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Summary Photodynamic therapy (PDT) is a clinically approved therapeutic modality used for the management of several types of tumors as well as non-malignant
diseases. Most of the effects of this treatment regimen result from direct action
of singlet oxygen and reactive oxygen species. However, accumulating evidence
indicates that antitumor effects are also mediated by indirect stimulation of inﬂammatory and immune responses. These responses include rapid local inﬁltration of
tumors by neutrophils and macrophages accompanied by systemic release of inﬂammatory mediators. This early response can initiate and translate into a more precise
immune reaction that involves activation of speciﬁc T lymphocytes that seem to
be necessary for the ultimate control of residual tumor cells. Although still incompletely understood, PDT can not only activate but also suppress the immune response
depending on several variables. This review summarizes the inﬂuence of PDT on the
immune response and discusses its importance in the management of human diseases.
© 2005 Elsevier B.V. All rights reserved.
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Introduction
Photodynamic therapy (PDT) is a minimally invasive
therapeutic modality approved for the treatment of
neoplastic and vascular diseases. It consists of (i) a
photosensitizer that is applied topically or administered systemically; (ii) light in the visible range of
electromagnetic wave, usually generated by laser
sources and (iii) molecular oxygen, which is used
in the photodynamic reaction to generate singlet
oxygen (1 O2 ) and reactive oxygen species. PDT is a
two-step procedure: after local or systemic administration of a photosensitizer light of an appropriate
wavelength is precisely delivered to the target tissue. Advanced ﬁberoptic systems enable light delivery to virtually any site in the body including brain
and even small blood vessels.
PDT is frequently regarded as a dual speciﬁcity
treatment. The selectivity is achieved by an
increased photosensitizer accumulation within the
tumor as compared to normal tissues and by the
fact that illumination is limited to a speciﬁed location. The local nature of PDT is both a drawback
and an advantage of this therapeutic modality. A
limitation of PDT is that it cannot be a curative
procedure for large and disseminated tumors.
Nonetheless, even for advanced disease it can
improve the quality of patients’ life and prolong
survival. For small and localized diseases, it can be
a curative procedure with minimally invasive and
excellent cosmetic results. Antitumor effects of
PDT result not only from its direct action on tumor
cells but also from its inﬂuence on the development
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of inﬂammatory and antitumor immune responses.
Several recent reviews extensively describe photosensitizers, basic photochemistry and mechanisms
of antitumor effects of PDT [1—6].

The role of the immune response in the
antitumor action of PDT
Early vascular effects induced by PDT
Direct endothelial cell damage accompanied by
vessel contraction leads to exposure of basement
membrane and vascular leakage that subsequently
contribute to early events of PDT such as edema
formation, platelet aggregation, thromboxane
release and thrombus formation as well as activation of the complement cascade [7,8]. Moreover,
PDT inhibits the release of nitric oxide (NO) from
endothelial cells, thereby further contributing to
vessel constriction [9]. The early vascular shutdown leads to ischemia-related cell death. The
collapsed vessels may stay closed but in some cases
there is a reoxygenation of the treated tissues
soon after completion of tumor illumination. This
latter effect can be facilitated by the release of
vasodilating mediators such as NO, histamine and
prostaglandins. In a poorly oxygenated environment, xanthine dehydrogenase becomes converted
into xanthine oxidase which converts hypoxanthine
into xanthine in a process accompanied by a release
of large amounts of reactive oxygen species, mainly
superoxide anion. This oxidative stress promotes
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Figure 1 The mechanisms of antitumor effects triggered by PDT. PDT induces both direct and indirect antitumor
effects. It can directly destroy tumor cells that undergo apoptosis and necrosis accompanied by the release of numerous
mediators such as eicosanoids, heat shock proteins (HSP) and tumor-associated antigens (TAA). These mediators induce
a non-speciﬁc, inﬂammatory response that is facilitated by the destruction of tumor vasculature. The inﬂammatory
response is followed by a slowly developing adaptive immunity that can potentiate local antitumor effects and might
possibly (at least in some experimental tumor models) induce systemic immunity.

complement activation and inﬁltration of a previously ischemic area with neutrophils and other
inﬂammatory cells [10]. Therefore, after a brief
period of ischemia a reperfusion injury occurs
which further contributes to PDT-induced tumor
cell death [11,12]. Administration of a bacterial
superoxide dismutase (SOD) or inhibition of xanthine oxidase leads to attenuated antitumor effects
of PDT [11,13]. Accordingly, inhibition of SOD activity by 2-methoxyestradiol potentiates antitumor
effects of PDT in two murine tumor models [14].
Direct induction of tumor cell death potentiated by ischemia and ischemia-reperfusion injury
is responsible for early tumor ablation. However,
accumulating evidence indicates that these early
events trigger inﬂammatory responses that seem
important in achieving long-term tumor control
(Fig. 1).

