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The anti-tumor action of many chemotherapeutic
agents has recently been attributed to the induction
of apoptosis in the malignant cell population. In this
study, we investigated the ability of extracorporeal
photopheresis (ExP) and in vitro PUVA (8-methoxy-
psoralen + ultraviolet A) therapy to induce apoptosis
in peripheral blood mononuclear cells from Sezary
syndrome patients and normal controls. Flow cyto-
metric analysis of ExP- or PUVA-treated peripheral
blood lymphocytes demonstrated two distinct cell
populations within 24 h of treatment. One population
was similar to untreated controls with the other
exhibiting characteristics of apoptotic cell death, i.e.,
a loss of cell volume and an accompanying increase in
cell density. This latter population was comprised of
cells with DNA strand breaks as determined by the
Tdt-mediated deoxyuridine triphosphate-biotin nick
end labeling assay. Apoptosis was also confirmed
morphologically by fluorescent and electron micros-
copy as well as by demonstration of characteristic

poptosis is an active form of cell death characterized
by morphologic and biochemical changes very dif-
ferent from necrotic cell death (Cohen, 1993; Kerr ef
al, 1994). Apoptosis has been demonstrated to play
an important role in embryonic development (Gold-
man ¢f al, 1983), in the generation and maintenance of the immune
system (Cohen, 1991; Cohen and Duke, 1992), in T-cell lym-
phoma (CTL)-mediated immune reactions (Cohen and Duke,
1992), and in the normal turnover of differentiated cells (Martin
and Johnson, 1991). A growing body of evidence also indicates that
the action of various anti-tumor agents, including irradiation
(Sellins and Cohen, 1987), hormonal therapy (Redding ef al, 1992),
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DNA strand breaks (laddering) using gel electro-
phoresis. Apoptosis was not observed with 8-me-
thoxypsoralen (=300 ng per ml) alone; however, ul-
traviolet A alone at doses = 2 J per cm’ induced
apoptosis in lymphocytes. Peripheral blood T-cell
subpopulations of Sezary syndrome patients, includ-
ing the malignant clone, were equally susceptible to
apoptosis subsequent to either photopheresis or
PUVA treatment. In contrast, monocytes (CD14+/
CD45+) appear to be resistant to apoptosis induction
by ExP or PUVA treatment. Moreover, ExP-treated
and untreated monocytes phagocytized apoptotic,
but not untreated, peripheral blood mononuclear
cells. ExP and PUVA have been shown to be effica-
cious and well-tolerated therapies in the treatment of
dermatologic diseases and transplant rejection.
These data suggest that induction of apoptosis may
be an important event for therapeutic efficacy. Key
words: Sezary syndromelpsoralen/extracorpoveal photophere-
sis. J Invest Dermatol 107:235-242, 1996

and cytotoxic chemotherapy (Gorezyca et al, 1993a, 1993b) may in
fact be efficacious by inducing apoptosis in the malignant cell
population (Dive and Hickman, 1991; Hickman, 1992; Kerr ef al,
1994).

A unique type of anti-tumor therapy is photochemotherapy
(PCT). Two types of PCT, both of which employ the DNA
intercalator, 8-methoxypsoralen (8-MOP), and long wavelength
ultraviolet radiation (320-400 nm, UVA), are used in the treat-
ment of cutancous T-cell lymphoma (CTCL) and its leukemic
variant, Sezary syndrome, which is characterized by erythroderma
and circulating malignant atypical lymphocytes (Sezary cells) in the
skin and peripheral blood (Edelson, 1980; Wieselthier and Koh,
1990).

Psoralen in combination with UVA (PUVA) is used to treat early
stage CTCL (Gilchrest er al, 1976; Gilchrest, 1979; Roenigk, 1979;
Honigsmann e al, 1984) whereas extracorporeal photopheresis
(ExP) therapy is used in the treatment of patients with Sezary
syndrome (Edelson ef al, 1987; Rook et al, 1992). PCT has also been
used successfully for the treatment of psoriasis (Parrish er al, 1974),
systemic sclerosis (Rook ef al, 1992), acute transplant rejection
(Costanzo-Nordin et al, 1992), and other T-cell-mediated diseases
(Rook e al, 1993). Although PCT has been used clinically for many

02X796/810.50 « Copyright © 1996 by The Society for Investigative Dermatology, Inc.



236 YOO ET AL

years, very little data currently exist regarding the mechanisms by
which this therapy is effective.

Several different lines of evidence indicate that ExP results in
apoptotic cell death. Previous studies have demonstrated that
psoralens, including 8-MOP, intercalate into double-stranded nu-
cleic acids and bind to pyrimidine bases (Song and Tapley, 1979).
Upon exposure to UVA light, photo-addition occurs with the
formation of monoadducts and covalent crosslinks of the DNA
(Gasparro, 1994). Following 8-MOP + UVA treatment, lympho-
cytes are unable to proliferate as evidenced by reduced incorpora-
tion of [*H]thymidine into nuclear DNA in unstimulated and
mitogen-stimulated lymphocytes; however, assessment of cell
membrane integrity, as determined by trypan blue dye exclusion,
indicates that the membrane remains intact. These cells, however,
eventually die over a period of about 72 h (Song and Tapley, 1979;
Warwick et al, 1981; Gasparro ef al, 1989). A previous study by
Marks ¢f al indicated that treatment of peripheral blood mononu-
clear cells (PBMC) with ExP resulted in an increase in DNA single
strand breaks with a concomitant decrease in cellular ATP and
NAD:; this damage then leads to cell death (Marks ef al, 1990). In
subsequent studies, they demonstrate that peripheral blood lym-
phocytes (PBL) as well as a T-cell line (CEM) undergo apoptosis as
a result of PUVA treatment; however, the doses of UVA utilized in
these experiments were approximately five times those used in ExP
(Marks and Fox, 1991).

