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Heat shock protein (HSP) 70 and HSP90 are released by primary human acute myeloid leukemia (AML) cells
during stress-induced spontaneous in vitro apoptosis. The AML cells also show constitutive release of sev-
eral cytokines and the systemic serum levels of several soluble mediators are altered in patients with
untreated AML. In the present study, we have investigated serum levels of HSP70/HSP90 and the serum
cytokine profiles of patients with untreated AML and patients receiving AML-stabilizing palliative treatment
based on all-trans retinoic acid (ATRA) plus valproic acid. Patients with untreated AML showed increased
HSP90 levels and a distinct serum cytokine profile when compared with healthy controls, and low pre-ther-
apy HSP90 levels were associated with a prolonged survival during treatment with ATRA 1 valproic acid 1
theophyllin. Hierarchical cluster analysis showed a close association between HSP70, HSP90, IL-1 receptor
antagonist (IL-1ra), and hepatocyte growth factor (HGF) levels. Furthermore, disease-stabilizing therapy
altered the serum-cytokine profile, but the correlations between HSP70/HSP90/IL-1ra/HGF were maintained
only when ATRA 1 valproic acid were combined with theophyllin but not when combined with cytarabine.
We conclude that both HSP levels and serum cytokine profiles are altered and may represent possible ther-
apeutic targets or prognostic markers in human AML. Am. J. Hematol. 87:368–376, 2012. VVC 2012 Wiley

Periodicals, Inc.

Introduction
The heat shock response was discovered as chromo-

some puffs in the salivary gland of Drosophila flies [1]. This
led to the discovery of the heat shock proteins (HSPs). The
HSPs maintain cellular homeostasis and function as molec-
ular chaperones assisting protein folding and translocation,
and their intracellular levels are upregulated in response to
many physiological and environmental insults [2]. Intracellu-
lar HSPs are cytoprotective effectors and allow the cells to
survive otherwise lethal conditions, acting at multiple steps
in the apoptotic pathways to ensure that stress-induced
damage does not inappropriately trigger cell death [2]. On
the other hand, HSPs are also released by cells to the
extracellular space. Released HSPs together with their
client proteins can then become internalized by antigen-
presenting cells and this leads to a more efficient cross-
presentation of antigenic epitopes of the client proteins to
specific T cells [3,4]. Extracellular HSPs may also initiate
release of pro-inflammatory cytokines, stimulate NK cells
and facilitate DC maturation [2,5,6].
HSPs are overexpressed in many human malignancies,

including both solid tumors and hematological malignan-
cies, and high intracellular levels are usually associated
with adverse prognosis [7,8]. High acute myeloid leukemia
(AML) cell expression of HSPs seems to be associated
with an adverse prognosis both with regard to complete
remission rate and survival [9–12]. A correlation between
high serum/plasma levels and poor prognosis is also seen
for many cytokines [13–16], and these heterogeneous
mediators interact through local cytokine networks that reg-
ulate growth and differentiation of normal as well as malig-
nant hematopoietic cells [17,18].
HSP70 and HSP90 seem to be the HSPs most com-

monly expressed at high levels by primary human AML
cells [7,11,19]. Previous studies suggest that serum HSP
levels may have a prognostic impact in younger AML
patients receiving intensive chemotherapy [9,12]; a possible
explanation for this could be modulation of anti-leukemic T

cell reactivity [20–22]. However, one would expect this
effect of AML-cell derived HSPs to be further modulated by
the cytokine network. In this study, we have therefore inves-
tigated (i) serum levels of HSP70 and HSP90 in a large
group of unselected patients (also including elderly patients
unfit for intensive chemotherapy), (ii) the possible prognos-
tic impact of serum HSP levels for elderly patients receiving
AML-stabilizing treatment, and (iii) the association between
potentially immunostimulatory HSP serum levels and the
systemic (serum) cytokine profile in AML patients with
untreated disease and patients receiving disease-stabilizing
therapy base on all-trans retinoic acid (ATRA) and valproic
acid.

