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Mechanisms of Lymphocytotoxicity Induced by Extracorporeal
Photochemotherapy for Cutaneous T Cell Lymphoma
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Abstract

Extracorporeal photochemotherapy is an effective treatment
for cutaneous T cell lymphoma but its mode of action is uncer-
tain. The reduction in viability of patients' photoirradiated
buffy coat lymphocytes was correlated with a 35% increase in
DNAsingle-strand breaks and marked decreases in cellular
ATPand NADlevels (to 58 and 34% of control, respectively)
immediately after photoirradiation. Complementary in vitro
studies were conducted with normal human peripheral blood
lymphocytes using a Therakos ultraviolet A (UVA) light box.
UVA light was cytotoxic on its own but was potentiated by
8-methoxypsoralen. 3-aminobenzamide, a poly (ADP-ribose)
synthetase inhibitor, mitigated the cytotoxic effect of ultravio-
let A light in the presence of 8-methoxypsoralen in lympho-
cytes and reduced the amount of nucleotide depletion they
caused. 10 J/cm2 of UVA light in the presence of 300 ng/ml
8-methoxypsoralen increased the poly (ADP-ribose) synthe-
tase activity of peripheral blood lymphocytes. Exposing lym-
phocytes to deoxycoformycin and deoxyadenosine was found to
induce biochemical and physical effects similar to those of
photochemotherapy. In summary, we have shown that the
lymphocytotoxic effect of extracorporeal photochemotherapy
for cutaneous T cell lymphoma is apparently mediated by
DNAdamage, subsequent poly (ADP-ribosyl)ation and ade-
nine nucleotide depletion. It is not known how the DNAdam-
age and resultant biochemical effects relate to the possible
immunological mechanism of extracorporeal photochemother-
apy; however, it is possible that its effects can be mimicked by
other DNA-damaging agents. (J. Clin. Invest. 1990. 86:2080-
2085.) Key words: poly (ADP-ribosyl)ation - nucleotide deple-
tion * DNAstrand breaks * 8-methoxy-psoralen * deoxyco-
formycin

Introduction

Cutaneous T cell lymphoma (CTCL)' is a malignant monoclo-
nal proliferation of T lymphocytes usually of the helper pheno-

Address reprint requests to Dr. David Marks, Dept. of Haematology
and Medical Oncology, Royal Melbourne Hospital, Post Office 3050,
Victoria, Australia.

Received for publication 12 January 1990 and in revised form 7
May 1990.

1. Abbreviations used in this paper: CTCL, cutaneous T cell lym-
phoma; dAdo, deoxyadenosine; dCF, deoxycoformycin; ECPC, extra-
corporeal photochemotherapy; 8-MOP, 8-methoxypsoralen; % D,
percent double-stranded DNA remaining; SSBs, DNAsingle-strand
breaks; 3-ABA, 3-aminobenzamide.

type (1). The diseases encompassed include Sezary syndrome,
mycosis fungoides, and various adult T cell leukemias. There
are up to 10,000 new cases per year in the USA; it is more
common in males and usually diagnosed after the age of 40. It
typically remains localized to the skin for a time, then evolves
into a nonepidermotropic stage in which there is dissemina-
tion and involvement of other organ systems. Extracutaneous
spread is associated with refractoriness to treatment and a poor
prognosis.

Therapy for disseminated CTCLincludes systemic chemo-
therapy, leukapheresis, and the use of monoclonal antibodies
directed against the malignant lymphocyte phenotype. Oral
8-methoxypsoralen (8-MOP) photochemotherapy is effective
in early stage skin-localized CTCL(2, 3). It produces few side
effects, does not cross-react with other treatments, and results
in relatively long-lived remissions. Its effects are limited to
tissues exposed to ultraviolet A (UVA) because of the short
half-life of the photoactive form of the drug.

