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2 Abbreviations and De�nitions

AFL Ablative fractional laser

AK Actinic keratoses

ALA 5-aminolevulinic acid

AU Arbitrary units

BCC Basal cell carcinoma

CO2 Carbon dioxide

Er:YAG Erbium-doped yttrium aluminum garnet

HAL Hexyl aminolevulinate

HPV Human papilloma virus

IQR Inter-quartile range

KC Keratinocyte carcinoma, comprises basal cell carcinomas and squamous cell carcinomas

Laser Light Ampli�cation by the Stimulated Emission of Radiation

logP Partition coe�cients of octanol/water,

LED Light emitting diode

Light-dose The total amount of radiant energy delivered per unit area (Irradiance x irradiation time).

The unit is J/cm²

LSR Local skin response

Lux The SI unit of illuminance, which is a measure of the intensity of incident light, wavelength-

weighted by the luminosity function to correlate with human light brightness perception

MAL Methyl aminolevulinate

MAZ Microscopic ablation zone

MED Minimal erythema dose. UV dose in SED that elicits just perceptible erythema 24 hours

after UVR exposure

MW Molecular weight. The unit is dalton (Da). 1 Da = 1.6605381(73)Ö10=27 kg

nm Nanometre = 10-9m
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NMSC Non-melanoma skin cancer

OTR Solid organ transplant recipient

PPF Pigment protection factor

PDT Photodynamic therapy

cPDT PDT with ALA/MAL cream incubated under occlusion for 3 hours followed by illumination

with red light emitted from a broad band or LED light source

dPDT PDT with ALA/MAL cream incubated without occlusion for 30 minutes followed by 2½

hours daylight exposure at minimum 10,000 lux

PpIX Protoporphyrin IX

RTR Renal transplant recipients

ROS Reactive oxygen species

SCC Squamous cell carcinoma

SED Standard erythema dose. 1 SED = 100J/m2 at 298 nm using the CIE erythema action

spectrum. It is equivalent to the UVR dose needed to provoke a just perceptible erythema

of white skin in the most sensitive of a group of people 24 hours after exposure.

SSR Simulated solar radiation

UVA Ultraviolet radiation in the A range (321-400 nm)

UVB Ultraviolet radiation in the B range (281-320 nm)

UVC Ultraviolet radiation in the C range (200-280 nm)

UVR Ultraviolet radiation (200-400 nm)

WLL Warty like lesions. Dysplastic verrucous lesions
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3 Introduction

Solid organ transplantation has since the 1950s evolved from an experimental technique to an in-

tegrated treatment modality of end-stage organ failure (Krisl and Doan, 2017;Calne, 2014). To-

day, nearly 120 000 organ transplants world-wide extend the lives of thousands of patients annually

(http://www.transplant-observatory.org). During the past decades, improvements in immunosuppres-

sive regimens, graft preservation, surgical techniques and prevention strategies towards infections has

signi�cantly increased graft and patient survival leading to a growing population of organ transplant

recipients (Kasiske et al., 2010). However, continuous immunosuppressive therapy needed to maintain

engraftment is associated with cutaneous adverse e�ects, especially a high incidence of keratinocyte

carcinomas and premalignant actinic keratoses (Euvrard et al., 1993;Zwald and Brown, 2011a).

Dermatologic manifestations after organ transplantation can overall be classi�ed as 1) early events

associated with initial heavy immunosuppression and 2) late events related to cumulative e�ects of im-

munosuppressive therapy. Shortly after transplantation, a high immunosuppressive load increases risk

of bacterial and viral skin infections such as folliculitis, impetigo, cellulitis, herpes and varicella virus

reactivation with reported incidence rates in up to 30% of patients (Ulrich et al., 2008). Early drug

induced adverse reactions include acneiform eruptions, hypertrichoses, striae distansae, hair loss and

gingival hyperplasia, but frequencies are typically reduced when immunosuppressive doses are tapered

within the �rst 3-6 months after transplantation (Sitek et al., 2014). After organ transplantation,

patients have an increased susceptibility to viral infections, especially infection with human papilloma

virus (HPV). HPV infection are reported to a�ect up to 50% of transplant recipients and typically

present as viral warts on the hands and feet (Piaserico et al., 2014;Sitek et al., 2014). Furthermore,

higher prevalence of genital HPV infection and HPV -associated atypia in OTRs compared to matched

immunocompetent controls was recently observed in a large study (Larsen et al., 2019). While cuta-

neous HPV infection has been associated with development of keratinocyte carcinoma in OTR, the

association is currently not established (Harwood et al., 2017).

The most important dermatologic e�ect of long-term immunosuppression is a signi�cantly high

incidence of keratinocyte carcinoma, including cutaneous squamous cell carcinoma (SCC) and basal

cell carcinoma (BCC) as well as premalignant actinic keratoses and dysplastic verrucous keratoses.

Organ transplant recipients (OTRs) have a 65-218 times increased risk of SCC and a 5-10 times

increased risk of BCC compared to the background population. The risk of SCC increases with

the duration of immunosuppressive therapy from 12 times higher at 5 years after transplantation

to 56 � 218 times higher than the background population at 20 � 30 years after transplantation

(Krynitz et al., 2013;Madeleine et al., 2017). Indicating a more aggressive growth pattern, SCC

nodal metastasis rates are reported from 3.5% to 8% in transplant recipients compared to 0.3-1% in

immunocompetent patients (Lindelof et al., 2006;Karia et al., 2013). Correspondingly, SCC-related

mortality is reported as high as 10% in OTRs with multiple SCCs (Lindelof et al., 2006) or as 35.3
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per 100,000 person-years in OTRs, being more than 10 times higher compared to immunocompetent

patients (Garrett et al., 2016;Lanz, 2018). Transplant recipients also possess a substantially elevated

risk of premalignant actinic keratoses (AK) and dysplastic verrucous keratoses, which develop at

younger age and at higher density compared to immunocompetent patients (Ramsay et al., 2002). AK

are important skin changes as they are clear risk indicators for SCC (Bouwes Bavinck et al., 2007).

The onset of AK, dysplastic keratoses and KC progress over time from solitary lesions in sun exposed

skin into a con�uent �eld of multiple AK, dysplastic keratotic lesions and recurring KC, described as

�eld cancerization ((SLAUGHTER et al., 1953) as shown in Figure 1. Multiple AK and chronically

photodamaged skin are established as strong predictors of simple SCC and metastatic SCCs (Lindelof

et al., 2005;Wallingford et al., 2015).

In these areas with extensive actinic damage, international guidelines recommend topical �eld-

treatment to reduce both clinical and subclinical dysplasia and potentially lower the risk of SCC

development (Lumbang and Stasko, 2011;Hofbauer et al., 2009;Zwald and Brown, 2011b).

Photodynamic therapy (PDT) is among imiquimod, 5-�uoruracil and diclofenac the most inves-

tigated topical treatment for AK and �eld cancerization in OTR (Blomberg et al., 2017;Zwald and

Brown, 2011b). Administered with daylight or conventional light emitting diode (LED)-light, PDT is

an e�ective treatment of AK with favourable cosmetic results that especially is suitable for treatment

of large skin areas (Braathen et al., 2012). PDT has furthermore shown to be e�ective to prevent the

development of new AK in OTRs with �eld cancerization and multiple AK (Wulf et al., 2006;Wennberg

et al., 2008). However, PDT is hampered by low e�cacy in thick, keratotic AK located in acral skin

areas (Kaufmann et al., 2008;Tyrrell et al., 2011), as well as lower AK clearance rates are reported

in OTRs compared to immunocompetent patients (Dragieva et al., 2004a). The potential of PDT for

early prevention of skin dysplasia furthermore remains unclear, leaving the ideal time of treatment

initiation yet to be established. As onset and burden of AK and SCC varies widely between transplant

recipients (Garrett et al., 2017) objective methods to identify patients with an individual high risk

of AK and KC development are warranted. We aimed to increase PDT e�cacy for AK clearance,

assess the potential of PDT for early AK and KC prevention, and improve objective individual risk

assessment for keratinocyte dysplasia, in order to develop individualized AK treatment and prevention

for OTRs.
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Figure 1: Cutaneous dysplasia in OTR. A: multiple verrucous keratoses and AKs on the dorsal hands,
B: rapidly growing SCC on the dorsal arm, and C: scarring from SCC excision in �eld-cancerized skin
on forehead and scalp.
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3.1 Aim of the Thesis

The aim of the thesis was to investigate ablative fractional laser to improve PDT e�cacy for AK in

OTRs and to evaluate the e�ect of PDT for primary prevention of AK. Furthermore, we explored

associations between non-invasively measured photodamage and KC in OTRs to identify high-risk

patients that could bene�t from prophylactic PDT treatments.

The overall objective of the thesis was assessed in three sections:

I. To assess PDT's e�cacy for AK clearance in OTRs, and to investigate the potential of ablative

fractional laser in combination with PDT to increase AK clearance. First, we aimed to deter-

mine the e�cacy of conventional MAL-PDT compared to imiquimod for AK clearance. Second,

we attempted to improve the PDT clearance of thin and keratotic AK by combining ablative

fractional laser resurfacing prior to conventional and daylight PDT. These points were evaluated

in 3 randomized controlled trials in Study I-III.

II. To explore the potential of PDT for primary prevention of AK in renal transplant recipients

and for SCC in a hairless mouse model. In renal transplant recipients, we compared split-side

conventional PDT treatment for 5 years with no treatment to prevent �rst onset of keratinocyte

dysplasia in Study IV. In hairless mice, we explored the potential of repeated, arti�cial daylight

PDT with low photosensitizers concentrations to prevent SCC in Study V.

III. To investigate the potential of non-invasive, objective measurements to determine skin pho-

todamage in OTRs and immunocompetent patients with skin cancer. We assessed associations

between KC and UVR exposure and objectively measured photodamage in terms of skin pigmen-

tation, skin auto�uorescence, and black-light evaluated solar lentigines in Study VI. Furthermore,

we explored di�erences in non-invasively measured photodamage adjacent to KC in OTRs and

immunocompetent patients with KC in Study VII.
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4 Background

4.1 Ultraviolet radiation

Exposure to ultraviolet radiation (UVR) is recognized as the main etiologic factor for skin cancer in

humans. Terrestrial solar UVR is divided in two main wavelength components, the more carcinogenic

UVB (280-320 nm), which mainly damages the epidermis, and the more penetrant UVA (321-400 nm),

which reaches into the dermis (WHO, 1992). As stratospheric ozone �lters most UVB, terrestrial

sunlight consists of >95% UVA and ≤5% UVB with the maximum UVB proportion emitted around

midday at equator (Wulf and Eriksen, 2010;Lerche et al., 2017).

