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Background and Objectives. Drug-resistant leukemia
cells may exhibit cross-resistance towards immunological
effector mechanisms by alterations of apoptosis pathways.
This is particularly relevant in allogeneic bone marrow
transplantation for leukemia, where the graft-versus-
leukemia effect acts on cells pretreated with cytostatic
drugs. Here, we clarify the mechanism underlying cross-
resistance of drug-resistant variants of the T-leukemia cell
line CEM towards natural killer cells.

Design and Methods. We determined the sensitivity of
different CEM sublines to natural killer (NK) cytotoxicity,
and separately analyzed the components of the killing
machinery by detection of granzyme B-induced caspase
cleavage and HLA class I-dependent recognition mecha-
nisms. Furthermore, we studied regulation of HLA class |
expression comparing CEM with other cell lines.

Results. We found that CEM cells resistant to cytosta-
tic drugs or CD95 were cross-resistant towards NK cells
from a variety of donors. Granzyme B-induced caspase
and PARP cleavage in the sensitive and resistant cells
were comparable, indicating that downstream apoptosis
pathways were not altered in the drug-resistant cells. HLA
class | molecules were upregulated in the resistant cells,
inhibiting NK cells at the level of killer/target recognition.
HLA class | upregulation was not found in other leukemia
cell lines.

Interpretation and Conclusions. This is the first
description of HLA class I-mediated NK cross-resistance
in drug-resistant cells. This finding may have a clinical
impact since it may be considered as a possible reason
for resistance to a graft-versus-leukemia approach in allo-
geneic bone marrow transplantation.
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he sensitivity of leukemia cells towards cellular cyto-
toxicity is influenced by pretreatment with cytosta-
tic drugs.’® Acquired resistance of leukemic cells
towards immune attack is of particular interest in the
clinical setting since most immunotherapeutic approach-
es, especially in the context of allogeneic bone marrow
transplantation, using a well established graft-versus-
leukemia effect are performed after prolonged pretreat-
ment with cytotostatic drugs. Sensitivity towards cyto-
toxic effector cells depends on several different mecha-
nisms, especially the CD95 receptor/ligand system.' For
example, sensitivity to CD95-induced apoptosis has been
found to increase upon short-term exposure to cytotox-
ic drugs.* On the other hand, drug-resistance can be
induced in leukemic cells by continuous incubation in
the presence of low doses of cytostatic drugs. These cells
may become cross-resistant to CD95-mediated cytotox-
icity by down-regulation of CD95."-3 Other mechanisms
leading to altered target cell sensitivity towards cyto-
toxic cells include modifications of the caspase cascade,
expression of apotosis inhibitors, or disturbed effec-
tor[target recognition mechanisms.3-10
Depending on the individual effector and target cell
type, cytotoxic T-lymphocytes (CTL) and natural killer
(NK) cells destroy their targets by different mechanisms
and pathways. To elucidate resistance mechanisms these
pathways must be analyzed separately. Killer cells lyse
their targets by death-inducing ligands such as CD95
ligand (CD95-L), tumor necrosis factor-a (TNF-a), tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL), and/or by the lysosomal granule contents per-
forin and granzyme B (GrzB)."2 Since degranulation is
Ca*+-dependent, blocking the perforin/GrzB pathway by
ethylene-glycol-bis(B-aminoethyl-ether)-N,N,N',N'-
tetraacetic acid (EGTA)-mediated Ca++-chelation dis-
criminates between ligand or lyosomal enzyme-mediat-
ed cytotoxicity mechanisms. Using the T-lymphocytic
leukemia cell line, CEM, and the neuroblastoma cell line,
SH-EP, we have demonstrated cross-resistance of drug
and CD95-resistant cells towards cytotoxicity exerted by
lymphokine activated killer (LAK) cells.* In this model,
killing of CEM cells is mediated by the CD95 and the
lysosomal (perforin/GrzB) pathways. Activated NK effec-
tors lyse CEM cells preferentially via the lysosomal, but
not the death receptor system. Therefore, this model
allows target resistance mechanisms independent of the
CD95 pathway to be studied. GrzB and perforin are the
predominant granule constituents involved in NK-cell-
induced apoptosis.’>'* GrzB is a serine protease that
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induces apoptosis by cleavage of caspases, especial-
ly caspases 3, 7 and 8,"> activation of mitochondria
by the Bcl-family member, Bid,'® and by direct cleav-
age of DNase inhibitor, ICAD (inhibitor of caspase-
acticated DNase).” GrzB enters target cells via the
insulin-like growth factor Il/mannose-6-phosphate
(IGFII/M6P) receptor' and is stored in endosomal
vesicles.'®-?" In intact cells, induction of apoptosis by
GrzB requires the pore-forming molecule perforin,
which liberates GrzB from vesicles and allows inter-
action with target molecules in the cytosol, the
nucleus and mitochondria.2’-2® In cell-free extracts,
however, GrzB alone can induce all molecular alter-
ations associated with apoptosis: activation of the
caspase cascade poly(ADP-ribose)-polymerase
(PARP) cleavage, breakdown of mitochondrial mem-
brane potential, cytochrome C release and nuclear
fragmentation.?3-25

