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Abstract. several previous studies have demonstrated that both 
conventional cytotoxic drugs as well as targeted therapeutics 
can induce apoptosis in primary human acute myelogenous 
leukemia (AMl) cells. However, the apoptotic phenotype of 
dying AMl cells has been less extensively characterized. even 
though specific antileukemic immune reactivity is important in 
AMl, especially for allotransplanted patients, it has not been 
investigated whether dying primary human AMl cells show 
phenotypic characteristics consistent with immunogenic apop-
tosis [calreticulin exposure, heat shock protein (Hsp) release]. We 
therefore investigated whether in vitro cultured primary human 
acute myeloid leukemia (AMl) cells show calreticulin exposure 
and Hsp70/Hsp90 release during spontaneous (stress-induced) 
apoptosis when cultured in medium alone and when cultured 
in the presence of antileukemic drugs. Both surface exposure of 
calreticulin and release of Hsp70 and Hsp90 was detected but 
showed a wide variation between patients. this variation was 
also maintained when the AMl cells were cultured in the pres-
ence of cytotoxic drugs (cytarabine, daunorubicin, mitomycin), 
all-trans retinoic acid (AtrA) and valproic acid. Finally, AMl 
cells collected during in vivo AtrA therapy showed increased 
calreticulin exposure during spontaneous in vitro apoptosis, 
suggesting that in vivo pharmacotherapy can modulate the 
apoptotic phenotype. to conclude, apoptotic AMl cells can 
show phenotypic characteristics consistent with immunogenic 
apoptosis, but there is a wide variation between patients and 
the level of calreticulin exposure/Hsp release seems to depend 
on individual patient characteristics rather than the apoptosis-
inducing agent.

Introduction

Acute myelogenous leukemia (AMl) is an aggressive malig-
nancy characterized by accumulation of immature leukemia 
cells in the bone marrow (1). the median age at diagnosis is 
60-70 years, and the most intensive and potentially curative 
therapy is usually possible only for otherwise healthy patients 
below 60-70 years of age (1). the drugs used in clinical treatment 
induce apoptotic cell death and thereby hematological remis-
sion (2,3). However, recent studies indicate that antileukemic 
immune reactivity is also important for long-term AMl-free 
survival; this is suggested by the increased survival for patients 
with early lymphoid reconstitution after both conventional 
chemotherapy and stem cell transplantation (4-8). 

Apoptosis was originally thought to be immunologically 
silent, but recent results distinguish between immunogenic 
and non-immunogenic apoptosis (9-11). Immunogenic apop-
tosis is characterized by cell surface exposure of calreticulin 
(11) and extracellular release of heat shock protein (Hsp) 
70 and Hsp90 (12). calreticulin is a chaperone normally 
localized to the endoplasmatic reticulum (13), and its exposure 
induces phagocytosis by antigen-presenting dendritic cells 
and later development of antigen-specific t cell reactivity 
(9,10). However, at least in experimental models the exposure 
of calreticulin depends on the apoptosis inducer, e.g. it is seen 
after exposure to anthracyclins but not mitomycin (9,11). 

Induction of apoptosis in AMl cells is regarded as an 
important effect of both conventional chemotherapy as well as 
the new targeted therapeutic strategies that are considered for 
AMl treatment (14-16). previous studies have then focused 
on induction of apoptosis in the AMl cells, whereas the 
apoptotic phenotype has not been characterized in detail even 
though antileukemic immune reactivity has a documented 
clinical effect for these patients especially after allogeneic 
stem cell transplantation (17). to the best of our knowledge 
only one study has examined immunogenic characteristics in 
primary human AMl cells; this was a small study including 
only 4 patients and the results suggest that calreticulin can 
be exposed by AMl cells for certain patients (18). We have 
therefore characterized calreticulin exposure together with 
the release of Hsp70 and Hsp90 by apoptotic primary human 
AMl cells for a large group of patients.
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Materials and methods

Primary human AML cells. primary human AMl cells were 
collected after informed consent from 37 patients with untreated 
disease (table I). In addition, we also studied 7 patients included 
in a previous study and treated with all-trans retinoic acid 
(AtrA) plus valproic acid and theophylline (19,20); we then 
compared in vitro calreticulin exposure by cells harvested 
before therapy, after two days of treatment with AtrA alone 
and after five additional days with ATRA plus valproic acid 
and theophyllin. All patients had high peripheral blood 
leukemic cell counts, and enriched AMl cells could therefore 
be prepared from peripheral blood samples by density gradient 
separation alone (21). cells were cryopreserved and stored in 
liquid nitrogen until used (22). light microscopy showed that 
AMl blasts constituted at least 95% of the cells, the major 
contamination being small lymphocytes. 