UVR induce acute and chronic e�ects on human the skin. Acute e�ects include erythema, pig-

mentation in terms of immediate pigment darkening and delayed tanning, thickening of the epidermis,

vitamin D synthesis and immunosuppression (WHO, 1992). Chronic e�ects of UVR exposure are

photocarcinogenesis and photodamage. These e�ects result from direct photon energy absorption by

endogenerous skin chromophores, such as DNA and melanin or through indirect structural damage

mediated by UVR-elicited reactive oxygen species (ROS) (Young, 1997).

4.1.1 Photocarcinogenesis

Photocarcinogenesis is a cascade of UVR-mediated events involving UV-induced DNA damage, cellular

mutations and eventually skin cancer development (de Gruijl, 1996;Young, 1990). UVR furthermore

induce alterations in transmembrane signal transduction, increases proin�ammatory mediators and

modulate the immuneresponse, resulting in in�ammation and immunosuppression (Berman and Cock-

erell, 2013;Nishisgori, 2015). These e�ects all contribute to development of keratinocyte dysplasia.

Determined by DNA's absorption spectrum, UVR-induced DNA damage is wavelength depended

as DNA has high absorption in the UVB spectrum and signi�cantly lower in the UVA spectrum.

UVB therefore mainly induce direct DNA damage whereas UVA predominantly causes indirect DNA

damage mediated by ROS, especially singlet oxygen (de Gruijl, 2000;de Gruijl and Rebel, 2008).

Direct DNA damage consist of potentially mutagenic cyclobutane pyrimidine dimers (CPD) and 6,4

pyrimidine-pyrimidone (6,4 Py:Pys) photoproducts, of which CPDs are particularly potent in skin

cancer development (de Gruijl et al., 2001). CPDs are furthermore recognized as essential promotor of

cytokine-mediated in�ammation that clinically present as erythema after UVR exposure. UVA induce

indirect DNA damage through ROS causing 8-oxo-deoxyguanosine lesions but also result in CPDs

(Halliday et al., 2011). Besides targeting DNA, UVA-induced ROS also damages membrane lipids and

proteins, including enzymes involved in DNA repair and thereby attenuate the repair of UV-induced

photoproducts (Gueranger et al., 2014a).

If UVR-induced DNA damage is not removed by repair mechanisms such as nucleotide excision

repair, replicated CPDs and 6,4 Py:Pys photoproducts can lead to transition type mutation such as
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cytosine to thymine (C T) or less frequently CC TT. These speci�c �UV signature mutations� are espe-

cially observed in tumor suppressor genes, particularly p53, in up to 50% of cutaneous SCCs and AK,

as well as in photodamaged skin. UVR also induce mutations in other tumor suppressor genes such as

p14, p15 and p16 and signature mutations in p53 (Berman and Cockerell, 2013). Keratinocytes har-

bouring mutations in tumor suppressor genes can, if not eliminated, undergo uncontrolled proliferation

and transform into AK and KC.

4.1.2 UV-induced immunosuppression

UVR-induced immunosuppression is an important component in photocarcinogenesis (Kripke, 1984).

This was �rst described by Kripke who showed that UVR suppression of the host's immune response

was required to allow progressive tumor growth (Kripke, 1974). Subsequently, multiple studies de-

scribe complex pathways of UVR-induced immunosuppression that modulate the immune response of

irradiated skin and in the draining lymph nodes (Hart and Norval, 2018;Byrne, 2008;Ullrich, 2012).

UVR induce local and systemic immunosuppression in terms of suppression of contact hypersensi-

tivity and delayed type hypersensitivity (Kim, 1990). Both UVB and UVA induce immunosuppression,

although UVB is signi�cantly more immunosuppressive than UVA (Kim, 1990). However, UVA is due

to its large composition in sunlight, increasingly recognized as a large contributor to immunosuppres-

sion from daylight exposure (Damian, 2011;Halliday et al., 2011). UVR-induced immunosuppression is

initiated mainly in keratinocytes by CPDs and 6,4 Py:Py photoproducts, oxidation of membrane lipids

to form platelet activating factor and UV-induced formation of cis-urocanic acid from trans-urocanic

acid (Kim, 1990;Hart and Norval, 2018). These mediators stimulate production of in�ammatory

cytokines, chemokines and activate cyclooxygenase-2 (Shreedhar et al., 1998) that subsequently mod-

ulate the e�ect of Langerhans cells, dendritic cells and mast cells (Vink et al., 1997). Following UVR

exposure, Langerhans and dendritic cells migrate from irradiated skin to the draining lymph node

to induce production of T regulatory cells (Tregs), which have suppressive function on the antigen

response (Schwarz, 2005b;Schwarz et al., 2010). Tregs modulate antigen presenting cells to induce

antigen tolerance (Schwarz and Schwarz, 2010), increase production of suppressive cytokines and can

suppress the response of e�ector T cells against dysplastic cells (Lai et al., 2016). Tregs were further-

more found at high concentration in BCCs and in SCCs with more aggressive growth patterns (Lai

et al., 2015;Omland et al., 2016). Mast cells, suppressor B cells and Natural Killer T cells are also

critical players in modulating the immune response (Ullrich and Byrne, 2012). In conjunction with

several complex immune regulatory pathways, these mechanisms result in an antigen-speci�c immune

tolerance towards dysplastic keratinocytes and are crucial for development and growth of skin tumors

(Schwarz, 2005a;Hart and Norval, 2018).
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4.1.3 Photodamage

Besides photocarcinogenesis, chronic e�ects of UVR include skin photodamage, or skin photoaging.

Photodamaged skin is characterized by dyspigmentation and degenerative changes of vascular and der-

mal connective tissue structures (Young, 1990). Clinically, it is characterized by wrinckles, skin laxity,

telangiectasia, increased fragility and mottled pigmentation consisting of ephelides, solar lentigines and

guttate hypomelanosis, shown in Figure 2 (Wulf et al., 2004). Photodamaged skin is an independent

risk factor for skin cancer development and shares similar changes in gene expression as observed in

cutaneous malignancies (de Gruijl and Voskamp, 2009)

Figure 2: Severely photodamaged skin characterized by increased pigmentation, solar lentigines, hy-
pomelanosis, AKs and multiple scarring following curettage and cryotherapy of skin dysplasia.

Dermal photodamage is especially associated with fragmentation of elastin and collagen (type I

and III) �bres (Amano, 2016), which comprises the majority dry weight of the dermis. Collagen �bres

are in normal skin connected with intermolecular, mature cross-links that provide stability and tensile

strength of the skin. In photodamaged skin and intrinsic aged skin, collagen �bres are degraded by

enzymatic and non-enzymatic glycosylation processes resulting in increased incomplete collagen cross-

links (Monnier et al., 1986). UVR also degrade elastic �bres into accumulating amounts of abnormal

elastoid tissue in the super�cial dermis, histologically described as solar elastosis (Tewari et al., 2014).

These changes are characterized by UVR-induced chronic in�ammation with upregulation of matix-

degrading proteases, matrix metalloproteinases (MMPs) that cleave �brillar collagen and reduce new

collagen synthesis (Yarosh et al., 2008).
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In chronically UVR exposed skin, mature collagen cross-links are shifted towards a higher content

of immature cross-links available for non-invasive measurements (Gillies et al., 2000). Two collagen

auto�uorescence bands with peak absorption at 330-340 nm and 360-370 nm excitation are described

to originate from predominantly collagen-crosslink products (Kollias et al., 1998;Takema et al., 1997).

Furthermore, an auto�uorescence band at 440 nm excitation has been identi�ed as re�ecting elastin

and collagen. Linkage between skin auto�uorescence and photodamage was investigated in studies

that found higher collagen auto�uorescence with increasing patient age and near basal cell carcinomas

(Na et al., 2001b;Na et al., 2001a;Yamauchi et al., 1991).

Pigmentary changes are major components in photodamaged skin. Repeated UVR exposure stim-

ulate melanosome formation leading to an increase in the number of melanocytes compared with

unirradiated skin as well as higher density of melanophages and epidermal melanin (Fisher et al,2002;

Bilac et al, 2014). The pigmentary alterations in photodamaged skin include hypomelanosis and

hypermelanoses, such as solar lentigines (Young, 1990). Solar lentigines are highly associated with

chronic cumulative sun exposure, high intermittent UVR exposure and AK, KC and cutaneous ma-

lignant melanoma in fair skinned patients (Bastiaens et al., 2004;Dessinioti et al., 2011;Idorn et al.,

2014;Thieden et al., 2005a). Broad-band UV light or �black light� at 315-400 nm enhance the de�nition

of pigmentary changes and depigmented and pigmented lesions are e�ectively visualized by �uores-

cence photographs (Kollias et al., 1997). Black light entering the dermis stimulate emission of collagen

�uorescence of which some is returned toward the skin surface. However, the emitted �uorescence is

attenuated by haemoglobin and epidermal melanin that appear as dark areas in black light (Gilchrest

et al., 1977). Hence, �uorescent black light photographs is e�ective to visualize lentigines and dark

spots and is has been linked to sun damage and a high UVR exposure pattern in both adolescents and

melanoma patients (Idorn et al., 2014;Gamble et al., 2012).

Determined by both genetic susceptibility and exposure to environmental hazards such as UVR

exposure, the extent of skin photodamage implies large intra-individual variations and consequently

determines the frequency of skin cancer surveillance. Furthermore, the magnitude of skin photodamage

may present di�erently in OTRs compared with immunocompetent patients.

4.2 Photodynamic therapy

Topical photodynamic therapy with precursors of the endogenous photosensitizer Protoporphyrin IX

(PpIX) is a well-established, e�ective treatment for AKs, in situ SCCs and super�cial BCCs.

4.2.1 Mechanism of action

PDT involves the combination of a photosensitizer, oxygen and light to initiate a photochemical re-

action (Henderson and Dougherty, 1992). When a photosensitizer absorbs light of appropriate wave-

lengths, an electron is transferred to a higher energy orbital and the photosensitizer enters the excited
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singlet state (Figure 3) (Redmond, 2008). As the singlet state is highly unstable, the photosensi-

tizer either emits �uorescence or heat or undergoes intersystem crossing to form a more stable excited

triplet state (Redmond, 2008). From the triplet state, PpIX can i) decay to the ground state, ii)

react directly with molecules to form ROS, (type I reaction) or iii) react directly with tissue oxygen to

form singlet oxygen (type II reaction) (Moan and Juzeniene, 2008). Singlet oxygen is considered the

most important mediator of PDT-induced damage although ROS induces signi�cant tissue damage.

