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Chapter 4 

SUMMARY 

The mechanism of action of psoralen plus UVA (PUVA) and photopheresis is 
not entirely understood. These therapies are assumed to be immuno-modulating 
partly by gradually decreasing leukocyte viability. We investigated whether this 
delayed form of cell death was due to apoptosis. Untreated and treated (PUVA 
exposed) leukocytes obtained from six patients with systemic sclerosis and 
(untreated) leukocytes from healthy control individuals were studied. 
Qualitative gel electrophoresis and quantitative in situ nick translation analysis 
of DNA fragmentation was performed. Apoptosis of the treated cells did occur 
(gel electrophoresis) after 24 h. At t = 0 h, immediately after exposure to 
PUVA, there was no evidence of DNA fragmentation in the treated cells. The 
percentage of treated cells undergoing apoptosis was 20-55% at t = 24 h {in situ 
nick translation). The untreated leukocytes of the patients and the healthy 
individuals showed no distinctive rise in apoptotic cells. Apoptosis of the 
leukocytes after PUVA or photopheresis treatment might be a mechanism of 
action and might explain the therapeutic response. 

INTRODUCTION 

Photochemotherapy, the combination of psoralen and UVA (320-400 nm). is 
known as PUVA therapy. It is used in the treatment of a variety of skin 
disorders such as psoriasis,12 vitiligo3 and cutaneous T-cell lymphoma 
(CTCL).4 Psoralens and its derivatives are naturally occurring tricyclic 
furocoumarins present in a large number of plants, but there also exist synthetic 
psoralen compounds. Psoralens are absorbed after oral administration and are 
distributed within all tissues and body fluids. Psoralens are known to be 
photosensitizing chemicals and in the absence of UV irradiation intercalate into 
DNA. When exposed to UVA irradiation, they form mono- and Afunctional 
adducts with pyrimidine bases in DNA, resulting in crosslinking by psoralen 
between base-paired strands of DNA.5 

Psoralens plus UVA is known to decrease cell viability as well as to upregulate 
production of certain cytokines in epidermal cells.6"8 Thus, its efficacy in 
various diseases may depend on its induction of loss of cellular functions 
(immunosuppression, decreased cell cycling: psoriasis and CTCL) or the 
induction of growth and differentiation of stimulating cytokines (vitiligo). 
Although the effects of this treatment can be attributed to the formation of 
psoralen photoadducts in DNA,9 other intracellular sites of action have been 
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identified.10 An extracorporeal form of photochemotherapy, photopheresis, has 
been developed to treat patients with CTCL," and is now an established 
therapy for this disease in the United States and several European countries. 
Recently, encouraging results with photopheresis in systemic sclerosis12 and 
graft versus host disease1' have been reported. Several theories have been put 
forward to explain the mechanism of action of photopheresis in CTCL and 
scleroderma, including the production of anti-idiotypic antibodies14 and the 
generation of clone-specific suppressor T cells15 after the reinfusion of 
leukocytes that have been exposed to PUVA extracorporeally. 
In photopheresis peripheral blood leukocytes are collected in six cycles and 
exposed for 1.5 - 3.5 h to 8-methoxypsoraIen (8-MOP) and UVA irradiation 
followed by the reinfusion of the treated cells into the (donor) patient. In a 
sample of these cells taken just prior to their reinfusion into the patient, we 
observed, in vitro, a decrease in viability of the irradiated cells over 48 h. In 
fact, these PUVA-treated mononuclear cells undergo a delayed form of cell 
death.'6 Because we did not find a substantial number of dead cells immediately 
after the photopheresis treatment, we investigated whether this form of cell 
death was due to apoptosis.17 To support this hypothesis, qualitative (gel 
electrophoresis) and quantitative (in situ nick translation) analyses of DNA 
fragmentation were performed. 

