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Background: Extracorporeal photopheresis (ECP) is an efficient method to treat various autoimmune dis-
eases, cutaneous T-cell lymphoma, and graft-versus-host disease. It is based on the ex vivo inactivation
of lymphocytes by 8-methoxypsoralen (8-MOP)/UV light treatment. Despite the adhesive, lipophilic
nature of 8-MOP, no quality control is established for the ECP procedure. Methods: We developed a sen-
sitive high-performance liquid chromatography/tandem mass spectrometry (HPLC-MS/MS) assay to
monitor residual 8-MOP concentration after UVA irradiation in the whole blood supernatant after aceto-
nitrile precipitation. Results: The preanalytical stability of 8-MOP exceeded 7 days, allowing batch mode
analysis. Linearity was determined with R? above 0.99. The 8-MOP concentrations decreased exponen-
tially after UV exposure, with decay constants of 0.0259 in plasma and 0.0528 in saline. The recovery of
8-MOP in photopheresates was about 68%, indicating binding to DNA as well as to plastic structures. UVA
induced no 8-MOP fragmentation, but caused self-adducts under extreme conditions (10-fold UV
dosage). Conclusions: Detection of 8-MOP proved to be feasible and demonstrated that the doses were

rsc.li/pps

Introduction

Extracorporeal photopheresis (ECP) is an efficient and estab-
lished therapy for cutaneous T-cell lymphomas, graft-versus-
host disease, solid organ transplant rejection, and various
autoimmune diseases." The latter includes atopic dermatitis,
for which the first positive results became available recently.
The procedure is based on the photochemical inactivation of
patient leucocytes collected by apheresis.® It is achieved by
ex vivo incubation with 8-methoxypsoralen (8-MOP), a naturally
occurring furocoumarin that distributes within less than
2 min into DNA strands and binds covalently within milli-
seconds after UVA exposure (320-370 nm).*® The treated white
blood cells become apoptotic.”® Unbound 8-MOP is rapidly
metabolized and renally excreted within 24 hours.’

Leucocytes are collected by apheresis either using a special-
ized device that combines apheresis technology and UV
irradiation in a single machine (inline ECP, Therakos Uvar XTS
or Cellex) or by using two devices: one specially designed for
apheresis (Terumo BCT Cobe Spectra or Optia, Fresenius Kabi
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in the pharmaceutically active range.

Amicus or Com.Tec, or Haemonetics MCS+)'* and the other
for UV irradiation (offline ECP)."' ECP therapy is usually
administered on two consecutive days, forming one treatment
cycle. Cycles are generally repeated every two to six weeks.

8-MOP is a lipophilic substance that is readily adsorbed onto
plastic materials.’ Therefore, it is desirable to validate whether
8-MOP is still present in therapeutically sufficient quantities
after handling the cell suspension. Analytical methods such
as high-performance liquid chromatography (HPLC), liquid
chromatography/tandem mass spectrometry (LC-MS/MS),">"?
assays based on gas chromatography (GC) with electron capture
detection' or mass spectrometry,">'® and surface-enhanced
laser desorption/ionization time-of-flight mass spectrometry
(SELDI-TOF-MS)"” have been developed to detect 8-MOP and its
photoadducts. However, none of these methods have been
adopted for routine quality control of ECP. Hence, we developed
a sensitive LC-MS/MS method to quantify and monitor 8-MOP
in cell suspensions under routine therapeutic conditions.

Experimental section
Patients

The investigated process was established on a GMP level based
on the requirements from the authority from 2013 onwards. As
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part of this, 8-MOP analysis was mandatory, and the investi-
gated samples were drawn for routine analysis and included
up to 2016. Patients were scheduled for ECP based on clinical
indications. All manufacturing and treatment was in accord-
ance with the EU guidelines for good manufacturing practice,
with the national pharmaceutical law, and with the declaration
of Helsinki. This was approved by the institutional review
board under permission number 16-101-0099. Patients were
fully informed about manufacturing and treatment and gave
their written consent.

The included patients were 59% male and 6 to 68 years old
(median 51 years).

