
Abstract. Aim: To show the impact of chemotherapeutic
drugs doxorubicin and taxotere on the molecular pattern of
cell response to photodynamic treatment (PDT). Materials and
Methods: Human squamous cell carcinoma cells A-431 were
studied. Apoptosis was investigated by recording caspase-3
activity. Expression of IL-1alpha and VEGF on mRNA and
protein levels was measured by qPCR and ELISA. Results:
PDT in combination with either doxorubicin or taxotere was
found to be more cytotoxic in comparison to either single-
treatment. The expression of IL-1alpha and VEGF was up-
regulated in PDT-treated cells, either alone or in combination
with doxorubicin or taxotere. Addition of doxorubicin to the
cytokine induction after PDT was not detected, however,
taxotere promoted  significant over-expression of IL-1alpha
and VEGF on the protein level. Conclusion: Contribution of
chemotherapeutic drugs to IL-1 alpha and VEGF release from
cells which received dual treatment involving PDT could be
significantly different, despite the same level of cytotoxicity. 

Combination regimens for cancer treatment have shown
increased response rates in comparison to monotherapy.
These strategies aim to exploit effects arising from the non-
overlapping targets and mechanisms of action of two or more
treatment modalities. Due to a specific mode of action,
photodynamic therapy (PDT) offers the attractive addition to
the conventional strategies of cancer treatment. PDT is based
on the use of non-toxic photosensitizing compounds that
localize quite selectively in neoplastic/hyperplastic tissues and

become cytotoxic when exposed to light inducing production
of reactive oxygen species (ROS) in the illuminated area. The
first attempts to incorporate PDT into multi-treatment
regimens were recorded decades ago. Currently, antitumor
efficacy of combined regimens of PDT is an active subject of
both pre-clinical and clinical research (1).

It has been shown that molecular responses triggered by
PDT in surviving tumor or stromal cells could be reduced by
combination of PDT with some chemotherapeutic agents (2).
In order to reveal the effects of such combination, we studied
the response of A-431 cells to PDT in vitro combined with
the administration of the conventional anti-tumor drugs
doxorubicin (Dox) and taxotere (Tax). 

The photosensitizer used in this study, m-tetra(3-
hydroxyphenyl)-chlorin (mTHPC, generic name Temoporfin,
trade name Foscan®) (3) is one of the most potent
photosensitizers currently available for clinical use. mTHPC
localizes to cellular membranes and induces damage to
endoplasmic reticulum, Golgi apparatus (4) and mitochondria
(5). Doxorubicin ([Dox], adriamycin) is one of the most
extensively studied chemotherapeutic drugs used as single-
agents in therapy for various cancers (6). It accumulates
mainly in the cell nucleus and its main molecular target is
DNA topoisomerase II (7). The potential of Dox to enhance
the effects of PDT has already been investigated with some
photosensitizers. In almost all cases, the combined treatment
was more effective than either single treatment (8-11).

Another chemotherapeutic agent used in the present study is
taxotere ([Tax], docetaxel), a semi-synthetic microtubule
inhibitor of the taxane family. Disturbance of cytoskeleton
structure and cellular transport, inhibition of cell division and
induction of apoptosis are considered to be the modes of
action of microtubules-bound Tax (12). Recently, it was shown
that photodynamic treatment of cells preloaded with docetaxel
and a photosensitizer zinc-phthalocyanine produced an
increased experimental therapeutic effect in comparison with
docetaxel as a single treatment (13). 
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ROS produced by PDT stimulates multiple signal
transduction pathways, which may promote either cell death
or cell survival or an immune response in vivo (2). Our
recent study revealed a significant up-regulation of two
“crosstalking”  cytokines, vascular endothelial growth factor
A (VEGF), and interleukin-1alpha (IL-1alpha) in human
epidermoid carcinoma A-431 cells following mTHPC-
mediated PDT in vitro (14). VEGF is a strong promoter of
angiogenesis in vivo providing tumor with a potential to
grow and spread. The combination of PDT and anti-
angiogenic treatment has already given promising
experimental results (15-17). IL-1alpha expression after
PDT is less studied (18). The data on the biological role of
IL-1alpha in tumor progression are controversial (for a
comprehensive review see Ref. (19)). In general, it is a
pleiotropic cytokine that regulates immune and
inflammatory responses (20), and its role in angiogenesis
has been noted (21). 