In 1987, Edelson (4) described 37 patients with CTCL
treated with "extracorporeal photochemotherapy" (ECPC). In
this technique, following an oral dose of 8-MOP, patients were
leukapheresed and their buffy coat lymphocytes extracorpore-
ally exposed to UVAlight for 3 h, and then reinfused into the
donor patient. 73% of all patients responded with a mean of
64% decrease in cutaneous involvement (skin score). Their
median survival is now in excess of 4 yr (less than 50% of the
37 patients are now dead), greater than that for historical con-
trols.

Psoralens are bifunctional photoreagents that form cova-
lent bonds with pyrimidine bases of nucleic acids (5). They
consist of a furan ring and a coumarin. Their planar structure
enables them to intercalate into double-stranded nucleic acid
and undergo covalent addition at either the furan or coumarin
end. Photoaddition occurs with long wavelength UVA light
(320-400 nm). The monoadducts and covalent interstrand
crosslinks (diadducts) it forms are chemically stable. 8-MOP is
absorbed orally reaching peak levels 1-4 h later and is almost
entirely excreted by 24 h. It has been reported that to exert a
therapeutic effect the plasma 8-MOP level must exceed 50
ng/ml during the period of UVAirradiation (4).

The mechanism of action of ECPCin CTCL is not well
understood. There is evidence that when the damaged lym-
phocytes are returned to the patient they incite an immune
reaction (4). In vitro studies showed that about 90% of these
irradiated lymphocytes are nonviable at 96 h. Detailed studies
of the mechanism of this cytotoxicity have not been per-
formed. The DNAdamage that photoactivated psoralens
cause is the presumed mechanism of cell death. DNA-damag-
ing agents may kill cells by causing ATP and NADdepletion
secondary to poly (ADP-ribosyl)ation at sites of DNAstrand
breakage (6): we postulated that this might be an important
mechanism of the lymphocytotoxicity of CTCL cells treated
with ECPC. Wereport studies with treated patients' buffy coat
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lymphocytes, complemented by in vitro experiments with
PBL using a UVA light source and 8-MOP. We show the
potentiation of UVAdamage to lymphocyte DNAby 8-MOP
and the correlation of cytotoxicity with subsequent adenine
nucleotide depletion, apparently secondary to poly (ADP-ri-
bosyl)ation.

Methods

Photopheresis procedure. All patients were treated with the UVAR
photopheresis system (Therakos, Inc., West Chester, PA). This ma-
chine is the vehicle for the collection of buffy coat lymphocytes and
also contains the clear plastic disposable cassette where lymphocytes
are exposed to UVAlight. At 0 h, the patients ingested 8-MOP tablets
at a dose of 0.6 mg/kg. 1.5 h later, the patients were venipunctured and
connected to the photopheresis machine. 15 min later when the first
buffy coat sample (40 ml) had been collected the UVA source was
switched on to irradiate the buffy coat sample. Over the next 1.5-2 h
(depending on the rate of venous blood flow) a further five buffy coat
samples were collected. In total, there were six cycles of blood with-
drawal, centrifugation, and reinfusion. Red cells and all additional
plasma were returned to the patient before beginning the next collec-
tion cycle. At this stage (3.25-3.75 h after tablet ingestion) the final
volume for photoirradiation was reached and the patient was discon-
nected from the machine. The final volume of 740 ml consisted of 240
ml buffy coat, 300 ml plasma, and 200 ml heparinized normal saline.
Photoactivation continued for another 1.5 h. The hematocrit of the
leukocyte-enriched blood was always less than 7% because red cells
block leukocyte absorption of UVenergy. The mean number of cells
reinfused was 3.1 X 109 (range 1.26-4.9 X 109), which is about 25% of
the total circulating numbers of lymphocytes.

Treatment policy and assessment of response. Patients were treated
on 2 consecutive d every 4 wk for 6 mo, with treatment frequency
modified according to clinical response. Disease progress was moni-
tored by measurement of standardized skin scores (4), skin biopsies,
and by regular clinical photographs. Briefly, all skin was graded from 0
to 4, with 4 representing the most severe disease. This was then multi-
plied by the percentage of total surface area involved so the maximum
possible score is 400. Skin score assessments were made before the
commencement of therapy and then monthly before each course of
ECPCby an experienced dermatologist. Response was defined as a
25% improvement in the skin score, sustainable over a 1-mo period.
Complete reassessment of all patients occurred 6 mo after starting
treatment.