Materials and Methods
Patients. All studies were approved by the local Ethics Committee

(Region III, University of Bergen, Norway) and samples collected after
informed consent. A large group of consecutive AML patients was
examined, and a subset of these patients was treated with disease-sta-
bilizing therapy according to two phase 1/2 clinical protocols:

� The first group included 20 patients (12 males, eight
females, median age 70.5 years with variation range
50–86 years) treated with oral ATRA 22.5 mg/m2 twice
daily days 1–14, and valproic acid together with theo-
phyllin from day 3 until disease progression. For both
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the drugs, this treatment with valproic acid and theo-
phyllin started with an initial intravenous loading dose
and thereafter 48 hr of intravenous infusion therapy
guided by serum level estimations before the treat-
ment was continued as oral administration. Serum
samples were then collected before treatment (day 1),
after 2 days of treatment with ATRA alone (day 3),
and after 5 additional days of treatment with the triple
combination (day 8) (Study registration: ClinicalTrials.-
gov no. NCT00175812 and EudraCT no.2004-00166
3-22) [23].

� The second group included 22 patients (eight males
and 14 females, median age 77 years with variation
range 58–90 years) treated with valproic acid from day
1 and until disease progression, oral ATRA 21.5 mg/
m2 twice daily days 8–22, and subcutaneous cytara-
bine 10 mg/m2 administered once daily days 15–24.
Treatment with valproic acid started with an intrave-
nous loading dose and thereafter, a continuous intra-
venous infusion for 24 hr before the treatment was
continued as oral administration guided by the serum
valproic acid level. Samples were collected before
treatment (day 1), after 7 days of treatment with val-
proic acid alone (day 8), after treatment of ATRA plus
valproic acid (day 15), and after completed treatment
with ATRA, valproic acid and cytarabine (day 25–27)
(Study registration: ClinicalTrials.gov no. NCT00995332
and EudraCT no. 2007-2007-001995-36).

Forty additional patients were included in our studies of patients with
untreated AML, and together all these patients represent a group of 82
unselected patients. Their clinical and biological characteristics are
summarized in Table I, the cytogenetic abnormalities then being classi-
fied according to the MRC criteria [24]. Primary human AML cells
derived from 28 patients were also included in our study. We included
serum samples derived from 20 healthy controls with a similar age and
gender distribution as the untreated AML patients. For all the blood
samples, the serum was separated within 2 hr after sampling and was
stored at 2808C until analyzed.

Analysis of heat shock protein and cytokine levels in serum. EIA/
ELISA kits (Enzo life sciences, DE-79539 Lörrach, Germany) were
used to determine HSP70 (HSP70 high sensitivity EIA kit EKS-715)
and HSP90 serum levels (Hsp90a ELISA kit EKS-895). For analysis of
serum cytokine levels, we used the Fluorokine MAP Multiplex Kits,
human cytokine panel A and B (R&D Systems; Abingdon, UK). All
analyses were performed strictly according to the manufacturers’

instruction. The cytokine studies included analyses of (i) immunomodu-
latory cytokines (CD40-Ligand, TNFa, IFNg), (ii) interleukins (IL-1a, IL-
1b, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17), (iii) che-
mokines (CCL2/MCP-1, CCL3/MIP-1a, CCL4/MIP-1b, CCL5/Rantes,
CCL11/Eotaxin, CXCL5/ENA-78, CXCL8/IL-8, CXCL10/IP10, CXCL11/
I-TAC), and (iv) the growth factors granulocyte- and granulocyte-macro-
phage colony-stimulating factor (G-CSF and GM-CSF), epithelial
growth factor (EGF), hepatocyte growth factor (HGF), basic fibroblast
growth factor, thrombopoietin (Tpo), vascular endothelial growth factor
(VEGF), and leptin.