NK cells recognize their targets by immunoglobu-
lin-like or lectin-type receptors, which interact with
classical or non-classical MHC class | molecules on
the target cell. These receptors are selectively
expressed on NK cells as well as on a subset of T
cells, and act predominantly as inhibitory receptors.
The distribution of the receptor types is heteroge-
neous among different individuals. Among the killer
immunoglobulin-like receptors (KIR), those recep-
tors which inhibit NK function upon binding to HLA-
C molecules seem to play the most important role.?s-
28 The lectin-like CD94/NKG2A receptor dimer con-
stitutes an inhibitory receptor binding to HLA-E mol-
ecules. HLA-E, to be stabilized at the cell surface, is
assembled with peptides derived from certain non-
amer leader sequences of other HLA class |, espe-
cially HLA-A, allotypes.?’:28

Both HLA-A alleles expressed by CEM cells, HLA-
A1 and HLA-A31, contain these sequences.” The aim
of this study was to analyze separately the different
components of NK/target interactions in a model of
acquired cytotoxicity resistance of CEM sublines
resistant to CD95 or anticancer drugs. Therefore, tar-
get cell lysis was studied in the presence and absence
of EGTA to assess the role of death-inducing ligands
and granule components. Furthermore, the function
of GrzB-induced caspase metabolism was studied
using cell-free extracts and streptolysin O-perme-
abilized cells. Finally, to assess the role of effector-
target interaction on the membrane level, expression
of HLA class I proteins, in particular HLA-A, -C and
-E molecules, was assessed.

Design and Methods

Cell lines and culture conditions

Cells were kept in RPMI 1640 medium (Life Tech-
nologies, Eggenstein, Germany) supplemented with
10% heat-inactivated fetal calf serum (FCS, Conco,
Wiesbaden, Germany), 12.5 mM HEPES (Biochrom,
Berlin, Germany), 100 U/mL penicillin/streptomycin

(Life Technologies) and 2.0 mM L-glutamine (Bio-
chrom). CEM (T-cell leukemia) cells resistant to
CD95 and doxorubicin, (CEM-CD95-R, CEM-doxo-R)
and similar sublines of the T-cell leukemia line J16,
the B-lymphoma line Nalm6 and the small lung cell
cancer line P693 were prepared by continuous cul-
ture in medium containing anti-CD95 or the cyto-
static drugs as described previously.2® NKL% is a NK-
cell line expressing CD94 and NKG2A, which leads
to inhibition by HLA-E positive target cells. It also
expresses ILT2 (CD85), leading to inhibition by HLA-
G. It is negative for KIRs and cannot, therefore, be
inhibited by HLA-C.

The NK-cell line B.3NK has been described recent-
ly.3" It was generated from peripheral blood mono-
nuclear cells (PBMC) of a normal, healthy HLA-Cw7-
positive donor by allogeneic stimulation using irra-
diated HLA-Cw7-negative feeder cells.*" This was
followed by enrichment using negative selection of
CD3* and CD4+ cells with magnetic beads, resulting
in a >80% CD3-negative population, displaying a
NK phenotype. This subline, designated as B.3NK, is
strongly positive for the KIR p58.2 (CD158b), recog-
nizing HLA-Cw?7, and is negative for NKG2A. Using
several transfectant cell lines, it has been shown
that these NK cells are not inhibited by any HLA
molecules other than HLA-Cw7.3' Therefore, this cell
line can be used as a specific indicator of function-
al HLA-Cw7 expression.

Preparation and activation of random
donor NK cells

Random NK cells were isolated from PBMC of
healthy donors as the CD56 positive fraction (MACS
system, Miltenyi Biotech, Bergisch Gladbach, Ger-
many) as described elsewhere.2 Fresh heparinized
blood from healthy normal donors was diluted 1:1
with sterile NaCl 0.9 % solution, then PBMC were
isolated by Ficoll-Paque (Biochrom) density gradient
centrifugation and washed in PBS buffer. Next, 107
cells were resuspended in 80 UL PBS buffer, 20 plL
of MACS CD56 MicroBeads(™) (Miltenyi) were
added, and the cells were incubated at 4°C for 20
min. After washing, CD56 positive cells were posi-
tively selected by a MS+ selection column using a
MiniMACS separator system (Miltenyi). The result-
ing cell suspension — henceforth referred to as NK
cells — was >85% CD56 positive. Short-time acti-
vated donor NK cells were prepared by culture of
freshly separated NK cells at a concentration of
1x106 cells/mL in culture medium containing 1,000
U/mL human interleukin-2 (Novus Molecular, San
Diego, CA, USA) for 24 h.

Cytotoxicity assay by two-color
flow cytometry

Target cells were stained by 60 min incubation
with calcein-AM (Molecular Probes, Eugene, OR,
USA) — a green fluorescent intravital dye — at a
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concentration of 50 ng/mL and subsequent wash-
ing with culture medium. Ten thousand target cells
were mixed with effector cells in the given ratios
in 96-well round-bottom microtiter plates (Falcon,
Becton Dickinson, NJ, USA) in a volume of 100 pL,
centrifuged for 5 minutes at 1,000 rpm and incu-
bated for 4 hours at 37°C, in 5 % CO.. Cells were
then stained by propidium iodide (PI, Sigma; 3 pL
per pellet of a 20 pg/mLsolution of Pl in NaCl
0.9%) and cytotoxicity was assessed in a two col-
or-flow cytometry assay as Pl positivity of calcein-
AM positive targets using a FACScan flow cytome-
ter (Becton-Dickinson). The percent specific apop-
tosis was calculated as follows:

Pl-positivity (kill assay) minus
spontaneous PI-positivity
% specific apoptosis = % 100%
100 minus spontaneous
Pl-positivity

Cytotoxicity assay by chromium release

In several experiments, cell-mediated lysis was
quantified in a standard 4 h chromium-51 release
assay as described elsewhere.’® Spontaneous release
was determined by incubating target cells alone in
complete medium. Total release was determined by
directly counting an aliquot of labeled cells. The per-
cent cytotoxicity was calculated according to the
formula: % lysis = (experimental cpm - spontaneous
cpm/total cpm-spontaneous cpm) x 100. Duplicate
measurements of three-step titrations of effector
cells were used for all experiments.