Processing of buffy coat specimens. Specimens of buffy coat blood
were obtained from the first buffy coat specimen and also after UV
irradiation was complete, immediately before reinfusion to the patient.
About 20 ml of buffy coat blood was underlaid with 5 ml of Ficoll-
Hypaque and spun at 450 g for 25 min. The cloudy mononuclear cell
fraction was removed and counted. After washing in PBSthe lympho-
cytes were resuspended in RPMI 1640 plus 10% FCS. After this han-
dling, the mean composition of the cells (±SE) was: lymphocytes
74±9%, granulocytes (including band forms) 22±8%, and monocytes
3±1%.

Viability. For viability studies, lymphocytes from the buffy coat
samples were suspended in RPMI 1640 plus 10%FCSand incubated at
37°C. Viability was determined by the ability of cells to exclude 0.5%
trypan blue. Viability was assessed every 24 to 96 h after photoirradia-
tion and compared with the 24-96-h viabilities of the unirradiated
buffy coat lymphocytes that were similarly handled.

Measurement of DNA single-strand breaks. About 1 x 107 lym-
phocytes were spun to form a pellet and then processed in triplicate
samples according to the fluorometric method of Birnboim and Jevcak
(7). The percentage of double-stranded DNAremaining (% D) of the
first (control) specimen was corrected to 100 and the %D value ob-
tained for the second specimen was expressed as a percentage of this.
The increase in DNA single-strand breaks (SSBs) was calculated by
subtracting the %D value from 100. The in vitro processing of lym-

phocytes from normal human donors and their exposure to 8-MOP
did not affect cellular viability; viability was unimpaired at the time of
measuring DNAdamage.

Measurement of NADand ATP content. Approximately 2 X 1O'
lymphocytes were centrifuged to form a pellet, extracted with ice-cold
perchloric acid, and their NADand ATP content measured by HPLC
as previously described (8). The lymphocytes obtained from the unir-
radiated buffy coat specimen were regarded as having normal (control)
NADand ATPcontent and the nucleotide content of the lymphocytes
from the second specimen was calculated as a percentage of this con-
trol value.

Normal human peripheral blood lymphocytes. Fresh human pe-
ripheral lymphocytes were obtained by venesection or from normal
human volunteers' buffy coat specimens (Victorian Red Cross Blood
Bank, Victoria, Australia) which were available within 1 h of leuka-
pheresis. The 40-ml buffy coat specimen was overlaid onto 5-10 ml of
Ficoll-Hypaque and spun at 450 g for 25 min. Twowashes in PBSwere
followed by suspension in RPMI 1640 plus 10% FCSand antibiotics.

UVirradiation of lymphocytes. For UV irradiation, cells were sus-
pended in culture medium at about 5 X 105 cells/ml. 8-MOP was
freshly made up from stock solutions (1 mg/ml) and was added to cells
shielded from the light for at least 15 min before photoirradiation.
5-10-ml aliquots of cell suspension were irradiated in 25-cm2 plastic
tissue culture flasks (Costar Data Packaging Corp., Cambridge, MA)
with a Therakos research light box which contained a Photosette-R
UVA light assembly mimicking the therapeutic equipment used for
humans. Two banks of six lamps were located behind windows of
transparent glass 10 cm apart. The lamps were operated at the maxi-
mumpower setting of 10 for at least 10 min before experiments. The
Commonwealth Scientific and Industrial Research Organization Na-
tional Measurement Laboratory of Australia measured the ultraviolet
irradiance in the center of the lower window as 31 mW/cm2(but only
20 mW/cm2in the periphery). A 32-s exposure therefore was equiva-
lent to 1 J/cm2 of energy. The center of the panel was used exclusively
for UV irradiation.