In this study, we investigated the ability of ExP and in vitro PUVA
therapy to induce apoptosis in CTCL and normal patient PBMC.
PCT-treated and untreated cells were examined by several meth-
ods, including flow cytometry, fluorescence microscopy, electron
microscopy, and DNA gel electrophoresis for the characteristic
morphologic and biochemical features of apoptosis. We also ex-
amined the kinetics and effects of PCT on specific subpopulations of
PBMC, including peripheral blood T-cell subpopulations.

MATERIALS AND METHODS

Reagents Complete media consisted of RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
100 TU penicillin per ml, and 100 pg streptomycin per ml (Life Technolo-
gies, Inc., Grand Island, NY). 8-MOP (Sigma Chemical Co., St. Louis,
MO) stock solution in absolute ethanol (100 pg per ml) was stored at
—20°C in the dark for no longer than 6 mo. All fluorochrome-labeled
antibodices (CD4-PE, CD7-FITC, CDS-FITC, CD45-FITC/CD14-PE, and
mouse 1gG,FITC/mouse 1gG, PE isotype control) were obtained from
DAKO (Santa Barbara, CA)

Patients Patients participating in this study were diagnosed with CTCL
(Sezary syndrome, n = 9) as defined by clinical and laboratory findings (Sen
and D’Incalci, 1992). Donations of blood by patients or normal volunteers
in this study conformed to institutional review board-approved protocols,
and informed consent was obtained.

Isolation of PBMC Venous blood was collected in heparin from normal
volunteers and from CTCL patients immediately prior to ExP. Post-ExP
blood was removed directly from the photopheresis unit upon conclusion of
treatment immediately prior to infusion into the patient. The blood was
diluted 1:2 with phosphate-buffered saline (PBS) and layered on a Ficoll-
Hypaque gradient (Pharmacia Biotech, Pitscataway, NJ). The gradient was
centrifuged for 15 min at 2200 rpm at room temperature, and the PBMC
layer was collected and washed X 2 in PBS. The cells were resuspended in
complete media.

In Vitro PUVA Treatment PBMC in complete media (10° cells per ml)
were incubated with various concentrations of 8-MOP (0300 ng per ml)
for at least 15 min and then exposed to different doses of UVA light (0-3 ]
per em?). Cell suspensions were irradiated in cell culture cluster dishes
(Costar Corp., Cambridge, MA) with a UVA light box (Therakos, West
Chester, PA) containing a series of nine UVA bulbs (emission spectra of
320—-400 nm, peak at 352 nm) in the top and the bottom banks separated by
two glass plates. An IL700A research radiometer (International Light,
Newbury Port, MA) was used to calibrate the UVA light box, which
emitted between 10.14 and 11.71 mW per em® when corrected for passage
through the polystyrene plate. The emission spectra, peak wavelength of
emission, and total average joules per cell volume delivered were identical
to those utilized in the photopheresis instrument. The treated and untreated
control samples were subsequently incubated at 37°C in a humidified
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atmosphere of 5% CO, for different periods of time up to 48 h following
UVA exposure and then assessed for apoptosis.

Extracorporeal Photochemotherapy Patients were treated using the
ultraviolet A radiation (UVA) photopheresis system (Therakos) as previ-
ously described (Edelson ef al, 1987; Rook et al, 1992). Briefly, ExP involves
the ingestion of 8-MOP (0.6 mg per kg) in order to achieve therapeutic
plasma levels (>50-100 ng per ml). Two hours after ingestion of the
psoralen, the patient undergoes a discontinuous leukopheresis procedure
with exposure of removed leukocytes to UVA. During the proccdurc.
approximately 240 ml of leukocyte-enriched blood are mixed with 300 ml
of the patient’s plasma and 200 ml of sterile saline with heparin. This results
in approximately 15% of the patient’s circulating leukocytes being treated
during the photopheresis process (Lee and Garro, 1989). The buffy coat is
then passed as a l-mm film through a sterile cassette surrounded by
UVA-emitting bulbs (320—-400 nm), permicting 180-min exposure of the
cells to UVA, and yielding an average exposure per lymphocyte of 2 ] per
cm®. The treated buffy coat is then returned to the patient.