Photopheresis

Leucocytes were collected with the Cobe Spectra or Optia
(Terumo BCT, Lakewood, CO, USA) apheresis system using the
AutoPBSC program, which was configured to yield 90 mL of
leukapheresis cell suspension (leukapheresate) and 110 mL
autologous plasma with citrate anticoagulation for patients
with more than 25 kg body weight. After apheresis, cells and
plasma were transferred to a UV-permeable ethylene vinyl
acetate bag (Cellmax, Munich, Germany), and 2 mL 8-MOP
was added from a stock solution (20 pg mL™' Uvadex,
Therakos, West Chester, PA, USA), yielding a final concen-
tration of 200 ng mL ", For patients under 25 kg, physiological
saline instead of plasma was used with a final volume of
100 mL photopheresate (40 mL cell suspension and 60 mL
0.9% NaCl) by adding 1 mL 8-MOP. Handling time ensured
sufficient distribution of 8-MOP into DNA double strands (2 to
60 min).® This cell suspension (photopheresate) was irradiated
with UVA light at a wavelength of 320 to 370 nm and a dose of
1.0 J em™? per side (total 2.0 J em™?) (Puva Combi Light,
Cellmax, Munich, Germany) and re-infused into the patient.
Light was applied at a constant dosage and varying times
depending on the light transmission. This treatment was per-
formed on two consecutive days per treatment cycle.

Additional testing was done for the establishment of the
test. In these cases, UVA-permeable bags were filled with
physiological saline (0.9% NaCl, B. Braun Melsungen,
Melsungen, Germany) or plasma from healthy blood donors
and spiked with 8-MOP (Uvadex or, if indicated, Xanthotoxin
from Carl Roth, Karlsruhe, Germany) at different concen-
trations followed by UVA irradiation at various doses. These
bags were not administered to patients.

Samples of the photopheresis product were drawn after UVA
exposure and stored at 2-8 °C in polypropylene (Sarstedt,
Niimbrecht, Germany) or glass tubes (B. Braun Melsungen,
Melsungen, Germany).

Sample preparation

10 pL imperatorin (Phytolab, Vestenbergsgreuth, Germany), a
psoralen substituted by a prenyloxy group at position 8,'® was
added at a concentration of 2 ng uL ™" as an internal positive
control to 100 pL photopheresate supernatant. Protein precipi-
tation and removal was performed with 1 mL acetonitrile
(Acetonitrile HPLC Ultra Gradient Grade, Carl Roth, Karlsruhe,
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Germany), mixing and centrifugation. A blank sample with
100 pL water was always co-tested. Quantification of 8-MOP
was done according to daily calibration with external stan-
dards of 8-MOP in acetonitrile.

HPLC-MS/MS instrumentation and conditions

The supernatant was analyzed by LC-MS/MS using the Agilent
Technologies 1200 Series (Santa Clara, CA, USA) and the
Varian 320-MS system, if indicated, or the Agilent
Technologies 1290 Infinity and 6495 TQ Mass Spectrometer
systems.

HPLC

Chromatographic separation for quantification was performed
on an Agilent Technologies Eclipse Plus C;g column (2.1 x 50
mm, 1.8 pm particle size). Linear gradient elution of
eluents A (water with 0.1% formic acid) and B (acetonitrile
with 0.1% formic acid) was used for separation. The gradient
consisted of 100% A 0-0.3 min, 100% B 4-7 min, and 100% A
7.1-10 min. The flow rate was 0.3 mL min™".

The chromatographic conditions for detection of photoderi-

vatives were the same as those used for the quantification.

Mass spectrometer

The MS/MS conditions for quantification were set to a gas
temperature of 200 °C and a flow rate of 12 L min~". The nebu-
lizer was adjusted to 35 psi. Regarding the sheath gas, the
temperature and gas flow rate were maintained at 350 °C and
12 L min~". Voltage settings were 3000 V (capillary) and 300 V
(nozzle). The multiple-reaction monitoring mode (MRM) was
used for quantification. MRM transitions were for imperatorin
271 — 147 (40 eV) and for 8-MOP 217 — 202 (quantifier, 20 eV)
and 217 — 174 (qualifier, 28 eV). The dwell time was 70 ms,
cell acceleration voltage 5 V, and fragmentor voltage 380 V
(Fig. 1). MassHunter software (Agilent Technologies) was used
for quantification.