Cell-free extracts

Preparation of cell-free extracts basically followed
the protocol used by Martin et al?* Briefly, 1x108
cells were washed in PBS twice, than once in cell
extraction buffer (CEB), containing 50 mM PIPES
(Sigma, Taufkirchen, Germany), pH 7.4, 50 mM KCl,
5 mM EGTA, 2 mM MgCl, 1 mM dithiothreitol (DTT,
Sigma), 10 mM cytochalasin B (Sigma) and 1 mM
phenylmethylsulfonylfluoride (PMSF, Sigma). The pel-
let was resuspended in 1 mL CEB, then centrifuged
at 4000 rpm for 40s. The supernatant was discarded
and one packed cell volume of CEB was added. Cells
were resuspended and kept on ice for 20 min to swell.
Then, cells were transferred to a 2 mL glass douncer
(Wheaton, Millville, NJ, USA) and gently lysed by 20
strokes of the pestle. Efficacy of lysis was controlled
by trypan blue staining. When most of the cells were
disrupted, the probe was diluted with one volume of
extract dilution buffer (EDB), containing 10 mM HEP-
ES (Biochrom), 50 mM NaCl, 2 mM MgCl;, 5 mM
EGTA (Sigma), 1 mM DTT, and centrifuged at 14,000
rpm for 15 min at 4°C. The supernatant was taken
and adjusted to a concentration of 10 mg/mL protein
by dilution with EDB after protein determination in
a photometer at 280 nm.

In vitro granzyme B assay of cell-free
extracts

For this assay, 10 or 20 YL of cell free extracts
were incubated with granzyme B (Calbiochem, La
Jolla, CA, USA) at given concentrations and for the
given times at 37°C, in 5 % CO.. Afterwards, they
were immediately frozen at -80°C until the West-
ern blot analysis was performed.

Western blot

A 10% (v/v) reducing loading buffer containing
TrisCl 50 mM (Roth, Karlsruhe, Germany), 1% SDS
(Serva, Heidelberg, Germany), 0.05% bromophenol
blue (Merck, Darmstadt, Germany), 5% glycerol
(Roth), and B-mercaptoethanol (Sigma) was added
to the probes, which were then heated to 95°C for
3 min. Samples of 50 to 100 pg protein per lane
were separated by 12% SDS-PAGE gel (Owl, Ports-
mouth, NH, USA) and electroblotted onto a nitro-
cellulose membrane (Amersham, Braunschweig,
Germany). After blocking for 30 min in PBS sup-
plemented with 5% (w/v) skimmed milk powder
(Fluka Chemie, Buchs, Germany) and 0.1% Tween
20 (Sigma, Steinheim, Germany), for immuno-
detection, the following antibodies were used: rab-
bit anti-PARP polyclonal antibody (Boehringer
Mannheim, Germany), mouse anti-caspase 3
(CPP32) antibody (Santa Cruz Biotechnology, San-
ta Cruz, CA, USA), and mouse anti-caspase 8
(FLICE) antibody (Pharmingen, San Diego, CA, USA).
As secondary antibodies, horseradish-peroxidase-
coupled goat anti-rabbit or goat anti-mouse IgG
(Santa Cruz Biotechnology) were used. An
enhanced chemiluminescence system (Amersham)
was used for detection.

Acid treatment of targets

Target cells were treated with acid as described
by Avril et al3* Briefly, cell pellets were suspended
in 50 pL of an acid solution (0.263 M citric acid,
0.123 M NazHPO, buffer, containing 1 % BSA,
pH3.0) (all from Sigma) and incubated at 4°C for 4
min. Then 300 YL of RPMI 1640 medium contain-
ing 20% FCS and 200 mM NaHCO; were added and
the cells were washed three times in culture medi-
um. Cells were more than 80% viable as deter-
mined by trypan blue exclusion. After acid treat-
ment, cells were immediately used for immunos-
taining or cytotoxicity assays.

Streptolysin O/granzyme B assay

Cells were washed 3 times in PBS, once in RPMI
without supplements, and then 5x10° cells per
probe were suspended in 10 L pure RPMI. Reduced
Streptolysin O (SLO)23 was prepared by incubation
of 25,000 U of fresh SLO (Sigma), dissolved in 250
uL dithiothreitol (DTT) 10 mM for 2 hours at 4°C. SLO
was then further diluted 1:10 in DTT 10 mM, aliquot-
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ed and kept frozen at -80°C until use. To induce
fragmentation, 10 U/pL reduced SLO and 5 ng/uL
GrzB were added to the cell suspensions. As nega-
tive controls untreated cells or cells treated with
SLO or GrzB only were used whereas 2 UM (Sigma)
staurosporin served as the positive control. Cells
were vortexed and incubated for 8 hours at 37°C, in
5% CO2. Nuclear fragmentation was assessed by a
modified Nicoletti assay:3> 200 pL lysis-Pl-staining-
solution (1 mL 0.1 % trinatriumcitrate-dihydrate
[100 mg/100 mL H,0], 1 mL 0.1 % Triton X [100
mg/100 mL H0], 100 uL propidium iodide [1
mg/1mL H,0] and 200 pL formaldehyde [37%])
were added per probe. Cells were vortexed vigor-
ously and incubated for 12 hours at 4°C. Using flow
cytometry analysis, the Pl-stained nuclear particles
could be visualized as G1/G. and sub-Gs-peaks. Spe-
cific nuclear fragmentation/apoptosis was calculat-
ed from the relative size of the sub-Gi-peaks using
the following formula:

sub-Gs-peak (assay) minus spontaneous
sub-Gi-peak
% specific nuclear = % 100%

fragmentation 100 minus spontaneous sub-Gi-peak
RT-PCR for classical and non-classical
HLA class I molecules

RNA was isolated using the Qiagen kit (Qiagen,
Hilden, Germany). For RT-PCR, the RNA PCR Kit
from Perkin-Elmer (Perkin-Elmer Foster City, CA,
USA) was used, according to the manufacturer's
instructions. The following primer pairs were used:
B-actin (Stratagene), HLA-A and HLA-B,3¢ HLA-C,*
HLA-E and HLA-F38 and HLA-G.3° Primers were syn-
thesized by Thermo-Hybaid™, Ulm, Germany. The
PCR programs were chosen according to the indi-
cated protocols. Electrophoresis was done using
100 V and 400 mA for 40 min on a 0.5 % agarose
gel; for detection, we used SybrGreen™ (FMC Bio-
products, Rockland, ME, USA) and an ultraviolet
camera.

Analysis of surface HLA expression by
flow cytometry

For the analysis of HLA class | expression, first,
the monoclonal pan-HLA class I-antibody W6/32
(Mouse monoclonal IgG2a, Dianova, Hamburg, Ger-
many) was used, with phycoerythrin-conjugated
goat-anti-mouse-lgG (Serotec, Oxford, UK) as the
secondary antibody. PBMC from healthy donors
served as a positive control, and K562 cells as a
negative control.

For analysis of HLA-A expression we used a
biotinylated HLA-A1/36 and HLA-A30/31 mono-
clonal antibody (One Lambda, Canoga Park, CA, USA)
with Streptavidin-Quantum Red (Sigma) as the sec-
ondary antibody. For HLA-B, we used a FITC-labeled
HLA-B8 monoclonal antibody (One Lambda). For

analysis of HLA-C and HLA-E we used the antibody
MEM-E/06 (a generous gift from V. Horeijsi, Uni-
versity of Prague, Czechia, and E. Weiss, University
of Munich, Germany), which recognizes most HLA-
C molecules and HLA-E. Goat-anti-mouse (Serotec)
was used as the secondary antibody.

After washing in PBS, cells were stained by incu-
bation for 30 min at 4°C in the presence of the giv-
en antibodies and washed. Analysis was then done
by flow cytometry using a FACScan flow cytome-
ter (Becton-Dickinson).

Doxorubicin/BSO treatment of cells

Doxorubicin (Farmitalia, Milan, Italy) and L-
buthionine-(S,R)-sulfoximine (BSO) (Sigma) were
freshly dissolved in sterile distilled water prior to
the experiments. Cell supensions were then incu-
bated for the given times in the presence of doxo-
rubicin or BSO. Flow cytometric data were correct-
ed for the autofluorescence of doxorubicin.

Results

NK cytotoxicity to CEM cells is mediated by
the lysosomal pathway, CD95-resistant and
drug-resistant CEM cells are cross-resistant
to NK celils

NK cells lyse their targets by death-inducing lig-
ands or by the lysosomal (mainly perforin/GrzB)
pathway. Calcium chelation by EGTA can be used
to discriminate the two pathways, since this chela-
tion inhibits degranulation, but not activation of
death-inducing ligands.’?' We found that cyto-
toxic death of CEM cells (CEM-S) by short-term
activated NK cells is nearly completely inhibited by
EGTA (Figure 1A), indicating the predominant
action of the lysosomal pathway. Interestingly,
CD95-resistant (CEM-CD95-R) and doxorubicin-
resistant (CEM-doxo-R) CEM cells were equally
lysed by NK cells of some donors, while NK cells of
other donors lysed only CEM-S, but just marginal-
ly affected CEM-CD95-R and CEM-doxo-R cells
(Figures 1B-D), indicating that the targets were
cross-resistant to these NK cells.