The therapeutic e�ect results from a combination of direct cell death induced by oxidative products,

microvascular damage and an elicited immune response (Garg et al., 2010;Korbelik, 2008). The mi-

crovascular damage, and in�ammatory response are both considered contributors to treatment of the

dysplastic lesions and may in�uence long-term outcome in solid tumors (Agostinis et al., 2011;Mroz et

al., 2010).

Figure 3: The photodynamic process. Modi�ed from (Agostinis et al., 2011).

4.2.2 Porphyrin photosensitizers

PDT with porphyrin precursors is based on exogeneous delivery of 5-aminolevulinic acid in heme

synthesis that intracellularly accumulate into the photoactive Protoporphyrin IX (PpIX) (Kennedy

et al., 1990;Pottier et al., 1986). Three PpIX precursors are currently commercially available: 5-

aminolevulinic acid (ALA) and the esters, methyl aminolevulinate (MAL) and hexyl aminolevulinate

(HAL). PDT with ALA and MAL is approved for treatment of thin-moderately thick AK, SCC in situ

as well as super�cial and low-risk nodular BCCs (www.ema.europa.eu/human). HAL is approved for

intra-vesical �uorescence diagnostic of bladder dysplasia.

ALA is a precursor of PpIX in synthesis of heme with insertion of iron into PpIX by the enzyme

ferrochelatase as the �nal step (Figure 4). Heme is synthesized in the inner mitochondria membrane
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and cytosol of all nucleated cells, and tightly controlled by negative feedback. By exogeneous supply

of excess ALA, feedback mechanisms are bypassed and PpIX accumulate in the tissue (Kennedy and

Pottier, 1992).The amount of accumulated PpIX depends primarily on intracellular ALA concentration,

but also on enzymatic activity in heme synthesis and intracellular iron supply (Kennedy et al., 1990).

Due to an increased cellular porphyrin metabolism but lower intracellular iron content, PpIX more

readily accumulate in dysplastic than in normal cells (Krieg et al., 2002).

Figure 4: Intracellular ALA and heme metabolism. Excogeneous application of ALA (red arrow) bypass
the negative feedback of ALA synthase (top yellow arrow) and slow conversion of PpIX to heme (bottom
yellow arrow), leading to PpIX accumulation

Topical delivered PS must penetrate the stratum corneum in order to reach the target tissue.

Stratum corneum (SC) is the main barrier to topical drugs and consists of layers of keratin-�lled

corneocytes embedded in lipids, resulting in a highly lipophilic, acidic environment (Flynn, 1997).

Hence, small, lipophilic molecules can easier penetrate the SC than hydrophilic molecules. ALA is a

small, hydrophilic molecule (168 Da, logP -1.52) and a zwitterion at physiological pH with suboptimal

penetration over intact stratum corneum (Juzeniene et al., 2002;Fotinos et al., 2006). More recently,

nano-emulsion with ALA was developed to improve ALA stability and SC penetration (Szeimies et

al., 2010a;Szeimies et al., 2010b).

To enhance bioavailability and selectivity of PpIX accumulation in dysplastic tissue, the methyl

ester of ALA, methyl aminolevulinate (MAL) was introduced. MAL is slightly larger (182 Da) and

slightly less hydrophilic (logP -0.94) than ALA (Uehlinger et al., 2000;Peng et al., 1996). While ALA

induces higher PpIX intensities, MAL results in a more selective PpIX accumulation in diseased skin

with a higher lesion/normal tissue concentration ratio than ALA (Fritsch et al., 1998;Wiegell and
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Wulf, 2006). Following introduction of MAL, di�erent lipophilic ALA esters were investigated for

topical PDT (Fotinos et al., 2006). Of these, the hexyl ester of ALA, hexyl aminolevulinate (HAL)

was licensed for intravesical PpIX �uorescence detection of bladder dysplasia (Mosta�d and Bunce,

2009). In human skin, HAL-PDT has been experimentally investigated for acne and treatment of AK

(Neittaanmaki-Perttu et al., 2017). HAL induces signi�cantly more PpIX �uorescence than equivalent

concentrations of ALA and MAL but showed similar tissue distribution in normal skin (Togsverd-Bo

et al., 2012c;Juzeniene et al., 2006). Although HAL is signi�cantly more liphophilic (logP 1.84) than

MAL, the larger molecule size (252 Da) may prolong SC penetration.

4.2.3 Light sources

Light sources for PDT must match PpIX's absorption spectrum and su�ciently penetrate the skin to

photoactivate PpIX within the target lesions (Henderson and Dougherty, 1992). PpIX has a maximum

absorption band in the blue light spectrum (Soret band, 405-415 nm) and weaker absorption in green

(506-540 nm), yellow (572-582 nm) and red (628-635 nm) wave-bands. Although PpIX absorption

is substantially higher at 405 nm, blue light poorly penetrate into the dermis whereas red light has

deeper skin penetration and can drive PDT reactions down to 2 mm (Juzenas et al., 2001). Hence,

studies comparing therapeutic response to PDT found illumination with red light more e�ective than

green light to induce apoptosis and for treatment of SCC in situ (Braathen et al., 2007;Morton et al.,

2000).

A range of light sources are applicable for PDT, including broad-band lamps, diode lamps, �ash

lamps and lasers, emitting either continuous wave or pulsed wave light. Commercial lamps for PDT

are currently available as �uorescent lamps in the blue light spectrum and in the red light spectrum

by light emitting diode lamps (LED) with a 630 nm/635 nm emission peak (Morton et al., 2012a).

Energy based devices such as intense pulsed light systems (IPL) and long-pulsed dye laser are also

used for PpIX photoactivation in PDT. These light sources use high-energy radiation to deliver the

desired �uence in few pulses and are frequently combined with PDT for additional photorejuvenating

e�ects (Brancaleon and Moseley, 2002;Morton et al., 2012b).

In conventional PDT (cPDT), ALA or MAL incubate under light occlusive dressing for usually

3 hours followed by illumination with certi�ed lamps in the blue or red light spectrum (Christensen

et al., 2010). During incubation, large amounts of PpIX accumulate in the skin and the subsequent

rapid photoactivation during illumination is painful in many patients (Wiegell et al., 2008b;Halldin et

al., 2011). To alleviate pain sensations and simplify the PDT procedure, Wiegell and Wulf introduced

daylight PDT (dPDT) in 2008 (Wiegell et al., 2008a). The visible daylight spectrum ranges from

400-760 nm, covering all PpIX absorption peaks. In dPDT, continuous exposure to daylight during

MAL/ALA incubation result in a continuous photoactivation of PpIX and thereby replaces illumination

with conventional light sources. The continuous photoactivation of small amounts of synthesized

PpIX signi�cantly reduce patients pain sensation and increase tolerability with similar e�cacy as
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conventional PDT (Wiegell et al., 2008a). dPDT can be performed in dry weather at light intensities

above 8 J/cm2 or 10.000 lux and temperatures above 10 degrees celsius (Wiegell et al., 2013). However,

as violet, blue and cyan light (380-495 nm) mainly contribute (85%) to PpIX photobleaching compared

to the deeper penetrating orange-red light (3%), dPDT is only licensed for AK treatment (Wiegell et

al., 2012). More recently, arti�cial light sources with emission spectra similar to natural daylight may

apt as e�ective alternatives when natural daylight exposure is not possible due to weather conditions

(O'Gorman et al., 2016;Lerche et al., 2016).

4.2.4 Physical pretreatment of AKs

Physical pretreatment to reduce crusts/keratoses of moderate or keratotic lesions and facilitate ALA/MAL

skin penetration, is an integrated part of the PDT procedure in Europe (Morton et al., 2012a). Su-

per�cial curettage is a common technique (Christensen et al., 2010), but other methods such as mi-

crodermabrasion, microneedling and ablative fractional lasers are increasingly used to disrupt the

stratum corneum barrier and increase PpIX accumulation (Gerritsen et al., 2009;Haedersdal et al.,

2016). Chemical pretreatment with keratolytic agents or topical drugs that enzymatic increase PpIX

formation have also been introduced to increase PpIX formation and PDT e�cacy (Nissen et al.,

2016;Gerritsen et al., 2009).

During the past 10 years, ablative fractional lasers have emerged as a novel treatment modality

to enhance the transdermal delivery of topical drugs including MAL and ALA (Haedersdal et al.,

2010;Forster et al., 2010). Compared with alternative physical pretreatments, these devices induce a

faster and enhanced amount of PpIX accumulation in the skin (Haedersdal et al., 2016).

4.3 Ablative fractional lasers and PDT

Laser is an acronym for Light Ampli�cation by Stimulated Emission of Radiation. A laser consists

of an excited medium placed between two mirrors that pass light back and forth, increasing the light

intensity by stimulated emission. As a result, lasers emit intense, collimated and coherent light at

one wavelength. Lasers are currently available in a range from the UV spectrum to the far infrared

spectrum, targeting di�erent skin chromophores such as haemoglobin, melanin or water by selected

photothermolysis. The concept selected photothermolysis describes focal destruction of target struc-

tures following laser exposure at speci�c wavelength, energy and pulse duration that matches the target

chromophore (Anderson and Parrish, 1983). Depending on the target chromophore, lasers can produce

di�erent e�ects on the skin such as thermal denaturation, changes in chemical structures or vapor-

ization and tissue ablation (Anderson, 2007). Later, fractional photothermolysis was introduced as a

technique that generate thousands of microscopic treatment zones of thermal injury, while leaving the

remaining skin intact (Manstein et al., 2004). Fractional lasers can leave non-ablative or ablative inter-

action within the skin. Available ablative lasers are carbon dioxide (CO2, 10 600 nm), erbium:yttrium
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aluminium garnet (Er:YAG, 2940 nm) lasers and ytrrium scandium gallium garnet laser (YSGG, 2970

nm), which emit wavelengths that are strongly absorbed by water and rapidly vaporize the tissue

(Erlendsson et al., 2014).

Ablative fractional lasers (AFL) create a grid of vertical channels or microscopic ablation zones

(MAZ) that are lined with a thin border of coagulated tissue as illustrated in Figure 5. AFL impact

on the skin can be adjusted by MAZ depth and MAZ density. The MAZ depth is characterized by

ablation depth into the skin and can be modulated by the applied total pulse energy (Taudorf et al.,

2014a). MAZ density represent the fraction of the ablated skin surface area and is determined by

laser spot size and number of MAZ channels per unit skin area (Haedersdal et al., 2016). As each

laser channel disrupts the epidermal skin barrier, AFL is highly e�ective to increase cutaneous drug

delivery (Haedersdal et al., 2016). AFL-assisted drug delivery was introduced with topically applied

MAL and ALA and showed signi�cantly enhanced PpIX accumulation in laser-treated skin compared

with non-treated skin (Haedersdal et al., 2011;Forster et al., 2010).

