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ABSTRACT

Photodynamic therapy (PDT) is a clinically approved procedure for treatment of cancer
and certain non-malignant diseases. PDT consists of systemic or topical administration of a
photosensitizer (PS) or a PS precursor (prodrug) such as aminolevulinic acid, followed by
irradiation of the diseased area with light of wavelengths corresponding to the absorbance
band of the PS. When the PS is activated to its excited state by the light, it can react with
the surrounding environment and transfer energy to the molecular tissue oxygen, triggering
a photochemical reaction and causing cell death. Besides causing direct cytotoxic effects
on illuminated cancer cells, PDT is known to cause damage to the tumor vasculature and to
induce the release of pro-inflammatory mediators. Previous studies in mouse models and
patients have demonstrated that PDT is capable of affecting both innate and adaptive arms
of the immune system. It has been shown that besides stimulating tumor-specific cytotoxic
T-cells capable to destroy distant untreated tumor cells, PDT can lead to development of
anti-tumor memory immunity that potentially prevents the recurrence of cancer. Moreover,
several lines of evidence suggest that PDT may also interfere with the immune-suppressive
regulatory T cells (Treg). In the present work we thoroughly investigated the intricate
immune profile of PDT in both preclinical and clinical studies, involving (1) a colon
adenocarcinoma CT26 wild-type tumor mouse model, (2) patients suffering from
esophageal squamous cell carcinoma (ESCC) treated with porfimer sodium (Photofrin) and
Laser and (3) patients with actinic keratoses (AK), treated with the porphyrin precursor
methyl aminolevulinate and red LED light. Our results from the animal model suggested
that PDT did not cause any long-term effect on the levels of Treg in the spleen or lymph
nodes. However, Treg cells depletion via administration of cyclophosphamide (CY) prior
PDT potentiated anti-tumor immunity, leading to increased long-term survival and
development of memory immunity. The results obtained from the clinical part of the study
indicated that PDT abrogated the suppressive capacity of peripheral Treg from ESCC
patients, whereas their Treg levels seemed to be unaffected. Differently, in AK patients
neither the level nor the function of peripheral Treg was altered after treatment. Together,
this confirms the significant role of the immune system in the response to PDT and
enriches the understanding of the role of Treg in PDT-mediated immunological responses.
However, the ultimate immunologic outcome upon PDT may depend on the type of cancer
and body site treated and vary reliant on the photosensitizer, waveband(s) and/or light
4

doses applied. These results also disclose potential far-reaching clinical implications for
the improvement of treatment strategies in patients with cancer (e.g. combining PDT with
appropriately designed anti-Treg therapy).
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ZUSAMMENFASSUNG

Die photodynamische Therapie (PDT) ist ein klinisch zugelassenes Verfahren zur
Behandlung von Krebs und bestimmten nicht-malignen Erkrankungen. PDT besteht aus
systemischer oder topischer Verabreichung eines Photosensibilisators (PS) oder eines PSVorläufers (Prodrug) wie Aminolävulinsäure mit nachfolgender Bestrahlung des
erkrankten Bereichs. Die Wellenlängen des verwendeten Lichtes sind dabei auf die
Absorptionseigenschaften des PS abgestimmt ist. Wenn der PS durch die Einwirkung des
Lichtes in den angeregten Zustand übergeführt wird, kann dieser mit der Umgebung
reagieren und Energie auf den molekularen Sauerstoff im Gewebe übertragen, ein Prozess,
der zu zu einer photochemischen Reaktion und zum Zelltod führt. Neben der direkten
zytotoxischen Wirkung auf die bestrahlten Krebszellen schädigt die PDT auch die
tumorversorgenden Gefäßen und führt zur Freisetzung bestimmter entzündungsfördernder
Mediatoren. Studien in Mausmodellen und bei Patienten zeigten, dass die PDT in der Lage
ist sowohl den Schenkel der angeborenen als auch der erworbenen Immunantwort zu
beeinflussen. Neben Stimulierung tumorspezifischer zytotoxischer T-Zellen, die auch ferne
Tumorzellen zerstören können, kann die PDT auch zur Ausbildung eines immunologische
Gedächtnisses führen, welches das Wiederauftreten des Krebses verhindern kann.
Außerdem hat eine Reihe von Arbeiten gezeigt, dass die PDT immunsuppressive
regulatorische T-Zellen (Treg) beeinflusst. Im Rahmen der vorliegenden Arbeit
untersuchten wir das komplexe Immunprofil der PDT in präklinischen Experimenten und
klinischen

Studien.