GrzB-induced nuclear fragmentation is
similar in sensitive and resistant CEM cells
Since GrzB, cytotoxic drugs and CD95-L utilize
the caspase-dependent apoptosis machinery in
target cells, we wondered whether cross-resistance
of doxorubicin-resistant and CD95-resistant CEM
cells towards NK-cell cytotoxicity was due to alter-
ations of apoptosis pathways. Since perforin can be
substituted by streptolysin O (SLO) to promote
GrzB-induced apoptosis,® we established an assay
demonstrating nuclear fragmentation induced by
GrzB in SLO-permeabilized cells (Figure 2A).2335
G1/G: peaks of intact nuclei and the sub-G; peak
(see marker M) of fragmented nuclei could be iden-
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Figure 1. NK cytotoxicity to parental CEM cells (CEM-S)
can be inhibited by EGTA. CD95-resistant (CEM-CD95-R)
and doxorubicin-resistant (CEM-doxo-R) CEM cells are
cross-resistant towards cytotoxicity by NK cells from some
donors. (A) NK cytotoxicity to CEM-S at different effec-
tor:target (E:T) ratios was measured as specific propidium
iodide positivity in a two-color flow cytometric assay in the
absence (black line) or presence (dotted line) of EGTA (5
mM). (B-D) By testing polyclonal NK cells from several
healthy donors, NK cells were identified in which cytotoxi-
city towards parental CEM-S was comparable to that to
CD95-resistant (CEM-CD95-R) and doxorubicin-resistant
(CEM-doxo-R) CEM cells. NK cells from other donors dis-
played substantial differences in their cytotoxicity to the
two targets. Prototypic data for NK cells from a donor A
and donor B are shown. Cytotoxicity was determined as
described in Figure 1A. Data are given as mean value and
standard deviation of a typical experiment out of several
triplicate ones.

tified. The derived specific nuclear fragmentation
suggested that SLO or GrzB alone did not induce
nuclear fragmentation, while the combination of
both compounds was highly effective (Figure 2A).
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Figure 2. Nuclear fragmentation by GrzB (3 mg/mL) in strep-
tolysin O SLO-permeabilized CEM-S, CEM-CD95-R and CEM-
doxo-R cells. (A) In CEM-S cells, modified Nicoletti staining
of nuclei is shown after 4 hours’ incubation in medium (slim
black background curve in each histogram). The Gi/G2
peaks can be seen on the right side, while the low peak on
the left, indicated by the marker M, represents the sub-G1
peak. After 4 hours’ incubation with SLO only (overlaid
curve, Figure 2A-1) the sub-Gi1 peak shows no change, just
as after incubation with GrzB alone (3 pg/mL, Figure 2A-lll).
After incubation with SLO and GrzB (Il), however, there is
an increase of the sub-G1 peak, and loss of the G1/G: peaks,
indicating fragmentation of nuclei (see marker). With stau-
rosporin (IV) as the positive apoptosis control, all nuclei
were fragmented (in the sub-Gi peak). One typical experi-
ment out of several repeated experiments with similar
results is shown. (B) Using this assay, GrzB-induced nuclear
fragmentation was then studied in permeabilized CEM-S,
CEM-CD95-R and CEM-doxo-R cells using the assay
described in Figure 2A. Sub-G1 peaks were the same in the
sensitive and resistant sublines. Data are given as mean val-
ue and standard deviation of triplicate experiments.

Staurosporin-treated cells served as positive con-
trols for apoptosis. Applying this assay on CEM-
CD95-R and CEM-doxo-R cells (Figure 2B), we
found that the pattern of nuclear fragmentation
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Figure 3. Caspase and PARP cleavage by granzyme B (GrzB)

in cell-free extracts. (A) Caspase 3 cleavage by GrzB (in
escalating doses up to 3 ug/mL) in cell-free extracts of
CEM-S, CEM-CD95-R and CEM-doxo-R were visualized by
Western blot after 120 min of incubation, showing cleav-
age of the 32 kDa proenzyme to the 16 and 14 kDa active
fragments. (B) Time dependence of caspase 3 cleavage was
further assessed by incubation of cell-free extracts with
GrzB (3 pg/mL) for the given times. (C) PARP cleavage was
similarly visualized by Western blot after 120 min of incu-
bation, showing cleavage of the 116 kDa intact enzyme to
the 85 kDa fragments. No significant difference between
CEM-S and the sublines CEM-CD95-R and CEM-doxo-R could
be detected in these experiments. One typical experiment
out of several experiments with similar results is shown for
each blot.

was identical in sensitive and resistant cells. This
indicated that the apoptosis-mediating signaling
pathway downstream of GrzB in the resistant cell
lines was intact.

GrzB-induced caspase 3, caspase 8 and
PARP cleavage is similar in sensitive and
resistant CEM cell extracts

We next asked whether the effect of GrzB was
similar in the different sublines at the level of cas-

pase activation, using cell free extracts. GrzB-
induced cleavage of caspase 3 and caspase 8, as
well as cleavage of the prototype caspase substrate
poly(ADP-ribose)polymerase (PARP) were detected
by immunoblotting.’®2* Cleavage of caspase 3 (Fig-
ures 3A,B), caspase 8 (data not shown) and PARP
(Figures 3C) by GrzB (up to 3 pg/mL) was complete
within 2 hours of incubation in a concentration-
and time-dependent manner. Interestingly, there
appeared to be no differences between CEM-S and
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Figure 4. HLA class l-expression in sensitive and resistant
CEM cells before and after acid treatment. Sensitization of
resistant CEM cells to NK cytotoxicity by acid treatment.
HLA-class | allelic expression on different CEM cells. (A)
HLA class | expression of CEM-S, as detected by flow cytom-
etry using the antibody W6,/32, is much lower than that of
CEM-CD95-R and CEM-doxo-R cells, and is downregulated
in all cell lines after acid treatment. (B) Cytotoxicity
towards CEM-S, CEM-CD95-R, and CEM-doxo-R cells by
activated NK cells (donor type B) was measured after down-
regulation of HLA-class | by acid treatment and compared
to cytotoxicity to untreated cells. Cytotoxicity was deter-
mined as described in Figure 1, showing sensitization by
acid treatment in CEM-CD95-R, and in particular, CEM-doxo-
R cells, while cytotoxicity was not altered in CEM-S cells.
(C) Surface expression of HLA-A1 (shown by an HLA-A1/36
antibody), HLA-A31 (HLA-A30/31 antibody), HLA-B8 (HLA-
B8 antibody), HLA-C and HLA-E (by the MEM-E/06 antibody)
of CEM-S, CEM-CD95-R and CEM-doxo-R cells was deter-
mined by staining with the respective antibody and flow
cytometry. One typical histogram is given. (D) Mean fluo-
rescence intensity of the data shown in (C). Data are given
as mean value and standard deviation of triplicate experi-
ments in panels A, B and D.