Flow Cytometric Analysis To asscss apoptosis by flow cytometry using
light scatter measurements, pre-, and post-PCT-treated cell samples (10°
cells per ml) at various incubation times were fixed in 2% pumtbnu:\ldc-
hyde, pH 7.4. Forward and side light scatter were analyzed at a cell low rate
of 500 cells per sec using a FACScan Flow Cytometer (Becton Dickinson,
San Jose, CA). To identify the different cell types, surface antigens of human
PBMC were stained with fluorochrome-labeled antibodies (CD4-PE/CD7-
FITC, CD8-FITC or CD45-FITC/CD14-PE) by incubating 10° cells in 100
1 of PBS with 10 ul of antibody for 30 min in an ice bath. The cells were
washed with PBS and resuspended in 0.5 ml of 2% paraformaldehyde, pH
7.4. Mouse IgG, FITC/mouse IgG,,PE was used for determination of
background staining. Flow cytometry was performed using the Becton
Dickinson FACScan Flow Cytometer equipped with an argon laser for
fluorescein isothiocyanate (FITC) (488 nm) and phycoerythrin (480-550
nm) excitation. Green and red fluorescence of individual cells using
logarithmic amplification were measured. The data from 10" events per
sample were collected and analyzed using LYSYS 11 software.

In Situ Terminal Deoxynucleotidyl Transferase (Tdt) Assay Tdt-
mediated dUTP-biotin nick end labeling (TUNEL) assay of DNA fragmen-
tation as previously described by Sgonc ef al (Sgonc ef al, 1994) was adapted
for use with flow cytometry. Briefly, 1-2 X 10" cells were fixed in 2%
paraformaldehyde for 30 min at room temperature on a horizontal shaker,
washed in PBS and then permeabilized with 0.1% Triton X100/0.1%
sodium citrate. The cells were then incubated in a humidified chamber (1 h,
37°C) with 0.3 nmol of FITC-12-dUTP (Bochringer Mannheim Biochemi-
cals, Indianapolis, IN), 3 nm of deoxyadenosine triphosphate, 25 U of Tdt
(Promega Corp., Madison, W1), and Tdt buffer (1 mM CoCl,, 100 mM
cacodylate buffer, pH 6.8, 0.1 mM dithiothreitol) in a total reaction volume
of 50 pl. The reaction was stopped by adding 2 pul of 0.5 M ethylenediamine
tetraacetic acid (EDTA). After washing twice with PBS, the samples were
analyzed within 6 h using FACScan with an argon laser (488 nm). The data
from 10" cvents per sample were collected and stored using LYSYS 11
software.

DNA Extraction and Agarose Gel Electrophoresis About 5-10 X
10 cells in media were collected by centrifugation, washed in PBS, and then
resuspended in 1 ml of freshly made lysis buffer containing 100 mM NaCl,
50 mM EDTA, pH 8.0, 0.1% sodium dodecyl sulfate, and 0.1 mg Proteinase
K per ml (Fisher Scientific, Fair Lawn, NJ). Samples were incubated
overnight at 37°C with gentle rocking. The DNA was then extracted with
an cqual volume of phenol:chloroform:isoamyl alcohol solution (25:24:1)
and precipitated with 3 M sodium acetate, pH 5.2, and 100% ice-cold
cthanol. The DNA precipitates were washed twice in 70% cthanol, dried by
Speedvac evaporator, and resuspended in TE buffer (10 mM Tris-HCI, 1
mM EDTA), pH 8.0, overnight at room temperature. The DNA was
quantified by UV absorbance at 260 and 280 nm. About 10—15 pg of DNA
were added to each well, and horizontal electrophoresis of DNA was
performed for 2 h at 75 V on 2% agarose gel. The running buffer contained
90 mM Tris(hydroxymethyl)-aminoethane, 90 mM boric acid, and 2 mM

EDTA, pH 8.0. DNA was stained with ethidium bromide and visualized
under UV light.

Quantification of Apoptotic Cells by Fluorescence Microscopy
Assessment of apoptosis by fluorescent microscopy was done using previ-
ously described methods (Duke and Cohen, 1992). Briefly, a 4-ud aliquot of
dye mixture consisting of 100 pg acridine orange per ml and 100 pg
ethidium bromide per ml in PBS was added to 100 pl of cell suspension
(10%ells per ml) and mixed gently. A 25-pl aliquot of the stained cells was
then placed on a slide, coverslipped, and viewed on a Huorescent micro-
scope using epi-illumination and a filter combination suitable for observing
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Figure 1. Flow cytometric analysis of apoptosis following PCT of Sezary Syndrome patient. Pancls a and ¢ show forward versus side light scatter
prior to and 24 h after PCT, respectively. The shift to the R2 gate is indicative of nuclear condensation and decreased cell size. b and d) Binding of’
fluorescein-labeled dUTP to 3'-end of DNA (TUNEL assay) prior to and 24 h after PCT, respectively. The increase in binding observed at 24 h in the R2

gate indicates increased DNA fragmentation.

fluoresce
condensation,
examined.

in. Apoptotic cells were determined based on cell size, nuclear
of 200 total cells were

and fluorescence. A minimum

Electron Microscopy PBMC were fixed as pellets in 2% glutaraldehyde
in 0.1 M cacodylate buffer, pH 7.4, overnight at 4°C and subsequently
post-fixed with 1% osmium tetroxide in the same buffer for 1 h at room
temperature. After washing, the cell pellets were dehydrated through
graded alcohols to absolute ethanol and then propylene oxide. Embedding
was done using Taab 812 epoxy resin (Marivac, Ltd., Halifax, Nova Scotia)
in BEEM capsules (Bronx, NY). Thin sections were cut on an LKB
Ultratome I (LKB Instruments, Rockville, MD) post-stained with alco-
holic uranyl acetate and bismuth subnitrate, and viewed with a Hitachi 7000
electron microscope. Apoprotic cells were identified morphologically as
determined by condensation of nuclear chromatin, decreasc in cell size, and
cell-surface blebbing. For quantification, a minimum of 200 cells were
evaluated.