Diese

beinhalteten

Untersuchungen

Adenokarzinom CT26-Wildtyp-Tumor-Mausmodell,

in

(1)

einem

Kolon-

(2) eine klinische Studie bei

Patienten mit Plattenepithelkarzinom des Ösophagus (PEKÖ), die mit Porfimer Natrium
(Photofrin®) und Laser behandelt wurden und (3) eine Studie bei Patienten mit aktinischen
Keratosen (AK), deren Behandlung mit Porphyrin-Vorläufer Methyl-Aminolävulinat und
rotem LED-Licht erfolgte. Unsere Ergebnisse aus dem Tiermodell wiesen darauf hin, dass
die PDT keinen langfristigen Einfluss auf die Anzahl der Treg in Milz und Lymphknoten
hatte. Jedoch verstärkte die Verabreichung von Cyclophosphamid (CY) vor der PDT die
Anti-Tumor-Immunität und verbesserte das langfristige Überleben verbunden mit der
Entwicklung eines immunologische Gedächtnisses. Die Ergebnisse aus dem klinischen
Teil der Arbeit zeigten, dass die PDT die immunsuppressive Funktion peripherer Treg von
Patienten mit PEKÖ aufhob, während deren Anzahl unbeeinflusst blieb. Bei Patienten mit
6

AK hingegen änderte sich nach PDT weder die Funktion, noch die Anzahl der peripheren
Treg. Diese Ergebnisse bestätigen die wichtige Rolle des Immunsystems bei den
Auswirkungen einer PDT und verbessern das Verständnis der Rolle von Treg bei den
durch die Behandlung vermittelten Immunantworten. Je nach Art des zu behandelten
Krebses, des PS, der Körperstelle, der gewählten Wellenlänge und/oder der Lichtdosis
kann die immunologische Wirkung nach PDT variieren. Diese Ergebnisse eröffnen auch
das Potenzial für die Verbesserung und Weiterentwicklung der Behandlungsstrategien bei
Patienten mit Krebs, beispielsweise durch die Kombination von PDT mit entsprechend
gestalteter Anti-Treg-Therapie.
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1. INTRODUCTION

1.1 Basic components of PDT
PDT is a therapeutic procedure that consists of three components: a photosensitizer (PS),
light of appropriate wavelength to excite the PS and molecular oxygen (Dougherty et al.,
1998, Dolmans et al., 2003). None of these three components is toxic alone, but when
combined together they initiate a photochemical reaction that culminates in the generation
of highly reactive oxygen species (ROS) (Ochsner, 1997) (Figure 1). When the PS is
illuminated by the light, it is converted from its electronic ground state (S0) into its shortlived excited single state (S1). From there, it can return to its ground state by either
emission of fluorescence or heat dissipation, or it can be converted to the long-lived PS
triplet state (T1) through intersystem crossing. The T1 triplet state PS is capable of
exchanging

energy

with

the

surrounding

microenvironment,

hence

triggering

photochemical reactions with the molecular oxygen (3O2) present in the tissue. The
molecular oxygen is then converted into highly reactive singlet oxygen (1O2), which in turn
generates ROS and eventually destroy the vital cells in the close proximity (Ogilby, 2010).
Overall, the anti-tumor effects of PDT derive from three inter-related mechanisms (Figure
1): direct cytotoxic effects via induction of apoptosis and/or necrosis, damage of the tumor
microvessels and induction of a robust inflammatory response, which can trigger the
development of a systemic immunity. Each of these mechanisms largely depends on the
type and dose of PS, the modality of PS administration, the interval between PS
administration and the light dosimetry. Most likely, also the type of tumor and tissue
oxygen concentration may be crucial variables.