Cell culture. Reagents. cells were cultured in stemspan 
serum-free medium (stem cell technologies Inc., vancouver, 
Bc, canada) supplemented with 100 µg/ml of gentamicin 
(schering-plough Ag, Berlin, germany) (23). valproic acid 
(destin gmbH, Hamburg, germany) was used at 600 and 
2400 µM; 600 µM increases AMl cell proliferation for a 
subset of patients whereas decreased proliferation is generally 
observed for 2400 µM (24). AtrA (roche, oslo, norway) 
was used at 1.1 µM (24). unless otherwise stated mitomycin 
(Medac gmbH, Wedel, germany) was used at 25 µM, dauno-
rubicin (Sanofi-Aventis, Lysaker, Norway) at 2 and 4 µM and 
cytarabine (pfizer, lysaker, norway) at 1, 10 and 100 nM. 
recombinant human Flt3-ligand (Flt3l), stem cell factor 
(scF) and granulocyte-macrophage colony-stimulating factor 
(gM-csF) were purchased from peprotech Inc (rocky Hill, 
nj, usA) and used at 20 ng/ml. 

Analysis of AML cell apoptosis and HSP levels. cells were 
thawed for each experiment (22) and cultured at 1x106 cells/ml 
in 24-well tissue culture plates (nunc As, roskilde, denmark) at 
37˚C in a humidified atmosphere of 5% CO2 for 4 h unless other-
wise stated before i) cells were harvested for flow cytometric 
analyses; or ii) supernatants were analysed for Hsp70/Hsp90 
levels by elIsA analyses (Assay designs, Inc., Michigan, usA). 
Intracellular Hsp levels were analysed for 2x106 AMl cells in 
1 ml lysis solution and analyzed by Multiplex Hsp/chaperon 
8-plex MultiBead Kit for flow cytometry (Stressgen; Victoria, 
Bc, canada).

3H-thymidine incorporation assay. As described in detail 
previously (25,26), AMl cells were cultured in medium alone 
or medium containing Flt3l+scF+gM-csF (5x104 cells/well, 
150 ml medium per well) in flat-bottomed 96-well microtiter 
plates (nucleontM Δ Surface; Nunc Roskilde, Denmark). After 
six days [3H]-thymidine (37 kBq/well; trA 310, Amersham 
International, Amersham, uK) was added in 20 ml saline and 
nuclear radioactivity assayed 18 h later. the median counts 
per minute (cpm) of triplicate cultures were used for analysis 
of the results. negative controls were included in each experi-
ment and corresponded to <200 cpm. 

Flow cytometric analysis of AML cell viability and calre-
ticulin exposure. Reagents. FItc-conjugated anti-Annexin 
v was obtained from neXins research (Kattendijke, the 

netherlands). pacBlu-conjugated anti-Annexin v, live/dead 
fixable violet dead cell stain kit and Alexa Fluor 647-conju-
gated, goat anti-rabbit Igg was obtained from Invitrogen 
(paisley, uK). polyclonal rabbit anti-calreticulin was purchased 
by cell signaling technology (danvers, MA, usA), and FItc-
conjugated mouse monoclonal anti-human cd3, anti-human 
cd5 and pecy7-conjugated mouse anti-human cd5 by Bd 
Bioscience pharmingen (san jose, cA, usA). phosphate-
buffered saline (pBs) was delivered by Farma Holding (oslo, 
norway), bovine serum albumin (BsA) by roche, human 
immunoglobulin by octapharma Ag (lachen, switzerland) 
and paraformaldehyde (pFA) by electron Microscopy 
Sciences (Hatfield, PA, USA).