Measurement of cellular poly (ADP-ribose) synthetase activity. To
measure poly (ADP-ribose) synthetase levels, the method of Berger (9)
was used, in which cells were rendered permeable to an exogenously
supplied nucleotide and then the incorporation of [3H]NAD into acid-
precipitable material at 30°C was measured.

HPLCmeasurement of serum 8-MOP levels. Serum 8-MOPlevels
were measured according to the HPLCmethod of Puglisi (10). Blood
samples were taken from all patients at hourly intervals during the
period of photopheresis, so the peak 8-MOPlevel and its timing could
be determined.

Materials. Aqueous liquid scintillant and [3H]NAD (3 Ci/mmol)
were from Amersham International, Amersham, UK. Deoxycoformy-
cin was provided by Parke-Davis, Morris Plains, NJ, and deoxyadeno-
sine was from Sigma Chemical Co., St. Louis, MO. All other chemicals
were from BDHChemicals Ltd., Kilsyth, Victoria, Australia. Details
of the materials for HPLCmeasurement of nucleotides and the fluoro-
metric assay of DNASSBs have been described previously (Marks,
D. I., and R. M. Fox, submitted for publication).

Results

Clinical response to extracorporeal photochemotherapy. Four
patients with CTCL(three males and one female, mean age of
69) were treated with ECPC. Patients received 16-25 courses
(mean 19) over a mean period of 25 wk. One patient died 7.5
mo after the commencement of treatment of myocardial in-
farction and pulmonary embolism. The four patients had sig-
nificant palliation of their disease. The mean maximum de-
crease in skin score was 41% (range 29-55%, Table I).

Effects of extracorporeal photochemotherapy on lympho-
cyte viability. To assess the effect of the ECPCprocedure on
the patients' harvested lymphocytes, trypan blue viability was
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Table I. Clinical and Biochemical Data about Four Patients with CTCL

Initial skin Minimum skin Mean increase 24-hour Mean NAD Mean ATP
Patient No. score score MDSS DNASSBs viability content* content

1 253 154 39 9 71 NDt 48
2 345 208 40 32 44 24 66
3 336 237 29 60 16 33 83
4 181 81 55 39 53 44 34

Mean 279 170 41 35 46 34 58

* The NADand ATP contents of buffy coat cells were measured immediately after photoirradiation. DNASSBs were measured immediately
after photoirradiation by the fluorometric unwinding method (see Methods). * Not determined.

studied daily for 4 d following the procedure. This was studied
in nine patient samples (from nine different treatment cycles)
from the four patients. Viability progressively declined over
several days, at a rate similar to that reported by Edelson (4).
Less than 5%of the treated cells were viable at 96 h (Table II).

DNA single-strand breaks. To explore the mechanism of
action of the ECPC-induced in vitro lymphocytotoxicity,
DNAdamage was assessed. Although other forms of DNA
damage may have been induced by the UVA/8-MOP, DNA
single strand breaks were assayed by the fluorometric tech-
nique. DNAdamage was assessed in samples of buffy coat
lymphocytes after photoirradiation just before reinfusion into
the patient. The viability of photoirradiated cells at the time of
measuring DNASSBs was the same as nonphotoirradiated
control cells (85%). The control %D value for nonphotoirra-
diated lymphocytes was corrected to 100% and the treated
lymphocyte sample expressed as a percentage of this. The ab-
solute control %D value for the patients' cells (and for normal
PBL) was 79 (range 60-97). All samples assessed had a marked
increase in DNA SSBs (Table I) but the extent of damage
varied considerably among different patients, ranging from 9
to 60%. DNAdamage was assessed twice in all except patient
3. There was < 15% variation between readings from samples
at different time points; only the mean is stated. There was no
correlation between the number of malignant cells and the
percentage of DNASSBs.