Figure 5: Cross section of haematoxylin-eosin stained human, �eld-cancerized skin exposed to CO2
ablative fractional laser 40mJ/mbeam.

Later, studies have explored AFL-assisted delivery of numerous topical drugs such as steroids,

antifungal and chemotherapeutic agents (Haedersdal et al., 2016).

To achieve a speci�c tissue response, MAZ dimensions and density can be independently adjusted

according to skin characteristics of the treatment area and target lesions. The in�uence of laser

settings on MAL penetration and PpIX biodistribution has been investigated in clinical and preclinical

settings (Haak et al., 2016;Haedersdal et al., 2010;Haedersdal et al., 2016). These studies suggest

that laser densities up to 5% are optimal to intensify PpIX accumulation in normal skin with no
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further gain at increased laser densities (Haak et al; 2016). In terms of ablation depths, dermal PpIX

�uorescence did not increase with deeper laser channel depth in porcine skin (Haak et al., 2012;Haak

et al., 2016). In a recent comparison of di�erent physical pretretment techniques, AFL substantially

increased PpIX �uorescence in comparison with non-ablative fractional laser, microneedling, curettage

and microdermabrasion (Bay et al., 2017).

AFL in combination with PDT (AFL-PDT) has in clinical studies been investigated to enhance the

e�cacy of PDT for AK clearance rate with improved photorejuvenation compared with conventional

PDT (Choi, 2015;Ko, 2014;Togsverd-Bo et al., 2012a;Togsverd-Bo et al., 2015;Wenande, 2019). These

studies �nd a higher AK clearance rates and improved photorejuvenation by AFL-PDT but also

increased local skin reactions compared with cPDT (Togsverd-Bo et al., 2012b;Wenande, 2019). For

BCCs, AFL-PDT with MAL resulted in high e�cacy for small and low-risk nodular tumors yet similar

clearance as cPDT for BCCs in di�cult-to-treat areas (Haak et al., 2014;Choi et al., 2016;Lippert et

al., 2013).

4.4 Organ transplant recipients and keratinocyte dysplasia

UVR exposure and individual susceptibility to UVR are major etiologic factors for KC development

in both immunocompetent and immunosuppressed patients (Ulrich C, 2004). However, long-term im-

munosuppression reduces immune surveillance, potentiate the carcinogenic e�ects of UVR and promote

persistent HPV infection that all signi�cantly contribute to AK and KC development in OTR.

4.4.1 Incidence of KC and AK management

As initially described, OTRs have signi�cantly higher incidence rates of SCC and BCC compared to

immunocompetent patients, including a higher SCC:BCC ratio (Krynitz et al., 2015;Euvrard et al.,

1997;Jensen et al., 2010). These epidemiological studies �nd incidence rates for SCC between 12-37

times higher at 5-10 years after transplantation and up to 218 times higher at 20 years after transplan-

tation, compared to the background population (Madeleine et al., 2017;Garrett et al., 2017;Euvrard

et al., 1997). As KC risk increases with time after transplantation, cumulated incidences report that

13%-17% of liver/kidney transplants, and 33%-42% of heart/lung were diagnosed with SCC at 10 years

after transplantation (Madeleine et al., 2017). By 20-30 years after renal transplantation, incidence

had increased so 65%-75% of patients were diagnosed with SCC and 46%-64% of patients with BCC

(Krynitz et al., 2013).

As with KC, OTRs usually develop AK at younger age and in multiple numbers compared to

immunocompetent patients (Ramsay et al., 2007). In conjunction, individual AK lesions may hold

a higher potential for transformation into invasive SCC (Werner et al., 2013). AK are important

risk indicators of SCC, especially when they appear as con�uent lesions as a sign of actinic �eld

cancerization (Bouwes Bavinck et al., 2007). Hence, the risk of SCC especially occur in chronically
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sunexposed skin (Lindelof et al., 2005) and in areas with actinic �eld cancerization (Bouwes Bavinck

et al., 2007;Lindelof et al., 2006). Underscoring this, a UK study reported that 73% of SCC observed

developed within actinic �eld areas (Wallingford et al., 2015).

Treatment of AK in actinic �eld cancerized skin is preferentially performed with �eld directed

treatment such as PDT, imiquimod, 5-FU (alone and in combination with salicylic acid), diclofenac

and ingenol mebutate. While lesion-directed interventions such as cryotherapy and curettage treat

individual AK, �eld treatments aim to clear visible AK as well as subclinical dysplastic lesions (Vatve

et al., 2007;Szeimies et al., 2012;Figueras, I et al., 2017).

Although the e�ect of topical antineoplastic drugs has been extensively assessed in immunocompe-

tent patients, topical therapies such as diclofenac and 5-�uoruracil (5-FU) have been investigated

in few clinical trials OTRs (Perrett et al., 2007;Ulrich et al., 2010), or case reports (Muhlstadt,

2016;Jambusaria-Pahlajani et al., 2016). However, OTRs may respond to AK treatments with lower

e�cacy and shorter lasting e�ect compared to immunocompetent patients (Dragieva et al., 2004b).

4.4.2 Immunosuppression

The immune system has important functions in preventing development and progression of skin can-

cer. Iatrogen immunosuppression impair antigen presenting cells surveillance and response towards

neoplastic cells and thereby contribute to development and growth of KCs (Krisl and Doan, 2017).

Several studies support the fact that both intensity and duration of immunosuppression in�uence

the risk of KC development. Hence, patients receiving thoracic organ transplantation (heart and

lung) have higher KC incidence than abdominal organ transplant (renal, pancreas and liver) recipients

(Garrett et al., 2017;Collett et al., 2010). Direct procarcinogenic e�ects have also been identi�ed in

speci�c immunosuppressive drugs that may promote or enhance photocarcinogenesis (Dziunycz et al.,

2014;Karran, 2006). Appendix 1 provides an overview of immunosuppressive drugs, mechanism of

action and potential e�ects on skin carcinogenesis. A new study shows a decrease in KC risk with

increasing HLA antigen mismatch, suggesting that chronic exposure to mismatch alloantigens may

stimulate tumor surveillance and protect against KC development (Gao et al., 2019).

Immunosuppressive therapy ensures organ engraftment and usually includes therapy with a cal-

cineurin inhibitor (CNI, tacrolimus or cyclosporine), an antimetabolite (azathioprine and mycophenolic

acids) and possibly, corticosteroids (Kasiske et al., 2010). The introduction of tacrolimus and mycophe-

nolate mofetil (MMF) have to a large extent replaced cyclosporin and azathioprine respectively, due to

higher tolerability, fewer acute graft rejections and lower risk of cutaneous malignancy (Coghill et al.,

2016). Whereas cyclosporine and azathioprine have shown to inhibit DNA repair following UVR expo-

sure (Dziunycz et al., 2014;Gueranger et al., 2014b;Ming et al., 2015), the pro-carcinogenic e�ects are

unestablished for tacrolimus and MMF (Madeleine et al., 2017). Among the immunosuppressive drugs,

azathioprine (AZA) has been identi�ed to accelerate photocarcinogensis through increasing UVA pho-

tosensitivity (Perrett et al., 2008). When AZA is metabolized to 6-thioguanine it is incorporated into
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DNA guanine where it becomes a strong UVA chromophore. Upon UVA absorption, 6-thioguanine

generate ROS that induce hazardous DNA and protein oxidation including DNA repair proteomes,

thereby increasing UVR mutagenicity (Karran, 2006;Attard and Karran, 2012). Consequently, AZA

therapy independently is associated with a 2-3-fold increased risk of SCC and a similar enhanced risk

of multiple SCCs compared with alternative immunosuppression (Wisgerhof et al., 2010;Ingvar et al.,

2010). In contrast, MMF was associated with a lower risk of SCCs than AZA-treated patients (Coghill

et al., 2016). The newer mammalian target of rapamycin (mTOR) inhibitors, sirolimus and everolimus

may have anticarcinogenic e�ects and switching from CNI to mTOR have shown to decrease patients'

risk of subsequent SCC (Euvrard et al., 2012).

4.4.3 Other risk factors in OTR

Besides immunosuppressive treatment, KC development is associated with a number of intrinsic risk

factors such as male sex, age, Fitzpatrick skin phototype I-II, patient age, smoking, painful sunburns

and time after organ transplantation (Gogia et al., 2013;Zwald and Brown, 2011a;Proby et al., 2009).

Age above 50 years at the time of transplantation is signi�cantly correlated with KC development

within the �rst 5 years of transplantation and a general higher incidence of SCC (Bouwes Bavinck

et al., 2007). In several studies, AK and keratotic skin lesions have been identi�ed as the strongest

predictive risk factor for SCC in OTR, and a weaker association with BCC (Wisgerhof et al., 2010;Proby

et al., 2009;Madeleine et al., 2017;Bouwes Bavinck et al., 2007). The risk of SCC increased with a

higher number of keratotic lesions, which also were associated with increasing patient age.

Malignancies presenting in OTRs are often associated with oncogenic viruses, such as post-transplant

lymphoproliferative disorders (Epstein-Barr virus) and Kaposi sarcoma (human herpes virus 8). Hence,

the oncogenic potential of HPV infection for SCCs/AKs in OTRs has been extensively investigated as

beta-type PV is detected in >90% of SCCs in patients with epidermodysplasia verricuformis. Expres-

sion of betaPV types E6 and E7 deregulate cellular defence mechanisms, resulting in a higher suscepti-

bility for malignant transformation following UVR exposure suggesting a procarcinogenic e�ect (Dang

et al., 2006). Although betaPV is detected in >80% of patients with normal skin, immunosuppression

is associated with increased viral load, multiplicity of HPV subtypes and seropositivity. In conversion,

other studies studies have also found no or very low HPV transcriptional activity in SCCs (Arron et

al., 2011), which suggest that HPV is involved only in SCC initiation. This in accordance with the

observation that viral load is higher in AK compared with invasive SCCs (Quint et al., 2015). Unlike

the clear oncogenic role of selected mucosal alphaPV types for anogenital carcinomas, the association

between HPV and SCC is supportive but not conclusive (Harwood et al., 2017).
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5 Methods

5.1 PDT treatments

PDT treatments were applied for treatment of AK grade I-III in Study I-III in OTRs, for prevention

of AK in renal transplant recipients in Study IV, and for SCC prevention in hairless mice in Study V

as illustrated in Table 1. Photosensitizers included 20% MAL cream (Metvix 16% cream, Galderma,

France) and HAL cream in ultra-low concentrations at 0.1%, 0.05% and 0.02% HAL. For all PDT

treatments, MAL and HAL were applied to the entire study area at 0.5 mm thickness.