8

Figure 1: The photosensitizer (PS) absorbs the light and it is converted to its short-lived
excited singlet state (S1). From there it can lose energy by fluorescence (F), internal
conversion to heat or it can undergo intersystem crossing (ISC) to long-lived PS Triple
state (T1) that can trigger a photochemical reaction and lead to local production of
reactive singlet oxygen (1O2). 1O2 can directly kill tumour cells by the induction of necrosis
and/or apoptosis, cause destruction of tumour vasculature and produce an acute
inflammatory response that attracts host innate immune cells such as dendritic cells and
neutrophils. Figure adapted from (Castano et al., 2006).

1.2 Photosensitizers and light sources
Most of the PSs used in PDT are based on a tetrapyrrole structure, similar to the
protoporphyrin contained in hemoglobin (Agostinis et al., 2011). They have an absorption
peak between 600 and 800 nanometers (nm) (red to deep red), since lower wavelengths of
light would not penetrate efficiently through the tissue and light at longer wavelengths than
800 nm would not have sufficient energy to initiate a photochemical reaction and generate
a substantial yield of ROS (Agostinis et al., 2011) (Figure 2). Ideal PSs should selectively
localize to the malignant tumor, have a rapid clearance from normal tissues, strong
phototoxicity, but no toxicity in the dark. The first PS tested in a large series of patients
was a water-soluble mixture of porphyrins, called hematoporphyrin derivative (HPD).
Porfimer sodium (a purified form of HPD) became later known as Photofrin and it is still
the most employed PS although it presents some disadvantages such as the long-lasting

9

skin photosensitivity and a low absorbance at 630 nm (its maximum peak of absorbance is
at around 400 nm).

Figure 2: Structure of protophorphyrin (2A); electromagnetic spectrum and light
propagation through the tissue (2B). Blue light cannot penetrate efficiently through the
tissue, whereas red light can penetrate more deeply. The region between 600 and 1200 nm
is called “optical window of tissue”. However the light at wavelengths longer than 800 nm
cannot initiate a photochemical reaction as it has insufficient energy to generate 1O2.

In the last years, several second-generation PSs have been developed and tested in clinical
trials for cancer PDT. Besides the phorphyrin-based PSs, also chlorophyll-based PSs (e.g.
chlorins, bacteriochlorins) and dyes (e.g. phtalocyanine) have been developed. Kennedy et
al (Kennedy et al., 1990) introduced the new concept of PDT with endogenous porphyrins,
based on 5-aminolevulinic acid (ALA) as a precursor of the PS protoporphyrin IX (De
Rosa and Bentley, 2000). The administration of exogenous ALA leds to photosentization
through endogenous protoporphyrin IX, produced by the tumor cells themselves. The
10

approval of ALA-PDT by the US FDA in 2000 marked a successful and historic event in
the field of PDT. Since then, topical ALA or its later on approved methyl ester (methyl
aminolevulinate; MAL) have become the most common used substances in PDT, in
particular in dermatology. They have been approved as prodrugs to photosensitize for PDT
of non-melanoma skin cancers, including basal cell carcinoma, Morbus Bowen, and actinic
keratoses. Currently, they are widely used among other agents as first line treatment in
those conditions.
Depending on the PS used and on the type of disease (size of lesions, localization, tissue
characteristics), different light sources can be employed for the treatment (Brancaleon and
Moseley, 2002). Historically, large and complex lasers have been used to carry out PDT
treatment, but nowadays there is a wide range of laser and non-lasers sources that can be
used. In particular, diode laser represented a major breakthrough in the widespread clinical
use of PDT as they are small, have automated dosimetry and are simple to operate. Lasers
are normally coupled with optical fibers and are ideal for endoscopic PDT (e.g. in the
digestive tract). Moreover, there are commercially available elastic balloons covered on the
inside with a strongly scattering material and by inflating them, they adapt to the shape of
the hollow organ in which they are inserted, allowing direct contact to the tumor and a
homogenous light distubution. Light-emitting diodes (LEDs) constitute convenient
alternative light sources. The major advantages of the use of LED in PDT are their
potential of a relatively narrow spectral bandwidth (5-10 nm) and thigh irradiance.
Furthermore, they are inexpensive, versatile and are ideal for the irradiation of large and/or
bending anatomic areas (Brancaleon and Moseley, 2002).