Analysis of HSP cellular levels and HSP release by in vitro cultured
primary human AML cells. Total AML cell levels (28 patients, see
above) of HSP70 and HSP90 were determined as described in detail
earlier [25]. Primary human AML cells (n 5 14) were cultured in vitro
and HSP levels determined in the supernatants as described in our
earlier study [19].

Statistics and bioinformatical approaches. For statistical compari-
sons between different groups, we used the Mann–Whitney U-test. For
statistical analyses of paired observations, the Wilcoxon’s signed rank
test was used and for correlation analyses, we used the Spearman’s
correlation test. Differences were generally regarded as statistically sig-
nificant when P-values were <0.05. For the characterization of the
cytokine profile in patients and healthy controls, we investigated 31 dif-
ferent cytokines; due to this large number of comparisons, we only
regarded P-values < 0.02 as statistically significant (0.02 < P < 0.05
is then referred to as borderline significance) in this particular part of
the study to reduce the risk of finding, a significant P-value < 0.05 by
chance due to the large number of cytokines/comparisons analyzed.
Bioinformatical analyses were performed using the J-Express (MolMine
AS, Bergen, Norway) [26]. For hierarchical clustering, all values were
median variance standardized and log(2) transformed. The complete
linkage was used as linkage method and for distance measure, the
Pearson correlation test was used.

Results

Untreated AML patients have increased HSP90 serum
levels compared with healthy controls
Serum levels of HSP70 and HSP90 were determined for

82 unselected patients with untreated AML. The patients
showed significantly higher HSP90 levels (Fig. 1A; mean
level 295 ng/ml, Mann–Whitney U-test, P < 0.0001) than
the healthy controls (mean level 12.1 ng/ml). The serum
levels of HSP70 were significantly lower than the HSP90
levels both for the patients (mean level 2.0 versus 295 ng/
ml, Wilcoxon’s signed rank test, P < 0.0001) and for the
healthy controls (Fig. 1; mean level 0.5 versus 12.1 ng/ml,

TABLE I. Clinical and Biological Characteristics of 82 AML Patients Included

in the Study

Age; median (range) 67 years (27–90)
Gender (female/male) 42/40
Percentage of patients with:
Secondary AML 17%
AML relapse 20%
De novo AML 63%

FAB classification (percentage of patients)
M0/M1 48%
M2 20%
M4/M5 32%
Expression of CD34 (percentage of patients)a 71%

Cytogenetic abnormalities (percentage)a

Normal 50%
Intermediate 13%
Good 7%
Adverse 30%
Flt3-internal tandem duplication (percentage) 24%
NPM-1 mutation (percentage) 20%

a
CD34 positivity was defined as at least 20% of the cells staining positive for

the CD34 stem cell marker. Cytogenetic abnormalities were classified according to
the MRC guidelines. Cytogenetic analyses were available for 67 patients. FAB
classification was available for 66 patients, Flt3 analysis for 55 patients and NPM-
1 analysis for 40 patients.

Figure 1. Serum HSP levels in patients with untreated AML and healthy controls.
Serum levels of HSP70 and HSP90 in 82 patients with untreated AML and 20
healthy controls (A) The HSP90 and HSP70 serum levels were determined for
patients with untreated AML and for healthy controls. (B) HSP70 levels were gen-
erally lower than the HSP90 serum levels in untreated AML patients as can be
seen from the figure, but despite this the HSP70 and HSP90 levels showed a stat-
istically significant correlation (Spearman R 5 0.425, P < 0.01).
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P < 0.0001), and the HSP70 serum levels did not differ sig-
nificantly between patients and controls. Finally, the HSP70
serum levels were generally lower than the corresponding
HSP90 levels (Fig. 1B), but despite this the HSP70 and
HSP90 serum levels were significantly correlated for the
untreated-AML patients (Fig. 1B; Spearman, P < 0.01, R
5 0.425). A similar correlation was not observed for the
healthy controls (data not shown).
Primary AML cells derived from 14 unselected patients

were cultured in vitro and the HSP levels in culture super-
natants determined. There was no significant correlation
between HSP70 or HSP90 levels in the supernatants and
the corresponding serum samples (data not shown).