The inﬂuence of PDT on complement
activation
As mentioned above PDT results in activation of
the complement system. The activation of the

complement cascade, the major effector system of
innate immunity, seems to play an important role in
the initiation and orchestration of the PDT-induced
response. Complement engagement is triggered by
one of the three independent activation pathways,
i.e., classical, alternative or lectin mediated.
The likely pathway for complement activation
after PDT is an alternative pathway as PDT can
effectively activate a complement cascade in scid
mice that do not have antibody-producing B cells
[15,16]. Additionally, some recent studies indicate
that activated platelets can also contribute to the
activation and propagation of the complement
cascade [17]. The generated cleavage products C3a
and C5a are highly potent chemotactic factors that
attract and activate neutrophils, macrophages,
mast cells and T cells. Activation of a complement
cascade and generation of membrane attack complex (MAC) on vascular endothelium of PDT-treated
tumors is likely to contribute to the collapse of
blood supply. Complement activation has been
exploited in combination studies aimed at potentiating the antitumor effects of PDT. Treatment with
zymosan, an activator of neutrophils, macrophages
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and alternative complement pathway reduced
the recurrence rate of PDT-treated tumors [18].
In contrast, treatment with heat-aggregated
gamma globulin (complement activator through
the classical pathway) was ineffective in achieving
potentiated antitumor effects of PDT, thereby
conﬁrming that complement is activated via alternative pathway. Moreover, systemic complement
activation with streptokinase had no detectable
effect on complement deposition at the tumor site
without PDT but it augmented the extent of complement activity in PDT-treated tumors. Neither
zymosan nor streptokinase inﬂuenced the effectiveness of PDT in complement-deﬁcient mice [18].

Induction of local inﬂammatory response
following PDT
Not only initial vascular damage, ischemia and
ischemia-reperfusion injury followed by platelet
aggregation and complement activation are
important in eliciting the early inﬂammation.
PDT-mediated oxidative stress triggers a vast
array of signal transduction pathways that induce
apparently protective responses. These include
expression of heat shock proteins, and transcription factors such as NF-B and AP-1 [19—21]. These
two alone can induce the expression of dozens
of cytokines, adhesion molecules, co-stimulatory
molecules and immunologically important genes
(Table 1). Additionally, photooxidative degradation
of membrane lipids and generation of arachidonic acid metabolites are themselves potent
inﬂammatory mediators that precipitate a rapid
and strong inﬂammatory reaction [22]. These
processes together with the release of histamine
and serotonin from damaged vasculature induce
a sequential arrival of neutrophils, mast cells and
monocytes/macrophages that become activated
and engaged in the tumoricidal activity (see below).
Interestingly, despite almost complete blood
ﬂow stasis leading to reduced wall sheer stresses,
PDT does not induce increased leukocyte adhesion
to postcapillary venules within the area exposed to
laser illumination [23]. Nonetheless, PDT induces
leukocyte adhesion in microvessels of normal tissues, not directly exposed to PDT. Therefore, it
seems that the inﬂammatory mediators released
from PDT-treated tumors are capable of inducing expression of cell adhesion molecules in normal or minimally damaged endothelial cells but
not in tumor blood vessels directly exposed to
PDT. These unexpected observations are difﬁcult
to reconcile in terms of intense tumor inﬁltration by neutrophils, macrophages and mast cells
observed within hours following PDT (see below).
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Table 1 Selected target genes elicited by PDTinduced transcription factors AP-1 and NF-B.
Transcription Target genes
factor

Function of target
genes

AP-1

Angiogenesis
Apoptosis
Invasiveness

NF-B

VEGFD
Fas, FasL
MMP1, MMP3, uPA,
uPAR
EGF, HB-EGF, KGF
GM-CSF, IL-1, -2, -6,
-8, TNF
Chemokines (IP-10,
KC, MIP-1␣ and ␤,
eotaxin, MCP-1,
RANTES)
IL-1␣, IL-1␤, IL-1RA,
IL-2, -6, -8, -9, -11,
-12, -15
IFN-␥, IFN-␤
TNF, LT-␣, LT-␤,
TRAIL, Fas
G-CSF, GM-CSF,
M-CSF, VEGFC, PDGF
ICAM-1, VCAM-1,
P-selectin,
E-selectin
MHC class I, B7.1,
B7.2
Complement
components,
C-reactive protein,
SAA, TF-1
COX-2, iNOS

Proliferation
Inﬂammation
Chemoattractants
for leukocytes

Interleukins

Interferons
Tumor necrosis
factor
superfamily
Growth factors
Adhesion
molecules
Antigen
presentation and
co-stimulation
Acute phase
response

Inﬂammation

Abbreviations: EGFR, epidermal growth factor receptor;
FASL, FAS ligand; G-CSF, granulocyte colony stimulating
factor; GM-CSF, granulocyte—macrophage colony stimulating
factor; HB-EGF, heparin-binding EGF; ICAM, intracellular
adhesion molecule; IL, interleukin; KGF, keratinocyte growth
factor; M-CFS, macrophage colony stimulating factor; MHC,
major histocompatibility molecule; MMP, matrix metalloproteinase; PDGF, platelet-derived growth factor; SAA,
serum amyloid A; TF, tissue factor; TNF, tumor necrosis
factor; TRAIL, TNF-related apoptosis-inducing ligand; uPA,
urokinase-type plasminogen activator; uPAR, uPA receptor;
VEGF, vascular endothelial growth factor; VCAM; vascular
cell adhesion molecule.

A likely explanation for these effects is that PDT
induces different responses in different regions of
the tumor. In areas proximal to the light source
where the effects of PDT are the strongest, we
might expect complete vascular collapse with blood
ﬂow stasis and no leukocyte attachment or recruitment. In distal regions, exposed to suboptimal laser
illumination, there would be no endothelial cell
damage but rather their activation followed by
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the expression of adhesion and pro-inﬂammatory
molecules and recruitment of leukocytes.