Adenine nucleotide content. In view of the apparent associ-
ation between DNAdamage and lymphocytotoxicity, the ex-

Table II. Effect of Extracorporeal Photochemotherapy
on Lymphocyte Viability

Lymphocyte sample Control viability SE

Control 100 5
24 h postECPC 56 9
48 h postECPC 30 5
96 h postECPC 3 1

Samples were taken from patients' buffy coat collections before (con-
trol) and after photoirradiation, then placed in RPMI 1640 plus 10%
FCS, and trypan blue viability measured for the next 96 h. The re-
sults shown represent the mean of nine patient samples from four
patients. The mean control cell viability after exposure to 8-MOP
and processing was 85%.

tent of ATP and NADdepletion, possibly secondary to poly
(ADP-ribosyl)ation, was investigated. Eight patient samples of
immediate postirradiation buffy coat lymphocytes (eight
treatment cycles) from four different patients were analyzed.
NADcontent was measured in three of the four patients. All
lymphocyte samples assessed showed depletion of nucleotides.
The decline in NADcontent was much more marked than the
fall in ATPcontent (Table I). The fall in the nucleotide content
of patients' lymphocytes did not correlate with the degree of
DNAdamage to them. Absolute control NADand ATP con-
tent (in patients' and normal PBL) were 60 (48-74) and 202
(180-220) pmol/ 106 lymphocytes, respectively.

Correlation of biochemical parameters with clinical re-
sponse. The biochemical and physical damage to buffy coat
lymphocytes demonstrated above from CTCLpatients has not
been previously documented nor correlated with the clinical
response of CTCL to ECPC. Four patients with CTCL were
evaluable for response (Table I). This number of patients pre-
cludes a meaningful statistical analysis of the relationship be-
tween response and the parameters of cell injury or death.
However, the percentage of DNASSBs was strongly associated
with the decline in cellular viability (simple regression analysis,
R2 = 0.877, Fig. 1). There was no correlation between the
number of cells a patient had reinfused and that patient's clin-
ical response (maximum decrease in skin score) (MDSS, data
not shown).

Serum 8-MOPlevels. The 8-MOPlevels of all patients were
found to exceed 50 ng/ml during the entire period of photo-
pheresis. The mean peak level was 168 ng/ml and occurred at
an average of 2 h after ingestion. Peak serum 8-MOP levels did
not correlate with clinical response, in vitro lymphocytotoxic-
ity or with any of the biochemical parameters associated with
cell death.
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In vitro experiments on the mechanisms of 8-MOP and
UVAphotochemotherapy-induced cytotoxicity in PBL. Sham
photochemotherapy treatment experiments were conducted
with peripheral blood lymphocytes from normal blood bank
volunteers. These experiments enabled variation of the inten-
sity of UVAlight, the concentration of 8-MOP, and the inter-
action between 8-MOP and UVA light to be studied in an
attempt to elucidate the mechanism of lymphocytotoxicity.

Viability. Control experiments revealed that 8-MOPalone
(without UV irradiation) was not toxic to PBL: 10-300 ng/ml
did not affect corrected viability after 72 h incubation at 37°C.
The effect on lymphocyte viability of a wide range of doses of
UVAlight (0.1-10 J/cm2) was studied: the results for 1 and 2
J/cm2 (the dose given to patients) are shown in Fig. 2 A. The
addition of 8-MOP clearly potentiated the cytotoxicity caused
by UVAlight; however, the potentiating effect was dependent
on the dose of UVAlight. At doses of 3 J/cm2 and above there
was minimal potentiation (data not shown), while at 1-2
J/cm2 the potentiation was marked. 8-MOP concentrations
higher than 50 ng/ml did not further increase cytotoxicity in
PBL (data not shown).

Many cytotoxic agents that are thought to mediate their
cytotoxic effect via poly (ADP-ribosyl)ation have their cyto-
toxicity reduced (or completely eliminated) by the addition of
specific poly (ADP-ribose) synthetase inhibitors. The addition
of 3-aminobenzamide (ABA) (2 mM), a dose sufficient to in-
hibit poly (ADP-ribose) synthetase but which did not affect
lymphocyte viability, decreased the cytotoxic effect of expos-
ing PBL to 2 J/cm2 UVAand 300 ng/ml 8-MOP. This dose of
8-MOP was chosen to maintain an excess of the drug. The
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Figure 2. Effects on via-
bility. (A) PBL were ex-
posed to UVAlight
(1-2 J/cm2) with or
without 8-MOP (300
ng/ml) and their cor-