Study Subjects Photosensitizer Pretreatment Light source

I

Aim: To compare AK clearance, skin reactions, safety and
patient preference of cPDT vs. imiquimod

OTR
Intra-individual

MAL 20% Curettage LED 37 J/cm2

II

Aim: To assess and compare AK clearance,
skin reactions, PpIX �uorescence and cosmetic outcome
of cPDT, dPDT, AFL-dPDT and AFL alone

OTR
Intra-individual

MAL 20%
1) Curettage
2) Er: YAG 2940 nm
2.3 mJ/pulse, 1.15W, 0.05 ms, 2.4%

Daylight 2h
≥8 J/cm2

LED 37 J/cm2

III

Aim: To assess and compare e�cacy of AFL+cPDT vs AFL alone
for keratotic AKs and WLL on the dorsal hands

OTR
Intra-individual

MAL 20%
Lesion: 140-160 mJ/pulse, 6.25 ms,
Field: 40-60 mJ/pulse, 2.06 ms, 5.2%

LED 37 J/cm2

IV

Aim: To explore the e�ect of repeated cPDT in normal skin for
primary prevention of AK and KC in renal transplant recipients

RTR
Intra-individual

MAL 20% None LED 37 J/cm2

V

Aim: To investigate the e�ect of repeated arti�cial
dPDT with low-concentration HAL for primary prevention of
SCC in UVR exposed hairless mice

Hairless mice
HAL

0.1%, 0.05%
0.02%

None
Arti�cial daylight

~ 6 J/cm2

Table 1: Overview of PDT procedures in studies I-V. Red LED light (peak 630 nm) was delivered at
68 mW/cm2 irradiance.

cPDT and dPDT were performed according to international procedural guidelines (Wiegell et al.,

2012;Morton et al., 2012a) and treatment areas shielded from daylight for 24 hours. Arti�cial daylight

in Study V was emitted from 4 xenon light bulbs with a spectral output that matched the daylight
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spectrum within PpIX's absorption spectrum (Wiegell et al., 2011). The area under the PpIX weighted

arti�cial daylight curve was similar to the area under the PpIX-weighted daylight curve. The intensity

of arti�cial daylight dose was consecutively monitored with a luxmeter to secure a constant dose of

8000 lux (3.7 mW/cm2), corresponding to a dose of 6 J/cm2.

5.2 Clinical evaluations

AK were clinically evaluated at baseline and at follow up visits in Study I-IV. Each lesion was graded

by level of thickness according to Olsen into grades I-III: I, thin (slightly palpable AK, more easily felt

than seen); II, moderate (moderately thick AK, easily felt) and III, keratotic (very thick or obvious AK)

(Olsen et al., 1991). Treatment e�cacy was evaluated in Study I-III as complete lesion response (CR)

rate, de�ned as the number of AK with complete response divided by the total number of AK treated

within each intervention area of each patient. AK complete response was assessed as disappearance of

the lesion, visually and by palpation although mild erythema might remain.

Perceived pain and local skin responses in relation with PDT, AFL and IMIQ treatment were

recorded in Study I, II and IV. Patient graded pain response on a numerical rating score with 0 being

no pain and 10 being worst imaginable pain. Short-term in�ammatory local skin responses (LSR) were

assessed as overall severity (Study IV) or by erythema, edema, crusts and pustules (Study I-II) and

graded on a categorical 4-point scale. Long-term skin responses were evaluated as cosmetic outcome

and as pigmentary changes or scars.

5.3 AFL treatment

In Study II, AFL treatments were performed with a low-powered ablative fractional 2,940 nm Er:YAG

laser prototype (P.L.E.A.S.E. Professional, Pantec Biosolutions AG, Lichtenstein) with a �xed spot

size of 225 µm. Immediately after a super�cial curettage, the entire treatment area was exposed AFL

at 2.3 mJ/pulse, 1.15W, 50 µs pulse duration, two stacked pulses and 2.4% density. The histologic

impact of these settings with the same device showed super�cial MAZ at approximately 50 µm from

the SC (Taudorf et al., 2014b).

In Study III, AFL was performed with an ablative fractional 10,600 nm CO2 laser (Lutronic eCO2)

30W and 120µm spot size. To facilitate MAL delivery in hyperkeratotic lesions, AFL was performed at

higher laser settings than in Study II. Furthermore, pulse energy, pulse duration and laser density were

adjusted according to skin atrophy (non-atrophic/atrophic). AFL intervention was delivered in two

passes; a lesion-targeted treatment and �eld-directed treatment. First, grade II-III AK and warty like

lesions (WLL) received targeted AFL intervention as 160 mJ/pulse, 625 µs pulse duration and 5.3%

coverage (non-atrophic skin); or 140 mJ/pulse, 565 µs pulse duration and 5.2% coverage (atrophic skin).

Subsequently, a second �eld-directed pass was delivered at 60mJ/pulse, 206 µs pulse duration and 5.2%

coverage (non-atrophic skin); or 40mJ/pulse, 132 µs pulse duration and 4.3% coverage (atrophic skin)
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(Table 1). In normal pig skin, exposure to 10,600 nm ablative fractional 10,600 nm laser applied at

a pulse energy of 100mJ and 50 mJ resulted in ablation depths of 349 µm and 130 µm, respectively

(Shin et al., 2014).

5.4 Protoporphyrin IX �uorescence

PpIX �uorescence is an established method to estimate the amount of accumulated PpIX or pho-

tobleached PpIX following PDT treatment. In Study II and V, skin surface PpIX �uorescence was

calculated from PpIX �uorescence photographs taken with a �uorescence imaging system Medeikonos

PDD/PDT (Medeikonos AB, Gothenburg, Sweden). PpIX was excited by light with a wavelength of

365 nm - 405 nm generated by �ltered mercury lamps at a total light intensity of 0.5 mW/cm2 for

4 seconds. PpIX �uorescence images were recorded in a 10x10 cm area by a charged coupled device

(CCD) camera at 512x512-pixel resolution, equipped with a red long pass �lter that allowed �uores-

cence of 610-715 nm to pass (Wiegell and Wulf, 2006). PpIX �uorescence was calculated from the

images using a computer program (MatLab® 7.2.0.232, Mathworks, Natick, MA, USA). Each image

was calibrated using a �uorescence standard (Bioscience, Denmark). In each �uorescence image, we

de�ned PpIX �uorescence as pixels having a value of 2500 more than the background image.

PpIX �uorescence in arbitrary units (AU) was then calculated as the mean pixel value (arbitrary

unites, AU) of the treatment area:

PpIXfluorescence =
(A−B)C

D

A = mean pixel value in the treatment area with �uorescence above 2500 (AU)

B = mean pixel value in the treatment area prior to MAL/HAL application (background picture)

C = number of pixels with �uorescence above 2500 (AU)

D = total number of pixels in the entire treatment area

5.5 Non-invasive measurements of skin photodamage

Skin photodamage was in Study VI-VII objectively evaluated by skin auto�uorescence, skin pigmen-

tation, and black-light assessed solar lentigines as indicators of collagen �bre degeneration, repetitive

UVR exposure and accumulated UVR exposure, respectively. Skin auto�uorescence and skin pigmen-

tation were obtained at standardized body sites. The predetermined sites were: right lateral upper

arm, back of right shoulder, manubrium sternum and right buttock in Study VI-VII including glabella

in Study VI, and immediately adjacent to new KC in Study VII.
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5.5.1 Skin auto�uorescence

Skin auto�uorescence was non-invasively measured with two devices having maximum emission at

370nm (F370) and 430nm (F430) (Chromo-light, Denmark). The devices detected �ltered �uorescence

at wavelengths above 395 nm for F370 (Wratten 2A LP-�lter, Eastman Kodak Company, NY, USA),

and at wavelenthgs above 494 nm for F430 (Wratten LP-�lter 8, Eastman Kodak Company, NY,

USA). Fluorescence values were given in AU. As melanin and haemoglobin have overlapping absorption

spectra with collagen �bres (Anderson and Parrish, 1981), auto�uorescence values were corrected for

redness and pigmentation measured by skin re�ectance.

5.5.2 Skin pigmentation

Skin re�ectance measurements (Optimize Scienti�c Model, Chromo-light, Denmark) quanti�ed skin

redness and pigmentation percentages and calculates patients' objective skin phototype expressed as

pigment protection factor (PPF). PPF represents the individual UVR sensitivity at a speci�c body site

and equates the SED dose required to elicit just perceptible erythema, corresponding to the minimal

erythema dose (MED) (Wulf HC 1986, US patent). The PPF measured at unexposed buttock skin

express the constitutive skin type (C-PPF), whereas PPF at other body locations express facultative

pigmentation (F-PPF). Hence, the minimum F-PPF values during winter indicate a person's UVR-

induced pigmentation acquired earlier in life and increase in F-PPF during a summer period as a

measure of recent UVR exposure (Thieden et al., 2006).

5.5.3 Black light evaluated solar lentigines

Fluorescent UVA light or black light (315-400 nm) enhances visualization of solar lentigines, ephelides

and macular hypopigmentation, which are clinical characteristics in photodamaged skin. In Study VI-

VII, standardized black light photographs were obtained using a UVA light source at 367 nm maximum

emission (TL08 Philips, Netherlands) to quantify density of solar lentigines. Digital photographs of

patients' upper back and shoulders were captured at standardized light and magni�cation in dimmed

light. The density of lentigines, de�ned as larger, irregular dark spots at the back of the shoulders,

were graded by a blinded assessor on a categorical 6-point clinical scale (Idorn et al., 2014).

5.6 Personal electronic UVR dosimeters and sun exposure diaries

Sun exposure behaviour in OTR were assessed with personal UVR dosimeters and sun exposure diaries

in Study VI. The personal electronic UVR dosimeters measured UVR doses in SED, stored with a time

stamp (Thieden et al; 2001). The dosimeter comprises a sensor, an ampli�er and a logger placed in a

housing with a digital watch. The sensor is a silicon carbide photodiode with a dielectric �lter JECF1-

IDE (Laser Components, Olching, Germany) with a sensitivity range of 200-400 nm. The sensor has a
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cosine response with a spectral response similar to the erythema action spectrum. The logger controls

the sensor and measures every 5 seconds, storing the average of the measurements every 5 minutes.

