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1. INTRODUCTION

1.1. Ultraviolet light

Ultraviolet (UV) light is a form of electromagnetic radiation situated in the wavelength
spectrum 100-400 nm. The shortest wavelengths of UV radiation are called vacuum UV. The
UV region above 200 nm has been artificially subdivided on the basis of the responses of
human skin and the wavelengths contained in sunlight. Three regions are recognized. UVC
radiation (200-280 nm) is not found in sunlight at the surface of the earth, as it is filtered out
by ozone and water vapor in the atmosphere. UVB radiation (280-320 nm) is the most
biologically active waveband of UV radiation in sunlight. UVA radiation (320-400 nm) is
biologically less active than UVB, but it is partially responsible for a sun-induced erythema
[Morison, 1992].

UV light is a widely used 'therapeutic modality for different skin diseases. UVA phototherapy
is effective in the treatment of inflammatory skin diseases such as acutely exacerbated atopic
dermatitis, localized scleroderma, urticaria pigmentosa and disseminated granuloma annulare.
Delivery' of 8-methoxypsoralen and subsequent UVA irradiation (PUVA therapy) is an
effective alternative for the treatment of psoriasis, mycosis fungoides, localized scleroderma,
urticaria pigmentosa or lichen planus. UVB light can be administered as total body or
localized therapy for psoriasis, atopic dermatitis, pruritus, vitiligo [Njoo, 2000], lichenoid

graft versus host reaction (Simon, JC, 2000).

1.2. Conventional UVB light sources

The first treatment of psoriasis with UV light was introduced by Goeckerman more than 75
years ago [Goeckerman, 1925]. This highly effective regimen consisted of daily exposure to
erythemogenic levels of ultraviolet light, delivered from high pressure mercury vapor lamps,
in conjunction with application of coal-tar containing ointment. Initially, broad-band (BB)-
UVB light sources were applied in UVB phototherapy, these emit wavelengths throughout the
whole spectrum of UVB light [Menter, 1983]. Nowadays, they are less and less frequently
used, mainly for the treatment of psoriasis, atopic dermatitis and pruritus. In 1980, an action
spectrum study in patients with psoriasis was carried out. With the use of a monochromator,
the action spectrum for ultraviolet phototherapy of psoriasis was determined for radiation
between 254 and 313 nm, and compared with the action spectrum for erythema of the
uninvolved adjacent skin. Daily exposures of different doses of 254, 280, 290, 296, 300, 304
and 313 nm radiation were observed. Wavelengths of 254, 280 and 290 nm were

erythemogenic, but not therapeutic even at 10 to 50 times the minimal erythema dose (MED).



At the other wavelengths studied, the 2 action spectra were similar, at wavelengths of 300 and
304 nm, complete clearing occurred on daily exposure to doses equal to or less than MED. In
every subject, suberythemogenic exposure doses of 313 nm resulted in compléte clearance of
the plaques [Parrish, 1981]. Therefore, radiation of wavelengths less than 296 nm is very
phototoxic to normal skin, as manifest by a low threshold for induction of delayed erythema.
This radiation is, however, not effective in phototherapy of psoriasis. The small number of
suberythemogenic exposure doses required suggested that monochromatic radiation might
have advantages over broad-band sources.

These findings led to the introduction of the selective UVB phototherapy (SUP) and narrow-
band (NB)-UVB phototherapy. SUP has peaks at 305 and 325 nm. While it has not proven as
effective in treating psoriasis as originally hoped, SUP appears superior to BB-UVB for the
treatment of atopic dermatitis [Paul, 1983]. NB-UVB also emits polychromatic light, but the
311-313 nm wavelength range predominates in its emission spectrum (fig 1). In a bilateral
comparative study, the ability of suberythemogenic doses of NB-UVB versus conventional
BB-UVB to remit psoriasis was compared. The NB-UVB treatment (50% of the MED)
produced virtual clearing of psoriatic plaques in 9 of 11 patients within 6 weeks. In contrast,
the response to BB-UVB, delivered at somewhat higher levels (75% of the MED) was quite
poor, with only 1 of 11 patients attaining resolution after 6 weeks. Another study also
compared the effectiveness of the two different UVB sources: clinical and histopatological
resolution was achieved in 86% of sites treated with NB-UVB versus 59% treated with BB-
UVB [Coven, 1997]. Therefore, NB-UVB proved to be superior to BB-UVB for the treatment

of psoriasis.

1.3. The xenon chloride UVB laser

Earlier, we observed that supraerythemogenic fluences of UVB result in faster clearing of
psoriasis, however, the limiting factor for the use of such high fluences -lies with the
intolerance of the uninvolved surrounding skin, since psoriatic lesions can often withstand
much higher UV exposures. Because the laser light can be selectively directed towards
lesional skin, and all of the energy of a 308 nm excimer laser is emitted within the action
spectrum for the phototherapy of psoriasis (Fig. 1), our group investigated the therapeutic
effect of the 308 nm Xenon chloride (XeCl) excimer laser for psoriasis. This laser emits its
total energy at 308 nm and may therefore be regarded as a”super narrow band” UVB light
source. The laser has been used to treat skin tumors and tattoos. In six patients with chronic

plaque type psoriasis, we compared the efficacy of NB-UVB with 308 nm UVB laser. The



number of treatments up to complete clearance with the NB-UVB was 29-33, while that with
the XeCl laser was 8-10. The cumulative doses were 26-32 J/cm?, and 2.5-8.1 J/em? for the
NB-UVB and XeCl laser, respectively, so the cumulative dose required for the complete
clearance of psoriatic plaques was 6 times less with the XeCl laser than with NB-UVB
phototherapy [Bonis, 1997]. The high clinical efficacy of the XeCl laser for psoriasis was
later confirmed by other studies. Asawanonda et al determined the dose-response relationship
of XeCl laser for psoriasis. They used 8 different fluences from 0.5 to 16 MED. The use of
such high fluences resulted in a prolonged remission of psoriasis, even after a single
treatment. They could demonstrate that fluence was the single most important determinant in
the clinical clearing of psoriasis [Asawanonda, 2000]. Trehan et al also investigated the
antipsoriatic efficacy of one single high fluence XeCl laser treatment. 11 of 14 patients
showed significant improvement within 1 month, and 5 still demonstrated persistent areas of
clearing at 4 months [Trehan, 2002]. Another studies established the high efficacy of XeCl
laser in chronic inverse psoriasis [Mafong, 2002], and vitiligo [Baltas, 2002]. According to a
multicenter open trial from 5 dermatology practices including 124 patients, 84% of the
patients achieved at least 75% clearing in after 10 or fewer treatments. No serious side effects
were observed, just erythema, blisters, hyperpigmentation, but they were well tolerated
[Feldman, 2002]. In summary, XeCl laser might therefore be regarded as a new and promising
form of UVB phototherapy, which seems to be superior to conventional UVB sources in the
treatment of psoriasis and vitiligo [Spann, 2001, Kemény, 2001]. The clinical efficacy of the
XeCl laser in psoriasis is therefore well documented, but the mechanism of its high efficacy

has not been investigated so far.
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Figure 1. Emission spectra of NB-UVB (TLO1) and 308 nm XeCl laser. The spectrum of
Philips TLO1 UVB source was obtained from Modos et al. [Modos, 1999]. The grey area
indicates the most effective wavelengths for the phototherapy of psoriasis as measured by

Parrish et al [Parrish, 1981].