Phagocytosis Assay To obtain monocyte-derived macrophages, 1 ml of
untreated or ExP and PUVA-treated PBMC cell suspension in complete
media (10° cells per ml) was added to a 24-well polystyrene tissue culture
plate (Corning, Corning, NY). After 60-min incubation at 37°C, the
nonadherent cells were removed. The plate was washed three times with
PBS, and 1 ml of fresh complete media was added. The cultures were then
incubated at 37°C and 5% CO, for 45 days. One milliliter of untreated or
ExP- and PUVA-treated PBMC at 0.5-1.0 X 10° cells per ml was then
added to the monocyte cultures. Cultures were incubated for 1 hoat 37°C,
5% CO,. The wells were washed twice with warm PBS to remove
nonadherent cells and then stained with Wright's stain.

RESULTS

Apoptosis of ExP and PUVA-Treated PBMC Is Demon-
strated by Flow Cytometry Normal and patient (CTCL)
PBMC were either treated with ExP or in vitro PUVA therapy using
doses of 8-MOP and UV A similar to those routinely used clinically
in ExP (100-200 ng 8-MOP per ml + 2 ] UVA per cm®). The
treated and untreated cells were then examined by flow cytometry.

The characteristic changes in the morphology of cells undergoing
apoptosis, including cell shrinkage and nuclear condensation, affect
the cellular light scattering properties as detected by ow cytom-
etry. Several investigators have observed that cells undergoing
apoptosis have a decrease in forward light scatter (FSC) and
increase in side light scatter (SSC), indicating a loss of cell volume
with an accompanying increase in cell density (Swat et al, 1991;
Darzynkiewicz et al, 1992; Dive et al, 1992; Zamai et al, 1993;
Huschtscha er al, 1994). In order to assess apoptosis in normal
human PBMC treated with ExP or PUVA, we examined changes in
their light scatter measurements. By 24 h post-ExP or PUVA
treatment, there were two distinet cell populations (Fig 1a and ).
One population was similar to untreated controls and the second,
comprised of = 50% of the total cells, had a decreased FSC and
increased SSC, characteristic of light scatter changes in apoptotic
cells. In order to assess whether the PCT-treated cells were
undergoing the characteristic internucleosomal DNA fragmenta-

tion of apoptosis (Sgonc ef al, 1994), an adaptation of the TUNEL
assay for How cytometry was used to detect DNA strand breaks.
This assay demonstrated that the treated cells incorporated much
more FITC-dUTP when compared to the untreated controls.
Gating on the shifted population (R2) with low FSC/high SSC
showed that these cells stained more brightly with FITC-dUTP
than the nonshifted population (R1) (Fig 1b and d) demonstrating
that the R2 population are indeed apoptotic cells.

ExP AND PUVA Cause DNA Fragmentation Consistent
with Apoptotic Cell Death Double-stranded DNA fragmen-
tation at the linker regions between nucleosomes as part of the
apoptotic process leads to the formation of DNA fragments that are
multiples of 180-200 bp in size (Arends et al, 1990; Sellins and
Cohen, 1987). Internucleosomal DNA fragmentation was verified
by agarose gel electrophoresis of genomic DNA from cells treated
with ExP and PUVA after 24 and 48 h of incubation but not from
control (untreated) cells (data not shown)

DNA-Binding Fluorescent Dyes Demonstrate Apoptotic
Cell Death Following ExP and PUVA Further confirmation
of apoptosis as the mode of cell death in the PCT-treated PBMC
was obtained using DNA-binding fluorescent dyes (acridine orange
and cthidium bromide) along with fluorescent microscopy.

Fluorescence microscopy was performed 24 and 48 h after
exposure to doses of UVA-8-MOP used in clinical ExP. In order to
determine the percentage of cells undergoing apoprosis, a minimum
0f 200 cells were examined and classified into one of four categories
described previously. The morphologic features of apoptosis in-
cluding cell shrinkage, compaction of nuclear chromatin into
sharply circumscribed dense masses around the periphery of the
nuclei, and cytoplasmic condensation (Cohen, 1993; Kerr e al,
1994) were all observed in the PBMC treated with ExP or PUVA
but not in the controls (Table I).

Table I. Comparison of Methods Used to Assess
Apoptosis”
Apoptosis
Assessment 6 h 24 h 48 h
Method Untreated  post-PUVA"  post-PUVA  post-PUVA
Flow cytometry 2.6 =21 3.9+ 2.4 61.2 + 199 84.8* 13.2
Fluorescent
microscopy 3.9% 1.7 27115 37.7x89 43296

Electron microscopy 1.2+ 0.3 1.5 & 0.4 24.5 £ 7.5 n.d.