Systemic inﬂammation after PDT
While, the inﬂammatory response is considered
an important priming event for the development
of adaptive immunity it can also exert systemic
adverse effects. Indeed, PDT itself induces a strong
acute phase response dominated by neutrophilia
and the release of various cytokines [16,24].
PDT-elicited, tumor-derived factors including C5a
complement component, interleukin (IL) 1␤, IL-6,
IL-10, tumor necrosis factor (TNF), granulocyte
colony-stimulating factor (G-CSF), thromboxane,
leukotrienes, histamine, prostaglandin E2 , clotting
factors and a chemokine KC are all responsible for
increase in the number of blood neutrophils [15].
Relatively high PDT doses (10 mg/kg Photofrin and
200—500 J/cm2 light) conﬁned to hind limbs of
mice caused high level of lethality induced by a
systemic response that resembled traumatic shock
injury [25].
Such complications are probably irrelevant
to most PDT applications in humans, where the
illuminated area is too small to induce expression
of mediators capable of inducing systemic toxicity.
However, it was reported that patients undergoing intraperitoneal PDT develop a signiﬁcant
capillary-leak syndrome that requires accessory
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monitoring and therapeutic procedures [26].
Increased systemic concentrations of IL-1␤, IL-6,
IL-8 and IL-10 have been detected in patients
undergoing extrapleural pneumonectomy followed
by intraoperative PDT delivered to the entire
thoracic cavity [27]. However, in both these studies
the inﬂuence of surgical procedure has not been
excluded as a possible source of systemic response.

The role of neutrophils in PDT
Neutrophils are among the ﬁrst cells of the
innate immune system to enter PDT-treated tumors
(Fig. 2). These cells adhere to the vascular
wall within 5 min after the start of PDT [28].
Their migration into the tumor is regulated by
PDT-induced expression of E-selectin, chemokines
(MIP-2 and KC) and possibly other mediators
[15,18,29,30]. Neutrophil-derived myeloperoxidase
(MPO) is detectable within tumors barely 2 h following PDT and by 13 h it increases to values almost
200-fold greater than in non-treated controls [29].
MPO increase has been calculated to account for a
number of 9 millions neutrophils inﬁltrating every
100 mg of tumor tissue after PDT [29]. It is likely
that phagocytic cells are attracted to the PDTtreated tumors to remove cell debris following
treatment. These cells might also be a source for
chemotactic and immunoregulatory factors necessary for further propagation of inﬂammatory

Figure 2 PDT induces recruitment of neutrophilic inﬁltrate. The immunoﬂuorescence studies were performed on snapfrozen tumor sections obtained from C-26 tumors treated with Photofrin-based PDT. Fluorescently labeled neutrophils
were detected with anti-Gr1 monoclonal antibodies. The nuclei of cells are stained with Hoechst. (A) Control tumors,
(B) 4 h after PDT, (C) 8 h after PDT, (D) 24 h after PDT.
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response [31]. Moreover, neutrophils can help PDT
to damage tumor stroma that separates immune
and inﬂammatory cells from neoplastic cells by
extracellular matrix proteins [32,33], thereby rendering tumor cells ‘‘exposed’’ to their direct cytotoxic effects.
In different tumor models neutrophil depletion
decreases the antitumor effectiveness of PDT
[34,35]. Interestingly, reduced skin phototoxicity
has been observed in leucopenic animals [36].
Similar effects are obtained after depletion of
neutrophils with anti-Gr1 antibodies [35] or by
blocking the activity of G-CSF [24]. Interestingly,
a decreased tumor cure rates have also been
observed after blocking some of the mediators of
neutrophila, including complement, IL-1␤, IL-6, histamine, thromboxane, chemokines or xanthine oxidase, an enzyme induced by ischemia-reperfusion
injury [15,29,37]. On the other hand, administration of G-CSF [35,38], granulocyte macrophage
colony-stimulating factor (GM-CSF) [39] or
anti-platelet serum that increases neutrophil accumulation in the tumor [40] improves tumor response
rates of PDT. The results of these studies imply that
neutrophils are not merely innocent bystanders,
attracted to the site of PDT treatment to phagocytose tumor cells remnants but they actively
participate in the destruction of tumor cells.
Other critical factors that determine the induction of an inﬂammatory response following PDT are
light ﬂuence and ﬂuence rate [41]. These studies,
however, did not conﬁrm the role of the inﬂammatory cells in achieving maximal antitumor response.
Optimally curative PDT regimen (high ﬂuence
[128 J/cm2 ], low ﬂuence rate [14 mW/cm2 ]) produced minimal inﬂammation and yielded 70—80%
tumor cures. Highest production of inﬂammatory
cytokines and neutrophilic inﬁltrates were induced
by suboptimal PDT regimen (low ﬂuence [48 J/cm2 ]
and low ﬂuence rate [14 mW/cm2 ]) that produced
only 10—20% tumor cures. PDT at high ﬂuence
led to a strong destruction of tumor vasculature
while PDT at the same ﬂuence rate but at low
ﬂuence produced virtually no vascular damage. The
mechanisms of these effects have not been studied
in detail. One can hypothesize that as leukocytes
emigrating from blood vessels to tissues require
interactions with endothelial cells mediated by
selectins, chemokines and immunoglobulin-like
molecules on the surface of inﬂamed endothelium
[42], destroyed endothelial cells are unable to
sustain effective tumor inﬁltration by neutrophils
at vascular-damaging PDT regimens.
In clinical PDT, we are frequently confronted
with much larger tumors than those induced in
experimental animals. Light penetrating through
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large tumors is subjected to a combination of variables that result in inhomogeneous light distribution to various regions of the tumor. Moreover,
tumor tissue distant from the light source receives
suboptimal light doses. Therefore, in clinical PDT
proximal tumor regions receive light at high ﬂuence
rate and the illumination conditions are optimal for
direct and anti-vascular effects of PDT. However,
deeper regions of the tumor receive suboptimal PDT
doses that might elicit inﬂammatory response. It
should also be stressed that tumors in experimental animals constitute a much larger percentage of
total body weight than tumors growing in humans.
Therefore, systemic effects of PDT are possibly
more pronounced in experimental setting.