1.4. Psoriasis vulgaris

Psoriasis vulgaris is a chronic inflammatory skin disease that affects 2-3% of the population.
In Western Europe the disease is about as common as diabetes mellitus. Clinically, psoriasis
is considered a disease of the entire skin, with the most common presentation being well
circumscribed erythematous scaling plaques that may be symmetrically distributed (Fig.2.).
Histologically, the disease is characterized by hyperplasia and incomplete differentiation of
epidermal keratinocytes, tissue inflammation with neutrophils in the stratum corneum and
influx of immunocytes including dendritic antigen presenting cells and both CD4 and CDS8
positive lymphocytes (Fig. 3.). In an experimental system, full thickness human psoriatic, non
lesional skin was transplanted onto severe combined immunodeficient mice. Psoriasis could
be induced by injecting autologous immunocytes into the dermis [Wrone-Smith, 1996]. In the
xenotransplant model, an epidermal hyperplasia response appears to arise from cytokines
derived from T cells infiltrating into skin. Aberrant keratinocyte proliferation, regenerative
epidermal differentiation and infiltration of CD8+ T cells in psoriatic epidermis were recently
shown to be sensitive to a new therapeutic modality, the IL-2-diphteria toxin conjugate
[Gottlieb, 1995]. Since IL-2 directs the toxin to activated immune cells, a pathogenic role for
T cells is indicated [Wrone-Smith, 1996]. The pathogenesis of the disease is not yet known,

the search for the etiology has concentrated on epidermal proliferation and differentiation,



inflammatory changes and the dermal vasculature. Although each of these broad areas might
hold the answer, now it seems that skin infiltration by activated cutaneous lymphocyte-
associated antigen-positive T cells appears to cause a complex inflammatory tissue
phenotype, leading to the presence of activated leukocytes in skin lesions, a diverse array of
cytokines produced by leukocytes and keratinocytes, proliferation of small blood vessels and
epidermal keratinocytes and increased expression of leukocyte-trafficking adhesion

molecules. Therefore, there is considerable evidence, that psoriasis vulgaris is mediated by

activated T lymphocytes infiltrating the epidermis and the dermo-epidermal interface [ Wrone-
Smith, 1996].

Figure 3. CD3+ T cells in the dermo-epidermal junction and in the epidermis of psoriatic

skin.

1.5. The mechanism of action of UVB light
Initially it was thought that UVB phototherapy acts through the induction of antiproliferative
effects resulting from UVB-induced DNA damage [Epstein, 1968]. Later, UVB has been

shown to modify cutaneous immune responses, a phenomenon that is called photo-



immunosuppression [Kripke, 1984, Bataille, 2000]. UVB radiation effects the soluble
mediators, e.g. it increasgs the IL-10 protein expression in human keratinocytes [Rivas. 19991
therefore suppresses the production of interferon-y by T lymphocytes [Grewe, 1995). UVB is
capable of modulating the expression and function of adhesion molecules, e.g. ICAM-1
expression can be efficiently prevented by exposing human keratinocytes to UVB radiation
[Krutmann, 1990]. UVB induced also down-regulation of growth factor production and
abrogation of growth factor receptor expression [Takashima, 1995]. The mixed lymphocyte
reaction (MLR) and mixed epidermal cell lymphocyte reaction (MECLR) showed that the
alloactivating capacity of cells was decreased by UVB exposure [Vermeer, 1994]. UVB can
also be immunosuppressive possibly at the level of antigen-presenting dendritic cells [Hart,
2000]. The results of some new investigations provide evidence that UVB irradiation can
induce regulatory/suppressor T cells [Aubin, 2004]. According to the observations of Krueger
et al, UVB treatment produced consistent and profound depletion of T lymhocytes from
psoriatic epidermis. T cell activation appeared to be decreased even further, as judged by
expression of the IL-2 receptor. Dermal lymphocytes were much less affected [Krueger,
1995].

UVB treatment caused the induction of Fas ligand on keratinocytes in human epidermis
[Gutierrez-Steil, 1998]. As apoptosis is induced by in vitro UVB irradiation of T cells [Yaron,
1996, Hill, 1999], or by incubation of T cells with keratinocytes expessing UVB-induced Fas
ligand, it has been proposed that UVB may have immunosuppressive effects in psoriasis
through the induction of apoptosis in disease-mediating T cells. Apoptosis is one of two
modes of cell death, necrosis is the other. Apoptosis, or programmed cell death is a
physiological suicide mechanism that preserves homeostasis, in which cell death naturally
occurs during normal tissue turnover [Wyllie, 1994, Scaffidi, 1999]. During apoptosis, the cell
draws inward shrinking dramatically, the plasma membrane blebs, the endoplasmic reticulum
forms vacuoles, the mitochondrium membrane potential drops, and the chromatin is digested
and condenses along the nuclear membrane. The nuclear collapse is associated with extensive
damage to chromatin and DNA-cleavage into oligonucleosomal length DNA fragments after
activation of a calcium-dependent endogenous endonuclease [Duvall, 1986]. In the final
stages, the nucleus and the cell fragment form smaller compact units called apoptotic bodies.
These apoptotic cells and bodies are primarily removed by professional or nonprofessional
phagocytes [Godar, 1999]. Apoptosis is essential in many physiological processes, including
maturation and effector mechanism of the immune system, embryonic development of the

nervous system and hormone-dependent tissue remodeling. To characterize the mechanism of
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the extent of apoptosis. 100 mJ/cm? NB-UVB light resulted in measurable T cell apoptosis by
flow cytometry 20 hours later [Ozawa, 1999]. Breuckmann et al. demonstrated delayed
apoptosis (within 24-48 hours) on human T cells after BB-UVB irradiation as well
[Breuchmann, 2003].

In summary, the major mechanism of action of UVB light in the treatment of inflammatory
dermatoses is a cytotoxic effect on the infiltrating T cells, where the mechanism of cell death
is most probably apoptosis. Earlier, psoriatic plaques in 23 patients were treated daily with
NB-UVB or BB-UVB in a bilateral comparison study. NB-UVB cleared the psoriatic plaques
more effectively than did BB-UVB light. Both forms of UVB reduced intraepidermal T cells
from lesional skin, but quantitative reductions were greater with NB-UVB. On the other hand,
NB-UVB light has been found to be a more potent inductor of T cell apoptosis ex vivo than
BB-UVB light, therefore, the T cell apoptosis-inducing capacity of a UVB light source can be
paralleled by its clinical efficacy [Coven, 1997].

1.6. Biological important physical parameters of UVB

UVB radiation can be characterized by several physical parameters, the most important ones
are wavelength spectrum, energy density, irradiance, or light intensity and frequency of
impulses if the UVB light is emitted in pulse-mode. Although much scientific work has been
carried out on the biological effects of UVB light, little is known about the role of optical
parameters of radiation in the effect of UVB radiation on biological processes.

The DNA-damaging effect of UVB is mediated through cyclobutane pyrimidine dimer and
(6-4) photoproduct formation. Matsunaga et al. determined the action spectra for the induction
of thymine dimers and (6-4) photoproducts in DNA by nearly monochromatic UV light
ranging from 150 nm to 365 nm. The most efficient wavelength for the formation of UV light-
induced DNA damage proved to be 260 nm, corresponding to the absorption spectrum of
DNA [Matsunaga, 1991].

Urocanic acid is 2 major UV chromophore in the upper layers of the skin where it is found
predominantly as the trans isomer. UVB irradiation induces photoisomerisation of trans
urocanic acid to cis isomer. Cis urocanic acid is suggested to be a mediator of UVB light-
induced immunosuppression, because its administration can mimic many of the effects of
UVB light on the skin [Webber, 1997]. Gibbs et al. investigated the wavelength dependence
for trans-to-cis photoisomerisation in vitro over the spectral range 270-340 nm, and found

that the resulting action spectra had maximal effectiveness at 300-315 nm [Gibbs, 1993,
Macve, 2002].



The mixed epidermal cell lymphocyte reaction (MECLR) and the mixed lymphocyte reaction
(MLR) have been commonly used to study the immunosuppressive effects of UVB radiation.
The alloactivating capacity in MLR and MECLR experiments is decreased by exposure to
UVB light. Using monochromators, Hurks et al. irradiated PBMC with nearly monochromatic
UVB light at 254, 297, 302 and 312 nm, measured the decreases in the MLR and MECLR
responses, and hence determined the action spectra for the MLR and MECLR from 254 nm to
312 nm. Both the MLR and MECLR action spectra displayed a maximum at 254 nm and a
relative sensitivity at 312 nm. The action spectra were strikingly similar to those for the
induction of pyrimidine dimers and 6-4 photoproducts [Hurks, 1995].

The role of the impulse frequency of UVB light in biological processes has not been
investigated so far, because none of the experiments were performed with pulse-mode UVB
light source.

