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Light fractionation, with a long dark interval, significantly
increases the response to ALA-PDT in pre-clinical models and in
non-melanoma skin cancer. We investigated if this increase in
efficacy can be replicated in PAM 212 cells in vitro. The results
show a significant decrease in cell survival after light fractionation
which is dependent on the PplIX concentration and light dose of
the first light fraction. This study supports the hypothesis that an
underlying cellular mechanism is involved in the response to light
fractionation in which a first light fraction leads to sub-lethally
damaged cells that are sensitised to a second light fraction
2 hours later. The current study reveals the in vitro circumstances
under which we can investigate the cellular pathways involved.

Introduction

Light fractionated 5-aminolevulinic acid (ALA) based photo-
dynamic therapy (PDT) significantly increases the clinical
response of non-melanoma skin cancer, illustrated by the 5
year follow-up of a randomized, prospective trial treating
superficial basal cell carcinoma' and the 12 month follow-up
treating actinic keratoses.” This approach to increase the
response to ALA-PDT involves a single topical application of
ALA to the lesion for 4 hours followed by the delivery of light
in two fractions separated by a dark interval of 2 hours® and
has been demonstrated in a range of pre-clinical models.*™®
The mechanism behind this increase in effectiveness of light
fractionation has not yet been fully elucidated. We and other
investigators have shown that protoporphyrin IX (PpIX) con-
tinues to be synthesised in vivo after PDT’ ™ and that cells in
tissues within the treatment volume are responsible for this re-
synthesis.'® The original rationale behind the design of light
fractionated ALA-PDT was the utilisation of the re-synthesised
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PpIX after the first light fraction. However, there is no corre-
lation between the amount of PpIX that is re-synthesised and
31L12 We have pre-
viously hypothesised that a cellular mechanism is involved by
which cells that are sub-lethally damaged by the first light frac-
tion may be vulnerable to a second light fraction delivered
2 hours later.”

the effectiveness of light fractionation.

In a series of preclinical studies we have shown the critical
influence of the illumination parameters on the efficacy of
light fractionated PDT. A 2 hour dark interval results in a sig-
nificant increase in efficacy compared to shorter intervals;'?
increasing the fluence or decreasing the fluence rate of the
first light fraction leads to a reduction in efficacy. We were also
able to show that these light treatment parameters can be
varied without a loss in efficacy if the PDT dose, determined
by monitoring PpIX photobleaching, is kept constant."® Given
that the PDT dose, which is related to the amount of singlet
oxygen generated during the first light fraction, is such an
important parameter careful consideration was given to the
choice of treatment parameters in the present in vitro study.
We investigated a range of illumination schemes and ALA
incubation conditions in vitro in order to mimic as closely as
possible the PDT dose delivered in the first light fraction and
the dynamics of PpIX synthesis in vivo.

Materials and methods

The spontaneously transformed murine keratinocyte cell line,
PAM 212,"* was cultured in RPMI-1640 medium supplemented
with r-glutamine 2 mM, 10% foetal bovine serum and the
Gibco antibiotic-antimicotic. Cells were seeded in triplicate,
incubated for 48 hours at 37 °C and 5% CO, and utilised at
semi-confluency. Two different ALA doses and incubation
regimes were used. We began with the lowest dose that
resulted in a maximum of PpIX accumulation after 3 hours of
incubation, i.e., 2 mM in a serum free medium. In the case of
light fractionation, cells were re-incubated with an ALA con-
taining medium during the dark interval between the two light

Photochem. Photobiol. Sci., 2013, 12, 241-245 | 241


www.rsc.org/pps
http://dx.doi.org/10.1039/c2pp25287b
http://pubs.rsc.org/en/journals/journal/PP
http://pubs.rsc.org/en/journals/journal/PP?issueid=PP012002

Downloaded by George Mason University on 07 March 2013
Published on 16 October 2012 on http://pubs.rsc.org | doi:10.1039/C2PP25287B

fractions. The second incubation regime used was focussed on
the dose that gave plateau values of PpIX fluorescence over a
time period similar to that observed, in vivo, in pre-clinical
models."" To achieve this we incubated the cells with 0.2 mM
ALA in a serum free medium for 2 hours. The PpIX concen-
tration in cells before the first and second illumination was
determined using an extraction technique described pre-
viously.” In brief, cells were plated in 24-well plates at a con-
centration of 1 x 10° cells per ml, and utilised after 2 days
under conditions of confluency.

Porphyrins accumulated within the cells were extracted
twice with 5% HCI, leaving the cells standing for half an hour
in the presence of the acid at 37 °C. These conditions proved
to be optimal for total PpIX extraction. The excitation and
emission wavelengths producing the highest fluorescence in
PpIX, uroporphyrin and coproporphyrin solutions in 5% HCI
were 406 nm and 604 nm respectively. These wavelengths were
employed to measure the samples in a Perkin Elmer LS 55
Luminescence Spectrometer. PpIX (Porphyrin Products, Logan,
UT, USA) was used as a reference standard.