1.3 PDT and immune regulation
The ideal therapy for cancer should be able to selectively destroy the tumor cells at the
primary site and at the same time trigger the immune system to recognize any remaining or
recurring tumor cells. In comparison to other unspecific and/or immunosuppressive cancer
therapies such as chemotherapy, ionizing radiation and surgery, PDT might have these
desirable properties. The current knowledge of the innate and adaptive immune responses
induced by PDT against tumors, as well as the impact of Treg in PDT-mediated anti-tumor
11

immunity have been summarized in a review article published in World Journal of
Immunology 2014 and included in the Appendix (Addendum 1).

Eleonora Reginato, Peter Wolf, Michael R Hamblin
Immune response after photodynamic therapy increases anti-cancer and antibacterial effects
World Journal of Immunology 2014 March 27; 4(1): 1-11

1.4 PDT for esophageal squamous cell carcinoma
Esophageal cancer is one of the least studied cancers, though it constitutes a major health
problem being the sixth leading cause of death from cancer worldwide (Enzinger and
Mayer, 2003). Esophageal cancer is classified in two main subtypes, each with distinct
etiological and pathological characteristics: esophageal squamous cell carcinoma (ESCC)
and esophageal adenocarcinoma (EAD) (Enzinger and Mayer, 2003). ESCC is the most
frequent subtype. It arises from the squamous epithelial cells that line the upper part of the
esophagus. Its pathogenesis has been associated mainly to tobacco smoking (De Stefani et
al., 1993, Brown et al., 2001) and heavy alcohol use (Brown et al., 2001); in addition, other
risk factors such as age (most of the patients are over 60 years old), sex (the disease is
more common in men) and heredity have been recognized (Enzinger and Mayer, 2003,
Ellis et al., 1994, Risk et al., 1999). EAD instead arises from glandular cells that are
present at the junction of the esophagus and stomach and it is often associated with a
history of gastroesophageal reflux disease (Lagergren et al., 1999).
Although the standard treatment of esophageal cancer focuses on the triad of surgery,
chemotherapy and radiotherapy, their effectiveness is unsatisfactory and the patients’ 5year follow-up outcome remains poor. In the last years other therapeutic strategies for the
treatment of esophageal cancer have been developed, among them photodynamic therapy
(PDT) (Moghissi, 2012). In case of esophageal cancer, the PS injected intravenously and
PDT is performed endoscopically, under general anaesthesia (Figure 4). Photofrinmediated PDT for esophageal carcinoma was first approved by the US Food and Drug
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Administration in 1995 for the palliation of symptoms and the reduction of partial or
complete esophageal obstruction caused by the cancer (Dougherty, 2002).

Figure 3: The first step of PDT for ESCC is the intravenous administration of 1mg/kg
bodyweight of Photofrin (represented in blu). After 48 hours of systemic distribution,
photofrin selectively accumulates in the malignant cells of the esophagus (represented in
red). Forty-eight hours after photosensitization, the laser treatment is done endoscopically,
under general anaesthesia.

After decades of clinical practice, PDT is known as a minimally invasive, feasible and
efficient endoscopic treatment option for treatment of early unresectable ESCC, palliation
of locally advanced disease or as salvage when other treatment options have failed
(Lindenmann et al., 2011, Yano et al., 2011, Wu et al., 2013).