It has become clear that wavelength spectrum and dosimetry is very important in UVB
experiments. However, little emphasis was taken to the importance of light intensity. In 1980,
DeFabo et al found, that UV radiation-induced immunologic unresponsiveness of mice to a
UV induced fibrosarcoma was independent of the intensity of the UV light [DeFabo, 1980].
Kelfkens showed that intensity did not influence UV tumorigenesis [Kelfkens, 1991]. Hurks
et al performed in vitro experiments about the biological importance of light intensity. Using
FS40 lamps with variable UV intensities (7 W/m2 and 1.6 W/m2) without alteration of the
spectral distribution, epidermal cells were in vitro irradiated, and then the MECLR responses
were measured. They found that the irradiation of epidermal cells with high irradiance
impaired the alloactivating capacity more than did irradiation with low irradiance. They
concluded that UVB radiation-induced suppression of MECLR was critically dependent on
irradiance [Hurks, 1995]. In the literature, no data can be found about the role of light
intensity, impulse frequency on the therapeutical efficacy of UVB. The only study on the
importance of wavelengths of UVB in the therapy of psoriasis was performed by Parrish et al
[Parrish, 1981] and has been described above.

1.7. Transmission of human epidermis in the ultraviolet wavelengths

In absorbing radiation, the outermost layers of human skin, stratum corneum and epidermis,
act as an optical barrier and protect the viable cells. The extent of the protection provided by
this barrier depends partly on its thickness. Thickness of stratum corneum and epidermis
varies from one individual to another and in the same individual it varies in different regions
of the body [Anderson and Cassidy, 1973). The average thickness of healthy human stratum

-10-



varies from one individual to another and in the same individual it varies in different regions
of the body [Anderson and Cassidy, 1973]. The average thickness of healthy human stratum
comneum and the epidermis from the lower back is 25 pm and 70 pm, respectively [Bruls,
1984]. The psoriatic skin is characterized by acanthosis, therefore the epidermal thickness
increases. Welzel et al used optical coherence tomography to measure the thickness of
psoriatic human epidermis from the lower forearm: it was 180-360 um according to the extent
of acanthosis [Welzel, 2003]. In 1988, a detailed analysis of the thickness of psoriatic skin
from the forearm was carried out by an Image Analysis Computer System. The suprapapillar
part of the stratum malphigii seemed to be constantly 43 pm thick, while the thickness of the
rete pegs the stratum malphigii increased as the degree of acanthosis increased (160-420 um)
[Cahpman, 1988].

In 1984, Bruls and al. examined the transmission of human epidermis and stratum comeum as
a function of thickness in the ultraviolet wavelengths. The skin samples were taken from the
lower back and upper leg of healthy volunteers. They found that the way in which the
transmission of samples of stratum comeum and epidermis depends on thickness can be
satisfactorily described by an exponential relation, which is in accordance with the Lambert-
Beer law. Therefore the transmission of the skin as a function of thickness can be written as:

f(d) = 2 ~d/dhalf

where t(d) is the transmission of a layer of thickness d, and dhalf is a constant representing the
thickness of the layer which halves the transmission of the penetrating radiation. These
authors computed the dhalf values of the stratum corneum and the full thickness epidermis as
a function of wavelength [Bruls, 1984). By using this formula, it is possible to determine the

in vivo transmission at several depths in epidermis as a function of wavelength.

2. AIMS OF THE STUDY
The aims of our study were:
1. To determine the mechanism of action of XeC1 UVB laser.
2. To find the reason of its higher clinical efficacy compared to NB-UVB light.
3. As different UVB sources were used in UVB phototherapy and there are great

differences in their clinical efficiency, to examine the apoptosis-inducing capacity of these
UVB lamps.
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5. To determine the effect of different physical parameters of UVB light on its apoptosis
inducing capacity and antipsoriatic efficacy and to examine the therapeutic efficacy of
XeCl laser in the treatment of vitiligo.

6. Although much work has examined the action spectra of UVB for different biological
processes, no scientific work focused on the action spectrum of UVB for induction of T
cell apoptosis. Our aim was to establish such an action spectrum by using different
polychromatic UVB light sources.

7. To compute the theoretical action spectrum of UVB for the induction of

intraepidermal T cell apoptosis.

3. PATIENTS AND METHODS

3.1. Patients and UVB treatment

48 plaques of 21 patients with chronic plaque type psoriasis and a 24-year-old female patient
with vitiligous patches on the elbows were treated with XeCl laser phototherapy. Informed
consent was obtained before the start of the study. Upon entry to the study, the patients had
not been treated with systemic antipsoriatic medication for a minimum of 4 weeks. For each
patient, a MED dose was established in uninvolved, unexposed gluteal skin. XeCl laser
therapy was given 3 times weekly until the treated plaques had cleared completely. The initial
dose was 0.6 MED, which was increased by 20% on each subsequent treatment. A 308-nm
XeCl excimer laser (Lambda Physik LPX 105 E, Géttingen, Germany) was used: its output
consisted of a train of short pulses (15 nanoseconds) at 5.5 mJ/cm? per pulse (the size of the
light spot is 3 cm x 3 cm). In two groups of patients, XeCl laser phototherapy was performed
with different impulse intensitieé (0.06 mJ/cm? and 20 mJ/cm?) or impulse frequencies (1 Hz
and 20 Hz), and the cumulative doses and the number of treatments up to complete clearance
were determined. In five patients, symmetrical psoriatic plaques were irradiated with the same
energy density with XeCl laser, but the frequency of laser impulses was 1 Hz or 20 Hz, and
local psoriasis severity index (LPSI) [Ashcroft, 1999] scores were determined for each plaque
following each treatment.

Eight HD patients, two asymptomatic carriers and ten healthy controls were enrolled to the
second part of the study.

3.2. UVB light sources

Seven different artificial UVB sources were used in the in vitro irradiation experiments.
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e FS20 (Westinghouse, Pittsburgh, PA) lamp without any filter (abbreviation: FS20);
e FS20 lamp with tissue culture plate top filter (Corning, London, England)
(abbreviation: FS20+Plastic)*;
e NB-UVB (Philips TLO1, Philips, Eindhoven, the Netherlands) lamp without any filter
(abbreviation: TLO1);
e NB-UVB lamp with 0.055%, 17 mm thick phtalic acid filter in pyrex tube
(abbreviation: TLO1+phtalic acid)**;
e NB-UVB lamp with tissue culture plate top filter (Corning, London, England)
(abbreviation: TLO1+Plastic)*;
e Solar simulator (Oriel ozone free Xe arc lamp, 2000W, Oriel, Stamford, CT) with
WG305 filter;
e 308-nm XeCl excimer laser (Lambda Physik LPX 105 E, Goéttingen, Germany)
without any filter (abbreviation: XeCl).
The power of the XeCl laser was metered by an energy detector (Gentec ED-200, Quebec,
Canada) and a 100 MHz oscilloscope (WATSU Electronic Co. Ltd., Tokyo, Japan). The
output of the non-laser UVB light sources was metered by a calibrated UVB detector (Laser
Precision Corp. RT-101, Utica, CA). The irradiance values and incident doses used for
irradiation with the different UVB light sources are shown in Table 1. The spectral irradiances
were determined in 1 nm steps with a spectroradiometer (Optronic 742). The spectral
distribution of the 7 different UVB light sources is represented in Figure 4. The absolute
spectral irradiance values, indicated on the vertical axis, only show values above the noise

level of the instrument.

*The top of the 24-hole tissue culture plate (Corning, England) was used as a UVB filter.
**The 35 mm diameter original TLO1 tube was placed into a 52 mm diameter pyrex tube and

the space between the two was filled with 0.055% potassium phthalate which is a UVB filter.

The phtalic acid filter has to be refilled after 4 hours of use.
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UVB source Fluence rate (mW/cm?) Energy densities (mJ/cmz)

TLO1 0.89 50-800
TLO1+phtalic acid 0.5 200-800
TLO1+plastic 0.51 200-800
FS20 0.51 50-400
FS20+plastic 0.18 117-300
Solar simulator 1.35 800-2400
XeCl laser 3.6*10° 66-300

Table 1. The irradiance values and the energy densities used in the irradiation experiments

determining the dose effect curves with 7 different spectral distributions of UVB light
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Figure 4. The spectral distribution of the 7 different UVB light sources determined at 1 nm
steps with a spectroradiometer. The absolute irradiance values, indicated on the vertical axis,

show values above the noise level of the instrument.
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UVB irradiation in vitro

PBMC were prepared from heparinized venous blood of healthy volunteers by centrifugation
over Ficoll-Isopaque gradient. The PBMC were washed twice in phosphate-buffered saline
(PBS), and then the irradiation was performed in uncovered tissue culture plates (Corning,
London, England) at a density of 10° cells/well in 0.3 ml PBS. The preparation of the cells
was performed in dark to prevent them from accidental photodamage. In order to prevent a
warming side-effect, the PBMC were placed into a 25 °C water bath during irradiation with a
solar simulator. For studying the role of impulse frequency, 66 and 200 mJ/cm2 XeCl laser
radiation was delivered at 1 to 40 impulses/s. In the other experiments, the laser light was
emitted at 20 impulses/s.