PATIENTS AND METHODS 

Patients and healthy control individuals 
This study was part of a development program investigating the value of 
extracorporeal photopheresis in patients with systemic sclerosis. All patients 
participating in this part of the program fulfilled the criteria of the American 
Rheumatism Association18 and suffered from the diffuse form of progressive 
systemic sclerosis (type II and III).19 They received no other immuno
modulatory medication. Control cells were obtained from age- and sex-matched 
healthy individuals. 

Photopheresis procedure 
Patients were treated with the UVAR system (Therakos, Inc. West Chester, PA, 
USA). This machine collects the buffy coat leukocytes and exposes these cells 
to UVA irradiation. In six cycles, blood (125 mL per cycle) was withdrawn and 
centrifuged, the buffy coat of these six cycles were collected sequentially in the 
treatment bag. The erythrocytes and most of the plasma were directly reinfused 
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into the patient, before starting a new cycle. When the first buffy coat sample 
was collected (40 mL), 200 |xg stabilized aqueous 8-MOP solution (EX-8-MOP. 
Gerot, Vienna. Austria), was administered directly into the treatment bag. The 
final concentration of 8-MOP in the treatment bag just prior to reinfusion into 
the patient was between 100-155 ng/mL. The treatment bag was connected to a 
disposable cassette where the leukocytes were exposed to UVA irradiation (2 
J/cm2). Collection of the buffy coat leukocytes (240 mL) was performed in 
approximately 1.5 h. The photoactivation of the leukocytes took another 1.5 h. 
Photopheresis therapy was given every four weeks on two consecutive days. 

Leukocytes 
In addition to the leukocytes obtained through photopheresis, we also studied 
peripheral blood-derived cells from patients as well as from healthy control 
individuals. Peripheral blood mononuclear cells (PBMNC) were isolated by 
Ficoll-Paque density gradient centrifugation from heparinized blood and 
directly used. Cells were also analyzed after stimulation by anti-CD28 (subclass 
IgG, CLB) and anti-CD3 monoclonal antibody (T3/4.E, subclass IgE, CLB). To 
determine the induction of apoptosis after 24 h, some of the cells were washed 
in phosphate-buffered saline (PBS), resuspended in Iscove's modified 
Dulbecco's medium (IMDM) supplemented with penicillin (100 U/mL) and 
streptomycin (100 (ig/mL) and 10% heat-inactivated fetal calf serum (FCS) and 
incubated at 37°C for 24 hours. The cell density of the culture was 2 x lOVmL. 

Gel electrophoresis 
The fragmentation of DNA into subunits was visualized by gel electrophoresis. 
Cells (3 million) were collected by centrifugation at 8000 rpm for 7 min and the 
cells were lysed with 500 u-L TTE solution (160 uT 0.5 MTRIS, 320 uL 5% 
Triton X-100, 16 u.L 0.5 M EDTA). After vigorously vortexing, the lysates 
were centrifuged at 14000 rpm for 10 min at 4°C. The supernatant, containing 
fragmented DNA, was collected. One hundred microliters of ice-cold 5 MNaCl 
was added to the supernatant and after careful mixing, 700 U.L iso-propanol (-
20°C) was added to remove protein. The samples were placed at -20°C 
overnight to precipitate DNA. Samples were centrifuged at 14000 rpm for 10 
min at 4°C, the supernatant was carefully removed, and 800 u.L 70% ethanol (-
20°C) was added and carefully mixed. The tubes were centrifuged at 14000 rpm 
for 10 min at 4°C, the supernatants were carefully removed. Pellets were air 
dried in a vacuumcentrifuge, 30 jiL TBE (89 mMTRIS, 89 mM boric acid, 2 
mMEDTA, pH 8) buffer was added to the pellet. After addition of 2 u.L loading 
buffer (50% glycerol, 1 mM EDTA, 0.4% bromophenol blue, 0.4% xylene 
cyanol, 0.5% sodium dodecyl sulphate (SDS)) to 8 u-L sample, electrophoresis 
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was performed in 1.5% agarose gel for 2 hours at 50 V and 38 mA. DNA was 
visualized by staining with ethidium bromide under UV irradiation.20 