The main question of the current study was whether the
administration of Dox or Tax affected the PDT-induced
production of VEGF and IL-1alpha, which might hinder
tumor eradication. 

Materials and Methods

Materials. A-431 human epidermoid carcinoma cells (DSMZ,
Braunschweig, Germany) were routinely cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Biochrom AG, Berlin,
Germany) supplemented with 5% FBS (Biochrom AG, Berlin,
Germany) and antibiotics (Chinoin, Budapest, Hungary). Meso-
tetrakis(3-hydroxyphenyl)-chlorin (mTHPC) was a generous gift of
R. Bonnett, Queen Mary, University of London, UK). mTHPC was
dissolved in ethanol as 1 mg ml–1 stock solution and stored at –20˚C
in the dark. Pharmaceutical solutions of Doxorubicin hydrochloride
(Adriamycin, Ebewe Arzneimittel, Unteracht, Austria, 2 mg ml–1)
and taxotere® (Rhone-Poulenc, Courbevoie, France, 40 mg ml–1)
were stored at 4˚C. All experiments were performed using dilutions
of the stock solutions with the culture medium. 

Cell treatment. The treatment was carried out according to the
experimental schedule shown in Figure 1. 

For photosensitized treatment, the cell cultivation medium was
changed for FBS-free DMEM containing 100 ng ml–1 of mTHPC
and the cells were incubated in the dark. After 18 h, the cells were
washed with Dulbecco’s phosphate-buffered saline (DPBS), and
DMEM/FBS was added. The cells were exposed to light for 60 or
90 s from a LED array UNIMELA-1 (λ=660±5 nm, VU Laser
Research Centre, Vilnius, Lithuania). The fluence rate at the level
of the cells was 1.6 mW cm–2, as measured using an irradiation
power meter Nova (Ophir, Jerusalem, Israel). For combined
treatment, Dox was added to the cell incubation medium
immediately after light exposure to a final concentration of 50-500
ng ml–1, while Tax was added 24 h prior to light exposure to final
concentration of 1-2 ng ml–1.

Cytotoxicity assay. Toxicity was estimated by staining with crystal
violet. Briefly, the cells were fixed with 96% ethanol for 10 min,

0.05% crystal violet solution in 20% ethanol was added for 30 min,
the cells were rinsed, the remaining cell-attached dye was dissolved
in 0.1 % acetic acid solution in 50 % ethanol and absorbance
recorded at 585 nm (22). 

DEVDase activity assay. The Caspase-3 Cellular Activity Assay Kit
PLUS (AK-703) (Biomol, Hamburg, Germany) was used. Cells
were harvested and treated following the manufacturer’s instruction.
Fluorescence of 7-amino-4-trifluoromethyl coumarin (AFC),
corresponding to the DEVD ase activity, was recorded on fluoroscan
Ascent FL (Labsystems, Helsinki, Finland) at excitation/emission
wavelengths of 390/510 nm, respectively. 

Quantitative RT-PCR (qPCR). Total RNA was isolated, cDNA was
synthesized  and qPCR reactions were performed as described in
our previous study (14). Levels of VEGFA and IL1A were
normalized to ACTB and GAPDH. Results were analyzed by the
Comparative CT (Threshold Cycle) method.

Enzyme-linked immunosorbent assay (ELISA) was carried out
as described in our previous study (14). Results were normalized
for 106 cells. Based on standard curves, detection limits of ELISA
for recombinant human IL-1alpha and VEGF proteins were
determined to be 8 and 62 pg ml–1, respectively. The intra-assay
coefficients of variation were less than 15%. 

