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Abstract

Photodynamic therapy (PDT) of cancer is an efficient and promising therapeutic modality approved
for the treatment of several types of tumors and non-malignant diseases. It involves administration of
a non-toxic photosensitizer followed by illumination of the tumor site with a harmless visible light.
A light activated photosensitizer can transfer its energy directly to molecular oxygen, leading to pro-
duction of highly toxic reactive oxygen species (ROS). Antitumor effects of PDT result from the com-
bination of three independent mechanisms involving direct cytotoxicity to tumor cells, destruction of
tumor vasculature and induction of the acute local inflammatory response. PDT-mediated inflammatory
reaction is accompanied by tumor infiltration of the leukocytes, enhanced production of pro-inflamma-
tory factors and cytokines. Photodynamic therapy is able to effectively stimulate both the innate and the
adaptive arm of the immune system. In consequence, this regimen can lead to development of systemic
and specific antitumor immune response. However, there are limited studies suggesting that under some
specific circumstances, PDT on its own may exert some immunosuppressive effects leading to activation
of immunosuppressive cells or cytokines production. In this report we briefly review all immunological

aspects of PDT treatment.
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Introduction

Photodynamic therapy (PDT) is a successful and min-
imally invasive therapeutic approach used in the treatment
of various solid tumors as well as non-malignant diseases.
Photodynamic therapy has been clinically approved for
the treatment of lung, esophageal, bladder, skin and head
and neck cancers. Photodynamic therapy action is depen-
dent on three essential components: photosensitizer that
is applied topically or administered systemically; visible
light, usually generated by laser sources; and molecular
oxygen. None of these elements is toxic, only when com-
bined together they exert a cytotoxic effect to tumor cells.
In a clinical setting PDT is a two-step procedure involving
administration of a photosensitizing agent that preferen-
tially accumulates in the tumor tissue, followed by local
irradiation of the lesion with the light of appropriate wave-
length able to activate the sensitizer [1]. The light activat-
ed photosensitizer can either transfer its energy directly to
molecular oxygen, leading to production of highly reac-
tive singlet oxygen, or can react with macromolecules and
generate radicals. Further reaction with molecular oxygen
results in formation of superoxide ion, hydroxyl radical
or hydrogen peroxide. All these reactive oxygen species
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(ROS) are responsible for oxidative damage of proteins,
lipids and other intracellular molecules, causing PDT-me-
diated direct tumor cell death through apoptosis, necrosis
or autophagy [2]. Antitumor effects of PDT result from
its unique mechanism involving not only direct cytotox-
icity to tumor cells, but also indirect actions such as dis-
ruption of tumor vasculature and induction of acute local
inflammatory response (Fig. 1). The latter may facilitate
the development of antitumor and antigen-specific immune
response [3].

Induction of inflammatory response

It was widely reported that PDT treatment leads to
oxidative stress in tumor tissue associated with massive
photooxidative damage in cancer cells, tumor vasculature
and stroma. This PDT-mediated injury is a local trauma
and threat for tissue integrity and homeostasis. Therefore,
host inflammatory response is elicited in order to remove
dead and damaged cells, heal injured tissue and restore its
function as well as the disrupted homeostasis [4]. Oxida-
tive stress caused by PDT may induce various signals trans-
duction in the cell which are responsible for production of
stress-induced proteins, activation of genes regulating apop-
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Fig. 1. Unique mechanism of PDT action
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tosis and cytokine gene expression. Photooxidative damage
of cell membranes results from peroxidation of lipids that
leads to extensive release of arachidonic acid metabolites
which are potent inflammatory mediators [5]. Importantly,
similar effects are encountered during infection or other
tissue injury. Additionally, another source of inflammatory
signals are vascular events induced by PDT. PDT-mediated
damage of endothelial cells causes disruption of their barri-
er function, loss of junctions, and exposure of the vascular
basement membrane. Exposure of sites enabling clot for-
mation initiates clotting cascade, activation of platelets and
the release of proaggregatory and vasoactive agents. This is
followed by vessel contraction which facilitates leucocytes
and thrombocytes adhesion, whereas released mediators in-
crease vessel permeability. These events result in venules
occlusion and blood flow stasis.

The process of inflammation is one of the most es-
sential mechanisms in antitumor action of PDT. This in-
flammatory reaction is mediated by various factors such
as vasoactive substances, components of the complement
and clotting cascades, acute phase proteins, proteinases,
peroxidases, ROS, leukocyte chemoattractants, cytokines,
growth factors and other immunoregulators [6].