* Values expressed as percent of total PBMC # SD that were apoptotic. A minimum
of tour subjects were assessed for each group.
"PBMC were treated with 200 ng 8-MOP per ml and 2 J of UVA per em™.
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Figure 2. Visualization of apoptosis by electron microscopy. Venous blood was collected from CTCL patients and treated in vitro with PUVA. PBMC
were isolated and visualized by EM. Photomicrographs shown are representative of three patients examined. a) PBMC prior to PUVA. No apoptotic cells
are observed. Note cerebriform nuclei characteristic of Sezary cells (scale bar, 5 pm). h) PBMC 24 h after PUVA. Arrows indicate several cells at different
stages of apoptosis (scale bar, 5 pm). ¢) PBMC 24 h after PUVA. §) indicates apoptotic cell; § indicates apoptotic *bleb” (scale bar, 5 pum).

Characteristic Morphological Changes of Apoptosis Occur
Following ExP and PUVA PBMC isolated from three CTCL
patients were treated in vitro with 200 ng 8-MOP per ml and 2 ]
UVA per cm” and examined by electron microscopy for changes
characteristic of apoptosis at 6 and 24 h after PUVA treatment.
Apoptotic cells totaled <2% in untreated PBMC or at 6 h post-
PUVA treatment (Table I); however, 24.2 * 5.6% apoptotic cells
were observed in PBMC obtained at 24 h after PUVA (Fig 2).
Characteristic nuclear condensation as well as blebbing of the
cytoplasm were observed in all three samples examined.

Kinetics of Apoptosis Induction Are Similar for Both ExP
and PUVA Treatment To determine the kinetics and time
necessary to detect apoptotic cells following ExP, PBL obtained
from the treatment device immediately prior to reinfusion into the
patient were examined by flow cytometry at 6, 24, and 48 h
following treatment using light scattering properties. Only the live
and apoptotic lymphocytes were gated in order to eliminate all
debris. No apoptotic cells were detected 6 h after treatment when
compared to patient-matched untreated PBL; however, 24 h after
treatment >50% of the cells were apoptotic. By 48 h after
treatment, approximately 80-90% of the cells were apoptotic (Fig
3a). Similar results were obtained for PBL treated in vitro with
100-200 ng 8-MOP per ml with subsequent exposure to 2 ] UVA
per cm?, the same conditions used in ExP (Fig 3b).

Psoralen Concentration and UVA Dose Correlate with the
Induction of Apoptosis Preliminary studies indicated that vari-
ations in the concentration of 8-MOP or dose of UVA affected the
percentage of cells that became apoptotic. To determine the
minimum effective dose of UVA that was necessary to induce
apoptosis in human PBL in the presence of various concentrations
of 8-MOP, a series of experiments using a checkerboard titration of’
UVA (0-3.0 J per cm?®) wversus 8-MOP (0-300 ng per ml) were
performed.

100

At 6 h post-treatment, no apoptotic cells were evident at all UVA
doses or 8-MOP concentrations (Fig 4a); however, by 12 h,
apoptotic cells were present in the PBL treated with 2.0 and 3.0 J
UVA per cm® at all concentrations of 8-MOP, including no
8-MOP, suggesting that the UVA alone was inducing apoptosis
(Fig 4b).

After 24 h, the population of apoptotic cells present in PBL
treated with 2.0 and 3.0 ] UVA per em® had doubled (from 25% to
50%) at concentrations of 0 and 25 ng 8-MOP per ml, whereas the
number of apoptotic cells in the PBL treated with 50~-300 ng
8-MOP per ml at the same dosage of UVA tripled (from 25% to
75%). PBL treated with 1.0 ] UVA per cm® had an increased
apoptotic population when 8-MOP concentration was = 50 ng per
ml. No apoptotic changes above baseline were observed in PBL
treated with 0.5 ] UVA per cm? at all concentration of 8-MOP (Fig
40).

At 48 h post-treatment, nearly all cells treated with 2.0 or 3.0 ]
UVA per em® and = 50 ng 8-MOP per ml were apoptotic. A
significant number of cells (>%50) treated with 0 or 25 ng 8-MOP
per ml and 2.0 or 3.0 ] UVA per ecm” were also apoptotic. Cells
treated with 1.0 J UVA per em” and = 25 ng 8-MOP per ml also
had an increased percentage of apoptotic cells (Fig 4d).

To determine whether there was correlation between the percent
of apoptotic cells and the dose of UVA X [8-MOP] used to treat the
cells, linear regression analysis was performed on data collected at
48 h post-treatment. This analysis revealed a highly significant
correlation (r = 0.90) for values of UVA X [8-MOP] of <150 (e.g.
2 J UVA per em® X 50 ng 8-MOP per ml = 100). When the value
of UVA X [8-MOP] was >150, the entire lymphocyte population
was apoptotic.