The role of macrophages in PDT
PDT-treated tumor cells do not seem to be more
susceptible for macrophage-mediated cytotoxicity
in in vitro studies [43]. However, several studies indicated that PDT-treated macrophages exert
potentiated phagocytic activity, produce increased
amounts of TNF and NO and exert antitumor effects
[44—47]. For example, macrophages isolated from
PDT-treated SCCVII squamous cell carcinomas were
almost ﬁve times more effective in killing tumor
mice than those cells obtained from untreated
tumors [48]. Moreover, macrophages were found to
be indirectly stimulated for tumoricidal activity by
photodynamically killed tumor cells [49].
The relevance of these in vitro studies for
PDT efﬁcacy in vivo is unknown. PDT induces an
increased tumor inﬁltration with macrophages.
Macrophages are efﬁciently accumulating most
of the photosensitizers which might render them
highly susceptible to PDT-mediated lysis. Moreover, PDT induces regions of hypoxia which have
been shown to attract macrophages subsequently
exploited for the production of pro-angiogenic factors [50]. Therefore, macrophages might also play
a negative role. This issue merits further studies.
Nonetheless, sublethal damage to tumor cells in
vivo might render these cells more susceptible for
macrophage-mediated cytotoxicity [51]. Indeed,
macrophages were able to kill those tumor cells
that recovered from PDT-induced damage [51]. It
remains to be resolved what changes are induced
in tumor cells that lead to their increased killing
by macrophages. The inﬂuence of low doses of
PDT in in vitro studies that lead to stimulation
of selected effector mechanisms of macrophages
might be relevant for the induction of tumoricidal
activity of macrophages at deep tumor regions,
where suboptimal tumor killing doses of PDT might
be insufﬁcient for tumor cells killing but might be

Inﬂuence of PDT on the immune response
sufﬁcient for the activation of tumoricidal activity
of macrophages.
A circumstantial evidence for the role of
macrophages in PDT has been provided by in vivo
studies. Administration of silica, which is frequently
used to inactivate macrophages in vivo [52],
also markedly decreased the curative response of
tumors to PDT [34]. It is important to note that
administration of macrophage activating agents
such as GM-CSF, Vitamin D3 -binding protein-derived
macrophage-activating factor (DBPMAF) or Bacillus
Calmette-Guerin (BCG) was effective in potentiating the antitumor effects of PDT [39,53,54].