To determine the effect of temperature at the time of the irradiation to T cell apoptosis
induction, tissue culture plates were placed into 25°C or 37 °C wather bath for the duration of
XeCl laser treatment. In order to prevent the warming side effect, PBMC were also placed
into a 25°C water bath during irradiation with sun simulator.

After irradiation, the PBMC were washed once in PBS and resuspended in RPMI 1640
(Gibco, Scotland) supplemented with 10% AB+ heat-inactivated human serum, 2 mM L-
glutamine and antibiotics. The cells were cultured in a humified 5% CO, atmosphere at 37 °C
for 24 hours. To establish the time-dependency of T cell apoptosis induction, PBMC were
incubated for 6, 12, 24 and 48 hours at the atmosphere described above.

3.3. Detection of apoptotic cells

3.3.1. TUNEL labeling:

The TUNEL (TdT-mediated dUTP-FITC nick end labeling) reaction was performed
according to the manufacturer’s instruction (Boehringer Mannheim, Switzerland). Briefly:
PBMC were fixed in 4% paraformaldehyde solution for 30 min, washed twice in PBS,
permeabilised in 0.1% Triton X-100 in 0.1 % sodium citrate for 2 min on ice, washed twice in
PBS containing 1% BSA, the cells were then labeled with the TUNEL reaction mixture at
37°C for 60 min and anti-CD3-PE monoclonal antibody (mAb) (Dako, Denmark) on ice for
15 min. After washing in PBS, the cells were resuspended in 0.5 m] PBS.

3.3.2. Apo2.7 labeling

PBMC were fixed in 2% paraformaldehyde solution for 30 min, washed in PBS and
permeabilised in 0.1% saponin in PBS supplemented with 1% fetal bovine serum and 0.02%
NaN; for 15 min on ice. The cells were then washed in PBS containing 1% BSA, the supernate

was discarded, and each sample was stained with 20 pl Apo2.7-PE mAb (Immunotech, Paris,
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France) and 5 pl anti-human CD3-FITC mAb (Dako, Copenhagen, Denmark) in 75 pl PBS
for 25 min at room temperature. To exclude false positive reactions, control samples were
stained with isotype-matched anti-human IgG1-PE mAb. After washing, cells were
resuspended in 0.5 ml PBS.

3.3.3. Flow cytometry

Sample data were acquired on FACStar and FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ) flow cytometers equipped with a 488 nm argon ion laser. 10° events were
collected per samples. Mononuclear cells were discriminated by their forward and side scatter
properties. FITC fluorescence was collected through a 525 nm bandpass filter, PE
fluuorescence was collected through a 625 nm bandpass filter. The samples were analyzed
using CellQuest software (Becton Dickinson, Franklin Lakes, NJ). T cells were selected via
anti-CD3 mAb staining, and then Apo2.7 mAb binding, or TUNEL activity of these cells was
quantified by histogram analysis.

3.4. Statistical analysis
All of the comparisons were performed by the Student paired t-test, except data on figure 5.
were compared using Wilcoxon signed ranks test. A probability level of p<0.05 was

considered statistically significant.

3.5. Determination of the DNA-weighted efficiency spectra and the median wavelength

values
Using the result of the experiments described above, dose-effect curves were created for the
induction of T cell apoptosis in the case of each light source. The formula for the biologically
effective dose rate (DNA-weighted efficiency spectra) was calculated applying the
recommendation of the Commission Internationale d’Eclairage, briefly:
BED/t=Z E (AA) * SPNA(\) = A A,
where BED/t is the biologically effective dose rate (DNA-weighted efficiency spectra of a UV
source), E(A) is the spectral irradiance of the UV source, S"NA(A) is the action spectrum for
UV radiation-induced DNA-damage as published by Setlow [Setlow, 1974] and AA is the

wavelength step from spectroradiometric measurements for the determination of irradiance

spectra of the light sources.
The areas under these DNA-weighted efficiency spectra were calculated with the use of the

rectangle method, briefly: an area under the curve was distributed to many rectangles of 1 nm
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of width, and the area could has been calculated as the total of the areas of rectangles. The
median wavelength was determined as the wavelength value which divides the area under the

curve into two equal parts in the case of each light source.

4. RESULTS

4.1. The therapeutic effect of the XeCl laser

48 plaques of 21 psoriatic patients were treated with the XeCl laser. In order to optimize
certain parameters of the UVB phototherapy, we examined whether the therapeutical effect of
the XeCl laser depends on the intensity and frequency of the laser impulses.

The mean cumulative doses up to complete clearance of the psoriatic plaques were 4.062 and
4.050 mJ/cm® for impulse intensities of 20 and 0.06 mJ/cm?, respectively (data not shown);
the mean number of treatments was 9.2 in both cases. When the XeCl treatment was carried
out with an impulse frequency of 1 or 20 Hz, the mean cumulative doses were 4.635 and
4.308 mJ/cm’, the mean number of treatments was 8 (data not shown). None of these
differences proved statistically significant. When the irradiation was performed with 1 or 20
impulses/s, there was also no significant difference in the decrease in local psoriasis severity
index (LPSI) scores (Fig. 5.). LPSI is a widely used scoring system for assessment of severity
of psoriasis. For each plaque, erythema, induration and desquamation are rated according to a
five-point scale. The LPSI score then can vary from 0 to 15, with higher scores representing
greater degree of psoriatic severity.

The patient with vitiligous pathes was showed continuous repigmentation during the XeCl
laser therapy. The repigmentation seemed to be stable and no side-effects were observed [data

not shown].
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Figure 5A. The local psoriasis severity index scores measured before and after treatments
with XeCl laser with 1 Hz or 20 Hz impulse frequencies. Symmetrical psoriatic plaques of 5
patients were compared by a bilateral comparison study. The initials of the patients are

represented under the bars.
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Figure 5B. The averagetstandard deviation of local psoriasis severity index scores measured
before and after treatments with XeCl laser with 1 Hz or 20 Hz impulse frequencies.
Symmetrical psoriatic plaques of 5 patients were compared. The differences between the

decreases of LPSI scores proved to be statistically not significant measured by Wilcoxon

Signed Ranks Test.

4.2. XeCl laser induces T cell apoptosis in vitro

The therapeutic efficacy of XeCl laser in dermatology is now well documented, but nothing is
known about its mechanism of action. It was shown that psoriasis is mediated by activated
epidermal T cells and NB-UVB depletes these T cells from the skin. The mechanism of the

cytotoxicity seems to be apoptosis. To establish the possible mechanism how XeCl laser treats
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psoriatic plaques, the ability of XeCl laser to induce T cell apoptosis was studied in vitro.
Freshly separated PBMC were irradiated with 308 nm XeCl laser with 66, 100, 200 and 300
ml/cm? at 20 Hz impulse frequency at room temperature. Following 6, 12, 24 or 48 hours of
incubation, the apoptotic cells were labeled with TUNEL reagent, or Apo2.7 mAb, the T cells
were stained with anti-CD3 mAb.

In the TUNEL reaction, deoxynucleotidyl transferase, which catalyzes polimerization
of nucleotides to free 3°-OH DNA ends in a template-independent manner, is used to label
DNA strand breaks. These DNA stand breaks are produced by the cleavage of genomic DNA
to oligonucleosome-sized fragments during apoptosis. Fluorescein labels incorporated in
nucleotide polymers are detected and quantitated by flow cytometry [Gavrieli, 1992; Sgonc,
1994].