To perform PDT experiments, cells were seeded on 6-well
plates. During ALA exposure, a serum free medium was used
to avoid PpIX efflux from cells, and was replaced by a complete
medium after illuminations. A bank of two fluorescent lamps
(Osram L 36W/10) was used for the therapeutic illumination.
The output spectrum of this light ranged from 400 to 700 nm
with the highest radiant power at 600 nm. Fluences between
0.3 and 3.1 ] cm™~> were used at a power density of 2 mW cm ™.
After the last illumination cells were incubated for 19 h and
tested for cell viability using the MTT assay as described pre-
viously."”® Following appropriate treatments, MTT (3-[4,5-
dimethylthiazol-2-y1]-2,5-diphenyltetrazoliumbromide)  solu-
tion was added to each well at a concentration of 0.5 mg ml™",
and plates were incubated at 37 °C for 1 hour. The resulting
formazan crystals were dissolved by the addition of DMSO and
absorbance was determined at 560 nm.

As described above the fluences of the first and second
light fractions are critical parameters in vivo. The most
effective treatment scheme is with a first light fraction of 5 J
em™> at 50 mW cm> followed by a second light fraction
2 hours later of 95 ] cm™> at 50 mW cm ™ >.>"""? A single light
fraction of 5 ] em™ results in a visual skin response character-
ised by slight redness for one to two days with no crust for-
mation. This response can be regarded as predominantly
sublethal damage and was approximated by 80-95% cell survi-
val in vitro. A single light fraction of the magnitude of a
second light fraction that is most effective in vivo results in sig-
nificantly more visual skin damage and was approximated by
35-60% cell survival in vitro. The cell survival curves of a
single illumination were used to determine the fluences for
the light fractionation schemes. Data are expressed as mean =+
standard error of the mean for cell survival or standard devi-
ation for PpIX concentration, and they are the average of two
to five independent experiments run in duplicate or triplicate.
A two-tailed Student’s t-test was used to determine statistical
significance between means.
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Results

Incubation with 2 mM ALA for 3 hours resulted in a PpIX
accumulation of 5.5 + 0.6 ng porphyrins per 10° cells. Incu-
bation for 5 hours, i.e., the time point for the second light frac-
tion, resulted in a significantly higher accumulation of 9.6 +
0.8 ng porphyrins per 10> cells (p = 0.002, n = 4). The cell survi-
val curve of cells incubated with 2 mM ALA showed decreasing
cell survival with increasing fluence (Fig. 1). A single illumina-
tion delivered after 5 hours of incubation was slightly more
effective than after 3 hours. For example, illumination with a
fluence of 1.2 J em™ at 5 hours resulted in 25.8 + 9.5% cell
survival compared to 46.7 + 10.9% after illumination at
3 hours (p = 0.15, n = 5). Illumination at 2 hours was even less
effective and resulted in 72.8 + 6.2% cell survival (data not
shown). The fluence for the two light fractions of the three
light fractionation schemes was based on the results for a
single illumination delivered at 3 or 5 hours (Table 1). PDT
efficacy using these incubation conditions and treatment para-
meters was not enhanced over a single illumination of the
same total fluence. In fact, a single illumination at 5 hours
was at least as effective and sometimes even more effective
than the light fractionation schemes studied.

The second ALA incubation regime with a 10 times lower
concentration, 0.2 mM for 2 hours, resulted in comparable
levels of PpIX at 2 and 4 hours after the start of incubation
(2.64 + 0.31 and 2.71 + 0.37 ng porphyrins per 10° cells,
respectively). A single illumination delivered at either of these
time points was equally effective (Fig. 2). For example a fluence
of 2.52 J em™2 at 2 hours resulted in 7.0 + 2.0 cell survival com-
pared to 8.5 + 2.1% at 4 hours. Again, the fluence for the two
light fractions of the three light fractionation schemes was
based on the results for single illuminations (Table 1).
Under these circumstances light fractionation significantly
increased the effectiveness of the treatment. Compared to a
single illumination of 2.52 J cm™ the cell survival of light
fractionation with a slightly lower total fluence of 2.28 J em™>
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Fig. 1 Cell survival of PAM 212 cells incubated with 2 mM ALA and illuminated

with a single illumination at 3 h (O) or 5 h (O) and light fractionation at 3 and
5h(A).
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Table 1 Cell survival of PAM 212 after ALA-PDT with different ALA incubation
regimes and different individual single illumination fluences. These fluences
were used for the investigated light fractionation schemes

Single 1st fraction Single 2nd fraction

1 1 I
0 0.5 1

Fluence (J cm'z)

ALA
Jem™2 Cell survival Jem™2 Cell survival
2 mM 0.36 94.3 +6.4 0.84 40.9 +17.6
0.48 80.2 +£5.2 0.96 33.6 £33.4
0.6 82.0 £ 5.2 1.2 25.8 +19.1
0.2 mM 0.84 95.0 +2 1.08 60.0 £ 1.3
0.84 95.0 +2 1.44 52.0+1.9
0.84 95.0+2 1.8 17.0 £ 3.3
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Fig. 2 Cell survival of PAM 212 cells incubated with 0.2 mM ALA and illumi-
nated with a single illumination at 2 h (0) or 4 h (O) and light fractionation at
2and 4 h (A).