the resistant sublines CEM-CD95-R and CEM-
doxo-R (Figures 3A-C). Thus, no difference in GrzB-
induced caspase activation could be identified in
the resistant CEM cells. Therefore cross-resistance
cannot be attributed to differences in intracellular
molecules or events downstream of GrzB.

Resistance of CEM-CD95-R and CEM-doxo-R
cells is due to increased HLA class I
expression; downregulation leads to
sensitization

Since we found no difference in the apoptosis
machinery, we asked whether resistance to NK cells
was mediated by alterations in target recognition.
Since the activity of NK cells is negatively requlat-
ed by inhibitory receptors which interact with HLA
class | molecules, we studied HLA class | expression
on sensitive and resistant CEM cells. Using the pan-
HLA class I-antibody W6/32, we found that CEM-
S expressed substantially lower levels of HLA class
| molecules than did either resistant subline (Fig-
ure 4A, black bars). To study the role of HLA class |
expression in sensitivity to lysis, we used short-
time acid treatment (4 min, pH 4),3* which destroys
HLA class | molecules, as detected by the W6/32
antibody (Figure 4A). There was no evidence of tox-
ic cell damage, as demonstrated by unchanged try-
pan blue exclusion of the cells (data not shown).
Interestingly, acid treatment reversed resistance to
NK cells completely in CEM-doxo-R, and partly in
CEM-CD95-R cells. Cytotoxicity towards CEM-S
cells, however, was unaffected (Figure 4B). This
suggested an important role of HLA class | expres-
sion in drug/NK cross-resistance of CEM cells.

HLA class I upregulation in resistant CEM
cells consists of HLA-A, C and E surface
expression

We analyzed the pattern of HLA class | molecules
in NK resistant CEM-doxo-R and CEM-CD95-R
cells, using monoclonal antibodies specific for clas-
sical HLA class | epitopes. According to the HLA
typing of CEM cells,”® we examined surface expres-
sion of HLA-A and HLA-B by staining with the
monoclonal antibodies HLA-A1/36, HLA-A30/31,
and HLA-B8, and flow cytometry. Compared to in
CEM-S, HLA-A1 was strongly upregulated in CEM-
CD95-R and to a lesser extent in CEM-doxo-R cells,
while HLA-A31 expression was enhanced both in
CEM-CD95-R and in CEM-doxo-R. However, HLA-
B8 expression was identical in CEM-S, CEM-CD95-
R and CEM-doxo-R cells (Figures 4C-D). To study
HLA-C and HLA-E expression, we used the mono-
clonal mouse antibody MEM-E/06, which stains
both HLA-C and HLA-E molecules. Compared to
expression in the parental cells, a substantial
upregulation was found in the CEM-CD95-R and
CEM-doxo-R cells (Figures 4C-D). By RT-PCR, we
found that all CEM variants were negative for both
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Figure 5. CEM-CD95-R and CEM-doxo-R are partially resistant to the NK cell line NKL and almost completely resistant to the
NK cell line B.3NK, while CEM-S are highly sensitive to both. Gradual upregulation of HLA class | upon continuous incubation
in the presence of anti-CD95-antibodies. Cytotoxicity assays of CEM-S, CEM-CD95-R and CEM-doxo-R cells using the NK cell
lines NKL (A) and B.3NK (B) as effector cells. These assays were performed using a chromium release protocol. While CEM-S
are highly sensitive to both NK lines, CEM-doxo-R and, to an even greater extent, CEM-CD-95-R displayed reduced sensitivity
towards NKL cells. This cross-resistance is even more pronounced in B.3NK cells. One typical experiment out of three experi-
ments with similar results is shown for each assay. (C) CEM cells treated with only four or five rounds of anti-CD95-antibody
to induce CD95-resistance (CEM-CD95-4R, CEM-CD95-5R) showed gradual increase of HLA-class l-expression, indicating that
it was indeed the process of anti-CD95-treatment which induced HLA-class | upregulation. Data are given as mean value and

standard deviation of triplicate experiments.