> A rected viability deter-
mined by trypan blue
exclusion every 24 h. A,

B 1 J/cm2 UVA; B, I
_, J/cm2 UVA+ 8-MOP;
72 C, 2 J/cm2UVA; D, 2

J/cm2 UVA+ 8-MOP.
Mean of triplicate sam-
ples from a representa-
tive experiment (with

A multiple replicate ex-
periments). (B) PBL

c were exposed to UVA
light (2 J/cm2) and 300
ng/ml 8-MOPwith or
without 2 mM3-ABA

X B and corrected viability
was determined at 24

48- and 48 h. This is com-
pared with incubating
PBL with 2 mM3-ABA

alone. A, 3-ABA alone; B, 2 J/cm2 UVA+ 8-MOP; C, 2 J/cm2 UVA
+ 8-MOP + 3-ABA. The data represent the results (performed in
triplicate) from a typical sample. Multiple replicate experiments
show the same pattern. The two figures represent experiments in-
volving PBL from different donors. Control lymphocyte viability was

92%.

viability of the 3-ABA and UVA/8-MOP treated cells (99% at
48 h) was significantly different from the control UVA/8-MOP
group (61%, P < 0.001) (Fig. 2 B). The protective effect oc-
curred whether the 3-ABA was added before or after irradia-
tion; this excludes the possibility that 3-ABA mitigated the
cytotoxic effect merely by decreasing the dose of UVA re-
ceived by the PBL.

DNAdamage. The DNAdamage for a range (1-5 J/cm2) of
UVAlight doses was studied 2 h after irradiation (Fig. 3). The
DNA-damaging effects of UVAlight on PBL was potentiated
by the addition of 8-MOP. However, the extent of this poten-
tiating effect was dependent on the dose of UVAlight and the
timing of the assay. Edelson (4) reported that the dose of UVA
light delivered to his patients' buffy coat lymphocytes was 1-2
J/cm2; we have shown that in vitro this was the dose where
8-MOP maximally potentiated the DNAdamage caused by
UVAlight. In the sham experiments this dose induced a level
of DNAstrand breaks similar in extent to those in the patients'
samples. At 1.5 J/cm2 8-MOP increased the number of DNA
SSBs by more than twofold. There was far less damage at 24 h
(< 15% increase in DNASSBs) than there was at 2 h, presum-
ably reflecting DNArepair (data not shown). 5 J/cm2 of UVA
light caused only slightly more DNASSBs than 2 J/cm2: this
suggests a ceiling effect.

Nucleotide content. Exposures of PBL to 1-40 J/cm2 UVA
light alone caused a nonlinear dose-dependent depletion of
NADand ATP2 h after exposure (Fig. 4 A). Between 1 and 10
J/cm2 there was a steep increase in nucleotide depletion with
further depletion only occurring at very high doses of UVA
light. 8-MOP potentiated the NAD-depleting effects of UVA
light alone. A 1 J/cm2 UVA light exposure depleted PBL of
11% of their NADcontent; adding 8-MOP (300 ng/ml) in-
creased the total NADdepletion to 34% (representative exper-
iment, mean of five observations). At higher UVAdoses (2-10
J/cm2) this potentiating effect was not apparent (data not
shown). The addition of 8-MOP to 1-2 J/cm2 UVAlight did
not further increase ATPdepletion.

2 mM3-ABA also mitigated the nucleotide depletion
caused by 10 J/cm2 of UVAlight and continuous exposure to
300 ng/ml 8-MOP (Fig. 4 B). This dose of UVA light was
chosen because it caused substantial NADand ATPdepletion;
therefore, the mitigating effect of 3-ABA could be clearly dem-
onstrated.