In situ nick translation 
Cells undergoing apoptosis were labelled by in situ nick translation. Cells (2 x 
106) were fixed in 1% formaldehyde and ethanol. After washing, they were 
incubated (90 min, 15°C) in a total volume of 10 u-L with 55 u-Mbiotin-labelled 
dUTP, a mixture of 19 \iMdATP, dGTP and dCTP, and DNA polymerase (100 
U/mL) in 50 mAf TrisCl, pH 7.8, 5 mMMgCl2, 10 mM2-mercapto-ethanol and 
bovine serum albumin (10 u,g/mL). Cells were washed in PBS containing 0.1% 
(vol/vol) Triton X-100 and incubated with 40 uL avidin-fluorescein-
isothiocyanate (FITC, 2.5 ng/mL) and RNase (20 u-g/mL) in 4 x standard saline 
citrate 0.1% (vol/vol) Triton X-100 and 5% (wt/vol) non-fat dry milk for 30 
min at room temperature. Cells were then washed and resuspended in PBS 
containing 0.1% (vol/vol) Triton X-100 and propidium iodide (5 u-g/mL) and 
analyzed on a FACSCAN cytofluometer. The percentage FITC-positive cells as 
determined by the propidium iodide staining represents the percentage of cells 
in apoptosis.21 
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RESULTS 

Leukocytes were analyzed directly after their exposure to psoralen and UVA (t 
= 0) and at 18 h (t = 18) and 24 h (t = 24) after treatment. Untreated leukocytes 
from both patients and healthy control individuals were analyzed at the same 
time intervals. It appeared that the viability of the cells, determined by their 
ability to exclude trypan blue, gradually decreased over 24 h (Fig. 1). 

0 24 48 
Hours 

Figure 1. Loss of cell viability (% of dead cells), shown by trypan blue inclusion. 
Untreated cells: PBMNC obtained before photopheresis treatment. Treated cells: buffy 
coat cells from treatment bag after photopheresis. Control: PBMNC from healthy 
volunteers. The bars labeled untreated and treated display the mean of the analysis of 
the leukocytes from four different patients at the different time intervals. The bar labeled 
control shows the mean of the analysis of leukocytes from four age- and sex-matched 
healthy individuals. The error bars are the standard of the mean (SEM) of each analysis 
at the different time intervals. 
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There was no difference in viability between untreated patient cells and cells 
from healthy control individuals at t = 0 h; the viability of the treated cells 
however was slightly decreased. After 24 h there was an increase in the 
percentage of nonviable cells collected from the treatment bag compared to 
untreated cells of the same patients (p = 0.0022) and to cells of the healthy 
control individuals (p = 0.0023). Also, after 48 h there was an increase in the 
percentage of nonviable cells compared to the untreated cells of the patients 
(p = 0.0005) and compared to the cells of the healthy individuals (p = 0.0003). 
Apoptosis did occur as was evidenced by gel electrophoresis. In vitro, DNA 
fragmentation was indeed observed in cells from the treatment bag after 
exposure to psoralen and UVA at t = 24 h. At t = 0 h, immediately after their 
exposure to PUVA, there was no evidence of DNA fragmentation in the treated 
cells (Fig. 2). Cells from normal volunteers and untreated patient cells showed 
some apoptosis which is a normal finding in healthy individuals. 