Staining of AML cells. cells were washed once in ice-cold 
pBs followed by staining as recommended for the dead/live 
fixable violet dead cell stain kit, including FITC-conjugated 
anti-Annexin V. Samples were thereafter washed once, fixed 
for 15 min in 0.5% pFA/pBs, then washed once in 2% BsA/
pBs and blocked with human immunoglobulin 0.2 mg/ml. 
Staining with monoclonal antibodies was finally performed 
on ice with rabbit anti-calreticulin antibodies and anti-cd3 
or anti-cd5 for 30 min. the samples were thereafter washed 
once and incubated on ice for 30 min with Alexa 647-conju-
gated goat anti-rabbit Igg. 

Flow cytometry analyses. Flow cytometry was performed 
by Facs canto 2 (Bd Bioscience pharmingen) and samples 
were analysed using the Flow-jo software (tree star, Ashland, 
or, usA). Forward scatter (Fsc) and side scatter (ssc) 
analysis was used to identify intact cells, and by using ssc 
combined with cd3/cd5 expression the lymphocyte popula-
tion could be separated from the AMl cells. this analysis 
verified that our gradient-separated AML cell populations 
included at least 95% AML cells. The identified leukemia 
cells were also analysed by Fsc/ssc to identify viable and 
dead cells. However, AMl patients are heterogeneous with 

table I. clinical and biological characteristics of 37 AMl 
patients included in the study.

Age; median (range) 66 years (24-88)
gender (female/male) 17/20
FAB classification (number of patients)
 M0/M1 3/11
 M2      8
 M4/M5 10/5
cytogenetic abnormalitiesa

 normal   19
 Intermediate     3
 good     2
 Adverse     7
Flt3-internal tandem duplicationa   11
npM-1 mutation    6

acytogenetic analysis was available for 31 patients and they were 
classified according to the MRC guidelines (36). Flt3 mutations were 
analysed in 29 patients and npM-1 mutations in 22 patients.
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regard to leukemic cell morphology, and for certain patients 
it was difficult to identify the two cell subsets by FSC/SSC 
analysis alone. the dead/live viability/vitality analysis was 
therefore used to verify this gating. Finally, the expression 
of Annexin v and calreticulin was analysed separately for 
the dead and viable AMl cell subsets. As expected from 
previous studies we could identify distinct Annexin v-positive 
and -negative cell subpopulations (27). calreticulin-positive 

cells could then be identified as separate populations among 
viable or dead cell subsets. this discrimination is illustrated 
by the results for three representative patients presented in 
Fig. 1, and the calreticulin-positive cell populations were also 
classified as positive when using a threshold for positivity 
corresponding to the fluorescence intensity level at which 
0.5% of the cells in the Ig-blocked controls were classified as 
positive after staining with only the secondary antibody. 

Figure 1. expression of Annexin v and calreticulin by viable (dye-excluding) and dead (dye-permeable) primary AMl cells derived from 3 patients (upper/
middle/lower). Cryopreserved AML cells were cultured for 4 h before staining and flow cytometric analysis. The cells were gated as described in the text, and 
the viable (left) and dead (right) subsets were analysed separately for Annexin v (y-axis) and calreticulin (x-axis) expression. the percentage of cells within 
each of the four subset in the separate analyses is given in the figures.
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Statistical analysis. the Wilcoxon's test for paired samples 
and the Mann-Whitney test were used for statistical compari-
sons and differences regarded as significant when p<0.05. For 
correlation analysis the Kendall tau rank correlation coefficient 
was used.

Results

Standardization of the experimental in vitro models. We 
used an experimental in vitro model with culture of primary 
human AMl cells in serum-free medium for analysis of 
apoptosis; this model has been characterized in detail previ-
ously (23,27). cytarabine was then tested at three different 
concentrations that were selected based on their effects 
on cytokine-dependent (Flt3l+scF+gM-csF) AMl cell 
proliferation. cells derived from 19 unselected patients were 
then investigated in the 3H-thymidine incorporation assay, the 
median proliferation in drug-free controls then corresponded 
to 3998 cpm (range <1000-66,161 cpm) and cytarabine was 
tested at ten-fold dilutions (10 µM-0.1 nM). We selected three 
different cytarabine concentrations that caused either i) a weak 
inhibition corresponding to <20% (1 nM), ii) approximately 
50% inhibition 10 nM) and iii) an inhibition corresponding to 
the plateau of maximal (i.e. >80%) inhibition (100 nM). 