Poly (ADP-ribose) synthetase activity. PBL were exposed to
10 J/cm2 UVAlight in the presence of 300 ng/ml 8-MOP; at 2
h poly (ADP-ribose) synthetase activity rose to 160% of control
(three experiments of three to five samples). Significant eleva-
tions in enzyme activity were not demonstrable with lower
doses of UVA light. 8-MOP alone (300 ng/ml) did not affect
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Figure 4. Effects on nu-
cleotide content. (A)
PBL were exposed to
UVAlight (1-40
J/cm2), then 2 h later
extracted with perchlo-
ric acid and their NAD
and ATP content mea-
sured by HPLC
(Methods). Error bars

40 2 50 indicate standard error
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their NADand ATP
content (percent con-
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Error bars indicate the
SE of three to four ob-

B servations.

poly (ADP-ribose) synthetase activity 2 h after exposure. 10
J/cm2 UVA light alone raised enzyme activity to 156% of
control (two experiments of three samples). Control lympho-
cyte poly (ADP-ribose) synthetase activity was 1.20 pmol
min-' (106 cells)-'.

Comparison between photochemotherapy and deoxyaden-
osine lymphocytotoxicity. Deoxycoformycin and deoxyadeno-
sine lymphocytotoxicity has been previously shown to be as-
sociated with DNAdamage and adenine nucleotide depletion
presumably secondary to stimulation of poly (ADP-ribo-
syl)ation (1 1). A 4-h exposure of PBL to 1 IuM deoxycoformy-
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Figure 5. Comparison
between photochemo-
therapy and deoxyco-
formycin and deoxy-
adenosine. (A) PBL
were exposed to 1 AM

A dCF and 0-20 AM
dAdo for 4 h and cor-
rected viability was de-

B termined for the next
D c 72 h. A, I,M dCF; B,

1 ,sM dCF + 5 AM
4'8 712 dAdo; C, 1 AMdCF

RS) + I0 uMdAdo; D, 1
tsM dCF + 20 AM
dAdo. Mean of three
observations. (B) 2 h
after a 4-h exposure to

iAfl 1 AMdCF and IO0M
_ATP dAdo, cellular NAD

and ATP levels were de-
termined (mean of two
experiments). These are
compared with the nu-
cleotide depletion of
lymphocytes caused by

dAdo + dCF ECPC(Results).

cin (dCF) and 10 ,uM deoxyadenosine (dAdo) caused 85% cell
death in 72 h (Fig. 5 A), comparable to the delayed lymphocy-
totoxicity caused by ECPC. 2 h after drug exposure there was a
19% increase in DNASSBs. At this time ATP was 66% of
control levels and NAD76% of control (Fig. 5 B): this is com-
pared to the ex vivo effects of ECPCon lymphocytes from
CTCL patients. dCF and dAdo caused comparable ATP de-
pletion but less decrease in NAD.

Discussion

This study has documented the relationship between cytotox-
icity and the biochemical and physical changes that occur in
lymphocytes from patients with CTCL treated ex vivo with
photochemotherapy. Photoactivated psoralens-induced DNA
damage to cells has been well documented (5) but the way in
which this DNAdamage resulted in cell death was uncertain.
Our studies of the effects of ECPCon buffy coat lymphocytes
from patients with CTCLwere complemented by in vitro ex-
periments with PBL using a UVA light source that mimicked
the effect of photochemotherapy.

Although UVA light caused DNAstrand breaks on its
own, there was clear evidence that 8-MOP can potentiate the
damage caused by UVA light. The degree of this potentiation
was highly dependent on the dose of UVAlight. At doses of 3
J/cm2 and above potentiation was minimal: UVA light alone
caused most of the damage. However, when the dose of UVA
light was 1 J/cm2, the addition of 8-MOP significantly in-
creased the degree of cell kill, the NADdepletion, and the
number of DNASSBs UVA light produced. The maximum
potentiation of DNAdamage by 8-MOP occurred at 1.5
J/cm2. These observations provide the in vitro rationale for
using 1-2 J/cm2 as the dose of UVA light delivered to buffy
coat lymphocytes in the clinical situation. Our four patients
had a 41% mean increase in DNASSBs suggesting that 1-2
J/cm2 of UVA light was the dose delivered to them. It is also
noteworthy that, even with lethal doses (2 J/cm2) of UVAlight
and 8-MOP, the DNAdamage present at 2 h was much greater
than that at 24 h after exposure. It appears that this early DNA
damage caused a series of biochemical events that irreversibly
damaged the cell and that subsequent DNA repair did not
affect this.