The MS scan conditions for the detection of photoderiva-
tives were set, for Quadrupol 2, to 50-1000 m/z with a scan rate
of 1000 ms.

GC-MS instrumentation and conditions

For the detection of possible photo-derivatives, GC-MS was
performed using the full-scan mode. The supernatant was ana-
lyzed by GC-MS using Agilent Technologies 6890N (Santa
Clara, CA, USA) and Agilent Technologies 5973 Inert mass
spectrometers with the Evolution upgrade.

GC

Chromatographic separation was performed using an Agilent
Technologies HP-5MS UI column (30 m x 0.25 mm x 0.25 mm)
at a flow rate of 0.7 mL min~". Injection was done with the
Programmable Temperature Vaporization (PTV) inlet in the
solvent vent mode. The injector conditions were as follows:
5.8 psi (vent pressure), 70.0 mL min~" (vent flow), 0.12 min
(vent end time), 2.0 min (purge time), and 20 mL min "
(purge flow). The injector temperature programme was set at

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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Fig. 1 Signals of imperatorin 271 — 147 (top) and 8-methoxypsoralen in plasma 217 — 174 (middle) and 217 — 202 (bottom) with 181 ng mL™*
8-MOP, in counts x10* at an acquisition time of 3.6 and 4.2 min. ESI, electrospray ionization; MRM, multiple reaction monitoring; CID, collision

induced dissociation [eV] followed by precursor and by-product ions.

50 °C for 0.14 min with a heat rate of 700 °C min™", and at
280 °C for 15 min. The GC temperature was programmed as
follows: 50 °C for 1 min at a heat rate of 35 °C min™", 100 °C
for 0 min at a rate of 8 °C min™", and 320 °C for 10 min.

MS

The mass spectrometer was used with a solvent delay of
4.5 min, a cycle time of 500 ms, and 50-550 amu (scan).

Statistical analysis

Microsoft Excel 2010 and R were used to collect data, calculate
and test for normal distribution using the Shapiro-Wilk test
and the Mann-Whitney U-test, to determine the median,
mean and standard deviation values, to test for exponential
regression, and to create the figures.

Results and discussion
Detection of 8-MOP by HPLC-MS/MS

Apheresis plasma was spiked with varying amounts of 8-MOP.
The blank sample’s 1.645-fold standard deviation'® revealed a
limit of blanks (LOB) of 1.01 ng mL™". The limit of detection
(LOD) as 1.645-fold standard deviation of low concentration
8-MOP (5 ng mL ") plus LOB'® was 1.53 ng mL™". The limit of
quantification (LOQ) was calculated by linear regression of the
root mean square from standard deviation and bias. It was
below 20% for concentrations above 5.17 ng mL™"' (Fig. 2).

This journal is © The Royal Society of Chemistry and Owner Societies 201/
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Fig.2 8-MOP HPLC MS/MS: (a) calibration curve and (b) concen-
tration-dependent total error.

Linearity was determined with R> above 0.99 (Fig. 2). Precision
was 2.1% (intra-assay, 140 ng mL™', n = 6) and 3.9% (inter-
assay, 134 ng mL™", n = 8).

The substance concentration in Uvadex glass bottles was
controlled in comparison with 10 ng mL~" Xanthotoxin solu-
tion and revealed 93.6% of the labeled amount in two
different batches that were tested within the specified shelf life
(n=4).

Substance loss due to plastic adhesion was tested with
Xanthotoxin in saline and storage. After 24 h, 30 ng mL™"
residual substance of the added amount (100 ng mL™")
was detected. This was further decreased by UVA irradiation
to 21 ng mL™"' (recovery of 70% of the non-irradiated
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amount). This is consistent with the adhesive nature of
8-MOP.’