The dosimeter measurement range is 0.07-47.81 SED per hour. The dosimeters were calibrated against

a double-grading spectroradiometer DM 150 (Bentham, Readking, UK) using the Sun as light source.

Patients wore the dosimeters as wristwatches outdoors between 7AM to 7PM. A sun exposure diary

was used to connect the measured UVR doses with corresponding behaviour. Patients documented

daily if they had sunbathed, exposed the shoulders or upper body, used solarium, sunscreen and if

they had experienced sunburn. Patients also documented work days, days o� and holidays.
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6 Results and Discussion

6.1 PDT e�cacy

PDT e�cacy in terms of AK clearance was investigated in Study I-III and the response rates summa-

rized in Table 2.

cPDT with MAL is an e�ective AK treatment that can be applied for large skin areas. However,

PDT is challenged by lower response rates in transplant recipients in general and in particular for

hyperkeratotic AK on the dorsal hands compared to AKs located in the face and scalp (Tyrrell et

al., 2011;Morton et al., 2015). PDT is currently the most extensively documented treatment modality

for AK in OTRs followed by topical imiquimod (IMIQ), yet no direct comparisons were available

at the time of Study I initiation. IMIQ is a Toll-like receptor 7-agonist that locally stimulates the

innate and acquired cellular immune response against dysplastic and virus infected cells. Due to its

immunostimulatory e�ects, concern has been raised whether IMIQ could initiate a systemic immune

response that may impact the transplanted graft function (Santos-Juanes et al., 2011). The American

(FDA) and European (EMA) medicines administrations therefore advise treatment of small skin areas

up to 25 cm2, although IMIQ is reported safe in doses up to 500 mg total (Ulrich et al., 2007). In

contrast, PDT is established as safe for OTRs with no potential graft hazards (Basset-Seguin et al.,

2011).

6.1.1 Own investigations

In Study I, we assessed the e�cacy according to the licenced usage of cPDT with MAL versus IMIQ

for AK on the face/scalp, dorsal forearms or dorsal hands in a split site study design. Patients received

at baseline one cPDT and IMIQ treatment session that was repeated at 3 and 2 months respectively,

if AK remained. Following 1 and 2 treatment sessions, cPDT achieved higher AK CR rates at 66%

(1 treatment) and 78% (2 treatments) compared to 49% and 61% following 1 and 2 IMIQ treatment

sessions as shown in Table 2.

Despite being e�ective for face and scalp lesions, PDT is hampered by signi�cantly lower response

rates in thick AK on acral sites, especially in immunosuppressed patients (Tyrrell et al., 2011;Morton

et al., 2015;Dragieva et al., 2004a). At initiation of Study II- III, combination of AFL and cPDT had

in a few clinical studies shown to signi�cantly enhance AK clearance but also increase LSR compared

with cPDT (Togsverd-Bo et al., 2012b;Ko et al., 2013). In Study II-III we aimed to investigate the

potential of AFL before PDT to enhance clearance of predominantly thin- moderate AK (Study II)

and of predominantly hyperkeratotic, thick acral AK (Study III).

To achieve an augmented PDT response with minimal patient discomfort, Study II explored the

combination of AFL pretreatment and dPDT compared with dPDT and cPDT. At 3 months follow up,

AFL-dPDT resulted in higher CR rates at 74% compared to CR after dPDT at 46% that were similar
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Median Total AK complete response rates

IMIQ cPDT dPDT
AFXL
dPDT

AFXL
cPDT

AFXL

Study I

Face/scalp
Arms/hands

1 tx
2 tx

49% *
61%

66%
78%

Study II

All body sites
1 tx

50% 46% 74% 5%

Study III

Dorsal hands
1 tx

73% 31%

Table 2: Grade I-III AK complete response rate evaluated 3 months after treatment, except following
1 IMIQ session (*) that was evaluated after 1 month.

to cPDT CR at 50%. AFL alone with these mild settings resulted in 5% CR of AK. Compared with

dPDT, AFL pretreatment provided an additive e�ect of 28% points in AK clearance (grade I-III).

We observed a lower CR rate after cPDT in Study II than Study I, which may be explained by a

large proportion of non-facial AK in Study II (69% of treatment sites) compared to Study I (34% of

treatment sites).

The potential of a more intense AFL treatment alone or in combination with cPDT for thick,

keratotic lesions on the dorsal hands was investigated in Study III. Here, we included two AFL passes

in terms of lesion-directed treatment and applied signi�cantly higher pulse energies and densities

compared to Study II. Following a single treatment only, we obtained 73% CR by AFL-cPDT and

31% CR by AFL alone for grade I-III AK after 4 months. These results are signi�cantly higher than

previous PDT studies, reporting response rates between 22-40% CR of acral AK (Dragieva et al.,

2004a;Piaserico et al., 2007a). In line with Study II, we observed an especially enhanced e�cacy for

moderately thick and keratotic AK (grade II+III) at 53% CR following AFL-cPDT compared to 7%

CR of grade II-III AK following AFL alone.

In Study I, cPDT induced moderate LSRs that were more intense, but shorter lasting compared

to IMIQ. In Study II and III, AFL pretreatment prior to PDT increased LSRs. In Study II, low

density laser ablation induced well-tolerated skin reactions characterized by a slightly more intense

and longer lasting erythema compared to dPDT and cPDT. In Study III, higher laser settings resulted

in signi�cantly more intense and longer lasting erythema as well as edema and crusting compared

with reactions observed in Study II. Furthermore, patients were o�ered local anaesthesia to increase
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tolerability of study procedures. These �ndings indicate that both e�cacy and LSR correlate with

laser settings in AFL-PDT.

6.1.2 Discussion

The therapeutic e�ect of cPDT for AK in OTRs is documented in a number of controlled studies and

one case series (Dragieva et al., 2004b;Dragieva et al., 2004a;Hasson, 2012;Perrett et al., 2007;Piaserico

et al., 2007a;Wennberg et al., 2008;Wulf et al., 2006). At 12-16 weeks after one PDT treatment, studies

reported 56% and 68% CR rates on dorsal arms and face/scalp, respectively (Wulf et al., 2006;Dragieva

et al., 2004a), which are in accordance with our �ndings. Studies that applied 2 PDT treatments

achieved higher CR at 71-77% in di�erent skin areas and 90% CR at face/scalp areas (Wennberg et

al., 2008;Piaserico et al., 2007b;Dragieva et al., 2004b;Perrett et al., 2007). IMIQ treatment achieved

in two randomized controlled trials a 73% CR of AK by clinical evaluation after 8 weeks and a 50%

histologic CR after 8 months (Brown et al., 2005;Ulrich et al., 2007). In both studies, IMIQ was

applied 3 times weekly for 16 weeks. In study I, we observed a lower CR rate at 61% but following

only 8 weeks treatment and at 3 months follow-up. In line with previous studies and case reports,

(Ulrich et al., 2007;Ulrich et al., 2006;Harwood et al., 2005;Gayed, 2002;Das et al., 2016), we observed

no adverse reactions or signi�cant laboratory changes related to graft function.

At initiation of Study II and III, AFL resurfacing in combination with PDT had emerged as a

novel technique to enhance PpIX �uorescence and AK e�cacy compared with conventional PDT. In

these studies, overall AK clearance was improved by 20-40% points following AFL-PDT compared with

conventional PDT. By adjusting the laser parameters according to skin thickness and target lesions

we aimed to achieve a high AK clearance in moderately thick and thick AK (Study III).

In Study II, AFL treatment at super�cial ablation depth and low treatment density increased PDT

e�cacy in thin or moderately thick AK. In addition, dPDT was for the �rst time demonstrated to be

as e�ective as cPDT in OTRs. AFL-PDT obtained similar CR rates in Study II and III. However,

acral localization of thick keratotic lesions and severe �eld cancerization in Study III patients resulted

in an intensi�ed post-treatment response by AFL-PDT in Study III compared with Study II. These

results illustrate that AFL treatment prior to PDT can be tailored for speci�c lesion types and skin

localizations to obtain a continuous high e�cacy, even for very di�cult-to-treat AK. The enhanced AK

treatment response by AFL-PDT was re�ected in intensi�ed but tolerable LSR that resolved without

long-term adverse reactions.

In conclusion, we found that cPDT was more e�ective for AK clearance compared with IMIQ, when

applied according to the licenced use. IMIQ induced no changes in laboratory values indicating any

impact of graft function and was equally preferred by patients as cPDT. By adding AFL pretreatment

before both cPDT and dPDT we were able to signi�cantly increase AK clearance rates. The improve-

ment was most pronounced in acral, di�cult-to-treat keratotic lesions, and despite intensi�ed LSR,

skin areas healed with excellent or good cosmetic results.
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6.2 PDT for prevention of skin dysplasia

At Study IV and V initiation, PDT was increasingly reported as e�ective for secondary AK prevention

in terms of reducing further AK development in patients with existing AK (Apalla, 2010;Wennberg et

al., 2008;Wulf et al., 2006). However, no human studies had assessed PDT for primary prevention of

AK i.e., prevention of �rst onset of AK in patients with clinically normal skin. The prophylactic e�ect

of PDT with ALA and MAL for SCC prevention was �rst demonstrated in UV irradiated hairless

mice (Stender et al., 1997);(Liu et al., 2004;Sharfaei et al., 2002). While these studies performed

repeated PDT treatments, we found a prophylactic e�ect following two PDT treatments with 20%

MAL and 2%-20% HAL-PDT on normal skin in UVR exposed mice (Togsverd-Bo et al., 2010). In

OTRs, Wulf prevented development of new AK in 62% of PDT-treated skin areas compared to 35%

of untreated control areas by a single MAL-PDT session (Wulf et al., 2006). In a multicentre study,

Wennberg et al registered less new AK in skin treated with �eld-directed PDT compared to lesion-

targeted cryotherapy (Wennberg et al., 2008). The clinical e�ects are supported by reduced p53 patch

mutations and upregulation of pro-di�erentiating cytokines following PDT in �eld-cancerized skin in

immunocompetent patients (Bagazgoitia et al., 2011;Szeimies et al., 2012).

6.2.1 Own investigations

In Study IV, we assess the potential of cPDT for primary prevention of skin dysplasia in renal trans-

plant recipients with no present or history of AK and KC. Patients received split-side MAL-PDT

on chronically sun-exposed skin areas every 6 months for 5 years, the contralateral side serving as

untreated control. At 6 years inclusion of 25 patients, patients developed signi�cantly more AK in

untreated skin compared with the PDT treated side, as shown in Table 4. In total, we observed 76

new AK in untreated skin compared with 21 AK following prophylactic PDT. Correspondingly, the

time to �rst AK was longer at 42 months following PDT-treatment compared to 30 months on the

control side. Hence, the probability of 50% of patients having AK on the control area was 42 months

compared to 75% on the PDT treated side as shown in Figure 6.