This UVA/8-MOP-associated DNAdamage is associated
with adenine nucleotide depletion. This study also presents
some evidence that stimulation of poly (ADP-ribosyl)ation
and consequent nucleotide depletion are involved in the lym-
phocytotoxic effect of photoactivated psoralens. Photoirradia-
tion in the presence of 8-MOP caused significantly elevated
levels of poly (ADP-ribose) synthetase activity. However, ele-
vated enzyme activity levels were only found at high doses (10
J/cm2) of UVA light. The failure to demonstrate elevated en-
zyme levels at 1-2 J/cm2 may be due to the insensitivity of the
assay or may reflect the transient nature of the rise in enzyme
activity. The poly (ADP-ribose) synthetase inhibitor, 3-ABA,
mitigated the cytotoxicity of photoirradiation and reduced the
nucleotide depletion it caused. These three pieces of data are
regarded as important evidence for the involvement of poly
(ADP-ribosyl)ation (1 1). Poly (ADP-ribosyl)ation accounts for
the majority of NAD turnover in the lymphocyte: it would
appear to be the most likely cause for the changes in NAD
content that we have demonstrated.
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A degree of caution is required in the interpretation of the
correlations between clinical response and various biochemi-
cal parameters. The number of patients was small and al-
though response correlated with ATP depletion it did not cor-
relate with other parameters of cell kill.

In vitro studies in which normal PBL were treated with
dCF and dAdo showed many similarities with the effects of
ECPCon lymphocytes of patients with CTCL. The rate of cell
kill, DNAstrand breakage and extent of NADand ATP de-
pletion were all similar. Carson (12) originally demonstrated
that dAdo and dCF caused DNAstrand breaks, depleted cells
of NADand ATP, and increased levels of poly (ADP-ribose)
synthesis. He found that nicotinamide and 3-ABA protected
against these changes. Wehave shown that photoirradiation is
also apparently associated with stimulation of poly (ADP-ri-
bosyl)ation. Although 3-ABA can prevent adenine nucleotide
depletion, it appears the biochemical damage to cells is irre-
versible ( 13).

It appears that photochemotherapy may have an immuno-
logic mechanism of action. First, the superiority of ECPCto
simple leukapheresis is evidence that reinfusion of the dam-
aged (dying) cells is important. Delayed death of the reinfused,
damaged lymphocytes may be important; there may need to
be sufficient time for them to excite an immunological re-
sponse in patients with CTCL. Second, immunocompetent
patients respond better than those with impaired immunity
(4). Third, there is a reduction in malignant cells in the skin
(cells that have not been exposed to ECPC) that suggests they
have been eradicated by a mechanism of host origin (4). It has
been postulated that the reinfused damaged cells induce the
proliferation of lymphocytes bearing antiidiotypic receptors
that recognize the malignant clone.

Wehave shown the increased expression of various activa-
tion markers by lymphocytes from CTCL patients soon after
treatment with ECPC (14). The UVA/8-MOP-induced
changes in the reinfused peripheral blood lymphocytes may
induce antigenic changes in their cell surface membranes,
which might be responsible for this immune stimulation.

The practical implications of the findings in this report are
that the extracorporeal treatment of patients' buffy coat with a
combination of dAdo plus dCF (or other lymphocytotoxic
agents) may achieve similar effects to ECPC. This is of some
importance when the potential wider application of ECPCto
autoimmune disease is considered. Replacement of ECPCby
exposure of the buffy coat specimens to conventional DNA-
damaging agents would be far more convenient. To test this
hypothesis further we are conducting studies comparing infu-
sions of photochemotherapy-affected and cytotoxic drug-dam-
aged splenocytes as treatment of an animal autoimmune
model of disease.
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