The role of adaptive immunity in PDT
Development of an effective adaptive immune
response requires prior engagement of innate
immunity. The most important cells that link
the non-speciﬁc and speciﬁc immune responses
are dendritic cells (DCs) [55]. According to the
‘‘danger hypothesis’’ DCs act as sentinels that
monitor the presence of infectious microorganisms,
tissue stress, damage or transformation and elicit
a speciﬁc and highly effective immune response
[56—58]. Danger signals, in the form of microbial
products, inﬂammatory cytokines or heat shock
proteins (HSPs) act on DC precursors and inﬂuence
their differentiation [59,60]. In the context of the
antitumor immunity, tumor-associated antigens
(TAA) are captured by DCs by several different
mechanisms including ingestion of apoptotic tumor
cells, fragments of necrotic tumor cells, or released
soluble tumor antigens, especially associated with
HSPs [61]. Antigen-loaded and appropriately stimulated DCs undergo ﬁnal maturation and migrate to
the local lymphoid tissues (lymph nodes, spleen or
Peyer’s patches) where they present TAA-derived
peptides in the context of major histocompatibility
complex (MHC) class I and II molecules to CD8+ or
CD4+ T cells, being cytotoxic or helper lymphocytes, respectively [56,62]. Effective activation of
T cells requires the presence of at least three signals: recognition of antigenic peptides presented
by MHC molecules, co-stimulatory signals delivered
by CD28 molecules and some members of tumor
necrosis superfamily, i.e., OX40, 4-1BB and ﬁne
tuning by local release of cytokines. Cytokines play
a special role in regulating the type of an immune
response that will develop after antigen presentation. Depending on the local milieu in the secondary
lymphoid organ, helper T cells (Th) will differentiate into Th1, Th2 or regulatory subsets [63]. Th1
cells, through the secretion of IL-2, interferon-␥
(IFN-␥) and TNF are responsible for development of
cell-mediated immunity that involves the activity
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of CD8+ cytotoxic T cells, macrophages and NK
cells. Th2 cells, secreting IL-4, IL-5, IL-6, IL-10
and IL-13 drive development of humoral immunity.
Different subsets of regulatory T cells (Th3, Tr1)
secrete various combinations of IL-10, transforming
growth factor-␤ (TGF-␤) and other cytokines that
downregulate an immune response [64]. During an
effective immune response, activated CD4+ and
CD8+ T cells are required to migrate from lymphoid
organs to the tumor site where CD8+ T cells attack
tumor cells directly, and CD4+ T cells dictate
other cells of the immune system (including NK
cells and macrophages) how to effectively destroy
transformed cells [65,66].
Although direct tumor and vascular damage are
responsible for most of the initial antitumor effects
the long-term tumor control can be attained by
concurrent activation of the immune response.
During effective PDT, over 90% of tumor cells
become lethally damaged within several hours of
illumination. Thus, large amounts of tumor cell
debris becomes available for phagocytic cells in a
relatively short time interval. These cells become
loaded with released tumor antigens and, in the
inﬂammatory microenvironment, become activated to produce more inﬂammatory mediators, to
process and to present tumor-derived antigens to
host lymphoid cells (Fig. 3). In this aspect, it should
be emphasized that not only dendritic cells and
macrophages but to some extent also neutrophils
and mast cells can become antigen-presenting cells
[67,68]. Of these, only DCs are capable of getting
into local lymph nodes to initiate an immune
response. The remaining antigen-presenting cells
can function locally to sustain an effective immunity. Interestingly, neutrophils from PDT-treated
tumors express more MHC class II molecules on
their surface [29].
Normally, apoptotic cells are swiftly cleared
by phagocytic cells without inciting inﬂammatory
or immune responses [69,70]. Phagocytosis of
apoptotic cells can rather stimulate tolerance
rather than immunity [71]. However, accumulating
evidence indicates that ‘‘stressed’’ or oxidatively
modiﬁed apoptotic cells may provide endogenous
‘‘danger signals’’ triggering inﬂammatory response
[72,73]. Dendritic cells loaded with such stressed
tumor cells elicit protective antitumor immunity [73,74]. Co-culture of DCs with PDT-treated
tumor cells leads to their effective phagocytosis
that promotes maturation of DCs, the release
of pro-inﬂammatory cytokines and expression
of co-stimulatory molecules [75,76]. Oxidative
stress generates a variety of modiﬁed membrane
lipids and lipid—protein adducts. PDT was shown
to induce an almost instantaneous translocation
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Figure 3 Mechanisms of PDT-elicited induction of antitumor adaptive immune responses. (A) Tumors are illuminated
following administration of a photosensitizer. (B) Tumor cells undergo apoptosis and necrosis. (C) Some oxidatively
damaged and apoptotic tumor cells are phagocytosed by immature dendritic cells that inﬁltrate peripheral tissues
(including tumors themselves). (D) Immunoﬂuorescent images of dendritic cells (stained in red with anti-MHC class II
molecules) that phagocytosed CFSE-labeled (green) tumor cells or their fragments (C-26 colon adenocarcinoma) that
underwent PDT procedure. (E) Dendritic cells, loaded with tumor-associated antigens (TAA), home to the local lymph
node (F) where they present TAA to immature T cells (G). (H) Those T cells that effectively recognized TAA undergo
clonal expansion and acquire the capacity to leave lymph nodes and get into peripheral tissues including the tumor (I).
If these activated T cells can speciﬁcally recognize TAA presented by tumor cells, they can either directly kill tumor
cells or release inﬂammatory cytokines that will recruit and activate other effector cells of the immune system (J).

of cellular HSP70 (and other heat shock proteins
HSP60 and GRP94, but not GRP78) from the cytosol
to the plasma membrane of tumor and endothelial
cells [77]. The surface HSP70 expression was stable
and persisted for at least 18 h. This translocation was followed by the release of HSP70 from
tumor cells. The released HSP70 could stimulate
macrophages to secrete TNF in a Toll-like receptor

(TLR) 2 and TLR4-dependent manner. The ﬁnding
that higher levels of HSP70 are found on apoptotic
tumor cells is concordant with our hypothesis that
PDT induces generation of stressed immune cells
that might be efﬁciently taken up by professional
antigen-presenting cells [75].
Studies in immunodeﬁcient mice or in animals
devoid of leukocyte subsets or immune effector

