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Abstract We analyzed the effects of ifosfamide, a cheé- ducti
motherapeutic agent that is broadly used within anticandBroduction

therapy, on immunocompetent effector cell subpopulatlonghe oxazaphosphorines cyclophosphamide and the isoform
i

For our in vitro studies we used 4-hydroperoxyifosfamid, X . .
osfamide are the most frequently used antineoplastic

(4-O0H-IF), which rapidly gives rise to 4-OH-IF, the ) : e
activated form of ifosfamide. Activated cytotoxic29€Nts in the therapy of solid tumors [17]. In vivo, ifosfa-
T lymphocytes and natural killer (NK) cells were useén'qe IS mgtabollcally ac'glvated .by hepatic mixed-function
because of their antitumor activity and their antiviral op*xidases into 4-hydroxyifosfamide (4-OH-IF). Intracellu-

antibacterial activity. Our study demonstrated three maji1y: the activated form, 4-OH-IF, is decomposed to alkyl-

findings. (1) The capacity of cytotoxic T cells to lyse thei?ﬁng mustard, when acrolein is split off. For our in vitro

PP : tigations, we used the prodrug 4-hydroperoxyifosfa-
specific target cells was substantially reduced by 4-OH-|RVES - : .
treatment. This inhibition of the lytic activity could beMide (4-OOH-IF; kindly provided by ASTA-Medica,

correlated with a substantial depletion of the intracelluldr@nkfurt, Germany) which, in aqueous solutions, sponta-
glutathione (GSH) levels. A rapid reconstitution of theously gives rise to pharmacologically equivalent amounts

depleted GSH levels and of the cytotoxic activity wa f 4-OH-IF. It is. known that t_he tri'pep'ti(Ije glutathione
achieved by incubation of the T cells with thiols such SH) plays an important r_oIe in maintaining the ceIIuIar
mercaptoethanesulfonate (mesna). (2) In contrast to Tcéﬁgoxb plptennafl [10]. GShH |rLev<_arS|bI3|/_kb|nds tci the tor>]<_|ch
the lytic activity of NK cells was not substantially affected€tapolites o | o_xaza? ﬂSp ornes ke gcro_;m, W 'C"
by 4-OH-IF treatment; this increased resistance of NK ce gads to a depletion of the GSH content in different cell
against 4-OH-IF treatment could be explained by theiypes [1, 4]. Our previous results demonstrate that unsti-
higher initial GSH levels and by their higher rate of GS ulated  human . penpheral blood .monor_]uclear cells
synthesis. Furthermore, we demonstrated that (3) NK ce ,BMC) are sensitive targets for an |fosfam|de. treatment
but not T cells, have the capacity to take up cystine, th§cause of this GSlH morcllulatlftr)n [3, ﬁ]' The aim of tf;:s
oxidized form of cysteine, from the medium. In conclusiofiiudy was to analyze the effects of 4-OH-IF on the
we can state that NK cells are much more resistant fgmunological functions of activated lymphocyte subpo-
ifosfamide treatment compared to T cells with respect R%Iatlons (CD.3 NK ";‘ln? CD3 CITL ei\ffector cells) and its
intracellular GSH levels and cytotoxic activity. Influence on intracellular GSH levels.
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Treatments

Peripheral blood obtained from a healthy human volunteer was anti-
coagulated with Heparin Novo (Novo Nordisk Pharma GmBH, Mainz,

G. Multhoff (=) Germany). Peripheral blood lymphocytes (PBL) were derived from
GSF - Institut fu Klinische Hamatologie, Marchioninistr. 25 monocyte-depleted PBMC, which were obtained after density gradient
D-81377 Munich, Germany ' ' centrifugation on Ficoll Isopaque (Pharmacia Freiburg, Germany). The
Fax: 089 7099 4'00 HLA types of donor and stimulator cells were determined according to
' an established method of Terasaki and McClelland [16] using different
R. Issels: C. Botzler- A. Allenbacher HLA antibodies and alloantisera; donor A: A2, BN60(40), B62(15),
Klinikum GroRBhadern, Med. Klinik 11, Marchioninistr. 15, Bw6, Cw3, DR4, DR13(6), DQ6(1), DQ8(3), DR52, DR53; donor B:

D-81366 Munich, Germany A24(9), A30(19), B7, B27, Bw4, Bw6, DR2, DQ1. PBL of donor A
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Table 1 The effects of 4-hydroxyifosfamidel{OH-IF; 25, 50uM for
a) 1 h) or 4-OH-IF (50 uM) plus mercaptoethanesulfonate (mesna;
" . - 0.4 mM, 6 h) on glutathione levels in separated €DO3totoxic
0% specific lysis of B-LCL/K562 cells T lymphocytes and CD3natural killer cells. SD of at least three
CD3+ CD3- independent experiments are given in parenthesis
effector cells (CTL) effector cells (NK)

Treatment  Glutathione level (nmol/mg protein)

Control 4-OH-IF 4-OH-IF 4-OH-IF +
25 uM 50 uM mesna
50 uM +
0.4 mM
CD3+ 33.6 (£7.4) 129 (£2.5) 6.34 (-0.7) 30.0 ¢-0.1)
CD3 41.0 (£1.2) 39.8 (-2.9) 27.8 (-1.8) 38.0 (-1.5)

151

B-Lor [ JKsez were separated in a CB8ytotoxic T lymphocyte (CTL) and a CD3

b) natural killer (NK) cell population by selection via adhesion and
» X magnetic-bead separation [13, 11]. The purity of both cell fractions
ok _specific lysis of B-LCL ' was more than 95% as determined by fluorescence-activated cell

sorting (FACScan) using a CD3 (Dianova, Hamburg, Germany) mono-
clonal antibody (mAb) as a T cell marker and a CD16/56 (Becton-
GO T S Dickinson, Heidelberg, Germany) mAb as a NK marker (data not
= shown). The CDS fraction was stimulated using irradiated (20 Gy)
g allogeneic Epstein-Barr-virus-transformed B lymphoblastoid cell lines
i i (Euro Cetus, Frankfurt, Germany) at a final concentration of 100 1U/ml
RPMI-1640 medium supplemented with 10% fetal calf serum, 6 mM

10 . % o L-glutamine and antibiotics for 5 days. The CDSK fraction was

stimulated with IL-2 only. The separated IL-2-stimulated cell fractions

0 : : : were incubated at a final concentration of 0, 25, 50 and iNMI}{-OH-
18:1 7.61 3.7:1 IF at 37°C for 1 h. The cells pretreated with 4-OH-IF (2 at 37°C
CD3+ effector cells (CTL) for 1 h) were incubated with 2-mercaptoethanesulfonate (mesna;

ASTA-Medica, Frankfurt, Germany) at a final concentration of

7] - 4~OH- zZ -OH- . -OH- .
[Z3) - a-0H-IF E= » 26uM 4-OH-IF Il » 50uM 4-OH-IF 0.4 mM for 6 h prior to an assay.

c)

0 % specific lysis of K562 cells

Determination of intracellular GSH

307 T Cormmmm The total intracellular GSH (reduced and oxidized form) of the
different effector cell populations, either untreated or treated with
204 . ) . —— different concentrations of 4-OH-IF (25, 50, 1@®/ for 1 h) and/or

mesna (0.4 mM for 6 h), was quantified in relation to an internal
standard by using the HPLC method described by Reed et al. [14].

0

T T

15:1 751 3.7: 51Cr-release assay
CD3- effector cells (NK)

The specificity of the CD8 and CD3 separated effector cells was
- 4-0H-IF  EZ2+ 26uM 4-OH-IF Il + S0uM 4-OH-IF monitored in a standard 49Cr-release assay [7]. Allogeneic B-LCL
. . - . and K562 cells, a human chronic myelogenous leukemia cell line (CCL
Fig. la-c The cytotoxic activity of separated CB3cytotoxic 43 ATCC), were used as target cells. The percentage specific
T lymphocytes €TL) and CD3 natural killer NK) effector cells, cyiotoxic activity was calculated using the following formula: [(ex-
either untreated or treated with 4-hydroxyifosfamide (4-OH-IF; 2gerimental release — spontaneous release)/(maximum release — sponta-

S0 uM for 1 h), was measured against chromium-labeled allogengie s release) 100. The spontaneous release of both target cell lines
B-LCL and K562 target cellsa The lysis of the allogeneic B-LCL was ;4 always Ie);}s than 15%_p 9

mediated only by the CD3effector cell population, whereas the K562

target cells were lysed selectively by the Cl@¥ector cell population.

b After ifosfamide treatment (5QM 4-OH-IF) the capacity of CD3

CTL effector cells to lyse their allogeneic target cells B-LCL wai/I 5 . .