Substance loss prior to UVA irradiation was also tested with
plasma-containing cell suspensions from ECP patients.
The cell suspensions showed concentrations of 5.06-578.93 x
10> uL™" leucocytes (median 41.91 x 10° pL™"), 0.09-0.35 x
10° pL~" erythrocytes (median 0.22 x 10° uL. ™), and 67-1390 x
10° pL™! platelets (median 1039 x 10° uL™'). Before 8-MOP
addition, the concentration was below the LOD in all samples
as expected because of rapid metabolism and renal excretion
of residual 8-MOP.’ After contact with the plastic surface of the
UV-permeable bag, a median of 185 (range: 175-191) ng mL ™"
of the added 200 ng mL™" 8-MOP could be retrieved (n = 5),
equalling a median of 92% (range: 87-95%). UVA irradiation
with 2.0 J em™> decreased 8-MOP to a median of 173 (range:
167-180) ng mL ", equalling a median of 94% (range: 90-97%)
before irradiation. No matrix effect was detected.

Detection of photo-derivatives

UV-irradiation may, in principle, cause degradation of 8-MOP
in smaller and more volatile fragments. These were first inves-
tigated by GC-MS with saline spiked with 8-MOP (Xanthotoxin)
to a final concentration of 100000 ng mL™', which was
500 times the standard concentration, and irradiated with
2 J em™ and 20 J em™2. An increased concentration was used
to achieve higher chances of detecting possible derivatives of
8-MOP. As GC-MS is a suitable technique to detect the whole
mass spectrum of a substance, we used this method in the full
scan mode exclusively to identify unknown peaks. The chro-
matograms showed no additional peaks indicative of photo-
derivatives.

While predominantly binding to pyrimidine residues,
8-MOP is known to build photoadducts with a large range of
molecules. It could therefore also form self-adducts. This was
investigated by LC-MS, as larger molecules are unlikely to be
volatile enough for detection by GC-MS. Using LC-MS in the
scan mode, dimers and to a lesser extent trimers of 8-MOP
were identified with the abovementioned conditions (Fig. 3).

In the next step, bags with 200 mL physiological saline or
plasma, each in triplicate, were spiked with 8-MOP to a final
concentration of 200 ng mL™" (Fig. 4). The concentration was
monitored at increasing irradiation intensity up to 24 J cm™>
(12 times the standard intensity), which equalled irradiation
times of up to 20 min 18 s. The 8-MOP concentration decreased
exponentially during irradiation, like radioactive decay (Fig. 4).
The decay constant was determined based on the formula:

p(He) = poe ™"

where p is the concentration of 8-MOP in ng mL™", H, is the
radiant exposure in ] cm™>, and 4 is the decay constant (dimen-
sionless). The decrease was faster in saline-filled bags, with
exponential decay constants of 0.0528 and 0.0259 in saline and
in plasma, respectively. Before UVA irradiation at 24 ] cm™?, the
median 8-MOP concentrations were 220 ng mL~" and 210
ng mL™" in plasma and saline-filled bags, respectively, and they
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remained at 115 ng mL™" and 50 ng mL ™" after UVA exposure.
Saline-filled bags showed not only a faster decrease, but also a
higher dose rate (Fig. 5). UVA light was transmitted through
plasma-filled bags at 19.5 mJ em™> s~ (median) and through
saline-filled bags at 24.1 mJ cm > s~ (median).

Preanalytical stability of 8-MOP

To analyze the influence of temperature, adhesion loss, and
storage time on the stability of 8-MOP, photopheresis samples
were stored at room temperature and at 2-8 °C for up to 7 days
in polypropylene or glass tubes (Table 1). The mean concen-
trations after sample storage in polypropylene or glass tubes
were 170 ng mL™" and 169 ng mL™", respectively. The mean
concentrations in samples stored at ambient temperature or
2-8 °C were 172 ng mL~" and 165 ng mL ™", respectively. There
was no significant difference in 8-MOP concentration due to
the tube type for sample storage (p = 0.89) or storage tempera-
ture (p = 0.21).

Routine data

Patients were usually treated on two consecutive days. The
peripheral blood concentration of 8-MOP was below the LOD
before treatment on day 1 as well as on day 2 (n = 16). This is
congruent with publications which have shown that 8-MOP is
metabolized and/or excreted within 24 h.”'%?° Residual 8-MOP
concentration data from 438 ECP treatments in 29 patients
over a period of 12 months were included in the analysis
(Fig. 6). After 8-MOP injection and irradiation, the concen-
tration of unbound 8-MOP in photopheresates with plasma
(n = 416) was 20-250 ng mL~" on day 1 and 20-210 ng mL ™"
on day 2 (median of all data 140 ng mL™"). Photopheresates
with saline contained 10-260 ng mL™' 8-MOP on day 1 and
70-190 ng mL~" 8-MOP on day 2 (median 105 ng mL™", n =
22). There was no significant difference in the concentrations
of residual 8-MOP on the two days (p = 0.55).