HLA-F and HLA-G, whereas the RNA levels of HLA-
A, HLA-B and HLA-C were comparable to the flow
cytometric data (data not shown). Using function-
al assays we next analyzed whether cross-resis-
tance of the CEM sublines to activated random
donor NK cells was mediated by HLA-C or HLA-E
upregulation, using two NK cell lines with well
defined inhibitory patterns (Figures 5A-B). The cell
line NKL% expressing CD94/NKG2A and CD85, is
inhibited by HLA-E and HLA-G, but not by HLA-C.
Since CEM cells do not express HLA-G, this cell line
can be used as a specific indicator of functional
HLA-E expression. B.3NK cells®' only express KIR
p58.2 (CD158b), which recognizes HLA-Cw?7. This
cell line is negative for NKG2A, and cannot be
inhibited by other HLA epitopes.®' Therefore, this
cell line can be used as a specific indicator of func-
tional HLA-Cw7 expression in our system. Using
these NK cell lines, we found some cross-resistance
of CEM-CD-95-R and CEM-doxo-R in NKL cells,
and strong cross-resistance in the B.3NK cells (Fig-

ures 5A-B). These data show that HLA-A, C and E
epitopes are involved in mediating cross-resistance.

Resistance induction by continuous
incubation with anti-CD95 antibodies is
accompanied by gradual upregulation of
HLA class I

We then investigated whether upregulation of
HLA class | was directly accompanied by resistance
induction or whether it is a phenomenon acciden-
tally correlated with long-term cultivation of resis-
tant sublines, which had been cultivated separat-
ly from the parental cells for >6 months. We, there-
fore, studied CEM cells which had undergone only
4 or 5 rounds of continuous treatment with anti-
CD95-antibody (CEM-CD95-4R, CEM-CD95-5R).
By W6/32 staining, we found that these cells did
indeed show gradually elevated HLA class [-expres-
sion as compared to the parental cells (Figure 5C),
suggesting that the level of upregulated HLA class
| directly corresponds to the increase in resistance.
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Short-time incubation with doxorubicin
does not induce HLA class I upregulation in
sensitive cells; glutathione depletion does
not revert this in resistant cells

The next question was whether HLA upregulation
in the doxorubicin-resistant cells was a direct
effect of the cytotoxic drugs, or whether it was
acquired during the long-term seletive pressure
applied by continuous incubation of the cells in
the presence of low doxorubicin concentrations.
We, therefore, studied HLA class | expression (HLA-
A31) in sensitive and resistant cells treated with
doxorubicin (0.01 pg/mL) for 24 and 48 hours. No
significant alteration of HLA class | expression was
observed in CEM-S cells. CEM-CD95-R and, to
some extent, CEM-doxo-R cells even showed fur-
ther upregulation of HLA class | (Figure 6A).

Resistance of targets towards cytotoxic drugs
and CD95 may be further influenced by the redox
status of cells. Drug-resistant CEM cells have been
shown to express higher amounts of the radical
scavenger, glutathione, than do the parental
cells,>4 and to become apoptosis-sensitive upon
downregulation of glutathione. Therefore, we asked
whether HLA upregulation could be reversed by
glutathione depletion using buthionine-(S,R)-sul-
foximine (BSO), which downregulates glutathione
levels. However, after incubation with BSO for 24
or 48 hours, no significant downregulation of HLA
class | was observed (Figure 6B).

Therefore, it can be excluded that glutathione
plays a relevant role in the upregulation of HLA
class |, and both glutathione and HLA class | upreg-
ulation must be induced independently upon con-
tinuous incubation in the presence of low concen-
trations of doxorubicin.

Screening of other CD95-resistant and
drug-resistant cell lines for HLA class |
expression and NK sensitivity

To examine whether HLA class | upregulation in
resistant CEM cells might be a general phenomenon
of apoptosis-resistant cells, we screened several
parental, CD95-resistant and drug-resistant
leukemia cell lines for HLA class | expression, and
for resistance to NK cells. In CD95-resistant and
doxorubicin-resistant sublines of the T-leukemia
cell line J16 (J16-CD95-R and J16-doxo-R), HLA
class | upregulation, as observed in CEM cells, was
not found, and the sensitivity towards activated NK
cells was identical in parental and resistant lines
(Figure 6C). In the B-lymphoma cell line, Nalmg, we
studied parental cells and cyclophosphamide-resis-
tant or doxorubicin-resistant sublines (Nalm6-
cyclo-R, Nalm6-doxo-R). As in the J16 cells, no HLA
class | upregulation was found and parental as well
as apoptosis-resistant cells displayed comparable
sensitivity towards activated NK cells (Figure 6C). In
the non-small cell lung cancer line, P693, HLA class

| expression was the same in wild-type cells and in
a cisplatinum-resistant subline (Figure 6D). These
findings suggest that the effect of NK cross-resis-
tance by HLA-class | upregulation present in CEM
cells may be restricted to subsets of malignant cells.

Discussion

Here, we report a novel mechanism of cross-
resistance to NK-cell cytotoxicity in apoptosis-
resistant leukemia cells. We investigated the sen-
sitivity of drug- and CD95-resistant CEM cells to
NK cytotoxicity, demonstrating cross-resistance to
NK cells from several donors. This was not due to
alterations in the apoptosis pathway, but to a mod-
ified pattern of HLA class | expression which was
acquired in parallel with induction of apoptosis
resistance. Since NK cells lyse CEM cells exclusive-
ly by the EGTA-inhibitable perforin and GrzB lyso-
somal pathways, NK resistance is independent from
the CD95 system. Thus, it appeared most likely that
the cross-resistance should be due to factors that
drug-, CD95-, and GrzB-induced cell death have in
common, i.e. the downstream apoptosis cascade.
Unexpectedly, we found no alterations in this path-
way, as shown by identical GrzB-induced cleavage
of caspases and PARP and identical nuclear frag-
mentation in sensitive and resistant cells. Apopto-
sis-inhibiting agents acting downstream of GrzB,
such as Bcl-2 family members,* IAPs (inhibitors of
apoptosis),’® and PI-9 (proteinase inhibitor 9),°
could therefore be excluded from playing a role.