Apo2.7 is a mitochondrial membrane protein-specific monoclonal antibody conjugated with
phycoerythrin (PE) fluorescent dye [Zhang, 1996, Koester, 1997]. Recently, the involvement
_of mitochondria in apoptotic signaling has elicited considerable interest [Koester, 1999]. Cells
having lost their mitochondrial transmembrane potential, through the opening of
mitochondrial permeability transition pores appear to be irreversibly programmed to die
[Marchetti, 1996].

After XeCl laser irradiation the light scatter changes were characteristic to apoptosis:
decreased forward scatter (FSC: reflects to the size of the cells) and increased side scatter
(SSC: reflects to the granularity of the cell surface) characterized the cells [Darzynkiewicz,
1992] (Fig. 6.). Dual measurements of CD3 binding and Apo2.7 or TUNEL positivity made it
possible to distinguish apoptotic T cells (CD3+/TUNEL+ or CD3+/Apo2.7+) from non-
apoptotic T cells (CD3+/TUNEL- or CD3+/Apo2.7-). Hence. a flow cytometer with three-
color detection was used to simultaneously assess anti-CD3-PE or anti-CD3-FITC and
TUNEL or Apo2.7-PE stainings on individual cells. T cells were selected by anti-CD3 mAb
staining, and then Apo2.7 mAb binding, or TUNEL activity of these cells was quantified by
histogram analysis.

As shown on Figure 7, dose-dependent increases in Apo2.7 or TUNEL binding occurred after
exposure of cells to 66 or 200 mJ/cm® XeCl laser. Flow cytometric analysis revealed time-
dependent increases in the percentage of apoptotic T-cells, as measured with Apo2.7 and
TUNEL stainings (Fig. 8.). The first Apo2.7-positive T-cells appeared 12 hours after
irradiation. Following 48 hours of incubation, Apo2.7 positivity could not be well detected,
because the light scatter properties of the cells were characteristic to late apoptosis/necrosis

(data not shown). In contrast, DNA stand break assay showed a steady increase starting at 24
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hours, continuing until 48 hours post-irradiation. The two different methods of observing
apoptosis gave corresponding results. Irradiation with 200 mJ/cm? induced apoptosis in 59%
and 65% of the T cells measured with the TUNEL and Apo2.7 methods, respectively, 24
hours later. At least 20 mJ/cm® XeCl laser irradiation needed to induce T cell apoptosis
detectable with both methods (Fig. 8.).

HD is an autosomal dominant neurodegenerative disorder caused by CAG repeat expansion in
the huntingtin gene [Reiner, 1988]. The mechanism of neuronal degeneration seems to be
apoptosis [Saudou F, 1998]. Huntingtin is widely expressed in cells, so abnormalities can be
expected also in non-neuronal tissues. Therefore, the susceptibility of lymphocytes from HD
patients and healthy controls to XeCl UVB laser-induced apoptosis was compared.
Lymphocytes from 8 HD patents and 2 asymptomatic carriers showed increased apoptotic cell

death following in vitro XeCl laser irradiation [data not shown].
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Figure 6. Light scatter properties of PBMC before and after XeCl laser irradiation measured
by flow cytometry. These changes are characteristic to apoptosis: decreased forward scatter
(FSC: reflects to the size of the cells) and increased side scatter (SSC: reflects to the

granularity of the cell surface) can be observed following 200 mJ/cm® XeCl laser light.
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Figure 7. Flow cytometric analysis of T cell apoptosis. PBMC were irradiated with increasing
amounts of energy from the XeCl laser, and apoptosis was assessed 24 hours after irradiation.
The left panels are untreated controls. The top panels show simultaneous CD3 and Apo2.7
stainings, the upper right quadrant indicating apoptotic T-cells. The middle and bottom
histograms show only CD3+ T cells, as identified by FITC-CD3 or PE-CD3 staining. The
abscissa represents the extent of apoptosis, measured with the Apo2.7 or TUNEL method.
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Figure 8. XeCl laser induces T cell apoptosis in a time-dependent manner. PBMC were

irradiated with increasing doses of XeCl laser and then T cell apoptosis was detected 6, 12. 24

and 48 hours later with Apo2.7 (left graph) or TUNEL (right graph) method.

4.3. XeCl laser is more effective in inducing T cell apoptosis than NB-UVB

According to our earlier clinical study, the XeCl laser more efficiently cleared psoriatic
plaques, than the widespread used NB-UVB. As the T-cell apoptosis-inducing capacity of a
UVB light source can be paralleled by its clinical efficacy, we compared the T cell apoptosis
inducing capacities of the NB-UVB and XeCl laser. PBMC were irradiated in vitro with the
XeCl laser or with NB-UVB light with the same energy densities (0, 66, 100, 200, 300 and
600 mJ/cm2) at room temperature at 20 Hz impulse frequency. After 24 hours of incubation T
cell apoptosis was studied with Apo2.7 and CD3 antibodies using flow cytometry. Both UVB
light sources induced T cell apoptosis, but the induction was quantitatively greater with the
308 nm XeCl laser (Fig. 9A). The difference was significant at each energy density used as
measured by Student’s paired T test, but greater differences were observed when the cells
were irradiated with smaller amounts of energy (53% vs. 5% induction at 100 mJ/cm2). The
energy sufficient to induce apoptosis in 50% of the T cells (apoptotic dose 50: ADsy) was
calculated. The ADs proved to be 95 mJ/cm? with XeCl laser and 310 mJ/cm? with NB-UVB.
The T cell apoptosis was induced in the highest degree (76% of the T cells) when irradiation
was performed with 300 and 600 mJ/cm?, with the XeCl laser and NB-UVB, respectively.
Irradiation with 600 mJ/cm® XeCl laser induced necrosis of T cells, therefore no apoptotic

cells were detected (fig 9B).
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Figure 9. Comparison of the T cell apoptosis-inducing capacities of NB-UVB light and the
XeCl laser. PBMC were irradiated with increasing amounts of NB-UVB light and XeCl laser.
Apoptosis was measured with Apo2.7 staining 24 hours after irradiation. All of the histograms
show only CD3+ T cells.

(A) The extent of apoptotic T cells are represented on the abscissa following NB-UVB (upper
panels) or XeCl laser (lower panels) irradiation with the same energy densities.

(B) Summary of three independent experiments. The mean percentage of Apo2.7-positive
cells is represented after irradiation with increasing amounts of NB-UVB light (triangles) or
XeCl UVB laser light (squares). Irradiation with 600 mJ/cm? XeCl laser induced necrosis of T
cells, therefore apoptotic changes could not be detected. The paired t-test was performed. P
values: *P<0.005, **P<0.0005
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4.4. The apoptosis-inducing effect does not depend either on the frequency of impulses,
nor on the temperature during irradiation

One of our main goals was to characterize the efficacy of UVB phototherapy by different
optical parameters. As the main mechanism of UVB immunosuppression seems to be T cell
apoptosis, we examined whether the T cell apoptosis-inducing effect of the XeCl laser
depends on important physical parameters, like the frequency of laser impulses and the
temperature during irradiation. The PBMC were irradiated with the pulse-mode XeCl laser
using the same energy density (66 and 200 mJ/cm?), but the frequency of the impulses varied
between 1 and 40 Hz. The intensity of each laser impulse remained the same: 3,6*10°
mW/cm’. Following 24 hours of incubation, apoptotic T cells were stained with Apo2.7 and
CD3 mAbs. Although slight differences could be observed, there was no significant change in
the extent of T cell apoptosis using different impulse frequencies at neither of the irradiation
doses used. Figure 10. demonstrates the extent of T cell apoptosis in 3 independent
experiments, irradiated with 66 mJ/cm? energy density. The use of 200 mJ/cm? energy density
resulted in even decreased difference (data not shown).

There is considerable evidence that the extent of some biological processes strongly depend
on the temperature of the cell. Usually UVB irradiation experiments are carried out at room
temperature. We investigated whether an increase in the temperature of the cells during
irradiation results in increased T cell apoptosis. PBMC were irradiated with 66, 100, 200 and
300 mJ/cm? XeCl laser light at 20 Hz impulse frequency. During treatment, cells were divided
into two tissue culture plates and one-one plate was placed into a 25°C, and a 37 °C water
bath. After 24 hours of incubation on 37 °C, following Apo2.7 and CD3 mAb labelings, flow
cytometry revealed, that there was not difference in the extent of T cell apoptosis between the
two groups (data not shown). In summary, between the parameters investigated, neither the
temperature of irradiation, nor the frequency of impulses influences the T cell apoptosis

inducing capacity of XeCl laser.
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Figure 10. The percentage of Apo2.7 positive T cells 24 hours after XeCl laser irradiation.
The PBMC were irradiated with 66 mJ/cm’ energy density, but the frequency of impulses
varied between 1 and 40 Hz. The three curves represent the results of three independent

experiments. The differences proved to be statistically not significant.