HSP serum levels in AML patients depend on age, AML
cell differentiation, and the leukemia cell burden
Patients age showed a significant inverse correlation to

HSP90 (P 5 0.271, P < 0.05), and elderly patients above 70
years of age showed significantly lower HSP90 levels than
patients below 50 years of age (P 5 0.033). Then we investi-
gated whether there was any association between HSP se-
rum levels and AML cell characteristics. First, morphological
signs of AML cell differentiation were evaluated by the
French–American–British (FAB)-classification. Patients with
minimal signs of differentiation showed significantly lower
HSP90 levels (FAB 0/1; median level 35.7 ng/ml, range 7.4–
3,785 ng/ml) than patients with neutrophil differentiation
(FAB-2; median 94.3 ng/ml, range 17.3–1,198 ng/ml, Mann–
Whitney U-test P 5 0.0238) and patients with monocytic dif-
ferentiation (FAB-4/5, median 386 ng/ml, range 25.3–1,198
ng/ml, Mann–Whitney U-test P 5 0.0006). The HSP90 se-
rum levels were also significantly lower for patients with
CD341 leukemic cells (>20% CD341 cells; median level 39
ng/ml, range 7–3,785 ng/ml, Mann–Whitney U-test P 5
0,0009) than for patients with CD342 AML cells (median
level 389 ng/ml, range 21–1,198 ng/ml). Second, there were
no significant differences in serum HSP90 levels between
patients with intermediate, normal, and adverse cytogenetic
abnormalities; we had very few patients with low-risk abnor-
malities and for this reason these patients were not included
in these analyses. HSP90 levels did not show any associa-
tions with FLT3-ITD or NPM1 mutations either. Finally,
HSP70 serum levels showed no association with age, mor-
phological differentiation, CD34-expression, cytogenetic, or
molecular genetic abnormalities.
We investigated consecutive patients admitted to our

hospital, including both patients with relapse and newly
diagnosed AML, but the HSP70/HSP90 serum levels did
not differ between relapse and newly diagnosed leukemia.
No differences were seen between de novo and secondary
AML either.
There is a wide variation between patients with regard to

the total HSP protein levels in the AML cells [25]. We there-
fore investigated whether there were any correlations
between HSP90 serum levels and (i) total HSP90 levels in
the leukemia cells or (ii) the leukemia cell burden. First, the
total cellular HSP70 and HSP90 protein levels were deter-
mined for 28 unselected patients. The HSP90 levels
showed a wide variation with regard to both total cellular
protein level (median 12.9 ng/ml, range 2.0–35.8) and se-
rum levels (48.7 ng/ml, range 7.4–3,785 ng/ml), but without
any significant correlation. Similarly, HSP70 cellular levels
(median 43.3, range 2.8–454 ng/ml) and serum levels (me-
dian 0.13 ng/ml, range not detectable–4.32 ng/ml) also
showed wide variations without significant correlation. Thus,
the total HSP protein levels in the AML cells seem to have
only a minor influence on the serum levels. Second, we
also investigated whether there was any association
between the AML cell burden and HSP70/HSP90 levels.

Detailed information was available only for patients included
in the two clinical protocols, and we evaluated four different
parameters that we regard, at least partly, to reflect the leu-
kemia cell burden:

� Percentage of bone marrow blasts. Only HSP70 se-
rum levels (Spearman’s correlation test; P < 0.05, R
5 0,343) showed a significant correlation with the
blast percentage (median 55%, range 28–99%).