Inﬂuence of PDT on the immune response
molecules after depletion with monoclonal antibodies are frequently used as experimental models
to validate or disprove the role of the immune system in basic research studies. Such experiments
have also unequivocally shown that the immune
response participates in the antitumor effects
induced by PDT. Selective depletion of CD8+ T cells,
CD4+ T cells or NK cells showed no demonstrable
effect on the initial ablation of PDT-treated tumors
but promoted tumor re-growth [34,78].
At deﬁned PDT conditions, long-term tumor ablation is observed in BALB/c mice inoculated with
EMT6 mammary carcinoma cells. Identical PDT
regimen in scid mice was not curative despite
an initial complete response (no palpable tumor
after treatment). Importantly, adoptive transfer of
splenocytes obtained from normal, i.e., immunecompetent mice that have been previously cured of
their tumors, enabled a full tumor control in scid
mice treated with PDT. Removal of CD4+ or CD8+
T cells partially abrogated development of protective immunity in scid animals [79]. Similar results
were observed in nude mice that have no thymus
and do not produce ␣␤ T cells [78]. The induction
of immunity against PDT-treated tumors has also
been shown in a weakly immunogenic murine MS2 ﬁbrosarcoma, where tumor-free animals rejected
re-inoculated tumor cells 100 days following curative PDT [80]. In EMT-6 mammary ﬁbrosarcoma
model, rechallenge studies also revealed retardation of secondary tumors inoculated after initial
cure [78].
Clinical studies revealed that in patients
responding to PDT, there is a signiﬁcant posttreatment tumor inﬁltration with CD8+ T cells.
Decreased expression of MHC class I molecules due
to infection with human papillomaviruses (HPV) was
associated with poorer responses [81]. It should also
be emphasized that at least in one experimental
model PDT was observed to decrease MHC class I
expression on tumor cells [82], thereby rendering
tumor cells insensitive to speciﬁc lysis mediated by
T cells. There are also studies that indicate lack of
systemic immune response induced by local PDT. In
a rat model of colon carcinoma growing in the liver,
PDT was effective in causing necrosis of illuminated
tumors but it did not affect the growth of neighboring, non-illuminated tumors [83]. In another study,
PDT was even associated with accelerated progression of non-illuminated metastases [84]. It would
be of great translational signiﬁcance if we could
identify factors that determine induction of concomitant immunity after PDT in some tumor models
or its absence in other.
Altogether, most of the observations indicate
that adaptive immunity is effectively participating
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in antitumor effectiveness of PDT. Although it
seems that speciﬁc immune responses are not
particularly effective in the initial tumor ablation,
they might contribute to long-term control over the
tumor cells. It can be hypothesized at the moment
that optimal antitumor treatment involving PDT
will include combinations with immunotherapeutic
approaches that will facilitate development of
concomitant immunity.

Combination of PDT with immunotherapy
PDT has been combined with a number of nonspeciﬁc immunostimulatory substances. Effective
potentiation of the antitumor effects of PDT have
been observed after administration of recombinant cytokines (G-CSF, GM-CSF, TNF, TRAIL, FasL,
IL-7), bacterial vaccines based on Corynebacterium parvum, BCG or bacterial and synthetic
immunostimulants (endotoxin, glycated chitosan,
schizophyllan, OK-432 and mycobacterial cell wall
extract) [35,38,39,54,85—90]. Unexpectedly, we
have not observed any potentiation of antitumor
effects of PDT by IL-12, IL-18 or bacterial CpG in
Balb/C mice inoculated with C-26 cells and treated
with Photofrin-based PDT (our unpublished results),
which have previously been shown to induce strong
antitumor effects [38,91—93].
Potentiated antitumor effects against IL-6
expressing tumors suggest that this cytokine can
somehow sensitize tumor cells to PDT [94]. However, other studies have shown that PDT-treated
tumor cells become unresponsive to IL-6 [95] or that
this cytokine protects tumor cells from PDT-induced
apoptosis [96]. These observations cast doubt on
the potential application of IL-6 in combined photoimmunotherapy.
An interesting approach to induce an antitumor
immunity involved selective photodestruction of
suppressor T cells that were targeted by conjugates of a photosensitizer and a monoclonal
antibody [97]. The antitumor effectiveness of
PDT has also been potentiated by adoptively
transferred NK cells engineered to produce IL-2
[98].

Phototargeting PDT
The phenomenon of PDT is based on the limited
activation of cytotoxic prodrug only in the tumor
and surrounding area after systemic injection of
photosensitizer via delivery of light. As already
mentioned, photosensitizing agents tend to accumulate preferentially in the tumor as compared
to normal tissue, although the mechanisms of
this phenomenon are not well understood. New
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approach called photoimmunotherapy (PIT) may
become an interesting alternative to further
increase concentration of photosensitizer in the
tumor while sparing normal tissue and thus, reducing phototoxicity of PDT. This treatment strategy
combines selectivity of monoclonal antibodies or
other targeting molecules such as growth factors
or peptides binding to growth factor receptors with
cytotoxic properties of photosensitizer [99,100].
An antibody is coupled to photosensitizer in such
way that biological properties of antibody as well
as photophysical activity of photosensitizer are
preserved. Although the ﬁrst report employing such
strategy has been published in 1983 [101], PIT has
expanded only recently with the advent of monoclonal antibodies in cancer treatment and discovery
of several tumor-speciﬁc antigens. Numerous antigens present on the surface of tumor cells have
been described and may serve as a potential target
for PIT. Such approach may be especially effective
in tumors, which are not well localized, thus limiting classical PDT and may allow delivery of PDT
to large areas [102]. Additionally, photosensitizers
can be coupled to such targeting molecules that
either remain attached to plasma membrane receptors or become internalized and routed through
endocytic pathways to lyzosomes where they may
be released and redistributed to various cellular
compartments.
One of the major problems in the development
of PIT is the choice of the photosensitizer. Especially important is its hydrophilic or hydrophobic
character. Hydrophobic photosensitizers, such as
meta-tetrahydroxyphenylchlorin (mTHPC) penetrate well to the cell after binding of immunoconjugate to target cell [103]. However, poor solubility
in water hampers their bioavailability and further
development. On the other hand, hydrophilic photosensitizers would be much better partners for
antibodies and would have better pharmacokinetic
properties, but they are not able to enter target
cell through phospholipid cell membrane. This classical dilemma of being caught between Scylla and
Charybdis may be solved by coupling of hydrophilic
photosensitizer to internalizing antibodies. It has
been shown that hydrophilic photosensitizer coupled to internalizing antibody presented 1000-fold
increase in toxicity in comparison to its free form
[104].
Photoimmunotherapy awaits further evaluation
and despite signiﬁcant advances in speciﬁc delivery
of photosensitizer, still remains an experimental
approach. However, successful introduction of
several monoclonal antibodies and radioimmunoconjugates to clinical protocols in recent years
warrants extensive studies on PIT in near future.
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Immunoregulatory effects of PDT
The inﬂuence of PDT on the immune response is
enormously complex. PDT can either stimulate or
suppress immune reactivity. Which effect is dominant depends on many factors that include but
are seemingly not limited to factors such as particular photosensitizer, ﬂuence, ﬂuence rate, wavelength (tissue penetration) and the total surface
area exposed to the treatment. Depending on these
variables, PDT can alter the balance between stimulation or regulation of the immune response by
the release of certain cytokines, expression of heat
shock proteins or the release of antigens from the
treated tissue. In this context, it should be stressed
that although PDT seems to make tumor cells more
immunogenic its direct effect on immune cells is
generally harmful.
The ﬁrst observation that PDT can be immunosuppressive came from the animal studies. It was
noticed that skin exposure to the light after a
photosensitizer administration resulted in the systemic immunosuppression manifested by the inhibition of contact hypersensitivity (CHS) response
[105]. Similar observations were made using different photosensitizers [106,107]. Exposure of skin
sections to PDT in vitro prolonged the survival of
allografts [108]. The same results were observed
following the pretreatment of recipient mice with
PDT. In the study mentioned, in PDT-treated mice
peritoneal lymphocytes were nearly completely
depleted and unresponsive to different mitogens
[109]. PDT of the peritoneal cavity caused prolonged systemic immunosuppression [110], mediated by macrophages [111].