4.5. The T cell apoptosis inducing capacity of 7 different UVB sources

In order to establish an action spectrum of UVB for T cell apoptosis-induction, we used
different spectral distributions of UVB light. The BB-UVB or FS20 lamp, the NB-UVB or
TLO1 lamp, the XeCl laser and the Xe arc solar simulator are well known from the UVB
phototherapy of different skin diseases. By using a phtalic acid filter with NB-UVB light and
by using the plastic tissue culture plate top as a filter with FS20 and NB-UVB light, we could
create 3 more spectral distributions of UVB light. The emission spectra of these 7 UV sources
were then determined with a spectroradiometer (Fig. 4.). PBMC were irradiated in vitro with
increasing doses, and T cell apoptosis was measured by means of simultaneous Apo2.7 and
anti-CD3 stainings with flow cytometry. Dose-effect curves were then created. All 7 UVB
sources induced T cell apoptosis in a dose-dependent manner. Figure 11. represents these
dose-effect curves. The dosis necessary to induce apoptosis in 50% of the T cells (AD50) was
calculated and listed in Table 2.

TLO1 induced apoptosis in 50% of the T cells at a dosis of 300 mJ/cm?; this result is in good
agreement with our previous experimental data (Chapter 4.3.). The use of a plastic plate top as
a filter eliminated most of the short-wavelength UVB radiation. This modification of the
spectrum led to a decrease in the T cell apoptosis-induction capacity of NB-UVB and FS20.
The filtering effect of phtalic acid was well observable too: a decrease of about 2 orders of
magnitude was found at the wavelength 300 nm and phtalic acid eliminated UV radiation

almost completely below 300 nm, which resulted in a severe decrease in the apoptosis-
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inducing capacity of NB-UVB light (AD50: 301 mJ/cm?® and 553 mJ/cm® without and with
phtalic acid filter, respectively).

FS20 was the most effective of the 6 non-laser UV sources in inducing T cell apoptosis. It
contains considerable amount of UVC light, and shorter UVB wavelengths predominate in its
emission spectrum. The elimination of most of this short-wavelength radiation resulted in a
decrease in its apoptosis-inducing capacity (AD50: 168 mJ/cm? and 210 mJ/cm? without and
with plastic filter, respectively).

The solar simulator proved to be the least effective in inducing T cell apoptosis. Although it
contains some UVC light and a considerable amount of UVB radiation, UVA predominates in
its emission spectrum. The energy density required for the induction of apoptosis in 50% of
the T cells was 1912 mJ/cm?, which is more than 6 times more than the AD50 for NB-UVB
light.

The 308 nm XeCl laser is a coherent monochromatic pulse-mode UVB excimer laser with a
very high irradiance (approx. 10° times more than those of the above mentioned non-laser
UVB sources). The XeCl laser induced T cell apoptosis in a dose-dependent manner too, but
quantitative induction was much higher than with non-laser UVB sources. The AD50 for the
XeCl laser was 95 mJ/cm?, this laser light therefore induced apoptosis to a higher degree than

did any of the non-laser UV sources.

4.6. Determination of the wavelength dependence of T cell apoptosis induction

One of the major mechanisms of action of UVB light is the induction of T cell apoptosis. It is
well known that the biological effects of UV light are strongly dependent on the wavelength
spectrum, though few scientific data exist about the wavelength dependence of T cell
apoptosis induction. We decided therefore to construct an action spectrum for T cell apoptosis
induction in the UVB range. The above mentioned 6 different polychromatic light sources
were used and dose-effect curves were created by performing the irradiation with increasing
energies. Data are expressed as the percentages of Apo2.7 and CD3 double-positive cells in
relation to all the CD3-positive cells. The energy densities required for the induction of
apoptosis in 50% of the T cells were then determined. The apoptosis-inducing capacities of
each UV light source were calculated by reciprocating the AD50 values (Table 2.). DNA
damage seems to be the major mechanism in the background of UVB radiation-induced T cell
apoptosis (Breuckmann, 2003), thus the emission spectra of the polychromatic UV sources
were weighted by the action spectrum of UV radiation-induced DNA damage as described in

Patients and Methods. These DNA-weighted efficiency spectra of the UV sources used are
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presented in Figure 12. The median wavelength values of the areas under the curves were
calculated and presented in Table 2. For constructing the action spectrum for T cell apoptosis
induction at polychromatic UVB sources the modification of the method applied in [Modos,
1999] was used as follows. The median wavelength value of each UV source has been
associated with its apoptosis-induction capacity (1/AD50 value) obtained from the dose-effect
curves and a linear regression curve was calculated. Figure 13. depicts the wavelength
dependence of T cell apoptosis induction in the range 290 to 311 nm. This regression curve
revealed a consistent decrease from shorter to longer wavelengths, e.g. irradiation at 290 nm
is 3 times more effective in T cell apoptosis induction than that of 311 nm. The real apoptosis
inducing capacity of the XeCl laser is almost 4 times higher than that calculated on the basis

of this spectrum.
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Figure 11. Dose-dependent induction of T cell apoptosis after irradiation with various
polychromatic UVB light sources. Data are expressed as the percentage of Apo2.7 and CD3
double positive cells in relation to the all CD3 positive cells. Third order polynomial

regression line was fitted to the individual data.
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UVB source wavelength median (nm) AD50 (mJ/ecm?2) 1/ADS50 (¢cm2/mJ)
TLO1 299 301 0,0033
TLO1+phtalic acid 311 553 0,0018
TLO1+plastic 309 420 0,0024
FS20 290 168 0,0060
FS20+plastic 297 210 0,0048
Solar simulator 299 1912 0,0005
XeCl laser 308 95 0,0105

Table 2. The median values of the spectral distribution of UVB sources corrected by the

action spectrum of UV induced DNA damage (calculated as described in Materials and

Methods). The ADS50 values or the energy densities necessary to induce apoptosis in 50% of

the T cells were calculated from the dose-effect curves of each lamp. The apoptosis inducing

capacities (1/AD50) of each UV light sources were calculated by reciprocating the AD50
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Figure 12. The emission spectra of the polychromatic UV sources were weighted by the

action spectrum of UV induced DNA damage resulting in efficiency spectrum.
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Figure 13. Wavelength dependence of UVB light for the induction of T cell apoptosis in the
spectral region 290- 311 nm. The round shaped plot represents the 1/ADS50 of the XeCl laser.

4.7. Determination of the theoretical action spectrum of intraepidermal T cell apoptosis
induction as a function of epidermal thickness
As the extent of T cell apoptosis induction and the penetration of UVB light into the dermis is
wavelength-dependent, the wavelength spectrum of optimal dermato-phototherapy might
depend on the thickness of the skin lesion. Therefore, the formula created by Bruls et al
[Bruls, 1984] was modified to compute the theoretical wavelength dependence of
intraepidermal T cell apoptosis as a function of epidermal thickness. As the pathognomic T
cells in psoriasis are localised along the dermo-epidermal junction and in the epidermis, we
computed how thick layer of epidermis has to be transmitted by the UVB radiation to reach
these intraepidermal T cells. As the average thickness of stratum corneum and suprapapillary
part of the stratum malpihigii is 20 pm and 43 pm, respectively, and the thickness of the
living layer of epidermis varies from the extent of acanthosis, these T cells are localised at 65-
460 um from the surface of the skin. The extent of intraepidermal T cell apoptosis induction
was determined by multiplying the extent of in vitro T cell apoptosis induction and the
percentage of transmitted UVB light at each wavelength studied.
AL, = 1/ADS0 * 2 ~¥/dhalf

Where Al is the theoretical extent of intraepidermal T cell apoptosis induction, AD50 is the
energy density to induce apoptosis in 50 % of the T cells in vitro, d is the distance of the T
cells from the surface of the skin, and dhalf is a constant representing the thickness of the

layer which halves the transmission of the penetrating radiation.
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By using this formula, one can determine the theoretical extent of intraepidermal T cell
apoptosis induction in the range 290-313 nm depending on the epidermal thickness of the
irradiated skin. For T cells situated at 65 um and 250 pum from the surface, 302 nm and 313
nm seems to be the most efficient wavelengths, respectively. For T cells localised from appr.
140 pm from the skin surface, the wavelengths 302-313 nm are equally efficient in inducing

apoptosis. The Figures 14-16 depict these 3 theoretical action spectra.
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Figure 14. Theoretical action spectrum of UVB for the induction of intraepidermal T cell

apoptosis in case of thin epidermis (65 um from the surface of the skin).
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Figure 16. Theoretical action spectrum of UVB for the induction of intraepidermal T cell

apoptosis in case of extremely acanthotic epidermis (250 pum from the skin surface).