Most patients experienced mild erythema and edema after PDT treatment, however moderate

erythema and scaling persisted in some patients following the �rst 2-3 treatments. To improve pa-

tient tolerability, prophylactic low-dose PDT treatments without in�ammatory skin reactions would be

desirable. Ideally, patients could apply frequent dPDT at low concentration to continuously clear sub-

clinical skin photodamage and AK prevention. In Study V we investigated repeated low-concentration

HAL-PDT with arti�cial daylight for SCC prevention in hairless mice irradiated with low and/or inter-

mediate UVR-doses. In mice receiving low and intermediate UVR doses, we observed a 7 day-delay of

SCC development following 0.1% HAL-PDT 3 times weekly, whereas mice irradiated with intermittent

UVR-dose only did not bene�t from PDT.
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PDT treated skin Untreated control p

New AK, n 21 76 < 0.01
Areas with AK
- tx area with �rst AK onset

10
0

14
14

< 0.001

Median time to AK, months 42 30 0.038
Keratinocyte cancer
-BCC
-SCC

0
0

1
0

Table 3: Number of new AKs and time to AK development by cPDT for primary prevention of skin
dysplasia compared with untreated control skin

Figure 6: Kaplan-Meier plot of the probability of developing AK in patients treated split-side with PDT
vs. no treatment on the face, dorsal forearm and hand. At 42 months, 50% of patients had developed
AK.

33



6.2.2 Discussion

In Study IV, PDT prevented �rst onset of AK whereas no patients developed any SCCs. Although we

were unable to assess the prophylactic e�ect of SCC in the current study, AK are a major risk factor for

SCC development in OTRs (Wallingford et al., 2015;Bouwes Bavinck et al., 2007). Two studies have

assessed PDT for SCC prevention in transplant recipients. In an RCT, OTRs with �eld cancerization

received 2 ALA-PDT sessions at baseline, but had similar SCC incidence in PDT- and untreated skin

areas at 2 years follow-up (de Graaf et al., 2006). In an uncontrolled before-and-after study, Willey et

al performed multiple PDT treatments to reduce the rate of SCC in OTRs with a history of frequent

SCCs (Willey et al., 2010). These clinical studies as well as our results suggest a potential of PDT to

prevent or delay AK and possibly SCC, but also indicate the need for repeated treatments to obtain

a longer-lasting antineoplastic e�ect.

In Study V, we found a limited e�ect of repeated low-intensity HAL-PDT with minimal skin

in�ammation to delay SCCs in mice. The studies of HAL-PDT for therapeutic purposes is low, al-

though PDT with 0.2% HAL was recently shown equally e�ective as 20% MAL-PDT for thin AKs

(Neittaanmaki-Perttu et al., 2016). Hence, repeated low-concentration PDT at higher HAL concentra-

tion or at increased treatment intervals may have a long-term preventative e�ect on AK in high-risk

patients.

In conclusion, we found a primary prophylactic e�ect of repeated cPDT with MAL in sun exposed,

but clinically normal skin to delay the onset of �rst actinic skin dysplasia in renal transplant recipients.

Repeated low-concentration HAL-PDT with arti�cial daylight showed a small reduction of UVR-

induced SCCs in mice. A prophylactic bene�t of PDT was observed in some OTRs whereas other

patients did not develop any AK during the study period. This illustrates the need of non-invasive

methods that may quantify patients' skin photodamage and di�erentiate patients that could bene�t

from prophylactic treatments.
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6.3 Non-invasive measurements of skin photodamage and UVR exposure

It is desirable to develop non-invasive, objective measures of skin photodamage that ideally can es-

timate patients' individual risk of KC development. Non-invasive methods to distinct photodamage

from chronological ageing are furthermore attractive. Previous studies indicate that changes in skin

auto�uorescence from collagen �bres, tryptophan and to a lesser extent, elastin �bres can be used

as a marker of skin photodamage (Na et al., 2001a;Sandby-Moller et al., 2004;Kollias et al., 1998).

Furthermore, individually measured UVR exposure showed positive associations between previous and

current UVR exposure, and changes in skin pigmentation (Lock-Andersen et al., 1998) (Thieden et

al., 2006) and solar lentigines density (Thieden et al., 2005b;Bastiaens et al., 2004).

6.3.1 Own investigation

In Study VI and VII, we investigated objective photodamage in terms of skin auto�uorescence at 370

nm and 430 nm excitation (F370 and F430, respective), pigmentation and density of solar lentigines

in OTR and immunocompetent patients with KC. Associations between objective photodamage pa-

rameters and prospectively measured individual UVR exposure were also investigated. In Study VI,

F370 skin auto�uorescence values on the shoulder and arm were higher in KC patients than in patients

without KC, see Table 4. Furthermore, F370 shoulder �uorescence was in conjunction with patient

age associated with skin cancer at OR 10.5; and correlated positively with individually measured UVR

exposure doses. In the majority of OTR with KC, measured �uorescence values lay above a cut o�

at lnF370 = 7.2. From the personal dosimeter data, we observed higher total UVR exposure dose in

OTRs with skin cancer than OTRs without skin cancer. The higher UVR exposure dose was re�ected

in a larger increase in F-PPF on the lateral arm during the summer period.

In Study VII, objective photodamage was compared between OTRs with KC and age- and gender

matched immunocompetent patients with KC (non-OTRs). Consistent with Study VI, OTRs expressed

higher F370 �uorescence on the shoulder and adjacent to KC sites compared with non-OTRs. In both

Study VI and VII, the density of solar lentigines was higher in OTRs with KC than non-OTRs and

OTRs without KC. These �ndings may re�ect an accelerated progression of photodamage in OTRs

with KC versus non-OTRs, but also re�ects a lifestyle with more UVR exposure than in OTRs with

KC than without KC.

6.3.2 Discussion

Objectively quanti�ed skin photodamage and quanti�ed UVR dosimetry in OTRs are to a limited

extent reported in the literature. In previous studies, qualitative assessments of photodamage including

solar lentigines, wrinkles and AK were positively associated with patient reported previous sunburns

and sun exposure (Terhorst et al., 2009;Surber et al., 2012). These studies may however, be hampered

with recall bias. Collagen-related auto�uorescence has previously been investigated in normal and
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OTRs

- skin cancer

OTR

+ skin cancer

Non-OTR

+ skin cancer

Patient age, years
Study VI
Study VII

49 (36-67) 57 (37-67)
60 (45-77) 62 (47-78)

Fitzpatrick ST I/II/III
Study VI
Study VII

1/8/6
-

1/4/8
3/8/3

-
2/9/2

Time since transplant, years
Study VI
Study VII

5 (1-17)
-

12 (4-24)
13 (6-28)

-

F370 shoulder

Study VI
Study VII

1381
-

2017
1898

-
1525

F370 lateral arm

Study VI
Study VII

1701
-

2096
1458

-
1480

F370 Skin cancer site

Study VII - 2208 1685
C-PPF

Study VI
Study VII

4.0 4.0
2.9

-
2.8

F-PPF shoulder

Study VI
Study VII

7.6 8.8
7.6

-
6.5

Solar lentigines shoulder

Study VI
Study VII

2.0
-

3.0
3.0

-
2.5

Table 4: Skin pigmentation (PPF), auto�uorescence at 370 nm excitation (F370) and solar lentigines
density in studies VI +VII.

36



UVR-exposed human skin and in hairless mice. Sandby-Møller et al assessed collagen-auto�uorescence

at 330 nm and 370 nm excitation in patients equipped with similar personal UVR dosimeters as

used in study VII (Sandby-Moller et al., 2004). The authors found enhanced auto�uorescence with

increasing age, but no association with UVR exposure. In murine skin, decreased auto�uorescence

at 340 nm and 360 nm excitation is reported in UVR irradiated skin vs. un-irradiated skin (Kollias

et al., 1998), whereas Na et al showed increased 370 nm excitation-induced auto�uorescence at the

forehead vs. sun-protected buttock skin (Na et al., 2000). Based on these results, auto�uorescence

from collagen-crosslinks may be useful to describe photodamage but require further evaluations.

In conclusion, we found that skin auto�uorescence at 370 nm excitation measured on the shoulder

was associated with UVR exposure dose, solar lentigines, age and skin cancer in OTRs. OTRs with

KC had higher 370nm �uorescence values on the shoulders than immunocompetent controls indicating

more severe skin photodamage. Our �ndings suggest a potential of photodamage estimated by aut-

o�uorescence at 370 nm, pigmentation and density of solar lentigines for objective measurement for

skin photodamage and risk of KC development in OTRs.
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7 Conclusions

From the studies based on this thesis, the main conclusions were:

� Conventional PDT was more e�ective for AK clearance, but resulted in more severe skin reactions

than IMIQ when applied according to licenced dosage. Used in small skin areas, IMIQ induced

no signi�cant changes in laboratory values indicating a�ected graft function.

� Daylight and conventional PDT were equally e�ective to achieve AK clearance 3 months after

treatment and produced similar skin reactions.

� Pretreatment with AFL before PDT signi�cantly increased AK clearance compared to both

conventional PDT and daylight PDT.

� By tailoring AFL parameters to the level of keratoses, patients achieved high AK complete

response of thin AK as well as hyperkeratotic AK on the dorsal hands from a single AFL-PDT

treatment. The intensity of local skin reactions increased correspondingly with higher laser

setting after both AFL-PDT and AFL alone.

� Conventional MAL-PDT was e�ective for primary prevention of �rst onset of AKs in renal

transplant recipients with clinically normal skin. Repeated PDT sessions twice yearly for 5 years

signi�cantly reduced the number of new AK and delayed the time to �rst onset of AK compared

with no treatment.

� In murine skin, repeated low-concentration PDT with 0.02-0.1% HAL and arti�cial daylight

marginally prevented SCC development. Low concentrations of HAL-PDT induced minimally

in�ammatory skin reactions that enabled PDT treatments 1 -3 times per week.

� Skin photodamage could be objectively measured as skin pigmentation, skin auto�uorescence at

370 nm and solar lentigines density on the shoulder. Our �ndings suggest the shoulder and upper

arm are useful sites for objective skin photodamage measurements.