We compared apoptosis induction and calreticulin expres-
sion for 4 unselected patients after 18 h of culture when using 
daunorubicin 1, 2, 4 and 6 µM and mitomycin 15 and 25 µM. 
daunorubicin 2 and 4 µM caused higher levels of calreticulin 
exposure and were therefore used in the present experiments. 
the two mitomycin concentrations were comparable with 
regard to cell viability and calreticulin-exposing cells, and 
25 µM was used in the following experiments. these drug 
concentrations have also been used in previous studies (11,28). 

primary AMl cells will undergo spontaneous apoptosis 
during in vitro culture; the degree of apoptosis then shows 
a wide variation between patients (27). In all our studies we 
used cryopreserved cells that showed a high viability generally 
exceeding 80% at initiation of culture. In pilot experiments 
AMl cells derived from 4 unselected patients were cultured 
with and without the drugs for 2, 4, 6, 7 and 18 h. A gradual 
decrease in the fraction of viable cells was then seen for all 
drugs, especially for all the cytotoxic drug cultures that showed 
a large majority of dead cells after 18 h. As an example, for 
daunorubicin 2 µM the median level of dead (dye-permeable) 
cells was not altered after 2 h (9.9% dead cells) but thereafter 
showed a gradual increase when comparing 4 h (median 
14.7%), 6 h (23.4%), 7 h (23.3%) and 18 h (82.9%) of incu-
bation. After 4-7 h a distinct population of dead cells was 
identified for all patients and drugs, a marked variation between 
different patients could be demonstrated, and the percentages 
of calreticulin-exposing cells was comparable during the whole 
time period. calreticulin exposure is an early event during 
apoptosis (10) and we therefore investigated its expression after 
4 h of culture in the following experiments. 

Calreticulin is exposed by apoptotic primary human AML 
cells for most patients. primary human AMl cells derived 
from 37 patients (table I) were incubated in medium alone 
for 4 h before analysis of Annexin v and calreticulin exposure 
by the viable (dye-excluding) and non-viable (dye-permeable) 

cell subsets. Firstly, most viable cells were Annexin v- calreti-
culin- (mean level 77.0%), but a low percentage of calreticulin+ 
cells was also detected for most patients (Fig. 2; median 
4.7% of total viable cells, range 0.1-43.4%) and these cells 
were both Annexin v- calreticulin+ (median 1.8%, range 
0.1-14.8%) and Annexinv+ calreticulin+ (median 1.9%, range 
0.00-32.4%). secondly, for the dead (dye-permeable) cell 
subset the percentage of calreticulin+ cells showed a wider 
variation between patients. When comparing the overall 
results the percentage of calreticulin-positive cells was signifi-
cantly higher for the non-viable (Fig. 2; median level 72.4%, 
p<0.0001) than for the corresponding viable cell subsets. It 
is unlikely that this increased calreticulin staining is due to 
non-specific antibody permeability, because incubation of 
cells with a non-specific fluorescein-conjugated antibody was 
included in all our experiments and no evidence of staining 
was observed in these control samples (data not shown). Most 
calreticulin+ cells among the nonviable cells were Annexin 
v+ (median 65.7%) with Annexin v- calreticulin+ cells usually 
being a minor subset (median 0.2%); this is also different from 
the viable cells. Finally, the percentage of calreticulin-positive 
cells showed no correlation with FAB classification, genetic 
abnormalities or expression of the cd34 stem cell marker 
(data not shown). 