Statistical analysis. The SigmaPlot 12.3 software was used for
statistical analysis (Systat Software, Alfasoft AB, Goteborg,
Sweden). The data are presented as mean±standard deviation (SD)
(unless otherwise noted) from at least two independent assays, each
one at least in duplicate. Significance was accepted with a p-value
<0.05. Data of two groups were compared using the t-test. Multiple
comparisons were performed by ANOVA and post-hoc tests.

Results 

Cytotoxic effects. The cytotoxic effects of PDT and/or Dox
or Tax on A-431 cells were characterized in a dose-response
manner. Cytotoxicity was measured by the crystal violet
staining technique, which was shown to be the most sensitive
assay for evaluation of the combined action (23). A number
of pilot experiments were performed to establish the optimal
concentrations and administration sequence of mTHPC and
Dox or Tax. The selected regimens reduced the number of
viable cells to 75-10% at 24 h after light exposure. If
cytotoxicity differed from the preset value by more than
10%, the results of the experiment were not taken into
account. It should be noted, that we aimed to study the
pattern of response to the combination and not to achieve a
full loss of cell viability. No significant toxicity of mTHPC
at the selected concentration without light exposure or that
of light without mTHPC was observed. No photocytotoxicity
of Dox or Tax due to light exposure was registered.

The effect of the combined treatment was studied by full
factorial experiments (Figure 2a and b). Both duration of
light exposure of the cells pre-loaded with the fixed
concentration of mTHPC and concentration of the Dox or
Tax were significant determinants. 
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In addition, the cytotoxic effect was examined by
registering the activation of caspase-3, the executive
peptidase of apoptosis (Figure 2c and d). Cell exposure to
either Dox or Tax as mono-treatment induced a delayed
apoptotic response, since the increase in DEVDase activity
was detected only at 24 h post-exposure. The apoptotic
response to PDT was more pronounced and prompt, while
the highest DEVDase activity was detected at 9 h post-
exposure. After either combined treatment, the DEVDase
activity was detected at an earlier point and the maximum
activity exceeded that induced by PDT-alone.

Expression of IL-1alpha. In order to evaluate IL1A and
VEGFA, we determined the levels of the corresponding
mRNA using the qPCR technique. If the ratio of the mRNA
levels between treated and non-treated cells exceeded two-
fold, the difference was considered to be significant. The
effect of light-alone on IL1A and VEGFA mRNA levels in
cells without mTHPC, as well as that of mTHPC without
light exposure was not significant. 

We found that variations of IL1A mRNA level in cells
treated with single Dox or Tax was not significant (Figure
3a). Meanwhile, in case of PDT (60% toxicity) and combined
treatments PDT+Dox (65% toxicity) and Tax+PDT (90%
toxicity), at 4 to 24 h after light exposure, the levels of IL1A
mRNA were significantly increased. The highest IL1A mRNA
values were registered at 8 h after light exposure.

To validate the PDT-stimulated production of IL-1alpha
in cells, the protein amount was determined using the
ELISA method. Since the pronounced accumulation of IL1A
mRNA was registered at 4 h post-exposure, the protein
amount was assayed at 6 h post-exposure, giving two more
hours for protein translation to occur. In addition, the
protein assessment at 24 h post-exposure was carried-out in
order to evaluate the time-course response to treatment. In
general, data of IL1A expression on the protein level
corresponded to the results of mRNA analysis, since all
treatment modalities, which involved PDT, resulted in a
significant increase of IL-1alpha both in cell lysates (Figure
3b) and cell growth medium (Figure 3c). However, in cells
treated with Tax, a difference between mRNA levels and
protein amounts was observed; treatment with Tax as a
single modality induced a significant accumulation of 
IL-1alpha protein inside the cells. 