5. Discussion

UV phototherapy is widely applied to treat different dermatoses. The prototypic skin disease
showing a favorable response to UV phototherapy is psoriasis vulgaris [Fischer, 1976]. There
is growing evidence that the efficacy of UVA and UVB phototherapy may not simply be
attributed to antiproliferative effects, but most likely involves immunomodulatory
consequences [Morita, 1997; Gilmour, 1993]. One of the major mechanisms of action of UVB
light in the treatment of inflammatory dermatoses seems to be a cytotoxic effect on the
infiltrating T cells, where the mechanism of cell death is most probably apoptosis [Ozawa,
1999; Aragane, 1998].

Earlier, we found that XeCl UVB laser clears psoriatic plaques more efficiently, than
conventional NB-UVB. This finding was confirmed later by other studies too. In order to
expand our earlier pilot study, in the present study we investigated the efficacy of the XeCl
laser for the treatment of psoriasis. All 21 patients tolerated the treatment well and no serious
side-effects were observed. The XeCl laser phototherapy was highly effective in all of the
treated plaques, the LPSI scores decreasing quickly following each visit [Publ. I). The XeCl
laser was also effective in inducing repigmentation in a patient with vitiligo without any side-
effects [Publ. III]

Conventional UVB sources emit polychromatic continuous incoherent light, whereas the
XeCl laser emits coherent, monochromatic UVB light in short impulses, which permits the
variation of certain important phototherapeutic parameters, such as impulse frequency and

light intensity. Earlier, when psoriatic skin was irradiated with multiple MED doses of XeCl
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laser, the application of higher frequency of laser impulses led to the induction of stronger
erythema (unpublished data). These observations indicated that the frequency of impulses
influences the biological effect of photothérapy. In the present study, we compared the
antipsoriatic efficacy of the XeCl laser when the irradiation was performed at different
intensities and impulse frequencies. We did not find significant differences in either of the
investigated parameters [Publ. I].

For most of the plaques, the 3x3 cm light spot of the XeCl laser is sufficient for treatment,
however we are seeking possibilities to extend the area being irradiated at a given time. One
potential solution would be to mount the XeCl laser with a real-time scanner. The scanner
would perform a total body scan to recognize psoriatic plaques and would automatically direct
the laser light toward the involved areas. However, this technique would result in the same
plaque receiving irradiation at a reduced impulse frequency. Another possibility for total body
treatment is if the laser light is scattered to increase the area of irradiation. In this case, the
light intensity of the laser impulses would be reduced. Our present results indicate that the
introduction of a scanning system or laser light scattering would not lower the efficacy of
XeCl treatment.

As UVB acts through the induction of apoptosis on different cell types [Aragane, 1998, Peter,
1998], we set out to learn more about the cellular mechanism of action of the XeCl laser, and
demonstrated that it induces T cell apoptosis in vitro measured with Apo2.7 mAb staining and
TUNEL reaction. The extent of UVB-induced T cell apoptosis showed dose-and time
dependency as measured with both methods [Publ. I].

Parallel with the clinical studies we found that changes in the frequency of impulses did not
influence the apoptosis-inducing capacity of the XeCl laser [Publ I].

To check our method in a clinical setting, we determined the susceptibility of lymphocytes
from HD patents and healthy individuals to XeCl UVB-induced apoptosis. According to our
results, that sensitivity of HD cells to induced apoptosis is not restricted to neurons [Publ. IV].
Earlier, psoriatic plaques in 23 patients were treated daily with NB-UVB or BB-UVB in a
bilateral comparison study. NB-UVB cleared the psoriatic plaques more effectively than did
BB-UVB. On the other hand, NB-UVB light has been found to be a more potent inductor of T
cell apoptosis ex vivo than BB-UVB light; therefore, the T cell apoptosis inducing capacity of
a UVB light source can be paralleled by its clinical efficacy [Murphy, 1995]. In our present
study, the in vitro T cell apoptosis-inducing capacities of widely used BB-, NB-UVB sources
and the XeCl UVB laser were determined and compared to each other. XeCl laser was the

strongest apoptosis inducer, BB-UVB (FS20) induced T cell apoptosis more efficiently than
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NB-UVB (TLO1) [Publ. II]. In clinical studies, XeCl laser also seems to be the most efficient
antipsoriatic UVB source [Bonis, 1997], suggesting that the more effective induction of T cell
apoptosis may be responsible for the greater clinical efficacy of the XeCl laser as compared
with non-laser UVB light. In fact, given that approximately 5-10% of the UVB energy
incident on the skin penetrates the epidermis [Anderson, 1981], there is reasonably good
agreement between the doses of XeCl laser required to kill T-cells (200 mJ/cmz) and the
therapeutic amounts of 308 nm laser light delivered to psoriatic lesions (1624-3248 mJ/cm?
[Bénis, 1997]). Clinically, however, NB-UVB is a more potent antipsoriatic light source than
BB-UVB [Walters, 1999]. The main reason for the difference between in vitro and clinical
data might be the absorbance of most of the radiation shorter than 300 nm by the epidermis.
Thus, that short wavelength UVB range that is emitted by BB-UVB induces apoptosis
efficiently in vitro, but cannot penetrate into the dermis or the dermo-epidermal junction
[Tjioe, 2003].

The apoptosis-inducing efficacy of the XeCl laser proved to be much higher than all of the
non-laser sources. The high efficacy of the UVB laser was observed in clinical studies too,
therefore this super narrow-band light is more and more widespread used in phototherapy of
different skin diseases. The background of its very high efficacy is still unknown, but we
hypothesize that its high fluence rate can mostly be responsible for it: e.g. the XeCl laser
emits its energy in nanoseconds, while the performance of NB-UVB irradiation requires
minutes. On the other hand, though the NB-UVB light source emits most of its energy in the
wavelength interval 311-313 nm [Green, 1988], its emission spectrum contains longer
wavelengths too, which may exert a less cytotoxic effect on T cells. Additionally, when
metered with biological dosimeters, NB-UVB light has been found to include some radiation
of wavelength of 280 nm, which has a high DNA-damaging potential [Modos, 1999];
however, this short-wavelength light is fully scattered and absorbed by the upper layer of the
epidermis [Bruls, 1984]. This might also contribute to the observed higher clinical efficacy of
the XeCl laser as compared with that of NB-UVB light. Hurks et al examined the influence of
irradiance on the MECLR in vitro and in vivo using broad-band UV lamp with variable UV
intensities. They found, that irradiation of epidermal cells with high irradiance impaired the
- alloactivating capacity more than irradiation with low irradiance. They concluded that UVB-
induced suppression of MECLR was critically dependent on irradiance [Hurks, 1995].
According to other authors, the role of light intensity in UVB-induced immunosuppression is

questionable [DeFabo, 1980, Kelfkens, 1991]. According to our results, fluence rate may
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influence the effects of UVB radiation, higher UVB fluence rates can result greater UVB
induced T cell apoptosis [Publ. II].

NB-UVB contains considerable amount of short UVB. By using phtalic acid filter almost all
of the radiation shorter than 300 nm could be eliminated, however, this short-wavelength
spectrum was very effective in our in vitro study [Publ. II]. Earlier measurements disclosed
that this short-wavelength UV light is almost completely absorbed in the upper part of the
epidermis, therefore it cannot induce T cell apoptosis in vivo [Anderson, 1981]. Thus, the use
of phtalic acid-filtered UVB light in skin phototherapy might have advantages over traditional
UVB phototherapy by eliminating the erythema-inducing, but therapeutically not efficient
short-wavelength UV radiation. However, this hypothesis has to be proven by in vivo clinical
studies.