1.5 PDT for actinic keratosis
Actinic keratosis (AK) is a very common skin condition occurring on sun-exposed body
sites. It is considered today as in situ squamous cell carcinoma of the skin, manifested by
intraepidermal proliferation of neoplastic keratinocytes (Madan et al., 2010). In
approximately 10% of the cases, AK lesions can expand more deeply to the dermis and
thus progress to invasive squamous cell carcinoma (SCC) (Glogau, 2000). Currently,
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topical photodynamic therapy (PDT) mediated with 5-aminolevulenic acid (ALA) or its
methyl ester (MAL) (Dirschka et al., 2012, Dirschka et al., 2013) is among other agents
one of the most common treatment modalities for AK. The main advantages of topical
PDT are that this method is non-invasive, highly effective, can be applied multiple times
and gives excellent cosmetic outcomes compared to surgery (Ericson et al., 2008) or
cryotherapy. The overall results of several randomized clinical trials demonstrated that
PDT of AK leads to complete response rates in the range of 70% to 90%, with good to
excellent cosmetic outcomes in more than 90% of the patients (Agostinis et al., 2011).

Figure 4: The first step of PDT for AK is the topical application of ALA or methyl-ALA
(MAL) to the lesion. The medication is applied for 3 hours (MAL) or 4 hours (ALA), then
the remnant cream is carefully wiped off and the lesions are illuminated with red light.
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2. MAJOR AIMS OF THE THESIS WORK

The main goal of the study was to investigate the immunological events linked to PDT for
cancer. In particular we focused our investigations on the reciprocal effects between PDT
and Treg in both preclinical and clinical settings. In thesis part 1 we investigated the
immunological effects of PDT alone or combined with Treg depletion (by administration
of cyclophosphamide) in the CT26 wild-type colon adenocarcinoma mouse tumor model.
For the clinical part of the thesis study, we examined the effects of PDT on levels and
function of Treg in patients suffering from ESCC (thesis part 2) and AK (thesis part 3).

AIMS
Thesis part 1
To investigate the effects of PDT on Treg cells in a mouse tumor model

Thesis part 2
To study the immunological changes induced by PDT in patients with esophageal
carcinoma, focusing on Treg

Thesis part 3
To study the effects of PDT on Treg level and function in patients with actinic
keratoses.
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3. THESIS PART 1

3.1 Background
•

PDT can lead to development of antigen-specific immune response

•

Low-dose of CY (50 mg/kg) selectively depletes Treg in mice

•

PDT mediated immunity can be potentiated by Treg depletion

•

CT26 wild-type colon adenocarcinoma express the gp70 self-antigen

•

PDT of CT26 wild-type tumors leads only to local regression, followed by
recurrence

3.2 Questions
•

Does PDT cause any effect on systemic Treg in spleen and lymph nodes?

•

Does the combination of PDT + CY foster antitumor immunity against CT26
wild-type tumors?

•

Do PDT + CY lead to development of memory immunity?

3.3 Results
•

The combination of 50 mg/kg CY with PDT leads to tumor eradication and
survival advantage

•

CY combined with PDT abrogates the increase in Treg induced by PDT alone

•

PDT combined with CY, but not PDT alone, decreases TGF-beta to a
baseline level

•

Treg suppresses the reactivation of the long-term anti-tumor memory
immunity generated by PDT plus CY

16

These results here above summarized have been published in British Journal of Cancer
2013 and included in the Appendix (Addendum 2).
Eleonora Reginato, Pawel Mroz, Hoon Chung, Masayoshi Kawakubo, Peter Wolf and
Michael Hamblin
Photodynamic therapy plus regulatory T-cell depletion produces immunity against a
mouse tumour that expresses a self-antigen
British Journal of Cancer 2013; 109, 2167-2174.
The first three authors contributed equally to this work.
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4. THESIS PART 2

4.1 Background
•

PDT for ESCC has considerable beneficial effects resulting in significantly
improved and prolonged survival

•

While PDT-mediated effects on host´s immune system have been
thoroughly investigated in animal studies, clinical evidence of PDT’s
immunological effects is limited

4.2 Questions
•

Does PDT of ESCC affect level and/or function of circulating Treg?

•

Is there any change between before and after PDT in the level of tumor
infiltrating Treg?

•

Are systemic levels of IL-6, IL-8, IL-10 and TGF-β cytokines up- or downregulated after PDT?

•

Does PDT affect peripheral blood cell levels?