The median concentration of 140 ng mL™' 8-MOP in
194 mL photopheresate equalled 27 pg 8-MOP returned to the
patient. This was 68% of the 8-MOP dose administered before
UVA irradiation (40 pg). Regarding all treatments, the product
of 8-MOP concentration and UVA dose (2 ] cm™?) ranged from
20 to 520 ng ] em™> mL™" (median 280) with a CV of 23%.

Discussion

This study was conducted to establish an HPLC-MS/MS-based
analytical method for the detection of 8-MOP for quality control
of ECP. It included 8-MOP detection, the definition of specifica-
tions for routine quality control as well as the detection of poss-
ible photo-derivatives. In addition, preanalytical stability was
investigated. Data from 438 treatments of 29 patients obtained
during 12 months are presented in this article.

Methods to detect 8-MOP have been developed. The pre-
vious techniques are based on HPLC,"**' HPLC- and LC-MS/
MS,'>"* GC with electron capture detection,'* or GC-MS.">"®
Some of these methods were developed for detection in urine

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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Fig. 3 Chromatograms of 8-MOP photoderivative investigation with (a) GC-MS with a signal of 8-MOP and a magnification (inset) and (b) LC-MS
with signals firstly of 8-MOP (m/z 217), secondly of the dimer (m/z 455) and thirdly of the trimer (m/z 671) in counts x10°.

or herbal extracts and were thus not applicable to 8-MOP
detection in human blood samples that contain 8-MOP
binding plasma proteins.">"* In addition, HPLC and GC-MS
methods to detect 8-MOP require sample preparation with
extraction and evaporation that inherently compromises pre-
cision and therefore LOD and LOQ. This may impair analytical
quality, if 8-MOP extraction especially in blood samples was
incomplete, e.g. due to protein binding.”®

This journal is © The Royal Society of Chemistry and Owner Societies 201/

However, low LOD values were in part achieved even with
complex preanalytics when calculated as threefold standard
deviation divided by the slope. This formula may result in
lower LOD values compared to the method used in this article
(0.95 ng mL™" for the herein presented method instead of
1.53 ng mL™).

Being activated by UVA, the furocoumarin 8-MOP changes
from its biologically inert form to a form which is able to bind
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Fig. 4 Natural logarithm of 8-methoxypsoralen concentrations in cell-
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Fig. 5 UVA dose rate using bags filled with physiological saline or
plasma from healthy donors.

Table 1 8-MOP concentration (mean of triplicates) after various
sample storage times in different storage vessels at ambient temperature
(AT) or 2-8 °C

Sample storage time Glass tubes Polypropylene tubes

<1 day, AT 168 ng mL™" 163 ng mL™"
<1 day, 2-8 °C 157 ng mL™" 156 ng mL™"
3 days, AT 158 ng mL™" 162 ng mL™"
3 days, 2-8 °C 159 ng mL™" 162 ng mL™"
7 days, AT 178 ng mL™" 190 ng mL™"
7 days, 2-8 °C 184 ng mL™" 169 ng mL™"
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Fig. 6 8-MOP concentration after offline photopheresis UVA treatment
on days 1 and 2: (a) saline containing cell suspensions (n = 22),
(b) plasma containing cell suspensions (n = 416).

to pyrimidine bases of DNA. The reacting structures are the 4,5
bond of the furan ring as well as the 3,4 bond of the pyrone
ring, which seems to be the more reactive position because of
a high electron density.”"** The main targets of 8-MOP are
DNA, RNA and proteins, but it is known that 8-MOP has an
affinity to some plastic material structures, which seems to be
enhanced by the molecular shape change during UV exposure.