Expression of VEGF. Analyzing the time course of VEGFA
changes at mRNA level, we found that variations in cells
after treatment with either Dox (25% toxicity) or Tax (60%
toxicity) were not significant. The significant VEGFA mRNA
increase was detected only when cells were treated with PDT
as a single (60% toxicity) or combined-treatment, i.e.
PDT+Dox (65% toxicity) and Tax+PDT (90% toxicity). In
all cases, the highest increase of the mRNA levels was
observed at 8 h after light exposure (Figure 4a). 
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Figure 1. Schedule for cell treatment. a, Treatment with Dox and PDT, alone and in combination; b, treatment with Tax and PDT, alone and in
combination. For PDT, 100 ng ml–1 mTHPC was added to cells and incubated in the dark for 18 h. Then the medium was replaced with the fresh
one, the cells were exposed to light at 660±5 nm, 1.6 mW cm–2, and incubated in the dark. The chemotherapeutic drugs were administrated as
shown in the scheme. After the treatment, the cells were incubated for 1-30 h as follows: 1) 24 h for cell viability assay; 2) 1-30 h for DEVDase
activity assay; 3) 1-24 h for mRNA assay, 4) 6 or 24 h for assessment of protein amount.



The amount of VEGF protein in cell lysates was below the
detection limit. Meanwhile, in the cell culture medium the
VEGF protein amount was significantly increased at 24 h after
PDT-alone and in combination with cytotoxic drugs (Figure 4b).

Dox as a single-treatment or in combination with PDT did not
affect VEGF amount in cell cultivation medium. However, 2
ng×ml–1 Tax-alone or in combination with PDT significantly
increased VEGF protein amount at 24 h after light exposure. 
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Figure 2. Cell viability and DEVDase activity in A-431 cells treated with PDT and/or drugs. The cells were incubated with 100 ng ml–1 mTHPC
(open symbols) or/and Dox or Tax (closed symbols), and exposed to light at 660±5 nm, and 1.6 mW cm–2, when appropriate, according to the
scheme in Figure 1. Cell viability was evaluated by staining with crystal violet following incubation for 24 h in the dark. Cell viability at light
exposure for 0 s corresponds to that of “no PDT”. a, Cell viability after PDT and Dox; b, Cell viability after PDT and Tax; c, DEVDase activity
after PDT and Dox (50 ng ml–1 Dox, light exposure at 660±5 nm for 60 s, fluence 96 mJ cm–2), d, DEVDase activity after PDT and Tax (2 ng ml–1

Tax, light exposure at 660±5 nm for 60 s, fluence 96 mJ cm–2); the point ‘0 h post-exposure’ corresponds to 24 h incubation with Tax. Control,
non-treated cells. Error bars, ±SE, n=3.
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Figure 3. Time- and dose-dependent expression of IL-1alpha in A-431 cells following PDT or/and administration of drugs. The cells were treated
according a scheme shown in Figure 1. a, Time-course of IL1A mRNA accumulation in cells following PDT after light exposure for 60 s or/and
incubation with 50 ng ml–1 Dox or 2 ng ml–1 Tax, related to control cells. Data normalized to ACTB (open bars) and GAPDH (closed bars); b, Dose
dependence of IL-1alpha protein accumulation in cells following PDT or/and incubation with Dox or Tax; The cells were harvested at 6 h (open bars)
and 24 h (closed bars) after treatment; c, Dose dependence of IL-1alpha protein accumulation in cell culture medium following PDT or/and
incubation with Dox or Tax; The cells were harvested at 6 h (open bars) and 24 h (black bars) after treatment. Control, non- treated cells; Error
bars, ±SD. Data of PDT as a single treatment are reproduced from our previous study (14) for comparison.



Discussion

Each treatment adds its anti-tumor action as well as side-
effects to the overall result. In the present study, we aimed
to estimate some pros and cons of PDT combination with
two efficacious chemotherapeutic drugs in vitro, since
alongside the induction of direct tumor eradication, PDT
stimulates the expression and release of cytokines that could
affect the tumor response to the treatment (24). A human
epidermoid carcinoma cell line has been chosen as a model
system because it responds to stress by increased expression
of numerous cytokines. Our goal was to reveal a contribution
of the widely used chemotherapeutic agents Dox and Tax to
the PDT-induced overexpression of two “crosstalking”
cytokines, IL-1alpha and VEGF.

