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The role of photosensitized macrophages in photodynamic therapy
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Abstract. Cancer stimulates macrophage infiltration and
encourages angiogenesis, which is necessary for tumor growth
and invasion. It seems, that the influence of photodynamic
therapy (PDT) on immune cells and immune regulators plays
a crucial role in this process. In order to study this effect, the
influence of d-aminolevulinic acid (ALA) PDT on the activity
of the murine macrophage J-774A.1 cell line was assessed.
J-774A.1 cells were incubated with different concentrations of
ALA and irradiated with a VIS light source (400-750 nm) at
5, 10 and 30 J/cm?. The effects of ALA-PDT were evaluated
on the basis of cell viability and the secretory activity of
macrophages (nitric oxide, NO; reactive oxygen intermediates,
ROI; tumor necrosis factor o, TNF-q,; interleukin-1p, IL-1p3; and
nuclear factor kB, NF-«xB; proteins, p50 and p65). Experiments
showed that at the higher energy doses, there was a large
increase in ROI and TNF-a release and decreased levels of
NF-xB p50 and p65, IL-1p production and NO release. The
increased levels of ROI and TNF-a release after PDT could be
an additional factor for the complete eradication of tumors. The
decrease in NF-xB p50 and p65 and IL-1f levels could inhibit
tumor progression.

Introduction

Cancer elicits macrophage infiltration, stimulate angio-
genesis (1) which is necessary for tumor expansion, provide
growth factors for hematopoietic cells and for fibroblasts. The
outcome of this fact is central to arguments concerning the
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role of macrophages in tumor incidence, growth and invasion.
It seems, that influence of photodynamic therapy (PDT) on
immune cells and immune regulators plays a crucial role in
this process. PDT is a well-known method for the selective,
non-invasive and effective treatment of precancerous and
cancerous lesions due to the activation of photobiochemical
processes that cause cytotoxicity (2). PDT is based on mutual
reactions between laser irradiation and photosensitizers
that accumulate in tissues and result in selective damage of
pathological tissues (3).

The anticancer effect of PDT is due to three main
mechanisms. First, PDT is cytotoxic, with both necrotic and
apoptotic effects. Second, PDT leads to the occlusion of blood
and lymphatic vessels of the tumor. Third, PDT is associated
with the modulation of immune and inflammatory responses.
It has been proven, that PDT causes acute inflammation,
expression of heat-shock proteins, invasion and infiltration of
the tumor by leukocytes, and might increase the presentation
of tumor-derived antigens to T cells (4). Many studies have
reported the infiltration of lymphocytes, neutrophils and
macrophages into PDT-treated tissue, indicating activation of
the immune response.

Necrosis of cancer cells and hypoxia leads to the activation
of tumor-associated macrophages (TAMs). Monocytes/
macrophage progenitors, migrate to hypoxic sites, which in
turn release growth, survival and angiogenic factors, such
as tumor necrosis factor (TNF), interleukin-1 (IL-1), IL-6,
CXC-chemokine ligand 8 (CXCLS8), vascular endothelial
growth factor and colony-stimulating factor 1, that support
tumor promotion, growth and progression (5). Photodynamic
activation of macrophage-like cells contributes to an effective
outcome of PDT treatment. In order to gain information on
the activation of macrophages during PDT, the influence
of d-aminolevulinic acid (ALA) PDT on the viability and
secretory activity was studied.

Inflammation seems to be an important tumor promoter
and macrophages are important producers of cytokines and
nitric oxide, and they are well suited for increasing tumor
invasion and angiogenesis. Additionally, production of reac-
tive nitrogen species (RNS) in response to induction of iNOS
expression by transcription factor nuclear factor kB (NF-«xB)
might lead to the generation and accumulation of additional
DNA mutations that drive tumor progression.
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The transcription factor NF-«B and the classical signaling
pathway that controls its activation have emerged as central
components of inflammation and cancer. The IkB kinase
(IKK)-NF-kB system can function in both the malignant
component of the tumor, in which it provides the cells
with resistance to apoptotic and genotoxic insults, and the
inflammatory component, in which its activation leads to the
production of growth factors that stimulate tumor growth and
angiogenesis. It has been demonstrated that PDT stimulates
macrophages, neutrophils and T lymphocytes to secrete
cytokines (IL-6 and -10) and TNF-a (6).