reduced more than threefold. In contrast, the capacity of CD3 Measurement of¥S]cysteine/cystine uptake
effector cells to lyse K562 target cells was not affected significantly. . . ,
The results are expressed as percentage specific cytotoxic activit)é(gﬁr two steps in uptake medium (McCoy's 5A, 10 mM HEPES
varyious E/T ratios ranging from 15:1 to 3.7: 1. The data represent tHfnout cystine, cysteine, methionine or glutathione) the uptake was

mean values of three independent experiments; the SD of each digited by adding 0.5 mM3§Sicystine or Scysteine to the cell
point was less than 10% suspension. Aliquots of 0.05 ml were taken at different assay times and

added a mineral oil/dibutyl phthalate (15/85 v/v) mixture. The radio-
activity in the cell pellet was measured in a beta-counter (Beckman
Instruments, Munich).
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a) b)

o % specific lysis of B-LCL ‘0 % specific lysis of K662 cells

7.6:1 3.7:1 15:1 7.5:1 3.71

CD3+ effector cells (CTL) CD3- effector cells (NK)
(- 4-OH-IF HR -+ 50uM 4-OH-IF N+ 50uM 4-OH-IF+mesna - 4-OH-IF HH+ 50uM 4-OH-IF NN+ 50uM 4-OH-IF+mesna

Fig. 2a, b The cytotoxic activity against allogeneic target celllCTL was reduced more than 3-fold after an incubation of
(B-LCL) could be completely restored by incubation of ifosfamidethe effector cells with 50uM 4-OH-IF (Fig. 1b). In

treated CD3 effector cells with mercaptoethanesulfonate (mesna; . . :
50 UM 4-OH-IF plus 0.4 mM mesna). The cytotoxic activity c)f%bntrast, the lytic activity of NK cells against K562 target

CD3 NK effector cells against K562 cells was not influenced bgells was not significantly influenced under these condi-
mesna treatment. The data represent the mean values of three itidms (Fig. 1c). Only an incubation with 1Q@M 4-OH-IF

pendent experiments; the SD of each data point was less than 10%(d to a 1.5-fold reduction of the cytotoxic activity of NK
cells (data not shown). Concomitant with the loss of
immunological functions, the intracellular GSH content of
the 4-OH-IF-treated CD3CTL effector cells that were
Results used in thisdiCr-release assay were found to be substan-
tially reduced (about 2-fold when 28V 4-OH-IF was used
The effects of an ifosfamide treatment (0, 2588 for 1 h) and more than 5-fold with 5QM 4-OH-IF), as shown in
on the cytotoxic activity of CD8 CTL and CD3 NK Table 1.
lymphocyte subsets was tested inS¥Cr-release assay. The GSH-depleted, ifosfamide-preincubated EQ3 L
The purity of both cell fractions was more than 95% asffector cell population showed rapid restoration of the
described in Materials and methods. Functionally the lysistracellular GSH contents to normal levels after incubation
of allogeneic B-LCL target cells was mediated selectivelyf the cells with 0.4 mM mesna for 6 h at 3C (Table 1).
by the CD3 CTL population, whereas the lysis of the NKOn the basis of these results, we addressed the question of
target cells K562 was mediated only by the CDK cell whether mesna-treated CD3CTL effector cells also
population (Fig. 1a). After incubation of both effector celshowed a recovery in cytotoxic activity. The results derived
populations separately with either g1 or 50 uM 4-OH- from a 51Cr-release assay are demonstrated in Fig. 2.
IF for 1 h the capacity of CTL and NK cells to lyse theitA complete restoration of the cytotoxic activity of 4-OH-
specific target cells was significantly different. The lysis of (50 uM)-pretreated CD8 CTL against allogeneic B-
the allogeneic B-LCL target cells that was mediated HyCL was achieved by an incubation of the effector cells

a) b)
cysteine/cystine uptake of CTL cysteine/cystine uptake of NK
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Fig. 3a, b Uptake of the amino acids cysteine and cysting)CD3*

CTL and(b) CD3 NK cells. The amino acid cysteine is taken up by
CTL and NK cells. In contrast, the amino acid cystine is selectively
taken up by NK cells but by CTL. Each data point represents the mean
of four independent experiments; the SD was less than 15%
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with mesna. The cytotoxic activity of CDNK effector CD3+ CTL, may enhance immunocompetence and may
cells (Fig. 2) and intracellular GSH levels (Table 1) was ndielp tumor patients to recover from illness during oxaza-
enhanced by mesna treatment. phosphorine therapy.

As demonstrated in Fig. 3, NK cells as well as CTL have
a similar capacity to take up cysteine. However, in contrast
to CTL, NK cells are able to take up cystine, the oxidised
form of cysteine, very efficiently.
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