ExP AND PUVA Induce Apoptosis in Lymphocyte Sub-
populations but not in Monocytes Two-color flow cytometry
was utilized in order to identify subtypes of lymphocytes from

100

Figure 3. Kinetics of apoptotic cell appearance fol- 754
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lowing PCT. PBL treated with ExP (4) or 8-MOP (200
ng per ml)/UVA (2 J per em®) (B) were examined for
apoptotic cells by flow cytometry at 6, 24, and 48 h after
treatment. Untreated cells were obtained prior to ExP and
cultured under the identical conditions as the treated cells.
Data presented are the mean = SD of a minimum of six
subjects with Sezary Syndrome.
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Figure 4. Effect of 8-MOP concentration and UVA dose on induction of apoptosis. A checkerboard titration of 8-MOP (0-300 ng per ml) and
UVA (0.0-3.0 ] per em?) was utilized to determine the minimum combination necessary to induce apoptosis. PBL were examined for apoptotic changes by

flow cytometry at 6 h (), 12 h (b), 24 h (¢), and 48 h (d). UVA dosage: 0 (——), 0.5 (—C—), 1.0 (—O—), 2.0 (—A—), 3.0 (—H—). Data presented

are representative of that obtained from three subjects.

normal or patient (CTCL) PBMC and their susceptibility to
apoptosis subsequent to either ExP or PUVA treatment. In order to
ensure that the cells being examined were lymphocytes, simulta-
neous two-color staining with CD45-FITC/CD14-PE and light
scatter measurements were used (Loken ef al, 1990). In normal and
CTCL lymphocytes, we observed the characteristic apoptotic shift
(decrease FSC/increase SSC) in different peripheral blood T-cell
subpopulations (CD4+/CD7+ and CD8+) including the putative
malignant clone from the CTCL patients (CD4+/CD7-) (40, 41)
subsequent to ExP treatment (Fig 5a-¢). Of particular note was the
observation that the malignant clone from a Sezary syndrome
patient, as identified by a monoclonal anti-V 320 antibody, was also
susceptible to apoptosis induction by ExP (Fig 5d). In contrast, no
shift in the monocyte population (CD14+/CD45+) was observed,
suggesting that these cells may be more resistant to induction of
apoptosis by ExP or PUVA treatment (Fig 5/).

Phagocytosis of ExP and PUVA-Treated Cells Is Not MHC-
Restricted Previous investigations have shown that apoptotic
cells undergo specific changes including alteration of surface car-
bohydrates (Morris ef al, 1984), and expression of vitronectin (Savill
et al. 1990) or phosphatidylserine ligands (Fadok et al, 1992a,
1992b), which allow them to be bound and phagocytized by
macrophages in a non-MHC restricted manner (Duvall er al, 1985;
Savill et al, 1993). To determine whether the PCT-induced apo-
ptotic cells were phagocytized at an increased frequency as com-
pared to untreated cells, 4-5 day cultures of monocyte-derived
macrophages were incubated with ExP-treated or untreated non-
adherent PBMC. When macrophages were incubated with ExP-
treated PBMC, we observed phagocytosis of apoptotic cells by the
majority of macrophages (two to three apoptotic cells per macro-
phage). When untreated PBMC were added to the macrophage
cultures, however, phagocytized cells were not observed. This
difference was not due to settling rates of apoptotic versus normal
cells because normal cells settled within 20 min. Moreover, ExP-
treated monocytes that were cultured for 5 days were also able to
phagocytize apoptotic cells but not untreated cells (data not
shown). This further suggests monocytic recalcitrance to PCT.

Electron micrographs of PBMC 24 h post-ExP treatment were
examined for evidence of apoptotic phagocytosis. Several instances
of phagocytosis of apoptotic cells and probable apoptotic ‘blebs’
were identified (Fig 6), further supporting the observation of
phagocytosis of PCT-treated cells.

DISCUSSION

In this study we have demonstrated that PCT is a potent inducer of
apoptosis in PBL. Whereas this was accomplished by utilizing
several methodologies, the most sensitive and objective means of’
determining apoptotic cells was flow cytometry. This approach
offers important advantages for the study of apoptosis in that it can

reliably and accurately quantify apoprosis and can also be combined
with labeling of surface antigens in order to identify specific cell
subpopulations in a heterogeneous population. Several investiga-
tors have observed this characteristic “apoptotic shift™ of cells from
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Figure 5. Flow cytometric analysis of apoptosis in lymphocyte
subpopulations and monocytes. PBMC from Sezary Syndrome patients
were stained with specific fluorochrome-labeled monoclonal antibodies and
then gated for the positively staining population. The fop panel of cach group
represents the pre-treatment cells; bortom panel represents the cells 24 h after
PCT. Rl and R2 gates are identical for each group. In each group except f,
a characteristic apoptotic shift is observed. a) CD4+/CD7+ cells. b)
CD4+/CD7- cells. ¢) CD4—/CD7+ cells. d) VB20+ cells (clone from
Sezary Syndrome patient) ¢) CD8+ cells. f) CD14+ cells; no shift in the
population is observed (lymphocyte gates are included for comparison).
Data presented are representative of that obtained from five subjects.
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Figure 6. Electron microscopy of phagocytosis of PUVA-treated PBMC. Venous blood was collected from Sezary syndrome patients and treated
with PUVA. PBMC were isolated and visualized by EM. a) Phagocytosis of an apoptotic lymphocyte by peripheral blood monocyte. Arrows indicate probable
apoptotic ‘blebs’ (scale bar, 1 pum). b) Apoptotic lymphocyte completely engulfed by peripheral blood monocyte. N = monocyte nucleus, p = phagocytized
apoptotic lymphocyte (scale bar, 1 um). ¢) Phagocytosis of probable apoptotic *bleb’ (—; scale bar, 1 pm).