� Serum lactate dehydrogenase (LDH) levels. Both
HSP70 (P < 0.05, R 5 0,314) and HSP90 (P < 0.01,
R 5 0,707) showed significant correlations with serum
LDH levels (median 265 IU/L, range 133–1,677 IU/L).
There was also a correlation of borderline significance
between bone marrow blast percentage and serum
LDH levels (P < 0.05, R 5 0,338).

� The peripheral blood blast count. We observed a sig-
nificant correlation between the level of circulating
blasts and both HSP90 (P < 0.01, R 5 0.617) and
HSP70 serum levels (P < 0.01, R 5 0.360). For most
patients, the blood blast counts were relatively low cor-
responding to <5 3 109/l, and there was no significant
correlation between percentage of bone marrow blasts
and levels of circulating blasts.

� Remaining normal bone marrow function. No signifi-
cant correlations were detected between HSP70 or
HSP90 levels and peripheral blood platelet counts or
the hemoglobin levels.

Thus, HSP70 serum levels showed statistically signifi-
cant correlations with three out of the four parameters,
whereas HSP90 showed significant correlations only for
two parameters.

ATRA alone or in combination with valproic acid plus
theophyllin (protocol 1) does not alter serum HSP70/
HSP90 but pretherapy HSP90 levels show an inverse
correlation with survival
We investigated HSP serum levels for 20 patients included

in the first protocol; they initially received ATRA alone for 2
days before valproic acid and theophyllin were added.
HSP70 and HSP90 serum levels were determined before
(day 1) and after two days of ATRA therapy (day 3) and after
five additional days with the triple combination (day 8). The
median HSP70 level was 0.9 ng/ml (range not detectable
(nd)–58.7 ng/ml) before treatment, not detectable (range
nd–65.6 ng/ml) on day 3 and 1.2 ng/ml (range nd–43.2 ng/
ml) on day 8. The median HSP90 levels before treatment
and after 3 and 8 days were 48.5 ng/ml (range 8.2–1,023 ng/
ml), 19.7 ng/ml (range 9.7–1,170 ng/ml), and 63.1 ng/ml
(range 8.8–2,968 mg/ml), respectively. None of these differ-
ences reached statistical significance, but there was a simi-
lar correlation between HSP70 and HSP90 both on day 3 (P
< 0.05, R 5 0.447) and day 8 (P < 0.01, R 5 0.664) as
described above for untreated-AML patients.
For this clinical study, we had follow-up data for all

included patients [23], and the pre-therapy HSP90 serum
levels showed a significant inverse correlation with survival
(P 5 0.004, R 5 20.617; Spearman’s correlation test). The
HSP90 levels for patients with survival shorter (13 patients,
median level 118 ng/ml, range 8–1,023 ng/ml) and longer
than 100 days (7 patients, median 19 ng/ml (range 10–90
ng/ml, Mann–Whitney U-test P 5 0.04) differed signifi-
cantly. In contrast, there was no significant correlation
between HSP70 levels and survival.
As a comparison, 10 of our patients with newly diag-

nosed AML received only supportive treatment, and for this
group the HSP90 levels showed no correlation with the sur-
vival (data not shown).
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HSP90 but not HSP70 levels are significantly altered
during treatment with ATRA, valproic acid, and low-
dose cytarabine
The 22 patients included in the second protocol received

valproic acid alone for the first 7 days, this drug was there-
after combined with ATRA for days 8–22 and low-dose
cytarabine for days 15–25. Finally, valproic acid was contin-
ued as the only drug from day 26. We compared HSP se-
rum levels for samples collected on day 1 (without any
treatment), day 8 (after valproic acid alone), day 15 (val-
proic acid plus ATRA), and day 25–27 (after valproic acid,
ATRA, and low-dose cytarabine). The median HSP70 levels
at all four time points were undetectable with maximal lev-
els 23.8, 30.3, 23.1, and 18.1 ng/ml, respectively. Thus,
HSP70 levels did not differ during treatment.
The HSP90 levels were also determined on day 1 before