Figure 2. calreticulin exposure by primary human AMl cells after 4 h of 
in vitro incubation. leukemic cells derived from 37 unselected patients were 
examined, and the total number of calreticulin-positive cells among viable 
(dye-excluding) and dead (dye-permeable) AMl cell subsets were analysed 
by flow cytometry. The results are presented as the percentage of positive 
cells among the total viable or dead cell subsets. the mean level for each 
subset is indicated in the figure.
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The variation in calreticulin exposure is maintained after 
incubation with cytotoxic drugs. the effects of various drugs 
on viability and calreticulin exposure were studied more 
in detail for an unselected subset of 15 patients. the mean 
percentage of viable leukemic cells after 4 h of incubation 
corresponded to 75.5% for the drug-free controls. A small but 
statistically significant reduction of the viability was observed 
only for daunorubcin 4 µM (mean viability 70.4%, p=0.01), but 
there was still a statistically significant correlation between 
the viability in these cultures and the corresponding drug-free 
controls (r=0,823, p<0.01). In contrast, the viability was not 
significantly altered by valproic acid (mean viability 77.5% for 
600 µM and 77.1% for 2400 µM), cytarabine (e.g. mean 73.5% 
for 100 nM), daunorubicin 2 µM (mean 73.6%), AtrA (mean 
72.8%) and mitomycin 25 µM (mean 71.7%).

the calreticulin exposure of the AMl cells derived from 
these 15 patients was also compared for cultures prepared 
in medium alone or with cytarabine (1, 10 and 100 nM), 
daunorubicin (2 and 4 µM) and mitomycin (25 µM). the 
same AMl cell subsets were detected as in the corresponding 
drug-free controls, and the presence of the cytotoxic drugs 
did not cause any statistically significant alteration in the 
percentage of calreticulin-exposing cells (Fig. 3); the percent-
ages remained low for the viable (dye-excluding) cell subset, 
and for the non-viable subset the variation between patients 
was maintained and significant correlations were observed 
between the percentages of calreticulin-exposing cells in 
control cultures and cultures containing mitomycin (r=0.67, 
p<0.01), daunorubicin (e.g. 4 µM, r=0.619, p<0.01) and 
cytarabine (e.g. 10 nM, r=0.802, p<0.01). thus, primary human 

AMl cells can express calreticulin on their cell surface, but there 
is a wide variation between patients especially for non-viable 
cells, and this variation is maintained also after incubation 
with cytotoxic drugs. similar results were even seen when 
calreticulin-exposure was compared separately for Annexin 
v-positive and -negative cells (data not shown). the results for 
drug-free controls and all drug-containing cultures were also 
reproduced in independent experiments for three of the patients 
(data not shown).

Differences in calreticulin exposure are maintained both 
after in vitro and in vivo exposure of primary human AML 
cells to ATRA or valproic acid. We compared calreticulin 
exposure for primary human AMl cells cultured in medium 
alone and in the presence of either valproic acid (600 and 
2400 nM) or AtrA. When analyzing the overall results 
no statistically significant effects on calreticulin exposure 
were observed for any of these two drugs. the same AMl 
cell subsets were identified for drug-containing cultures and 
drug-free controls, and there were significant correlations 
between the percentages of calreticulin-positive cells among 
non-viable cells in control cultures and corresponding cultures 
containing valproic acid 600 nM (r=0.714, p=<0.01), valproic 
acid 2400 nM (r=0.695, p<0.01) and AtrA (r=0.771, p<0.01). 
Finally, valproic acid and ATRA did not have any significant 
effects on calreticulin exposure in the presence of cytarabine 
(10 nM) and daunorubicin (4 µM) either (data not shown).

We compared spontaneous in vitro apoptosis for AMl 
cells collected from 7 patients before therapy, after in vivo 
treatment with AtrA alone for 2 days and after 5 additional 
days with AtrA combined with valproic acid and theophyllin. 
there was a small but significant increase in calreticulin-
exposure by the dye-excluding AMl cell subset after two days 
of in vivo AtrA therapy (median level of calreticulin-positive 
cells 9.8%, range 5.1-68.1%) compared with cells collected 
before treatment (median level 5.7%, range 3.2-65.8, p=0.02), 
but otherwise the in vitro calreticulin exposure did not differ 
between cells collected before and during treatment (data not 
shown). thus, patient-dependent characteristics are the most 
important determinants for calreticulin exposure both after 
in vivo and in vitro exposure to these drugs.