Initially, 8-MOP detection was carried out by using physio-
logical saline spiked with 8-MOP. Irradiation with a standard
dose led to drug loss. Both increasing the irradiation intensity
to 20 J em ™ (10-fold more) and increasing the irradiation time
(equivalent to an intensity of up to 24 ] cm™?) resulted in a
higher loss of 8-MOP in NaCl than that in plasma. This
decrease was faster in saline-filled bags than in plasma-filled
bags. Greater light transmission through saline-filled bags led
to higher dose rates. This difference in 8-MOP reduction in
plasma versus NaCl could be due to plastic surface adhesion,
among other things. Plasma seems to have a buffering effect,
reducing the possibility of the drug coming into contact with
the plastic surface of the bag.

Inactivation of cells by 8-MOP and UVA irradiation occurs
mostly by crosslinking DNA strands. Prolonged exposure of
cell suspensions to long-wavelength UV light leads to higher
yields of interstrand crosslinks induced by 8-MOP.>* All in all,
the 8-MOP concentration is much more reduced in the matrix
of physiological saline than in plasma, possibly because of its
buffering character.

Analysis of photopheresis products of different patients
showed no residual 8-MOP from the previous day’s treatment
due to the rapid metabolism and renal excretion of residual
8-MOP. After irradiation, the measured concentration was
167-180 ng mL~" (median of 173 ng mL™") with a recovery of
94% (median).

In order to determine whether photometabolites are being
generated, we treated UV-permeable bags filled with physio-
logical saline and a 500-fold concentration of 8-MOP at an
irradiation dose of 2.0 J cm™ and 20 J ecm™>. Using GC-MS for
obtaining the whole mass spectrum of 8-MOP there was no
indication for the generation of photometabolites. With

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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LC-MS, polymers of 8-MOP were detected at a 10-fold
irradiation dose but not under standard conditions with
2.0J ecm™2,

For the pre-analytical stability of 8-MOP we analyzed the
influence of temperature and storage time. A standard storage
condition of 2-8 °C for a maximum of 7 days seems acceptable
based on these data. The aspect of plastic adhesion to sample
tubes has also been reflected by using polypropylene tubes as
well as glass tubes. The product information of Uvadex
describes a loss of 8-MOP due to adhesion, e.g. to poly-
vinylchloride. This effect, resulting in about 30% substance
loss, also occurs with UV-permeable ethylene vinyl acetate
bags. The observed minimal differences in residual 8-MOP
concentrations in polypropylene tubes and glass tubes proved
that the drug can be stored in the former vessels without
additional losses due to adhesion of the drug to this type of
plastic material.

Patients were usually treated on two consecutive days. Cell
suspension was replenished either with autologous plasma or
with physiological saline. Analysis of residual 8-MOP concen-
trations in photopheresates over a period of 12 months
showed a median concentration of 140 ng mL™" on both days.
Photopheresates with NaCl as the matrix revealed lower
residual 8-MOP concentrations than those with plasma as
there is a higher adhesion effect on plastic material in NaCl.
Based on our data, the specification for residual 8-MOP con-
centration for routine quality control of offline photopheresis
products was defined as 60-180 ng mL ™.

In our study with a standard dosage of 40 pg of 8-MOP
for photopheresis therapy, a residual dosage of 27 pg
(median; range: 2-50 pg) of 8-MOP was detected after UVA
irradiation. For the treatment of psoriasis, the drug is
administered orally at a dosage of 70-160 mg per day.>* For
systemic therapy, 8-MOP doses of 0.6 mg kg~ ' are used,"’
which are more than 1000 times higher than the dosages
used for ECP. Therefore, the residual 8-MOP concentrations
detected in our photopheresis products can be regarded as
toxicologically negligible.

The dosage required for a sufficient therapeutic effect has
been found to be dependent on both the irradiation intensity
and the 8-MOP concentration.>® This dose should be in the
range of 50-400 ng J cm™> mL™" to inactivate lymphocytes but
not impair immunological cell interaction."*> In our photo-
pheresates, the product of 8-MOP-concentration and UVA dose
was 20-520 ng ] em™> mL~' (median 280), which is in the bio-
logically effective range.

All in all, we conclude that LC-MS/MS is an appropriate and
sensitive method for routine quality control of 8-MOP at
photopheresis.
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