4.3 Results
•

PDT does not affect peripheral or tumor-infiltrating Treg levels

•

PDT inhibits immunosuppressive function of peripheral Treg

•

IL-6 is significantly up-regulated at 7 days after PDT

•

PDT affects peripheral leukocyte levels. This increase is mostly due to
elevation of granulocyte and monocyte numbers
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These results here above summarized have been published in Photochemical &
Photobiological Sciences 2014 and included in the Appendix (Addendum 3).

Eleonora Reginato, Jörg Lindenmann, Cord Langner, Nina Schweintzger, Isabella
Bambach, Freyja Smolle-Jüttner, Peter Wolf
Photodynamic therapy downregulates the function of regulatory T cells in patients
with esophageal squamous cell carcinoma
Photochemical & Photobiological Sciences 2014, DOI:10.1039/c4pp00186a
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5. THESIS PART 3

5.1 Background
•

Topical ALA-PDT is a first-line therapy for the treatment of AK

•

Efficacy of clinical PDT for AK may be depend on patients´ ability to mount
an adequate immune response (better responses to PDT in immunecompetent patients vs immune-suppressed transplant patients)

5.2 Questions
•

Does PDT of AK affect level and/or function of circulating Treg?

•

Is IL-6 up- or down-regulated after PDT?

5.3 Results
•

PDT does not affect level, not function of systemic Treg level

•

IL-6 concentration is not changed after PDT

These results here above summarized will be submitted for publication in the form of a
letter to the Editor. The draft of the letter is included in the Appendix (Addendum 4).
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Background
Topical photodynamic therapy (PDT) mediated with 5-aminolevulinic acid (ALA) or its
methyl ester (methyl aminolevulinate; MAL) is widely used to treat actinic keratosis
((Dirschka et al., 2012), s1-s4). The main advantages of topical PDT are that it is noninvasive, highly effective and gives excellent cosmetic outcomes compared to surgery.
However, besides inducing direct phototoxic effects to the illuminated neoplastic cells,
PDT can also affect the activation of both innate and adaptive arms of host's immune
system by triggering the release of various pro-inflammatory and acute-phase response
mediators from the treated site (review in s5). Such acute inflammatory response
provoked by PDT causes infiltration of host innate immune cells, which carry out the
removal of damaged cells. Furthermore, the PDT-induced acute inflammation may also
lead to the development of adaptive anti-tumor immunity. For instance, a recent
experiment in mice has indicated that ALA PDT may induce specific anti-tumor responses
in cutaneous squamous cell carcinomas (Wang et al., 2013). However, there is concern
that under certain conditions, ALA PDT could exhibit immunosuppressive effects (similar
to UV radiation) ((Schwarz et al., 2011), s6-s8), thus limiting its potential as a therapy for
cancer (Wolf et al., 1997). For example, PDT has been shown to suppress the induction of
contact or delayed type hypersensitivity in mice and humans (reviewed and cited in s5).
In particular, studies by Damian’s group ((Frost et al., 2011, Matthews and Damian, 2010),
s9) has suggested that topical ALA or MAL PDT exhibit immunosuppressive properties in
humans that can be influenced by reducing the rate of light delivery or the administration
of nicotinamide. Our recent work in a mouse tumor model has shown that administration
of cyclophosphamide before PDT led to depletion of regulatory T cells (Treg) and
potentiated PDT-mediated immunity, leading to long-term survival and development of
memory immunity (Reginato et al., 2013).