Direct inﬂuence of PDT on immune cells
There is evidence that immune cells can accumulate diverse photosensitizers and undergo
photodynamic reaction [112]. Resting lymphocytes exposed to 5-aminolevulinic acid (ALA) do
not accumulate protoporphyrin IX (PpIX). When
activated, lymphocytes not only respond to ALA
treatment by accumulation of PpIX but also die
due to the photodynamic therapy [112]. Similar
results were obtained using different photosensitizers [113]. In resting T-cells exposed to PDT
only a slight decrease in the expression of MHC
class I molecule was observed [113], while in the
activated ones lower CD25 levels and a temporary
block in cell cycle transition were found [113].
Antigen-presenting cells such as dendritic cells and
macrophages, even resting, immediately accumulate ALA and exposed to the light have decreased
ability to activate lymphocytes [112]. PDT reduces
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the expression of HLA-DR antigens (MHC class II
molecules) on human peripheral mononuclear cells
[114] and decreases the ATPase activity of murine
epidermal Langerhans cells [115]. PDT alters surface receptors of the murine splenic dendritic cells.
Decreased expression of MHC class I and II antigens, intercellular adhesion molecule-1 (ICAM-1
and CD54), the co-stimulatory B7-1 (CD80) and B7-2
(CD86) molecules, leukocyte common antigen CD45
and Fas receptor (CD95) as well as integrin CD11c
was observed [116]. All these changes may contribute to the immunomodulatory effectiveness of
PDT.
Macrophages acquire photosensitizers predominantly by phagocytosis [117]. It was shown that
systemic immunosuppression induced by photodynamic therapy is adoptively transferred to the naı̈ve
recipients by these cells [111]. PDT inhibits the
high-afﬁnity Fc receptor (Fc␥RI) on human monocytes, probably due to the generation of superoxide
radicals [118]. The inhibition is caused by a structural alteration of the receptor rather than the
loss of the molecule from the cell surface [118].
Fc␥RI takes part in the antibody-dependent cellular cytotoxicity and immunophagocytosis, both crucial events in the efﬁcient immunological response.
IFN-␥-activated macrophages are more prone
to PDT-induced damage than the resting ones,
while treatment of macrophages with LPS makes
them resistant to the cytotoxic effects of PDT
[119].