� Skin auto�uorescence at 370 nm on the shoulder correlated with skin cancer, UVR exposure dose

and years since transplantation. In 89% of patients with skin cancer, lnF370 nm auto�uorescence

was >7.2. Adjacent to skin cancer sites, OTRs expressed enhanced 370 nm auto�uorescence

values compared with immunocompetent patients.

� Solar lentigines density correlated with patient age, number of skin cancers and F370 nm on

the shoulders. Also, skin pigmentation on the arm correlated with UVR exposure dose and was

associated with solar lentigines density.
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� Our �ndings suggest a potential of photodamage estimated by auto�uorescence at 370 nm, pig-

mentation and density of solar lentigines as an objective measurement for risk of KC development

in OTRs.
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8 Perspectives

The results obtained by studies in this thesis build upon Danish and Swedish solid OTRs with dif-

ferent transplanted organ and di�erent years since transplantation and receiving immunosuppressive

treatment. We included OTRs with no skin dysplasia as well as patients transplanted over 42 years

ago with multiple dysplastic lesions. These patients obviously have di�erent needs for dermatologic

treatment and surveillance.

We found combination of AFL and PDT with both conventional LED light and daylight signif-

icantly increased AK clearance compared to cPDT and dPDT. By increasing laser energy to level

of hyperkeratosis, we sustained a high e�cacy for thick AK. These �ndings underscore the potential

of AFL-PDT to be o�ered as a routine treatment for patients with di�cult-to-treat hyperkeratotic

AK. AFL-PDT with LED light was associated with severe in�ammatory reactions and adjusting laser

settings to achieve enhanced e�cacy with tolerable local skin reactions needs to be established. MAZ

dimensions following AFL exposure has primarily been assessed in normal skin or pig skin, which may

not be transferable to keratotic AK. Investigation of the relation between histologic characterization

of MAZ dimensions, AFL settings and biologic response in hyperkeratotic AK should therefore be

investigated.

Over a 5-year period, primary prevention with cPDT with MAL delayed AK onset in renal trans-

plant recipients with normal skin and no previous skin dysplasia. Similar preventative results may be

achieved by dPDT and should be investigated including all OTRs and not only renal transplant recip-

ients. Prophylactic dPDT of sun-exposed skin areas could be achieved at 6-month intervals, as dPDT

is possible 7 months per year in countries of northern latitude such as Denmark. Hence, prophylactic

dPDT treatments would be easy for patients and dermatologic clinics to perform and could be feasible

in an everyday setting.

Although we found arti�cial dPDT with low-concentration HAL to only marginally delay of SCC

in hairless mice, a greater prophylactic e�ect may be achieved by increasing photosensitizer concentra-

tion and the e�ective light dose. While higher photosensitizer concentration probably would enhance

in�ammatory reactions after PDT treatment, intervals could be reduced. Murine studies to explore

the balance between increased PDT e�ect of AK/SCC prevention with in�ammatory reactions and

treatment intervals are therefore warranted.

Approximately one third of renal transplant recipients included for prophylactic PDT did not

develop any AK during the study period. This imply that PDT for primary prophylaxis is bene�cial

in some patients, possibly with subclinical skin dysplasia.

To identify OTRs at higher risk of KC development, objective and non-invasive measurements of

skin photodamage could be valuable in combination with other individual risk factors such as history

of UVR exposure and immunosuppressive medication. Ideally, objectively measured photodamage

would summarize the biologic e�ects of UVR exposure with individual photosensitivity in each patient.
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Studies to further assess skin auto�uorescence, pigmentation and lentigines in a large subset of both

immunosuppressed and immunocompetent patients are needed to establish a modi�ed reference area.

A prospective cohort design could describe the time course of photodamage development after organ

transplantation and their correlation with AK and KC development.

In the future, objectively measured and established risk parameters may be linked with cutaneous

mRNA expression of p53 to identify patients with higher level of subclinical actinic �eld damage. A

marker of the cutaneous immunosuppression is also highly desirable since both iatrogen and UVR-

induced immunosupression are important components in skin photocarcinogenesis.

The scope of this thesis was to explore the potential of personalized AK treatment and prevention

modalities for OTRs with di�erent needs of AK prevention and treatment. For further perspectives,

the potential of objective photodamage to obtain an individual assessment of skin cancer risk would

assist clinicians in risk strati�cation of patients.
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9 Dansk resume

Thesis title: Keratinocyte dysplasia in organ transplant recipients: Treatment and prevention with

photodynamic therapy and non-invasively measured skin photodamage

Organtransplanterede patienter (OTP) i immunsupprimerende behandling har i forhold til bag-

grundsbefolkningen en markant øget risiko for at udvikle aktiniske keratoser (AK) og keratinocyt

deriveret hudcancer (KC), særligt planocellulært carcinom (SCC). Risikoen for KC stiger med øget

tid efter organtransplantation og den kumulerede risiko for KC er op til 75% af patienterne 20-30 år

efter organtransplantation. SCC har ydermere et mere aggressivt vækstmønster med større risiko for

metastasering og heraf følgende mortalitet hos OTP end hos immunkompetente patienter.

AK er forstadier til SCC og en kendt risikofaktor for udvikling af SCC, særligt ved udbredning i

større område med kronisk solskade, betegnet �eld cancerization. Fotodynamisk terapi (PDT) med

methyl aminolevulinat (MAL) er en attraktiv behandling af AK og �eld cancerization og er særlig

velegnet til behandling af større hudområder. PDT har endvidere vist at kunne forebygge nye AK i

de behandlede hudområder. Desværre er e�ekten af PDT lav for tykke AK i akrale hudområder og er

vist at være nedsat ved behandling af AK hos OTP i forhold til immunkompetente patienter.

Målet med denne afhandling var at øge PDT's e�ekt for AK hos OTP, at undersøge e�ekten af

PDT til primær forebyggelse af AK og KC hos nyretransplanterede og at undersøge relationen mellem

non-invasiv måling af solskade i huden hos OTP med og uden hudcancer. Dette overordnede mål blev

undersøgt i tre afsnit.

I det første afsnit undersøgte vi e�ekten af konventionel PDT (cPDT) versus imiquimod til fjernelse

af AK. Herefter søgte vi at øge e�ekten af PDT til tynde og keratotiske AK ved forbehandling af huden

med ablativ fraktioneret laserbehandling (AFL) før cPDT og dagslys PDT (dPDT). I det første studie

sammenlignede vi e�ekten af 1 eller 2 behandlingsserier med PDT og imiquimod af ansigt/skalp,

underarm og håndryg i henhold til den indregistrerede dosering. cPDT opnåede tre måneder efter

sidste behandling en højere e�ekt rate (clearance) af AK i forhold til imiquimod. cPDT resulterede i

kraftigere, men kortere varende lokale hudreaktioner efter behandlingen end imiquimod. Patienterne

foretrak begge behandlinger i lige høj grad. For at øge penetrationen af MAL og dermed e�ekten

af PDT, kombinerede vi dPDT med over�adisk AFL-behandling med lav densitet til behandling af

overvejende tynde AK. Tre måneder efter en enkelt behandling opnåede AFL-dPDT en højere e�ektrate

af AK på 74% sammenlignet med cPDT (50%) og dPDT (46%) samt AFL alene (5%). Til behandling

af tykke, keratotiske AK på håndryggene, blev cPDT kombineret med AFL behandling givet ved

højere energi og med tættere densitet. Ved disse indstillinger opnåede AFL-cPDT en e�ektrate på

73%, mens AFL alene fjernede 31% af AKerne. Forbehandling af huden med AFL før både cPDT og

dPDT forstærkede hudreaktionerne efter PDT i mild grad ved over�adisk AFL-behandling og dPDT,

samt i moderat-svær grad ved kraftigere laser settings og cPDT.

I det andet afsnit undersøgte vi om forebyggende cPDT på klinisk normal hud er e�ektiv til primær
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forebyggelse af huddysplasi hos nyretransplanterede patienter. Patienterne blev behandlet med cPDT

i den ene halvdel af ansigtet, underarm og håndryg 2 gange årligt i 5 år, mens den modsatte side

var en ubehandlet kontrol. Efter 6 år havde 25 patienter udviklet signi�kant færre AK på den PDT-

behandlede side i forhold til den ubehandlede side (n=76). Median tiden indtil patienterne udviklede

AK var 42 måneder på PDT-behandlede områder og 30 måneder på ubehandlede områder. Ingen

patienter udviklede SCC. Selvom hudreaktionerne efter PDT overordnet var milde, ønskede vi at

forbedre tolerabiliteten ved forebyggende PDT. Derfor undersøgte vi om PDT med kunstigt dagslys i

lav-in�ammations doser kunne forebygge SCC hos UV-bestrålede hårløse mus. Vi fandt at mus belyst

med en lav + intermediær UV-dosis havde en lille, men dog signi�kant udsættelse af SCC ved 0.1%

hexyl aminolevulinat givet 3 gange om ugen. Imidlertid fandt vi ingen e�ekt ved PDT med lavere

koncentrationer eller hos mus belyst udelukkende med intermediær UV-dosis.

I det tredje afsnit undersøgte vi non-invasive målinger af solskade i huden vurderet ved auto�u-

orescens, pigmentering og tæthed af solare lentigines hos OTP med og uden hudcancer. Solskade

målingerne blev sammenholdt med prospektive individuelle UV-eksponeringsdoser ud fra personlige

dosimetri målt over en sommer. Vi fandt at OTP med hudcancer havde en øget UV eksponeringsdosis,

mere pigmentering og højere auto�uorescens ved 370 nm. 370 nm auto�uorescens, som afspejler kol-

lagen nedbrydningsprodukter, målt på skulderen var associeret med UV eksponeringsdosis, tæthed af

solare lentigines, alder og hudcancer. Ydermere fandt vi at 370 nm auto�uorescens på skulderen og ved

hudcancere var øget hos OTP sammenlignet med matchede immunkompetente hudcancer patienter.

Den overordnede konklusion på denne afhandling er, at PDT er en e�ektiv behandling af AK hos

OTP og at behandlingse�ekten kan øges i kombination med AFL-behandling. Ved at justere AFL set-

tings ud fra tykkelsen af AK, kan der opnås en høj e�ekt i behandling af både tynde AK og tykke AK.

Primær forebyggelse med gentagne cPDT behandlinger udsatte tiden til AK hos nyretransplanterede

patienter, mens lav-dosis PDT hos UV-belyste hårløse mus resulterede i en mindre forsinkelse i ud-

vikling af SCC. Endelig fandt vi at non-invasive målinger af solskade var associeret med hudcancer

og UV eksponeringsdosis og kan muligvis bruges til at identi�cere OTP, der er i særlig risiko for at

udvikle hudcancer.
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