PDT uses light-activated molecules that produce reactive
oxygen intermediates (ROIs) and unwanted tissue destruc-
tion after illumination. During photodynamic action, NO
is generated by macrophages and neutrophils as part of
the human immune response and also contributes to vessel
homeostasis by inhibiting vascular smooth muscle contraction
and growth, platelet aggregation and leukocyte adhesion to
the endothelium (7). Nitric oxide reacts with superoxide to
produce peroxynitrite. Reactive oxygen species (ROS) is a
collective term that broadly describes O,-derived free oxygen
species, such as superoxide anion (O,e-), hydroxyl (HO®),
peroxyl (RO,¢), and alkoxyl (RO¢) radicals, and O,-derived
nonradical compounds, such as hydrogen peroxide (H,O,) (8).
To evaluate the cytotoxicity of PDT on cell lines, experiments
have been performed in L929 and MDPC-23 cell cultures with
Photogem® associated with a blue light-emitting diode (LED)
(9). These trials showed a predominance of necrotic cell death
connected with high intracellular levels of ROS. More recent
studies have shown that PDT can also be an effective alterna-
tive for antimicrobial treatment and is connected with a high
level of reactive oxygen intermediates (10). Therefore, PDT
has been proposed as a therapy for a large variety of localized
infections (11,12) and periodontal diseases (13).

In the present study, the role of ALA-PDT in the immune
response and the role of macrophages in the photodynamic
action was assessed on the basis of cell viability and the
production of nitric oxide, chemiluminescence, TNF, NF-xB
proteins p50/p65 and IL-1f.

Materials and methods

The murine macrophage cell line J-774 A.1. The murine
macrophage cell line J-774A.1 was obtained from the German
Collection of Microorganisms and Cell Cultures, Department
of Human and Animal Cell Cultures, in Braunschweig (DSMZ,
Germany) and cultured in Dulbecco's modified Eagle's
medium (DMEM) containing 10% heat-inactivated South
American origin fetal bovine serum (FBS) containing 100 U/
ml penicillin and 100 pg/ml streptomycin (all obtained from
Bio-Whittaker, Verviers, Belgium). The cells were grown and
sub-cultured under standard conditions. J-774A.1 cells were
grown in 48-well Nunclon polystyrene flat-bottom plates.
Plates were incubated with different concentrations (125,
250, 500, and 1000 M) of 6-ALA (Medac GmbH, Wedel,
Germany) for 4 h and then irradiated with VIS (Versatile
Ion Source) (400-750 nm) at 5, 10 and 30 J/cm? delivered
from the incoherent light source PDT TP-1 (Cosmedico
Medizintechnik GmbH, Schwenningen, Germany). Next, the
cells were stimulated with lipopolysaccharide (LPS) 200 ng/
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Figure 1. J-774A.1 cell viability using MTT test after LPS stimulation post
PDT in different power density and different ALA concentration. Results are
presented as a percentage of control group (p<0.05).

ml Escherichia coli O111:B4 fetal bovine serum (FBS; Fluka,
Buchs) for 18 h. The effects of ALA-PDT were assayed by
measuring cell viability and the production of NO and various
cytokines after exposure.

Cell viability. Cell viability was estimated using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) metabolism as previously described (14) and lactate
dehydrogenase (LDH) leakage (Roche Diagnostics GmbH
Cytotoxicity Detection Kit).

NF-xB p50/p65. A total of 10° cells/ml/well of J-774A.1 cells
were seeded in a four-well plate (Nunc, GmbH & Co. KG).
After 3 h, the wells were washed with medium, medium with
levulic acid (250 uM) was added, and the cells were cultured
for 4 h. Next, the medium was changed to medium without
ALA, and the cells were exposed to light at 5 J or 10 J. The
source of light was the incoherent light source PDT TP-1.
The control cells were incubated in the dark at the same
temperature as the treated cells.

Stimulation of the cells. After exposure, the medium was
removed, and medium with 200 ng/ml LPS was added for 1 h.

Extraction of nuclear proteins. The extraction procedure
was performed using the Nuclear Extraction Kit from the
Non-Radioactive Universal EZ-TFA transcription factor assay
(Chemicon International Inc., Temecula, CA, USA).

Determination of NF-kB p50/p65 in nuclear extracts. The
Non-Radioactive NF-«kB p50/p65 Transcription Factor Assay
Kit (Chemicon International Inc.) was used to determine the
levels of activated NF-xB p50/p65 in nuclear extracts.