Questions addressed
Preclinical and clinical studies have demonstrated that PDT is capable of affecting the
innate and adaptive arms of the immune system (s10-s12). In this study we asked
whether PDT can affect the systemic level und function of Treg (Singh et al., 2012) in
patients with multiple AK photosensitized with MAL and exposed to visible red light.
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Experimental design
Between June and November 2011 five patients (four men and one woman; age range,
58 to 74 years) suffering from AK were enrolled in the study. The patients were treated
with standard methyl aminolevulinate (methyl 5-amino-4-oxopentanoat; Metvix™)
160mg/g cream for multiple AK on scalp, face and/or hands. The cream was applied to
the AK lesions and 1 cm of surrounding skin, and three hours later, the lesions were
illuminated with the LED source Aktilite® CL 128 (Photocure, Oslo, Norway), which has a
narrow emission spectrum around 630 nm. All patients received the recommended light
dose of 37J cm-2. The patients were from a study approved by the local ethics committee
and performed according to the Helsinki Declaration.
Blood samples from AK patients were collected in 8-ml falcon tubes supplemented
with EDTA as anticoagulant at two time points, i.e. immediately before topical application
of MAL and at 7 or 14 days after PDT. For flow cytometry analysis of Treg, aliquots of 400
μl of fresh blood were stained with CD25 FITC (BD, Cat. No. 345796), CD127 PE (BD,
Cat. No. 557938), CD4 PerCP (BD, Cat. No. 345770) and FoxP3 APC antibody
(eBioscience, Cat. No. 17-4776) using the FoxP3 Staining Buffer Set (eBioscience, Cat.
No. 00-5523), according to the manufacturer's instructions. All data were acquired with a
FACS Calibur flow cytometer and analysed with Flow Jo (TreeStar, Ashland, OR, US)
software. All plots were gated on CD4+.
For Treg immunosuppressive assay, lymphocytes were isolated from the blood
using Ficoll Lymphoprep (Axis-schield, Cat. No. 1114545), stained with CD4 FITC, CD25
PE-Cy7 and CD127 antibodies (BD Pharmigen) and sorted by FACS (BD FACS ARIA) in
Treg (CD4+CD25+CD127-) and Teff (CD4+CD25-CD127+). Each cell subset was
cultured either alone or together at 1:1, 1:2, 1:4 ratios and immunosuppressive assay was
performed as described by Singh et al. (s13).

Results
We evaluated the relative number of Treg in the peripheral blood stream of AK patients
before and one or two weeks after a single session of MAL PDT. As depicted in Figure 1A
and B, we observed inter-individual differences in the course Treg frequency but overall,
there was no statistically significant difference between pre-PDT and post-PDT levels
(Figure 1B). We also analysed the immunosuppressive function of Treg by co-culturing
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the cells together with Teff at different ratios. The results indicated that although MAL PDT
did cause ambivalent effects in treated patients (i.e. up- or down-regulation of Treg
function) they were not statistically different (data not shown).

Conclusions
The data presented in this study indicate that MAL PDT does not significantly affect the
level and function of Treg in patients with AK. At first glance, this seems to be
contradictory to other work from our laboratory in patients suffering from esophageal
squamous cell carcinoma (ESCC) where treatment with Laser-guided Photofrin-PDT
downregulated the immunosuppressive function of peripheral Treg (Reginato et al., 2014).
However, the observed differences could have multiple explanations: (i) while in ESCC
patients Photofrin, used as a photosensitizer, was administered systemically (i.v.), in AK
patients, the photosensitzer MAL was applied topically; (ii) the PDT set-up for the two
groups was different in ways that in ESCC patients the tumor was illuminated 48h after PS
administration, whereas in AK patients, the lesions were illuminated 3h after
photosensitization; (iii) PDT light dose and fluence rate administered for the treatment of
ESCC and AK were different (80 J cm-2 vs. 37 J cm-2; laser of 1.2-1.5 W cm-2 vs. LED light
of 68 mW cm-2, respectively); (iv) the anatomical location of the lesions was different
(s14); and (v) above all, the type of tumor and stage in the two patient groups differed.
Nonetheless, our results are quite consistent with what we had observed in ESCC
patients in whom the frequency of systemic Treg was not significantly affected by PDT in
the AK patients as well (Figure 1). Moreover, when we looked for IL-6 levels in the serum
of the AK patients before and after MAL PDT, we found no significant differences (data
not shown). This is in contrast to our findings in the ESCC patients in whom systemic PDT
did significantly upregulated IL-6 serum levels and downregulated the function of
peripheral Treg (Reginato et al., 2014). Together, this indicates a crucial role of IL-6 in
affecting the function of Treg upon PDT.
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