescine, 20 ng/ml 
EGF and 10 ng/ml bFGF was used in accordance with refer-
ence 13. For A549 spheres, DMEM/F-12 containing 10 μg/ml 
insulin, 100 μg/ml transferrin, 40 ng/ml sodium selenite solu-
tion, 0.4% BSA, 20 ng/ml EGF and 10 ng/ml bFGF was used in 
accordance with reference 13. For PANC1 spheres, DMEM/F-12 
containing 10 μg/ml insulin, 100 μg/ml transferrin, 40 ng/ml 
sodium selenite solution, 0.4% BSA, 20 ng/ml EGF and 10 ng/
ml bFGF was used in accordance with reference 37. For MCF7 
spheres, DMEM/F-12 containing 10 μg/ml insulin, 0.4% BSA, 
20 ng/ml EGF and 10 ng/ml bFGF was used in accordance with 
reference 38. After approximately 10 d (depending on the cell line 
and growth kinetics), all the five cell lines formed spherical colo-
nies. To propagate TICs, spheres floating in the supernatant of 
a week-old culture were collected and subsequently resuspended 
in the appropriate sphere media mentioned above. Supplemental 
growth factors were added to the cultured spheres every other 
day in order to maintain TIC enrichment for the duration of the 
experimental period. TIC-low cells were obtained by culturing 
tumor cells with DMEM and 10% FCS. In all experiments, cells 
were maintained in 100-mm culture dishes (Nunc) in a humidi-
fied incubator at 37°C in 5% CO

2
. Of note, using this method 

we only enriched for TICs in the TIC-high fraction but did not 
necessarily isolate pure TIC population. An illustration for the 
generation of TIC-high and TIC-low cultured cells is provided 
in Figure S7.

Evaluation of cell viability following radiation and 
Photofrin-II therapy. Cell viability was evaluated quantitatively 
with the metabolic indicator dye AlamarBlue (Serotec Ltd.), 
which determines the metabolic activity of cells and is used for 
cell viability and proliferation as previously described.39 Cells 
were harvested from sub-confluent cultures and re-plated (usu-
ally 500–1,000 cells/well in a 96-well plate) in their designated 
medium and 10% AlamarBlue (AB) solution, in the presence of 
1 μg/ml (0.166 μM) Photofrin-II, the dose of which was deter-
mined as described in ref. 19. In parallel experiments, tumor cells 
either from TIC-high or TIC-low conditions were irradiated with 
a collimated 6 MeV electron beam using Elekta Precise (Elekta 
Oncology Systems) linear accelerator at a dose rate of 5 Gy per 
minute for a total dose of either 3 or 10 Gy, at room temperature 
(Department of Radiation Therapy, Rambam Medical Center). 
Results were presented as the percentage of AB reduction after 48 
h, and were corrected to background values of negative controls. 
Results are presented as fold increase from background values. 
Cells were kept in the dark at all times, in order to avoid the acti-
vation of Photofrin-II as a photosensitizer agent when exposed to 
light. All experiments were performed in triplicate, and data were 
presented as means ± standard error.

of Photofrin-II and radiation increased the Δt of tumor growth, 
suggesting that the therapeutic impact is manifested by TIC kill-
ing. It would be of interest to test the impact of radiosensitizing 
agents in combination with radiation on different tumor types, 
and their potential in TIC eradication. Our in vitro results, using 
a variety of cell lines, showed that at least breast cancer may ben-
efit from this combinatorial treatment modality by reducing the 
viability of both TIC and non-TIC populations. However, in our 
study, these possible therapeutic effects were not observed in pan-
creatic, lung and colon cancers, although we must stress that only 
a single cell line for each tumor type was evaluated. Interestingly, 
Photofrin-II, as a monotherapy, also inhibited tumor cell viabil-
ity and delayed tumor growth. Although the reasons for these 
antitumor effects are not yet clear, we cannot rule out that the 
mice and/or tumor cells were slightly exposed to light dur-
ing the experimental procedures. In such cases, the activity of 
Photofrin-II as a photosensitizing agent may explain, at least in 
part, the antitumor and anti-proliferative activity of Photofrin-II 
when administered as a single agent.