The capture probe, a double-stranded biotinylated oligonu-
cleotide containing the consensus sequence for NF-kB binding
(5'-GGGACTTTCC-3") was mixed with nuclear extracts.
Next, the extract/probe/buffer mixture was transferred to a
streptavidin-coated plate. The bound NF-«xB transcription
factor subunits p50 and p65 were detected with specific
primary rabbit antibodies. An HRP-conjugated secondary
antibody was used for detection and provided sensitive colo-
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Figure 2. J-774A.1 cell viability using MTT test after LPS stimulation post
PDT in following power density: 5, 10, 30 J/cm? at different ALA con-
centration. Results are presented as a percentage of control group (p<0.05).

rimetric detection using the Elx 800 spectrophotometric plate
reader (BioTek Instruments Inc., Winooski, VT, USA).

The amount of nuclear extracts was 5 ug protein/
well. Positive cell extracts, a non-specific double-stranded
oligonucleotide, and a specific competitor double-stranded
oligonucleotide were used as controls.

Cytokine concentrations. The concentration of IL-1p and
TNF-a in the supernatants of the cell culture was measured
using Quantikine Colorimetric Sandwich ELISAs (enzyme-
linked immunosorbent assay) (R&D, Minneapolis, MN,
USA). All of the reagents were prepared according to the
manufacturer's protocol. Supernatant samples and standards
were added to each well in equal volumes. After 2 h of
incubation at room temperature, each well was aspirated and
wells were washed three times using wash buffer. Then, equal
volumes of antibody conjugated to horseradish peroxidase
were added to each well and incubated for 2 h (for IL-1p,
this second incubation was for 1 h). The wells were aspirated
and washed 3 times. Then, the substrate solution was added
to each well. After 20 min of incubation, the stop solution
was added to all wells, and the optical density of each well at
450 nm was determined using the Elx 800 microplate reader.
Results were calculated using standard curves.

NO concentration. The nitrite concentration in the culture
medium was measured using a microplate assay method
based on the Griess reaction. Equal volumes of culture
medium supernatant and Griess reagent (0.5% sulfanilamide
and 0.05% naphthylene-diamide dihydrochloride in 2.5%
orthophosphoric acid H;PO,) were added to a microplate and
incubated at 25°C for 10 min. The absorbance of the culture
medium and Griess reagent at 550 nm was determined using
the ELX 800 microplate reader. Sodium nitrite was used as
the standard (15).

Chemiluminescence. The chemiluminescence of J-774A.1
cells was measured after stimulation with phorbol myristate
acetate (PMA, Sigma, St. Louis, MO, USA), which was added
5 min after the application of luminol, and recorded in a system
equipped with a photomultiplier (9514s, EMI, Middlesex,
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Figure 3. Release of LDH of J-774A.1 after LPS stimulation post PDT
in different ALA concentration. Results are presented as a percentage of
control group (p<0.05).

UK). The sample volume was 1 ml. The following reagents
were added to the cell culture (10° cell/ml): 1.13x10* M
luminol, 8x107 M PMA and Hanks buffer, pH 7.4 (Gibco,
Paisley, Scotland). Chemiluminescence measurements were
performed using the technique of single photon counting
continuously for 15 min (16).

Statistical analysis. Statistical methods comprised mean,
standard deviation (SD), standard error of mean (SEM),
median, lower and upper quartile. T-test was performed for
dependent samples to compare the parameters to control.
p<0.05 was considered statistically significant.

Results

Cell viability at different doses of energy with different
concentrations of ALA was assessed (Fig. 1). On the basis
of these results, further experiments were performed at 5,
10 and 30 J/cm? with different concentrations of ALA (125,
250, 500, and 1000 xM). Results of cell viability, measured
using MTT test at 5, 10 and 30 J/icm? (Fig. 2), was confirmed
by the LDH leakage from dead cells. The release of LDH by
the cells increased dose-dependently; at lower doses of energy
LDH levels were not significant initially, but they were higher
at 30 J/cm? (Fig. 3). Cell survival following PDT decreased
gradually with increasing doses of light. At 5 and 10 J/cm?,
the cell viability was comparable with the control group.
Therefore, the next investigations were performed at these
doses of energy, using different concentrations of ALA. TNF-a
release was amplified at 10 J/cm?. At 30 J/cm? energy doses, the
concentration of TNF-a was decreased, which was probably
due to the cytotoxic influence of higher irradiation (Fig. 4).
Next experiment revealed, that ALA PDT leads to attenuation
of the level of NF-kB p50 (Fig. 5)/p65 (Fig. 6) and reduction of
the level of IL-1p (Fig. 7).