(0.84 + 1.44) was significantly decreased to only 1.3 + 0.5%
(p =0.009, n = 3).

Discussion

The results of the present study show an increased efficacy of
light fractionated ALA-PDT in vitro under rather specific cir-
cumstances: under incubation conditions of low (0.2 mM) ALA
concentration there is approximately an order of magnitude
reduction in cell survival when two light fractions are delivered
at 2 and 4 hours compared to a single illumination with the
same cumulative fluence at either time point. This is the first
report of this type of in vitro response following light fractio-
nated PDT and supports the hypothesis that there is a mechan-
ism by which cells are rendered sensitive to an illumination
2 hours after a first sub-lethal insult.

It is noteworthy, however, that we did not observe an
increase in efficacy of light fractionation at high ALA concen-
tration. It is interesting to speculate on the reason for this
difference in response. It may be that incubation using high
concentrations of ALA results in a different localisation of
PpIX within the cell and therefore leads to different
responses’® which are not advantageous to the mechanism
underlying the increase in efficacy. We note that the extraction
method used in the present study means that we are unable to
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determine if PpIX is localised in different cellular compart-
ments. Incubation with 0.2 mM ALA results in comparable
PpIX levels at 2 and 4 hours despite the ALA withdrawal at
2 hours. This suggests that PAM 212 cells form a pool of ALA
and/or porphyrins upon ALA exposure like we have shown for
other cell lines." The cell survival response to a single illumi-
nation delivered at either of these time points is not different
suggesting that the location of accumulated PpIX has not
changed. Incubation with 2 mM ALA for 3 hours saturates the
haem cycle while a higher concentration will not lead to a
higher level of PpIX (data not shown). Extending the incu-
bation to 5 hours significantly increases the PpIX level and
may overload the haem cycle and result in a relocation of the
accumulated PpIX."?

It is also important to note that the relationship between
in vivo PDT dose delivered as monitored for example by the
generation of singlet oxygen'” or indirectly by measuring PpIX
photobleaching," in vivo efficacy as determined using a visual
skin scoring system and cell death in vitro may be more com-
plicated than we have assumed. Sub-lethal damage may play
an important role in the in vivo studies, a factor that is not
taken into account in the present in vitro study. The current
study supports the hypothesis that cells become sensitive to a
second illumination delivered 2 hours after a first light frac-
tion. The cellular/biological mechanism underlying this effect
has not yet been determined. The central question that
remains: what occurs in response to the first light fraction that
causes the cells to be sensitive to a second light fraction? Two
to 4 hours after incubation with ALA, PpIX is primarily located
on the inner mitochondrial membrane with small concen-
trations in other organelles such as the ER and the plasma
membrane.'® Mitochondrial damage is known to lead to the
uncontrolled release of cytochrome c into the cytosol followed
by the activation of the caspase pathway and apoptotic cell
death.”® The short diffusion distance of singlet oxygen®'
means that specific molecular targets to which the PpIX photo-
sensitiser is bound or closely associated are known to play
critical roles in the events upstream of cytochrome c release. A
number of specific targets for ALA-induced PpIX have been
identified including the peripheral benzodiazepine receptor
(within the permeability transition pore complex)** and cardio-
lipin.*® 1t is thought that PpIX is very closely associated with
these molecules and acts directly on them thereby modulating
the apoptotic pathway. It may be that the delivery of a small
PDT dose followed by a dark interval leads to PpIX re-localis-
ation and/or conformational changes of molecular targets that
may increase the susceptibility of cells to undergo apoptosis or
autophagy.”*® It is notable that the delivery of high PDT
doses can overwhelm these pathways and lead to cell necrosis.
This supports our observations that the delivery of high PDT
doses in the first light fraction abrogates the effect of light
fractionation.

Given our finding that it is cells that are exposed to low con-
centrations of ALA and synthesise low concentrations of PpIX
that are susceptible to light fractionation it is interesting to
consider which cells influence its efficacy in vivo. In normal
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(mouse) skin deeper lying structures that synthesize low PpIX
concentrations include the local (micro-) vasculature. We have
previously shown that the vasculature is a target of light frac-
tionated ALA-PDT.**® It is also known that regions within
clinical lesions such as superficial BCC accumulate low levels
of PpIX.*® It may be that light fractionation enhances the
response of these cell populations and those of the local vascu-
lature thereby enhancing clinical efficacy.

In summary we have shown that light fractionation
increases the response of cells to ALA-PDT in vitro. This study
supports the hypothesis that a cellular mechanism is involved
in the response to light fractionation in which a first light frac-
tion leads to sub-lethally damaged cells that become more sus-
ceptible to a second light fraction 2 hours later. Clearly the
present study has only investigated a single cell line, and the
generality of our conclusions should be carefully considered.
The effect of light fractionation in other cell lines will be the
subject of future research. The current study does however
reveal the conditions under which we can further investigate
the cellular pathways involved in the response to light fractio-
nated PDT.
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