In summary, although the mechanisms of action of 
Photofrin-II and probably its derivatives in sensitizing tumor cells 
to radiotherapy are not yet understood, it seems that they may 
provide a therapeutic impact on commonly resistant tumor cells 
displaying TIC characteristics. Treatment of glioblastoma with a 
radiosensitizing agent in combination with high-dose radiation 
resulted in the killing of TICs, cells that usually induce tumor 
cell repopulation, in part, via the induction of angiogenesis. We 
should note, however, that our study described results only of a 
single cell line for each tumor type tested in vitro including a 
glioblastoma tumor tested in vivo. Therefore, extended studies to 
test the therapeutic benefit of Photofrin-II in combination with 
the standard treatment for glioblastoma, e.g., tamozolomide and 
radiation are worthy. Nevertheless, our study suggests a mecha-
nism by which such a combinatorial treatment delays glioblas-
toma growth.

Materials and Methods

Cell culture. U-87 MG glioblastoma, HT29 colorectal adeno-
carcinoma, A549 lung carcinoma, PANC1 pancreatic carcinoma 
and MCF7 breast adenocarcinoma cell lines (from human ori-
gin) were purchased from the American Type Culture Collection 
(ATCC), and were passaged in our laboratory for fewer than 
6 mo in culture. Cell lines were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal calf 
serum, 1% l-glutamine, 1% sodium-pyruvate and 1% strepto-
mycin. All cells were cultured for no more than 4 mo after being 
thawed from authentic stocks.

Generation of TIC-high and TIC-low cells. All cell lines 
were maintained either as monolayers in DMEM with 10% 
fetal calf serum (FCS) (TIC-low fraction), or as non-adherent 
tumor spheres in serum-free DMEM (TIC-high fraction), sup-
plemented with 1% l-glutamine, 1% sodium-pyruvate and 1% 
streptomycin. To obtain a TIC-enriched population (TIC-high), 
monolayer cells were harvested with 0.25% trypsin-EDTA and 
washed twice with phosphate buffered saline (PBS) to remove 
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n > 20 fields/group). For the analysis of BMDC colonization of 
tumors, a FITC-conjugated antibody against mouse-CD45, a 
panhematopoietic marker was used (1:150, BD Biosciences). A 
primary antibody against CD133 to identify prominin-1 (1:250, 
Macs MiltenyiBiotec), and a Cy5-conjugated secondary anti-
body (1:500, Jackson immunoresearch laboratories) were used 
for identifying TICs of U-87 MG. Apoptotic cells were detected 
by terminal deoxynucleotidyl transferase-mediated dUTP nick 
end labeling (TUNEL) staining (Roche Diagnostics). Nuclei 
were stained with 6-diamidino-2-phenylindole (DAPI). Tumor 
sections were visualized by either Leica CTR 6000 micro-
scope or Leica TCS SP5 confocal imaging systems. All images 
were taken using a multi-track channel acquisition to prevent 
emission cross-talk between fluorescent dyes. Single XY plane-
images were acquired in 1,024 × 1,024 resolution. In order to 
evaluate the proximity between blood vessels (CD31+) and 
TICs (CD133+), the Leica application suite V3 software was 
used. Using micrographs of 400× magnification, the shortest 
distance between the center of a TIC (CD133+) and the cen-
ter of a blood vessel (CD31+) was calculated. Measurements 
were performed on at least 10 fields per group, and a summary 
of the distance between TICs and blood vessel was provided. 
For immunoblotting of active PARP and Actin, TIC-high or 
TIC-low cultured cell extracts were lysed and then determined 
for the protein concentration. Fifty micrograms of protein was 
loaded on SDS-PAGE gel. After the proteins were transferred 
to PVDF membrane, they were probed with cleaved-PARP 
(1:1,000, Abcam) and actin (1:5,000, Sigma Aldrich) antibod-
ies, followed by HRP-conjugated secondary antibody (Jackson 
ImmunoResearch Laboratories).