Subsequently research revealed, that the greatest increase
in chemiluminescence was at 10 Jicm?, with following dimi-
nution at 30 J/cm? (Fig. 8). At these doses of energy, using
different concentrations of ALA, we observed that the higher
the energy doses, the greater the observed decrease of NO
release was (Fig. 9).
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Figure 4. Release of TNF-a from J-774A.1 cells after LPS stimulation post
PDT in different ALA concentration. Results are presented as a percentage
of control group (p<0.05).
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Figure 5. Level of p50 of J-774A.1 after LPS stimulation post PDT. Results
are presented as a percentage of control group (p<0.05).

The secretory activity of the cells was also found to
be dependent on the ALA concentration. Strong secretory
activity was found at 500 yM.

Discussion

The differences in the nature and intensity of the inflam-
matory reaction between normal and cancerous tissues are
still unknown. In addition, the influence of PDT on the angio-
genesis and invasiveness of tumor cells and tumor growth
requires further investigation. Therefore, elucidation of the
participation of the immune response in PDT is essential to
recognize the mechanisms of PDT action.

Inflammation seems to be an important tumor promoter,
and some cytokines, such as IL-1, IL-6 and TNF, can promote
tumor growth, invasion and metastasis. Similar findings to
our results have been reported by other authors using in vitro
studies. PDT has been shown to stimulate macrophages,
neutrophils and T lymphocytes to secrete cytokines, such as
IL-6, IL-10, and TNF-a (17).

In PDT-treated EM6 tumors in the BALB/c mouse model,
IL-6 mRNA and protein levels were strongly enhanced and
IL-10 was markedly induced, but no changes in TNF-a were
observed (18). In addition, a clinical study demonstrated
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Figure 6. Level of p65 of J-774A.1 after LPS stimulation post PDT. Results
are presented as a percentage of control group (p<0.02); n=4.
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that PDT had immunomodulating activity in malignant skin
tumors and oral leukoplakia (19).

NF-«B signalling might also be crucial in tumor progres-
sion. Several NF-xB-regulated genes that encode adhesion
molecules, serine proteases and chemokines were shown to be
essential for tumor invasion and metastasis. Our experiment
reveal, that ALA PDT leads to attenuation of the level of
NF-«xB p50/p65 and reduction of the level of IL-1p.

The adhesion of circulating cancer cells to capillary
endothelia is a critical step in the initiation of metastasis.
Vidal-Vanaclocha reported results demonstrating a role for
IL-1p and IL-18 in the development of hepatic metastases of
melanoma in vivo (20). In vitro, soluble products from mouse
melanoma cells stimulated the hepatic sinusoidal endothelium
to sequentially release of TNF-a, IL-1f3, and IL-18.

Baek er al demonstrated that IL-1f caused nuclear export
of a specific NCOR corepressor complex, resulting in a
decrease in a specific subset of NF-kB-regulated genes (21).

Voronov et al showed that microenvironmental IL1-3
and, to a lesser extent, IL1-a were required for in vivo angio-
genesis and the invasiveness of different tumor cells (22).
Furthermore, they reported anti-angiogenic effects of ILIRN,
suggesting a possible therapeutic role in cancer in addition to
its use in rheumatoid arthritis.
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Figure 8. Chemiluminescence of J-774A.1 after LPS stimulation post PDT.
Results are presented as a percentage of control group (p<0.05).

Our results are comparable with some findings that have
demonstrated the capacity of PDT to cause a significant
suppression of IL-1f3 production. The observations of de Vree
(23) suggest that the effect of PDT on rat rabdomyosar-
coma tumor growth is connected with elevated serum levels
of IL-1p, yielding an increase in the number of function-
ally activated mature neutrophils as a nonspecific immune
reaction to the tumor. PDT has been reported to inhibit
this cytokine secretion of peripheral mononuclear cells
isolated from patients suffering from psoriasis (24). In another
study, a light energy-dependent production of TNF-a and a
fluence-dependent increase in nitric oxide by photosensitized
(meso-tetrahydroxyphenylchlorin -mTHPC) macrophages
were noted (17).

TNF-a is a cytokine responsible for a diverse range of
signaling events within cells. Actions of TNF-a are mediated
by its binding to the specific TNF-a receptors 1 and 2 (TNFR-1
and TNFR-2). The interaction of TNF with TNF receptor-1
(TNF-R1) activates a few signal transduction pathways (25).
One pathway stimulates apoptosis via interaction with the
TNF-a receptor complex and the Fas-ass associated protein
with the death domain.