Systemic immunoregulation by PDT
The site of irradiation as well as its area are crucial for the immunosuppressive effects of PDT. In a
murine model, shielding of the internal organs from
PDT did not cause the suppression of CHS, suggesting that internal organs rather than skin are the
source of the immunosuppressive agents [120]. PDT
induces production of IL-10 in the skin [121]. IL-10 is
an anti-inﬂammatory cytokine that predominantly
suppresses cell-mediated immune response [122].
This observation suggests that IL-10 may be responsible for the immunosuppressive effects of PDT.
Mice lacking IL-10 expression were found resistant
to PDT-mediated inhibition of CHS and treatment of
normal mice with anti-IL-10 antibody as well as with
recombinant IL-12 reversed the immunosuppressive
properties of PDT [123]. The activation of the IL10 gene promoter in murine keratinocytes exposed
to PDT has also been described [124]. Nevertheless, there is a contrasting observations that IL-10
may not be responsible for the PDT-induced suppression of the contact hypersensitivity response
[125].
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Therapeutic implications of PDT-mediated
immunoregulation
The use of PDT in the treatment of autoimmune
diseases
All the observations mentioned above have led
scientists to the use of PDT in the treatment of
some animal models of the autoimmune diseases,
e.g. adjuvant-enhanced arthritis and experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS). PDT treatment in mice delayed onset, reduced incidence as
well as severity of arthritis. PDT also prevented
the inﬂammatory damage to cartilage and bone
tissues. The effect was probably due to the selective destruction of adjuvant-activated lymphocytes
in the bloodstream as well as in the joints [126].
PDT can be used for the synovectomy with no risk
of damage to non-pathologic tissues, which is an
advantage comparing with traditional synovectomy
techniques [127]. In a murine model of EAE, transcutaneous PDT using verteporﬁn as a photosensitizer and whole-body light exposure attenuated
symptoms and delayed the onset of this disease
[128]. Extracorporeal photochemotherapy with 8methoxypsoralen (8-MOP) and ultraviolet A (UVA)
irradiation of the suspension of mononuclear cells
in EAE-bearing rats resulted in the reduction of EAE
severity, possibly due to the downregulation of the
activity of the T-helper 1 (Th1) lymphocytes [129].
The same method was used in the treatment of
ﬁve patients suffering from the secondary progressive form of MS. Unfortunately, only transient curative effect was observed, suggesting that further
studies for this treatment method in humans are
needed [130]. Immunosuppressive effects of PDT
are used in the treatment of psoriasis, a dermatological disease with a strong autoimmune background. ALA-mediated PDT induced apoptosis of T
lymphocytes inﬁltrating the psoriatic plaques, suggesting a promising role for this treatment in the
management of psoriasis [131]. Furthermore, PDT
inhibited the secretion of some proinﬂammatory
cytokines (e.g. IL-1␤, TNF and IL-6) by peripheral
mononuclear cells, but with a lower effectiveness
than PUVA—–a standard method of the treatment of
psoriasis [132]. Unfortunately, recent results of randomized, observer-blinded studies of topical ALAbased PDT in the management of psoriasis revealed
unsatisfactory clinical response and frequent occurrence of pain suggesting that this method is inadequate for the treatment of psoriasis [108].
Although there is a strong immunosuppressive
potential of PDT, the use of this therapeutic method
in humans needs further studies of its effectiveness,
safety and mechanisms of action involved.
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The use of PDT in the treatment of
graft-versus-host disease
Graft-versus-host disease (GVHD) is a serious complication of allogeneic hematopoietic stem cells
transplantation. In immunocompromised host, it
may be fatal and is a major obstacle in preventing higher curative rate of allogeneic bone
marrow transplantation. Therefore, development
of an alternative treatment to suppress this
unwanted effect becomes a priority in hematological transplantation, especially in the severe,
steroid-refractory form of the disease [133].
Current approaches with PDT as an alternative
therapeutic modality in severe GVHD comprise
extracorporeal photochemotherapy (ECP) and
photodynamic purging. The ﬁrst approach requires
isolation of patients’ blood mononuclear cells
by apheresis, subsequent photosensitization with
8-MOP and irradiation with UVA. Similar treatment has been used with a limited success in
cutaneous T-cell lymphoma (mycosis fungoides)
and selected autoimmune diseases [134,135].
ECP has shown some efﬁcacy in the treatment
of steroid-refractory chronic GVHD in adults and
also in acute pediatric GVHD [136,137]. There
are several unresolved issues. One is the timing
of ECP. Current data suggest that the treatment should be applied before the onset of the
disease.
A positive aspect of GVHD that validates the use
of bone marrow transplantation as a treatment of
choice in a number of hematological malignancies
is a phenomenon called graft versus leukemia.
This effect is mediated by alloreactive T cells
that act as tumor-speciﬁc effectors not involved
in GVHD reaction. Selective elimination of the
alloreactive population of lymphocytes responsible
for GVHD and not for GVL would be desirable.
Promising results have been observed in preclinical
studies with photoactive rhodamine derivative,
which requires visible light for activation and is
selectively retained in mitochondria of activated
cells. Activated alloreactive T cells were selectively depleted without hampering other T cells
[138]. To translate these results into humans,
donor leukocytes need to be stimulated exclusively
by host T cells in order to avoid depletion of all
beneﬁcial anti-leukemic T cells [139].
PDT can also be used in a process referred to as
photodynamic cell purging process. This strategy
has been already applied to purify autologous bone
marrow from malignant cells in several hematological malignancies, including chronic myelogenous
leukemia, non-Hodgkin lymphoma and chronic
lymphocytic leukemia [140,141] and solid tumors
including breast cancer [142,143].
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Summary
Photodynamic therapy has become a focus of
intense research in the last decade. Multiple mechanisms of its molecular mechanisms have been
identiﬁed in animal models. Experimental studies
revealed that curative PDT directly kills not more
than 1—2 logs of tumor cells, far too less than 8log reduction required for tumor cure [144,145].
We are now aware that PDT leads to both direct
as well as indirect antitumor effects. The latter
include destruction of blood vessels and activation of early inﬂammatory response followed by
the development of effective concomitant immunity. In contrast to chemotherapy and radiotherapy,
which in their current use are inherently immunosuppressive, PDT offers a remarkable advantage of
stimulating an immune response. These powerful
mechanisms have not yet been effectively translated into clinical practice. The time is now to
exploit the potency of the immune system in more
effective therapeutic regimens of PDT.
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