In vitro-cultured AML cells show spontaneous release of 
HSP70 and HSP90. Immunogenic apoptosis is characterized 
by the release of Hsp70 and Hsp90 in addition to calreticulin 
exposure (9,12). We therefore investigated the spontaneous 
release of Hsp70 and Hsp90 for in vitro-cultured primary 
human AMl cells. First we compared the Hsp70/Hsp90 
release when leukemic cells derived from 14 unselected 
patients were cultured for 4 and 18 h in medium alone. A 
wide variation in Hsp levels was observed between individual 
patients. the Hsp70 levels were relatively low after 4 h and 
showed a significant increase after 18 h of culture (Fig. 4A, 
p=0.001), whereas the HSP90 levels did not differ significantly 
after 4 and 18 h. Furthermore, Hsp70 and Hsp90 levels after 
18 h showed a significant correlation (a total of 18 patients 
examined, r=0.515, p=0.003) whereas the 4-h levels did not (a 
total of 25 patients examined, see below). 

We investigated the spontaneous release of Hsp70 and 
Hsp90 after 4 h of in vitro culture for a total of 25 patients. 

Figure 3. the percentage of calreticulin-positive cells among primary 
human AMl cells cultured in medium alone or in the presence of cytotoxic 
drugs. leukemic cells were derived from 15 unselected patients and cultured 
for 4 h in vitro before the percentage of calreticulin-positive cells were deter-
mined by flow cytometry for the viable and non-viable AML cell subsets. 
the results for the non-viable cell subsets are presented as box plots with 
the sample minimum value, the lower quartile, median value, upper quartile 
and sample maximum value for cells cultured in medium alone (untreated) 
and in the presence of mitomycin, daunorubicin (2 and 4 µM) and cytarabine 
(0.1, 1 and 10 nM).
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the release of both Hsp70 and Hsp90 showed a wide varia-
tion between patients (Fig. 4B) with no significant correlation 
with morphological differentiation (i.e. FAB classification) or 
genetic abnormalities. neither Hsp70 nor Hsp90 levels showed 
any significant correlation with calreticulin exposure of the 
AMl cells. Finally, the Hsp levels showed no correlations with 
the percentage of viable AMl cells or the intracellular levels 
of Hsp70/90 (data not shown).

Pharmacological modulation of HSP70/HSP90 release by 
primary AML cells. We investigated Hsp70/Hsp90 levels in 
supernatants when primary human AMl cells derived from 
6 unselected patients were cultured for 4 h either in medium 
alone or in the presence of daunorubicin 4 µM, mitomycin 
25 µM, cytarabine 10 nM and valproic acid 600 nM. the 
analysis of the control cultures confirmed the wide variation 
between patients in Hsp release, a similar wide variation 
was observed in the presence of all the drugs and none of the 
drugs had any significant effect on the HSP levels when the 
overall results were analysed (data not shown).

We investigated Hsp70/90 levels when AMl cells derived 
from 10 unselected patients were cultured for 18 h in medium 
alone or in the presence of daunorubicin 4 µM, mitomycin 
25 µM, cytarabine 10 nM and valproic acid 600 nM. Again 
the analysis of the control cultures confirmed that there was 
a wide variation between individual patients in the release of 
both Hsp70 and Hsp90. only cytarabine 10 nM had a minor 
but statistically significant effect and reduced HSP70 levels 
compared with control cultures (Fig. 4B, p=0.004), but the 
wide variation in Hsp levels between individual patients was 

maintained and a significant correlation with control levels 
was observed for Hsp90 (r=0.911, p<0.01) and even for Hsp70 
(r=0.956, p<0.01) in the presence of cytarabine. Finally, the 
wide variation between patients was also maintained in the 
presence of the other drugs, and significant correlations 
were detected between Hsp70/Hsp90 levels in drug-free 
controls versus cultures containing daunorubicin (Hsp70: 
r=0.644, p<0.01; Hsp90: r=1.00, p<0.01), mitomycin (Hsp70: 
r=0.822, p<0.01; Hsp90: r=0.911, p<0.01) and valproic acid 
(Hsp70: r=0.822, p<0.01; Hsp90 r=0.956, p<0.01). Finally 
we compared Hsp70/Hsp90 release for AMl cells collected 
before and during in vivo treatment with AtrA, valproic 
acid and theophyllin. the in vitro Hsp release did not differ 
between cells collected before and during this treatment (data 
not shown). 