The second is a mitogen-activated protein kinase (MAPK)
pathway, and the third trail is connected with a primary
mediator of transcriptional control, activation of NF-xB. We
observed an increase in TNF-a release at 10 J/cm? and a
decrease in TNF-a release at 30 J/cm?, which was probably
associated with the cytotoxic influence of higher irradiation.
This cytotoxicity was also associated with a higher leakage
of LDH at 30 J/cm?. Another study showed the induction of
IL-1pB, IL-6 and TNF-a release in response to photodynamic
treatment, apparently intensifying inflammation in the anti-
tumor response (26).

NO plays a dual role in damaging DNA. Auto-oxidation of
NO leads to nitrosating species, which cause deamination of
bases (27). The reaction of NO with O, leads to oxidative DNA
damage due to the formation of peroxynitrite, which may have
HO--like oxidizing potential. Another possible mechanism of
oxidative damage by NO could be the mobilization of free iron
by NO, which could ultimately cause Fenton-type reactions.
Therefore, nitric oxide not only leads to deamination of DNA
bases but is also an obligatory factor in oxidative damage to

0125 uyM ALA
100 T 1 T u
1250 uM ALA
m500 uM ALA
E1000 pM ALA
80
p<0.001v.C.
5 1
R 60 — p<0.001v. C.
£
=
=z T T
40
20 p<0.001v. C.
0 [ el |
0 5 10 30

Energy [chmZ]

Figure 9. Release of NO of J-774A.1 after LPS stimulation post PDT in
different ALA concentration. Results are presented as a percentage of
control group (p<0.05).

DNA (28). Our experiments revealed a decrease in NO release.
Previous results have shown that NO decreases the extent of
apoptotic cell death after PDT treatment through a protein
kinase G (PKG)-dependent mechanism upstream or at the
level of caspase activation (28).

It has been demonstrated that PDT stimulates the host
immune system (29). In contrast to surgery, radiotherapy
and chemotherapy, which are mostly immunosuppressive,
PDT causes acute inflammation, the expression of heat-shock
proteins, invasion and infiltration of the tumor by leukocytes,
and might increase the presentation of tumor-derived antigens
to T cells. It seems that PDT also has a crucial role in angio-
genesis and the invasiveness of tumor cells. Oseroff showed
that PDT acts as a biological response modifier in addition to
directly damaging target cells and their blood supply (30). The
increase in the intensity of the chemiluminescence may be the
result of pre-activation of cells, known as priming. One of the
essential priming stimulating agents is TNF-a, which induces
human neutrophil cytotoxic activity against malignant cells.
An enhancement of phagocytosis and respiratory burst and
an increase in the expression of integrin receptors occurs in
human polymorphonuclear cells after TNF-a stimulation.

Macrophages promote cancer metastasis through
promotion of angiogenesis, induction of tumor growth, and
enhancement of tumor cell migration and invasion. Clinical
studies have shown a correlation between the numbers of
TAMs and poor prognosis for some cancers (breast, prostate,
ovarian, cervical, endometrial, esophageal and bladder)
(31-35). TAMs are also associated with increased angiogenesis
or lymph node metastasis in cancer tissues. Since PDT not
only reduces the tumor burden but also influence on immune
cells and inflammation, it has been suggested that the recruit-
ment of activated macrophages to inflammatory tumor lesions
is the major factor for the complete eradication of tumors
and major factor of enhancement of tumor cell invasion and
metastasis.

Cancer stimulates macrophage infiltration, but PDT is an
immunomodulator due to modulation of secretory activity of
macrophages. This additional event that occur during PDT
that leads to and magnifies the inactivation of tumor cells
and simultaneously diminished factors responsible for tumor
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growth and invasion. Activity and the control of TAMs to
be pro-metastatic or tumoricidal is an important subject for
cancer therapy.

Our study presents the effect of PDT on macrophage-

induced anti-tumor immune response, and the role of PDT
in stimulating and suppressing immune response. The
elucidation of the whole mechanism by which PDT kills
cancer cells, and its influence on cancer cell angiogenesis,
invasiveness and metastatic potential will play a crucial role
in clinical indications and guarantees safety of this method
of cancer treatment and may help in the design of novel
adjunctive cancer therapy in the future (36).
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