The present study also describes the determination of the action spectrum of UVB radiation-
induced T cell apoptosis. As 95% of the UVC radiation is scattered, reflected and/or absorbed
in the upper thin (about 25-30 pm) part of the epidermis [Environmental Health Criteria,
1994], and UVB was found to be superior in biological efficacy than UVA [Nishigaki, 1999,
Peak, 1991], we restricted the range of our interest to the UVB spectrum. The spectral
sensitivity for various biological UV effects, like killing efficiency of simple organisms,
production of erythema, DNA damage, skin cancer induction, immunosuppression has been
determined mostly with monochromatic light [Matsunaga, 1991; Webber, 1997; Hurks,
1995]. However, in this case, the determination of the precise sensitivity value with a
monochromatic source is somewhat obscure due to the difficulty in determining the accurate
light dose (e.g. as monochromatic light created by monochromators is of variable and low
intensity, the irradiation procedure would take hours to induce T cell apoptosis). This fact
appears in the literature as the discrepancy between sensitivity curves measured with a
monochromatic source and with polychromatic radiation observed in normal human skin
fibroblasts [Rosenstein, 1987]. A precise and comprehensive action spectrum determination
has been performed earlier [de Gruilj, 1993; de Gruilj, 1995] for Utrecht-Philadelphia skin
cancer induction on hairless mice using 14 different polychromatic UV sources. In the 250-
400 nm wavelength range the approximation by a Langrange polynomial fourth order resulted
in a satisfactory fitting of the calculated and the measured data.

By using different filters with the above-mentioned UV light sources, we could create more
spectral distribution UV light with higher intensity. Then the efficacy of different spectral
regions of UVB light to induce T cell apoptosis was determined by the use of these

polychromatic UV light sources. This experimental method is accepted and proved to be
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successful in photodermatology completed by a polynomial approximation [de Gruilj, 1994].
The emission spectra of sources used were weighted by the action spectrum of UV radiation-
induced DNA damage as published by Setlow. The T cell apoptosis-induction capacities of all
these lamps were determined by the method described earlier. Dose-effect curves were
created and the apoptosis-induction efficacy (1/AD50) of the UVB sources were calculated by
reciprocating the dose values which induced apoptosis in 50% of the T cells in the case of
each lamp. The wavelength dependence of UVB light to induce T cell apoptosis was
determined by associating the 1/ADS50 value with the median wavelength of each light source.
The regression curve of this action spectrum demonstrates a continuous decrease from 290 nm
to 311 nm [Publ. IT]. The decreasing trend of this spectrum is similar to those observed earlier,
e.g. the erythema action spectrum, the action spectrum for thymine dimer and 6-4
photoproduct formation and the action spectra for suppression of the MLR and MECLR
responses. However, these action spectra (erythema, thymine dimer) show several orders of
magnitude difference in efficiency between 290-311 nm while the action spectrum reported
here show differences far less than this between these wavelengths. The explanation for the
similarities might be that all of these processes are predominantly mediated by UV light-
induced DNA damage [Godar, 1995].

In summary, our results suggest that the XeCl laser is a new and promising form of UVB
phototherapy. Carcinogenicity of different UV therapies increase in parallel with the
cumulative UV dose during life [Lavker, 1995]. We found earlier, that the cumulative dose
needed for healing was more than 6 times less with the XeCl laser than with NB-UVB
therapy. We presumed, that the lower therapeutic cumulative dose therefore involves a lower
risk of carcinogenesis. Additionally, as the majority of the psoriatic patients suffer from mild
to moderate psoriasis, affecting only 10-20% of the total body surface, and the XeCl laser is
selectively directed toward lesional skin, the laser treatment results in sparing the surrounding
normal skin from unnecessary carcinogenic UV radiation exposure.

We have also shown that XeCl laser is more effective than BB-UVB and NB-UVB light in
inducing T-cell apoptosis. As the induction of T-cell apoptosis seems to be one of the main
mechanisms of action of UVB light in the treatment of many inflammatory (psoriasis, atopic
dermatitis, lichen ruber, etc.) and hyperproliferative (cutaneous T-cell lymphomas) diseases,
the XeCl UVB laser might well be the treatment of choice for these disorders. Additionally,
the XeCl laser was found to induce repigmentation in vitiligo [Publ.IlI], suggesting that this
new ’'super narrow band” UVB light source might well be used in different treatment

indications in dermatological practice [Njoo, 1999].
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There are further possible fields of application in research for the XeCl laser. The results of
UV photobiology research are not always comparable, as UVB lamps often emit shorter or
longer wavelengths too, and because of the incoherency of the UVB sources, which makes
precise dosimetry difficult [Gasparro, 2000]. The optical properties of the XeCl laser (a
monochromatic, coherent, pulse-mode laser; easier precise dosimetry, there are no
“contaminating” wavelengths) can make this laser light an ideal tool for studies of the mode
of action of UVB light.

Although T cell apoptosis induction seems to be a major mechanism of UVB induced
immunosuppression [Moodclyffe, 2000; Tomimori, 2000], the results of this study cannot be
directly adapted to clinical application. In our opinion, the spectral distribution of a UVB light
source influences the clinical results by having effect on the apoptosis induction capacity and
having influence on the absorbance and transmittance of the light in the epidermis. On one
hand, shorter wavelengths seem to induce T cell apoptosis more efficiently; on the other hand,
longer wavelengths penetrate better into the dermis. Therefore, the formula created by Bruls
et al [Bruls, 1984] was modified to compute the theoretical wavelength dependence of
intraepidermal UVB induced T cell apoptosis as a function of epidermal thickness
[manuscript in preparation]. By using this formula, one can determine the theoretical extent of
‘intracpidermal T cell apoptosis induction in the UVB range 290-313 nm depending on the
epidermal thickness of the irradiated skin. Altough UVB induced T cell apoptosis is not the
only one mechanism in the background of UV phototherapy [Nghiem,2002; Ullrich, 1996,
Schwarz, 2000], we consider that longer wavelength UVB phototherapy would be ideal for
the treatment of thick psoriatic plaques, while short-wavelength UVB radiation would be
optimal for the treatment of thin skin lesions. We hope that the results of this study will partly
help the phototherapists to individualize the UV phototherapy according to the properties of
the lesion to be treated.
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6.3.

6.4.
6.5.

6.6.
6.7.
6.8.

SUMMARY

We showed that XeCl laser is well tolerated by the patients and highly effective for the
treatment of psoriatic plaques. The clinical efficacy does not depend on light intensity nor
on laser impulse frequency. The XeCl laser proved to be effective in the treatment of
vitiligo also.

We have shown for the first time that XeCl UVB laser induces T cell apoptosis in vitro.
Lymphocytes from HD patiens were more susceptible to XeCl UVB-induced apoptosis
than those from healthy controls.

XeCl laser is more effective in inducing T cell apoptosis than NB-UVB.

The apoptosis-inducing effect does not depend either on the frequency of impulses nor on
the temperature during irradiation.

We determined the T cell apoptosis-inducing capacity of 7 different UV light sources.

We constructed the action spectrum of UVB light for T cell apoptosis induction.

We calculated the theoretical action spectrum of intraepidermal T cell apoptosis induction

as a function of epidermal thickness.

7. ABBREVIATIONS

BB-UVB: Broad-band ultraviolet B

MED: Minimum erythema dose

SUP: Selective UVB phototherapy

NB-UVB:  Narrow-band ultraviolet B

XeCl: Xenon chloride

MLR: Mixed lymphocyte reaction

MECLR: Mixed epidermal cell lymphocyte reaction
PBMC: Peripheral blood mononuclear cells

TUNEL: TdT-mediated dUTP-FITC nick end labeling
mAb: Monoclonal antibody

PBS: Phosphate buffered saline

LPSI: Local psoriasis severity index

PE: Phycoerythrin

HD: Huntington disease

ADSO0: The energy density necessary to induce apoptosis in 50% of the T cells
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dhalf(A): Constant representing the thickness of the layer which halves the transmission
of the penetrating radiation

Alie. Theoretical extent of intraepidermal T cell apoptosis induction
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