11 10 9 8 7 6 5 4 3 2 1 

Figure 2. Lane 1, untreated cells from patient at t = 0 h; lane 2, untreated cells from 
patient at t = 18 h; lane 3, untreated cells from patient at t = 24 h; lane 4, treated cells 
at t = 0 h; lane 5, treated cells at t = 18 h; lane 6, treated cells at t = 24 h; lane 7, 
untreated cells from healthy individual at t = 0 h; lane 8, untreated cells from healthy 
individual at I = 18 h; lane 9, untreated cells from healthy individual at t = 24 h; lane 
10, negative control; lane 11, positive control. 
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The percentage of cells in apoptosis was determined by in situ nick translation. 
The percentage of cells undergoing apoptosis was 1-5% at t = 0 h in treated and 
untreated leukocytes. After 24 h the percentage of cells undergoing apoptosis 
was 20-55% in the cells exposed to psoralen and UVA. The untreated 
leukocytes showed no distinctive rise in apoptotic cells (1-9%) after 24 h (Fig. 
3) and this was significant (p = 0.0012). 
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Figure 3. Percentage of cells in apoptosis, determined by in situ nick translation. 
Untreated cells: PBMNC obtained before the start of photopheresis treatment. Treated 
cells: buffy coat cells from treatment bag obtained after the start of photopheresis. 
Control: PBMNC from healthy volunteers. The bars labeled untreated and treated 
display the mean of the analysis of the leukocytes from four different patients at the 
different time intervals. The bar labeled control shows the mean of the analysis of 
leukocytes from four age- and sex-matched healthy individuals. The error bars are the 
standard of the mean (SEM) of each analysis at the different time intervals. 

Stimulation of the isolated cells with a combination of two monoclonal 
antibodies directed against the CD3 T-cell receptor (TCR) complex and CD28 
at t = 0 h, t = 18 h and t = 24 h in samples of treated and untreated cells did not 
alter the percentage of apoptotic cells mentioned above (results not shown). In 
general there is ample evidence that one of the triggers of apoptosis is 
activation of the TCR, for this reason we stimulated the cells with the 
monoclonal antibodies against the CD3 TCR. 
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DISCUSSION 

Photopheresis has been reported to exert a beneficial effect on the cutaneous 
fibrosis in patients with systemic sclerosis.12 The mechanism of action of 
extracorporeal photochemotherapy is not yet understood. It is important to 
know what happens to the peripheral blood lymphocytes after reinfusion. If 
they are severely damaged by photochemotherapy, they will be eliminated 
rapidly by the reticuloendothelial system and the chance that they will be able 
to interact with other immunomodulatory cells or exchange messages by 
cytokine release would be low. If they are still viable for some days, but 
modified to undergo irreversible programmed cell death, a highly regulated 
process, it is conceivable that they could release signalling proteins.22 This is of 
course hypothetical and needs to be confirmed in the future. Our results support 
the hypothesis that after treatment these cells are still viable for a few days and 
can for instance respond by releasing immunomodulatory cytokines or for 
example through an altered expression of membrane receptors that could 
modulate immunoreactivity. Therefore we studied the fate of these cells after 
extracorporeal exposure to PUVA. The observation of gradual cell death over 
48 h, as determined by trypan blue exclusion, raised the question whether this 
could be attributed to induction of apoptosis. Yoo et al23 recently showed the 
induction of apoptosis in CTCL patients treated with photopheresis. Qualitative 
and quantitative analysis of DNA fragmentation by gel electrophoresis and in 
situ nick translation, respectively, indeed showed the occurrence of apoptosis of 
treated lymphocytes. 
A rise in percentage of apoptotic cells was found 24 h after exposure to PUVA, 
whereas in the nonexposed peripheral cells there was not such a distinctive rise 
in apoptotic cells. Our results are in agreement with the earlier observations of 
Volc-Platzer et al}3 and Marks and Fox,24 although different methods to 
determine DNA fragmentation were used: morphology versus in situ nick 
translation. 
It is possible that lymphocytes are altered or damaged after exposure to PUVA, 
which could lead for instance to a change in their functional capacity and the 
expression of membrane molecules. These altered cells may modu-late the 
immune response by either immune or nonimmune mechanisms. Induction of 
apoptotic cells as demonstrated in the present study could be part of the 
mechanism of action of photopheresis. This could be one of the explanations 
for the observed effects such as improvement of erythroderma in CTCL and the 
decrease of skin sclerosis in systemic sclerosis. 
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Photopheresis can be regarded as a modified (extracorporeal) PUVA therapy; 
the latter is extensively used in dermatology. Apoptosis of cells in the human 
skin after PUVA therapy might be a mechanism of action and might explain the 
therapeutic response in psoriasis, for instance. 
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