Statistical analysis. Data are presented as means ± standard 
deviation. Statistical significance differences in mean values was 
assessed by one way ANOVA, followed by Newman-Keuls ad hoc 
statistical test using GraphPad Prism 4 software and were con-
sidered significant at values of *p < 0.05, **p < 0.01, and ***p < 
0.001.
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Colony formation in soft agar. Two milliliters of DMEM 
containing 0.5% Low Melt Agarose (Bio-Rad) and 10% FCS 
were poured into 6-well plate to form a basic layer. The layer 
was covered with 0.6 mL DMEM containing 0.3% Low Melt 
Agarose, 10% FCS, and 2.5 × 103 of either U-87 MG TIC-low 
or TIC-high fractions after they underwent therapy. Medium 
(DMEM + 10% FCS) was exchanged every 3 d. Colonies were 
visualized using light microscope system after 3 wk in culture.

Evaluation of surface markers and BMDCs by flow cytom-
etry. TIC-high or TIC-low cultures were evaluated for the pres-
ence of TICs using several surface markers. For glioblastoma, 
TICs were defined as CD133+. In order to identify host bone 
marrow-derived cells (BMDCs) colonizing tumors, tumors were 
prepared as single-cell suspensions and cells were stained with 
CXCR4+/CD11b+/VEGFR1+/CD45+ and CD11b+/Gr-1+ surface 
markers to identify hemangiocytes and myeloid-derived suppres-
sor cells (MDSCs), respectively. In order to evaluate apoptosis, 
tumor cells from TIC-high and TIC-low fractions were immu-
nostained with Annexin V antibody, followed by the manufac-
turer’s instructions (BD Biosciences). All monoclonal antibodies 
were purchased from BD Biosciences, R&D Systems and Macs 
MilitenyiBiotec, and used in accordance with the manufactur-
er’s instructions. At least 100,000 events were acquired using a 
Cyan ADP flow cytometer and analyzed with Summit software 
(Beckman Coulter).

Animal tumor models and drug concentrations. Five mil-
lion U-87 MG cells were injected subcutaneously into the flanks 
of 8- to 10-wk-old athymic-nude mice. Tumor size was assessed 
regularly with Vernier calipers using the formula, width2 × 
length × 0.5. When tumors reached 50 mm3, mice were treated 
with 10 mg/kg Photofrin-II (AxcanPharma), a previously deter-
mined dosage.19,22 Control mice were treated with the appropri-
ate vehicles (PBS). Mice were locally irradiated to the tumor 
area with a linear accelerator 6 MeV electron beam radiation 
using Elekta Precise (ElektaOncology Systems) at a dose rate of 
5 Gy per minute for a total dose of 10 Gy at room temperature 
(Department of Radiation Therapy, Rambam Medical Center). 
Animals were kept in the dark for 48 h following the administra-
tion of Photofrin-II in order to avoid the therapeutic activation of 
Photofrin-II as a photosensitizer agent when exposed to light. All 
animal studies and experimental protocols were approved by the 
Animal Care and Use Committee of the Technion.

Immunostaining and immunoblotting. Tissue processing 
and immunohistochemistry were performed as described previ-
ously.39,40 Briefly, tumor cryosections (5–10 μm) were used for 
the analysis of microvessel density (MVD), using anti-CD31 
endothelial cell specific antibody (1:200, BD Biosciences) and 
Cy3-conjugated secondary antibody (1:500, Jackson immu-
noresearch laboratories). The number of vessel structures per 
field were counted and plotted (approximately five fields/tumor, 
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