Innate arm of immune response

PDT-induced damage of tumor and stroma cells leads
directly to an increased level of cytokines and other me-
diators of inflammation. Further release of cytokines is
a consequence of activation of various signaling pathways
and transcription factors such as activator protein 1 (AP-1)
or nuclear factor kB (NF-xB) [7]. After PDT treatment in
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animal and human studies, elevated levels of numerous
cytokines such as interleukin (IL)-1f3, IL-2, IL-6, IL-10, tu-
mor necrosis factor oo (TNF-a) were confirmed. However,
it seems that the most important cytokine in PDT outcome
is IL-1p. There are studies showing that IL-1f activity is
critical for the therapeutic efficacy, since its neutralization
reduces the cure rates of PDT-treated tumors in a mouse
model. Interestingly, blocking of anti-inflammatory cyto-
kines such as IL-10 and TGF-f improved the cure rates of
PDT-treated tumors [4].

Release of immunomodulating factors together with
acute phase response from PDT-injured tissue is followed
by rapid and massive accumulation of various immune
cells into the tumor site. The infiltrating cells mainly
comprise neutrophils, but also mast cells and monocytes/
macrophages [8]. Shortly after PDT, neutrophils massively
migrate to the tumor site and orchestrate other immune
cells and further development of immune response. There
is increasing evidence that neutrophils are indispensable
for PDT efficacy. Depletion of these cells in tumor bearing
mice and rats led to attenuation of PDT-mediated destruc-
tion of tumor cells. Furthermore, macrophages/monocytes
are also considered as effector cells in the elimination of
PDT-treated tumor tissue. A number of studies indicate
that low dose PDT can stimulate macrophages, leading
to enhanced phagocytic activity and release of TNF-a
and nitric oxide (NO). Moreover, tumoricidal activity of
these cells was confirmed by in vivo studies showing that
stimulation of macrophages potentiates antitumor effects
of PDT, whereas inactivation of macrophages causes de-
creases in cure rates in mice [9]. Another class of non-spe-
cific immune cells contributing to the antitumor effect of
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PDT is NK cells. It was reported that depletion of NK cells
in a mouse model leads to abrogated antitumor response
towards distant lesions, indicating that NK cells play a piv-
otal role in PDT outcome [10].

One of the earliest events in PDT-treated cells is massive
release of various natural and oxidatively modified tumour
antigens together with cell stress factors known as dam-
age-associated molecular patterns (DAMPs) [11]. DAMPs
are intracellular molecules, which act as immunostimulators
when exposed on the surface or released by damaged and/
or dying cells [4]. DAMPs are molecules recognized by the
innate immune system through pattern recognition recep-
tors (PRR) [12]. It has been shown that PDT enhances the
immunogenicity of dead tumor cells by inducing release of
DAMPs and tumor antigens. Altogether, tumor antigens and
DAMPs with other pro-inflammatory signals can activate
both innate and adaptive immune response [13].

Adaptive arm of immune response

Dendritic cells (DCs) are the most potent antigen pre-
senting cells (APCs) that link innate and adaptive immune
response. Dendritic cells capture and recognize antigens,
become activated and home to local lymph nodes, where
they mature and present antigen-derived peptides in as-
sociation with major histocompatibility complex (MHC)
molecules to T lymphocytes. This results in activation
of CD4+ T helper cells and CD8+ cytotoxic T cells,
B cells and initiation of the adaptive immune response
[14]. The pro-inflammatory PDT effect, together with re-
leased tumor antigens and danger signals, enhances mat-
uration and activation of DCs and further stimulation of
T cell effector functions [15]. It was reported that imma-
ture DCs injected into PDT-treated tumors can capture
tumor antigens, become mature and migrate into draining
lymph nodes, where they stimulate specific T cells [16].
During an effective immune response, activated T lym-
phocytes become effector T cells and migrate to the lesion
and kill the tumor cells.

The role of the immune system in PDT outcome has
been broadly investigated for the last decades indicating
that antitumor effects of PDT depend on the presence and
activity of adaptive immunity [17]. Korbelik et al. reported
long-term cures in BALB/c mice inoculated with EMT6
mammary carcinoma cells, whereas the same PDT regimen
was not able to cure SCID mice. Notably, adoptive transfer
of splenocytes obtained from previously cured mice ful-
ly restored the curative effect of PDT [18]. Interestingly,
there are also human studies reporting that PDT is effective
in achieving local and distant tumor control. Thong ef al.
describes a case report of a patient with recurrent angiosar-
coma. The main cluster of tumors on the right upper limb
was treated with Fotolon-PDT. Unexpectedly, 2 months
after therapy, the untreated tumors on the same limb un-
derwent spontaneous remission. Similarly, 4 months after
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treatment spontaneous remission of the untreated tumors
on the other limb was observed. Sustained remission of
these tumors was achieved for 15 months after PDT.
Moreover, biopsy of the irradiated site revealed strong in-
filtration of CD4+T lymphocytes and subsequent massive
accumulation of CD8+ T lymphocytes [19].