Discussion

Antileukemic t cell reactivity is important for the AMl-free 
survival after allogeneic stem cell transplantation (4,7,29) 
and probably also after conventional chemotherapy and auto-
transplantation (5,8). Furthermore, the levels of circulating 
AMl-recognizing t cells can increase after chemotherapy 
(17). Induction of immunogenic apoptosis with calreticulin 
exposure and Hsp release by the AMl cells may then be 
important, and in the present study we describe that dying 
primary human AMl cells can expose calreticulin and release 
Hsp70 and Hsp90. 

We included only patients with relatively high peripheral 
blood blast counts, and highly enriched AMl cell popula-

Figure 4. release of Hsp70 and Hsp90 by in vitro-cultured primary human AMl cells. (A) leukemic cells were derived from 14 unselected patients and 
cultured for 4 and 18 h before Hsp levels were analysed in the supernatants. (B) the levels of Hsp70 and Hsp90 are compared for 14 patients when AMl 
cells derived from 14 unselected patients were cultured for 4 h before HSP levels were determined; the figure presents the levels for each individual patient. 
(c) leukemic cells from 10 unselected patients were cultured for 18 h in medium alone (ctrl) and with cytarabine (Arac) 10 nM, and the Hsp70 levels in 
cytarabine-containing cultures were then significantly decreased (Wilcoxon's test for paired samples, p=0.004).
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tions could then be prepared by density gradient separation 
alone without the risk of inducing functional alterations in 
the AMl cells by more extensive cell separation procedures 
[for a detailed discussion and additional references see (21)]. 
Although the included patients are representative for AMl 
patients in general with regard to the most important prog-
nostic parameters (25), our results should be interpreted with 
care and may be representative only for the subset of patients 
with relatively high levels of circulating AMl cells. 

the cell populations showed high viability gener-
ally exceeding 70% after cryopreservation, but the viability 
decreased during culture due to spontaneous or stress-induced 
in vitro apoptosis (27). the degree of spontaneous apop-
tosis differs between patients and depends on intracellular 
levels of Hsp70 and Hsp90 and the Bcl2:BAX ratio (27). 
experimental models based on in vitro culture of cryo-
preserved primary human AMl cells thus cannot avoid a 
background of stress-induced spontaneous apoptosis even 
when using optimal and highly standardized culture conditions 
as described in our methodological publications (21,25,27). 
However, in our opinion the spontaneous apoptosis reflects 
biological differences of clinical relevance because Hsp-levels 
as well as the Bcl2:BAX ratio seem to have prognostic impact 
in AMl (30,31). As expected stress-induced apoptosis due 
to the ex vivo handling of the AMl cells was also observed 
in our present study, and the apoptosis in drug-containing 
cultures represents additional pharmacological modulation 
on a background of stress-induced cell death. However, the 
advantages of using cryopreserved instead of freshly prepared 
AMl cells are several: i) reproducibility can be documented; ii) 
detailed biological characterization of the cells from additional 
follow-up experiments is available, and iii) follow-up studies 
are possible. 

As discussed in detail previously (25), we only included 
patients with high peripheral blood blast counts in our studies. 
the majority of contaminating cells among AMl blasts were 
small lymphocytes, and the flow cytometric analysis verified 
the high purity and excluded the lymphocytes from the cell 
death analyses. previous studies of stress-induced in vitro 
apoptosis as well as our present studies of primary AMl 
cells were based on the same standardized in vitro culture 
conditions and flow cytometric analyses (27,32,33). In the 
previous studies the following cell populations were identified: 
i) a relatively large population of viable Annnexin v- dye-
excluding cells; ii) another population of dead Annexin v+ 
dye-permeable cells; iii) a small population of early apoptotic 
Annexin v+ dye-excluding cells; and iv) a population of dead 
dye-permeable Annexin v- cells. similar populations could be 
identified in our present study (Fig. 1). 