relatively high FSC/low SSC to low FSC/high SSC in apoptotic
thymocytes and selected human-derived cell lines (Swat et al, 1991;
Darzynkiewicz et al, 1992; Dive et al, 1992; Huschtscha et al, 1994).

To confirm that the “shifted” population of cells were truly
apoptotic and not merely cell debris or necrotic cells, an adaptation
of the TUNEL assay for flow cytometry was used. This method is
based on fluorescent-labeling of DNA strand breaks that are
associated with apoptosis. Using back-gating analysis, we con-
firmed that the population of cells with the highest fluorescence,
i.e., more DNA strand breaks, was also the same population of cells
that had “shifted” due to a low FSC/high SSC alteration. Because
DNA fragmentation is often an early event in apoptosis, this assay
appears to be a more sensitive early indicator of apoptosis as
compared to morphologic changes (Gorcezyca et al, 1994). This was
evident in our comparisons of flow cytometry, clectron micros-
copy, and fluorescent microscopy.

Whereas previous studies have indicated that DNA damage as a
result of 8-MOP and UVA treatment leads to cell death (Gasparro
ef al, 1989; Marks and Fox, 1991), this study establishes that the
minimum concentrations of 8-MOP and UVA necessary to induce
apoptosis in PBL from patient and normal volunteers is well within
the range delivered during ExP. Generation of a dose-response
curve showed that the minimum combination of UVA and 8-MOP
that was necessary to induce greater than background levels of
apoptosis within 24 h of treatment was 1.0 ] UVA per cm? and 50
ng 8-MOP per ml. We previously showed that cell division of T
cells can almost be completely blocked by 1 ] UVA per em? in the
presence of 50 ng 8-MOP per ml (Gasparro ef al, 1989). Moreover,
these data are consistent with clinical observations that patient
plasma levels of 8-MOP must exceed 50 ng per ml during the
period of UVA irradiation (1.0-2.0 J per cm”) in order to exert a
therapeutic effect (Wagner et al, 1979; Edelson ef al, 1987).

One of the most striking observations was that UVA alone at
doses = 2 ] per cm”, but not 8-MOP alone (0-300 ng per ml),
induced significant apoptosis in the PBL within 24—48 h. Whereas
the percentage of apoptotic PBL induced by UVA alone was not as
great as that of 8-MOP and UVA in combination, this observation
may have major ramifications regarding the role of sunlight in the
induction of apoptosis in cutancously trafficking PBL. Sunlight is
the most common source of UV exposure; however, UVC rays do
not reach the earth and UVB represents only a minor component
with UVA present at 100-fold levels over UVB. Although UVA is
1000 times less effective in inducing erythema, which can occur in
prolonged exposure, the majority of sunscreens do not block it. The
observation that exposure of lymphocytes to a single, low dose of
UVA (= 2.0 J per ecm?) results in apoptosis might suggest that
sunlight, or other UVA exposure such as that incurred in tanning
booths, could destroy cutancous infiltrating lymphocytes. This is
particularly relevant given that approximately 20% of UVA can

penetrate to the level of the dermal vasculature (Everett ef al, 1966),
and that an individual receives approximately 16 ] UVA per cm?
with a 1-h summer sun exposure in Philadelphia. UV A-induction of
apoptosis in lymphocytes may be of benefit in conditions such ag
psoriasis; however, it could be deleterious in other situations such
as when the lymphocytes are trafficking in response to an infectious
agent. Furthermore, if low doses of UVA can induce apoptosis in a
population of lymphocytes via DNA damage and inasmuch as it hag
demonstrated ability to cause mutagenesis (Gasparro ef al, 1993), it
is likely that UVA can also have mutagenic effects on lymphocytes.
This may represent a possible means of triggering certain types of
leukemias or lymphomas. Although no direct evidence for thig
exists, several epidemiologic studies suggest that there is a link
between the development of non-Hodgkin’s lymphoma (NHL) and
UV exposure (Fisher, 1994; Stewart, 1994; Stellar, 1995). Most
recently, Adami and colleagues examined the possibility of a link
between UV light and non-Hodgkin’s lymphoma (NHL) (includ-
ing chronic lymphocytic leukemia) by using skin cancer (melanomg
or squamous cell carcinoma) as surrogate markers for UV exposure,
In surveying more than 110,000 Danish and Swedish individuals
with either NHL or skin cancer, a strong association between NH|
and skin cancer, particularly squamous cell carcinoma, was ob-
served (Fisher, 1994).