Immunosuppressive effect
of photodynamic therapy

Activation of antitumor immune response by PDT is of
great interest, whereas little attention is paid to the immu-
nosuppressive side of PDT. PDT-mediated tissue damage
causes release of various agents leading to activation of
immune response. Every strong immune activation induces
counteraction such as immunosuppressive mechanisms in
order to restore homeostasis and prevent from dangerous
over-active immune responses. Therefore, it is not surprising
that there are studies reporting induction of immunosuppres-
sion by PDT [20]. Elmets and Bowen were the first to report
immunosuppressive effects of PDT. Treatment of mice with
hematoporphyrin derivative (HpD) PDT resulted in 50%
suppression of contact hypersensitivity (CHS) to 2,4-di-ni-
trofluorobenzene (DNFB) [21]. Subsequently, it was shown
that PDT can lead to systemic immunosuppression that can
be adoptively transferred by macrophages [22].

PDT-activated DCs transport tumor antigens to the
LNs not only to stimulate but also to inhibit immune re-
sponse. The function of activated T cells might be pre-
vented by regulatory T cells (Tregs) or immunosuppressive
cytokines such as IL-10 or transforming growth factor 3
(TGF-B) that are elevated in response to PDT treatment.
Those cytokines stimulate CD4+ T cells to differentiate
into Tregs, leading to generation of anergic or tolerogen-
ic CD8+ T cells [23]. Recently, it has been reported that
the level of Tregs is significantly elevated in spleens and
lymph nodes (LNs) in a tumor bearing mouse after PDT
treatment [24].

Additionally, PDT-induced ROS production possibly
may cause inactivation of immunogenic molecules, such
as DAMPs, released after PDT [25]. Moreover, enhanced
production of vascular endothelial factor ¢, VEGFc, after
PDT treatment might affect the maturation process of DCs
that results in development of tolerogenic and immunosup-
pressive environment [26].

Mechanisms of PDT-induced immunosuppression is
still poorly understood and mostly tested in the CHS mod-
el. Therefore, PDT-mediated immunosuppression in the
tumor setting requires further investigations.

Summary

Ideal anticancer therapy would lead to eradication of
not only the primary tumor, but also induce specific anti-
tumor immune response allowing for the control of distant
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metastases and protection from tumor relapse. It seems
that PDT may meet these expectations as it induces acute
inflammation, attracts immune cells to distant tumors and
is able to develop systemic antitumor immune response.
Under certain experimental settings, PDT itself can lead
to complete regression of tumor and to development of
long-lasting tumor-specific immunity. However, such situ-
ations are unusual; in most cases PDT alone is insufficient
in inducing immune response that would lead to complete
tumor rejection. Nevertheless, antitumor PDT creates
a unique microenvironment for further development of ef-
fective antitumor immune response. Therefore, PDT with
its unique features gives new possibilities for combination
treatments, especially with drugs stimulating immune re-
sponse. There are several studies reporting enhanced an-
ti-tumor immune response when PDT is combined with
immune-stimulating agents such as recombinant cytokines
[granulocyte-colony stimulating factor (G-CSF), granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) and
TNF]; epigenetic drug, 5-aza-2’-deoxycytidine or intratu-
moral administration of DCs [8, 16, 27-29].

On the other hand, PDT can induce immunosuppres-
sion leading to activation of anti-inflammatory cytokines
and suppressing immune cells. Consequently, combination
therapies inhibiting suppressive environment should also
be taken under consideration. It was widely reported that
neutralization of anti-inflammatory cytokines such as IL-10
or TGF-f improved PDT outcome. Moreover, application
of PDT combined with cyclophosphamide led to depletion
of Tregs and enhanced PDT-mediated immunity as well as
to long-term survival and development of memory immu-
nity in mice [24].

To summarize, all those events involved in immune
response against tumors induced by PDT should be further
studied. Understanding of these mechanisms will allow for
rational design of combination therapies that could be ap-
plied in clinical settings.
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