our decision to analyse calreticulin exposure in primary 
human AMl cells after 4 h of culture was based on previous 
experimental studies and our own pilot experiments. Firstly, 
calreticulin exposure is an early apoptotic event (10) and 
we therefore analysed the cells when we had only a small 
population of dead cells. secondly, our live-dead assay is 
based on dye permeability that is present for necrotic cells 
in our standardized in vitro model (27). our studies have 
documented that the early events detected during these first 
4 h represent the initial steps leading to gradually increasing 
apoptosis in drug-free and especially in drug-containing 

cultures (19,27). thirdly, our initial kinetic analyses (2, 4, 6, 
7 and 18 h of culture) showed that the viability after 18 h was 
below 20% for all drug-containing cultures, but a difference 
in AMl cell viability between drug-free controls and drug-
containing cultures was detectable already after 4-7 h. there 
was no major increase in calreticulin exposure during this 
treatment. For these reasons we investigated the pharmaco-
logical effects on calreticulin translocation after 4 h of in vitro 
drug exposure.

When using standardized in vitro models we observed 
that primary human AMl cells could expose calreticulin and 
release Hsp70 and Hsp90 during spontaneous or stress-induced 
in vitro apoptosis. However, there was a wide variation between 
patients with regard to all three parameters, an observation 
showing that calreticulin exposure and Hsp release depend 
on biological characteristics that differ between patients. this 
variation was maintained when the AMl cells were exposed 
to cytotoxic (daunorubicin, cytarabine, mitomycin) or non-
cytotoxic antileukemic drugs (AtrA, valproic acid) in vitro. 
previous experimental studies in animal models have demon-
strated that daunorubicin can induce immunogenic apoptosis in 
cancer cells and thereby initiate an anticancer t cell response, 
whereas this is not seen for mitomycin (9). However, our 
present observations suggest that the individual differences 
between patients are more important than exposure to various 
antileukemic drugs with regard to these immunostimulatory 
characteristics. cytarabine is not an exception to this; even 
though this drug altered the Hsp70 levels the wide variation 
between patients was still maintained. 

It should be emphasized that calreticulin exposure was 
observed both for Annexin v- and Annexin v+ dye-excluding 
cells as well as for dye-permeable cells. these observations 
suggest that calreticulin exposure is an early event during 
apoptosis. However, high calreticulin exposure was observed 
especially for the dye-permeable cells; the strong staining of 
the dye-permeable cells probably represents true exposure 
and not staining of intracellular calreticulin because i) control 
cultures showed no evidence for non-specific permeability to 
fluorochrome-conjugated antibodies; iii) previous studies have 
also demonstrated that an additional permeabilization step is 
needed for intracellular staining even in non-viable cells (34); 
iii) a wide variation between patients in antibody permeability 
for cells that show a similar dye permeability seems unlikely. 

We investigated calreticulin exposure during in vivo treat-
ment with AtrA, valproic acid and theophyllin. the apoptotic 
phenotype was then altered and cells collected after 2 days of 
AtrA therapy showed increased spontaneous in vitro exposure 
of calreticulin. these results suggest that altered regulation of 
apoptosis is observed after in vivo AtrA therapy in addition 
to altered regulation of angiogenesis, cell cycle progression and 
gene transcription (20). 

HSP70 and HSP90 levels were significantly correlated after 
18 h of in vitro culture, but these levels showed no correlation 
with calreticulin exposure. thus, it seems likely that Hsp70 
and Hsp90 release is at least partly dependent on the same 
regulatory mechanisms but with different kinetics, whereas 
Hsp release and calreticulin exposure seem to be independent 
phenotypic characteristics during stress-induced apoptosis 
in primary human AMl cells. the Hsp levels do not simply 
reflect the degree of cell death because differences between 
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patients pesisted in drug-containing cultures that generally 
showed a very low viability.

our present results demonstrate that primary human AMl 
cells can show functional characteristics consistent with immu-
nogenic apoptosis. these characteristics show a wide variation 
between individual patients, but it is not known whether this 
biological heterogeneity contributes to the differences in 
leukemia relapse risk between patients.
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