The enhanced cytotoxicity of the combined treatments
versus single ones with involvement of increased apoptosis (we

did not study other modes of cell death) was an expected
outcome of our experiments in accordance with the findings of
many other authors (25). The main value of our study lies in
data on accumulation of IL1A and VEGFA mRNAs and their
proteins (IL-1alpha and VEGF, respectively) in PDT-treated
cells, and, especially, the contribution of Dox and Tax. The
effects of these two chemotherapeutic agents on PDT-treated
cells were different. In general, PDT was the main factor
inducing the overexpression of both IL-1alpha and VEGF. Dox
treatment as a single modality or combined with PDT had no
significant effect on the expression of the studied cytokines.
Tax as a single modality, slightly but significantly increased the
amount of both cytokines in cells treated with a high dose of
the drug, whereas the combined treatment with Tax and PDT
resulted in more than twice as high amount of IL-1alpha and
VEGF in cell culture medium as after PDT-alone. In summary,
(i) cell treatment involving PDT induced increased amounts of
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Figure 4. Time-and dose-dependent expression of VEGF in A-431 cells following PDT or/and administration of drugs. The cells were treated according
a scheme shown in Figure 1. a, Time-course of VEGFA mRNA accumulation in cells following PDT after light exposure for 60 s or/and incubation with
50 ng ml–1 Dox or 2 ng ml–1 Tax, related to control cells; b, Dose-dependence of VEGF protein accumulation in cell culture medium following PDT
or/and incubation with Dox or Tax; The cells were harvested at 6 h (open bars) and 24 h (closed bars) after treatment. Control, non treated cells; Error
bars, ±SD. Data of PDT as a single treatment are reproduced from our previous study (14) for comparison.



IL-1alpha and VEGF, (ii) Dox and Tax contribution to cytokine
expression in PDT-treated cells was different.

What could be the outcome of the stimulated cytokine
production? There are plenty of published studies regarding
the pro-tumor activity of VEGF due to its strong angiogenic
action. The effects of IL-1alpha are less studied and less
predictable. The precursor form of IL-1alpha is constitutively
expressed and retained inside resting cells.  Its activity can
be greatly enhanced by proteolysis to two mature
components (26). The N-terminal pro-piece has the nuclear
localization sequence and can probably influence the
transcription of other genes. The so-called C-terminal
component can be actively exported out of the cell or be
passively released upon cell death (27). It can attach to the
host cell membrane in tumor and activate anti-tumor
responses by increasing immunogenicity. On the other hand,
it can enter the tumor microenvironment and induce
invasiveness of tumor cells (28). Thus, it is hard to predict
the final effect of this cytokine on tumor eradication. 

The parallel increase of IL-1alpha and VEGF in the treated
cells was not accidental. Recently, we have shown that
recombinant extracellular IL-1alpha contributes to
overexpression of VEGF in cells after mTHPC-PDT (14).
Besides, a close connection between VEGF and pro-inflamma-
tory cytokines has been demonstrated by using an antibody
against VEGFR-2, which suppress IL-1alpha activity (29). 

The distinct cellular response to Dox and Tax may be
induced by different mechanisms of action. In addition to
different cellular targets, these drugs possibly trigger diverse
signalling pathways. It has been shown that Dox elicits
immunogenic cell death (ICD) (30). Immunogenic effects of
Tax sensitize the tumor to cytotoxic T lymphocyte killing by
a pathway, which is distinct from ICD (31).  

In conclusion, contribution of the chemotherapeutic drug
Tax to IL-1alpha and VEGF release from cells, which
received the dual treatment involving PDT, is significantly
higher than that of Dox, despite the same level of produced
cytotoxicity. Thus, the final outcome of the combined
treatment in vivo could depend not only on the cytotoxic
potential of a drug, but the miscellaneous responses of the
treated cell as well. The combination of PDT with a
particular chemotherapeutic drug should be applied after
considering the possible hazard of consequences, i.e. after
proper targeted-studies. 
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