By studying mechanims upstream of perfo-
rin/GrzB, i.e. at the level of NK/target recognition,
we found a substantial upregulation of HLA class |
expression in the resistant sublines. This phenom-
enon correlates with NK resistance, since lytic acti-
vaton against target cells strongly depends on
engagement of inhibitory receptors, which bind
HLA class | molecules.?6-28 This is further highlight-
ed by the fact that degradation of HLA class | epi-
topes restores NK sensitivity in resistant CEM cells.
In particular, we show that resistance is due to
upregulation of HLA-A as well as HLA-C and HLA-
E molecules, leading to NK inhibition by binding to
the appropriate inhibitory receptor p58.2 and
CD94/NKG2A, respectively. Upregulation of HLA-E
is probably due to stabilization by HLA-A1- and
HLA-A31-derived signal peptides.*** These mech-
anisms explain both the cross-resistance and the
diversity in NK cells from various donors, since
expression of CD158a/b and CD94/NKG2A has been
described to vary widely within the normal popu-
lation.

HLA class | expression is regulated by a number
of transcription factors, such as the STAT1/ISRE
pathway, which acts in a short-term manner, e.g.
transmitting cytokine signals within hours,*4¢ and
others, such as the NFkB (nuclear factor k-B) path-
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way,* which may also be constitutively activated
in certain cells. We found that upregulation of HLA
class I 'is not an immediate effect of doxorubicin in
short-term assays, but is acquired in the slow
process of selection pressure acting over weeks
upon continuous incubation in the presence of
doxorubicin or anti-CD95-antibodies. Furthermore,
itis not reversed even after weeks of incubation in
the absence of these agents (data not shown), sug-
gesting a mechanism of constitutive upregulation.
Intracellular glutathione content, which has been
shown to be upregulated in the resistant CEM sub-
lines>4048 js not involved, since glutathione deple-
tion by BSO failed to reverse HLA upregulation.

Compared to other studies showing constitutive
alterations of HLA expression, our model is quite
unique. Viral infections may lead to either down-
regulation or upregulation of HLA class .45 Cis-
platinum induces HLA class | upregulation in gas-
tric cancer cells®' and cisplatinum-resistant ovari-
an carcinoma cells show higher responsiveness to
interferon-y than do parental control cells.5" HLA
downregulation in tumor progression, for example
in melanoma metastases, has been described by
several groups.5>%5 HLA class | expression in acute
myeloid and lymphoblastic leukemias has only been
addressed by one recent study,® in which the
expression was evaluated at primary presentation,
during remission, and at relapse. In most patients,
HLA class | expression was no different from that
of normal cells, although in individual patients, loss
or downregulation was seen. Since all these obser-
vations are individual and not defined by a molec-
ular mechanism, a general pattern regulating HLA
class | modulation in cell lines does not seem to
exist. Upregulation of individual HLA loci, in parel-
lel with the acquired resistance towards CD95 or
doxorubicin, which we found in CEM cells, has not
so far been described.

Since downregulation of HLA class | antigens can
act as a mechanism of immune escape from T-cell
cytotoxicity, e.g. in virus infections,*®5° the same
mechanism has been considered in malignant cells,
and, for years, attempts have been made to enhance
antigen presentation by the HLA system in order to
improve cytotoxic responses. Upregulation of HLA
class | expression on resistant leukemic cells could
render such cells more easily recognizable by cyto-
toxic T-lymphocytes. This has not been analyzed in
our work. However, especially in leukemias, tumor-
associated antigens are often not very immuno-
genic. Furthermore, as shown recently, graft-ver-
sus-leukemia effects may largely depend on NK
cells, since the lack of expression of the KIR ligand
on mismatched allogeneic cells was shown to trig-
ger NK cell alloreactivity.>- In an analogous way,
downregulation of HLA class | may trigger NK cells
by the lack expression of the KIR ligand.

If NK cells play a crucial role in antileukemic
cytotoxicity, the role of HLA class |-expression in
malignant cells may need to be redefined. Our find-
ing of HLA class | upregulation in a resistant cell
line may reflect a relevant mechanism counteract-
ing antileukemic immune responses. Obviously, this
phenomenon cannot be generalized, since cells of
the resistant sublines of J16 and Nalm, to give
only two examples, showed neither HLA class |
expression alterations nor cross-resistance towards
NK cells. To estimate the role that this phenome-
non could play in antileukemic therapy in vivo is
difficult. On the one hand, cell lines growing in vit-
ro represent only a selected subgroup of the
leukemias occurring in patients, on the other hand,
generation of drug resistance in vitro may differ
from the processes leading to drug resistance in
vivo. We believe that, to understand antileukemic
cytotoxicity in individual leukemias, the compo-
nents that contribute to sensitivity or resistance,
recognition molecules, lysosomal enzymes or death
inducing ligands, and downstream apoptosis exe-
cution must be assessed separately. Using this
approach, we demonstrate a novel resistance
mechanism in CEM cells, which is drug-induced
upregulation of HLA class | subtypes, leading to
resistance towards NK cells. This mechanism may
be an important factor in drug-pretreated
leukemias, inducing resistance to NK-mediated
graft-versus-leukemia effects after bone marrow
transplantation.
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