Of particular importance to the treatment of Sezary syndrome by
ExP was whether the malignant clone was differentially affected,
i.e., became apoptotic, as compared to other lymphocytic popula-
tions. Using immunophenotyping and How cytometry, we found
that there was no difference in the susceptibility of the differene
T-cell subpopulations (CD4+/CD7+ and CD8+) to apoptosis
following PCT treatment. More importantly, these data show that
the malignant clone found in the peripheral blood of Sezary
syndrome patients undergoes apoptosis at a rate similar to the other
subpopulations subsequent to PCT treatment. This may have
important clinical implications. Sezary syndrome patients treated
with ExP maintain their absolute number of normal T cells with g
disproportionately greater decrease in their total body burden of
malignant cells (Edelson ef al, 1987). These data indicate thae
although the normal T cells undergo apoptosis as a result of ExP,
they are quickly replaced by new T cells at a rate that is substantially
greater than the rate at which malignant cells migrate to the
peripheral blood. In this regard, we have previously shown that in
some Sezary syndrome patients the malignant clone disappears
completely from the peripheral blood in response to ExP therapy
(Rook et al, 1991, 1993). This suggests that apoptosis may be an
essential pathway by which ExP mediates its clinical efficacy.
Because ExP treats only 2-5% of the total body lymphocyte
population (Lee and Garro, 1989), this may explain why it is often
necessary for patients to undergo many rounds of therapy t
achieve a clinical response. Moreover, we have observed that in
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order for ExP to be clinically effective in CTCL, a malignant clone
must be present in the peripheral blood (Rook and Vowels,
unpublished observations).

An important aspect of apoptosis is that cells undergoing this
phenomenon are recognized by phagocytes and taken up before the
release of intracellular contents, protecting the surrounding tissue
from potential tissue damage (Cohen and Duke, 1992). In our
investigations, monocytes appeared to be resistant to apoptosis, as
defined by cellular light scattering properties by flow cytometry and
fluorescent microscopy, subsequent to PCT treatment. Further-
more, ExP-treated, as well as untreated, monocytes that were
cultured for 5 days were able to recognize and phagocytize
ExP-induced apoptotic PBL, suggesting no alterations in monocyte
function. This resistance to apoptosis may be due to the increased
elaboration of GM-CSF by ExP-treated monocytes (Vowels and
Rook, unpublished observations), because GM-CSF has been
demonstrated to inhibit apoptosis of human monocytes (Strasser ef
al, 1994). One hypothesis on the mechanism for the clinical efficacy
of ExP is that an antigen associated with the malignant clonal
population, possibly the unique T-cell receptor, is altered as a result
of ExP such that an immune response can be specifically generated
to remove the malignant clone from the body. Such a scenario
would require antigen uptake, processing, and presentation and
could be enhanced as a result of macrophage uptake of apoptotic
cells.

An alternative hypothesis to the generation of clone-specific
immunity is that ExP may result in the cellular elaboration of
apoptosis-inducing factor which would be capable of causing
apoptosis in cells not treated by ExP. In this regard, tumor necrosis
factor-alpha (TNF-«) has been demonstrated to induce apoptosis in
certain cell types including tumor cell lines (Wong and Goeddel,
1994). Our previous studies have demonstrated that significant
amounts of TNF-a are produced by monocytes following ExP,
which also suggests that monocytes are resistant to apoptosis
induction by PUVA (Vowels er al, 1991). The observation that
TNF can induce apoptosis suggests a possible physiologic role for
the elaboration of this cytokine in the therapeutic effectiveness of
ExP:

As these various hypotheses are tested or as new hypotheses are
formulated, it will be important to keep in mind that nearly all PBL
treated with ExP will undergo apoptosis and as such cannot act in
an effector fashion. Morphologic changes associated with apoptosis
are not apparent until approximately 12 h post-treatment, but the
expression of ligands necessary for recognition by phagocytes may
occur earlier. As a result, PBL treated by ExP would be removed
from the circulation soon after reinfusion. In this regard, attempts
to identify apoptotic cells in the peripheral blood of patients at
various timepoints (1, 6, and 24 h) after reinfusion of ExP-treated
PBMC were uniformly unsuccessful (Vowels er al, unpublished
observations).

Although we have described the induction of apoptosis by PCT,
it remains unknown how PCT induces apoptosis. Studies by Marks
and Fox have shown that PUVA increases Ca®" uptake and poly
(ADP-ribose) synthetase activity and that a protein synthesis inhib-
itor, cyclohexamide, can decrease the incidence of PUVA-induced
apoptosis in T-cell lines (Marks e al, 1990; Marks and Fox, 1991).
Our observation that induction of apoptosis by PUVA is titratable
suggests that additional factors such as stage of cell cycle or
expression of specific receptors, such as CD95, may be important
determinants in whether a cell enters the apoptotic pathway.
Apoptosis induction by UVC and UVB radiation is accompanied by
a significant upregulation of the tumor suppressor gene, p53, a
finding we have recently demonstrated in lymphocytes from pa-
tients treated with ExP (Gasparro and Vowels, manuscript in
preparation). Whether p53, in cither wild type or mutant form,
plays a role in apoptosis induction by UVA or PUVA remains to be
determined.
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