treatment and on days 8, 15, and 25–27 during treatment.
The median level before treatment was 20.7 ng/ml (range
7.4–3,785 ng/ml) and after 7 days with valproic acid alone
14.0 ng/ml (range 6.6–380 ng/ml), but this difference did
not reach statistical significance (P 5 0.11). However,
HSP90 levels were significantly reduced on day 15 (median
level 17.3 ng/ml, range 6.9–368 ng/ml; P 5 0.04) compared
with pretherapy levels and further significantly reduced
between days 15 and 25–27 (median level 16.7 ng/ml,
range 7.0–567 ng/ml, P 5 0.04, Fig 2). Finally, a significant
correlation between HSP70 and HSP90 levels was
observed on day 1 (P < 0.05, R 5 0.493), day 8 (P <
0.05, R 5 0.570), and day 15 (P < 0.01, R 5 0.666) but
not on day 27.

Patients with untreated AML show an altered serum
cytokine profile
We compared the serum-cytokine profile for the 82

untreated-AML patients and the healthy controls. The over-

all results are summarized in Fig. 3, and the results for
cytokines showing statistically significant differences are
presented in detail in Table II. The cytokines were classified
as (i) immunoregulatory mediators; (ii) chemokines, (iii)
interleukins, and (iv) growth factors. Due to the large num-
ber of comparisons, differences were regarded as signifi-
cant when P < 0.02 (see Table II). The serum levels dif-
fered between patients and healthy controls for several
cytokines, including immunomodulatory cytokines (TNFa),
interleukins (IL-1a, IL-4, IL-5, IL-6, IL-10), CXCL chemo-
kines (CXCL5, CXCL8/IL-8, CXCL10), and growth factors
(G-CSF, GM-CSF, HGF). Only two additional cytokines

Figure 2. HSP90 serum levels in patients treated with valproic acid, ATRA, and
low dose cytarabine. HSP90 serum levels (ng/ml) were determined for 22 patients
before and after treatment with valproic acid (from day 1), oral ATRA (21.5 mg/m2

twice daily, days 8–22), and low-dose subcutaneous cytarabine (corresponding to
a total dose 100 mg/m2 for a 10-day period, days 15–24). The figure presents the
serum HSP90 levels before treatment (day 1, 22 samples), treatment with valproic
acid plus ATRA (day 15, 15 samples) and after treatment with the triple combina-
tion of valproic acid, ATRA, and low-dose cytarabine (day 27, 19 samples). The
mean levels are indicated in the figure and the P-values are given at the top of the
figure (Wilcoxon’s signed rank test).

Figure 3. The serum cytokine profile for untreated AML patients and healthy con-
trols. Serum cytokine levels were determined for 82 AML patients and 20 healthy
controls with a similar age and gender distribution. The cytokines were classified
as (i) chemokines, (ii) interleukins, and (iii) growth- and immunomodulatory factors
(see left part of the figure). A total of 31 cytokines were analyzed, and the figure
presents the mean for each cytokine in patients (dark columns) and healthy con-
trols (white columns). Cytokines showing statistically significant differences
between patients and healthy controls are marked with an asterisk to the right in
the figure.
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showed a difference corresponding to a borderline signifi-
cance with 0.02 < P < 0.05, namely IL2 (P 5 0.0227) and
EGF (P 5 0.0375). Despite these differences, the overall
cytokine profiles showed several similarities in the two
groups: immunomodulatory cytokines showed detectable
levels, the interleukins generally showed low/undetectable
levels, whereas the chemokines usually showed relatively
high levels, and the growth factors showed detectable lev-
els but with relatively low G-CSF and GM-CSF levels.
Finally, platelets can also release several cytokines [27,28]
and we detected significant correlations between peripheral
blood platelet counts and the platelet-released mediators
VEGF (R 5 0.233, P < 0.05), CD40-Ligand (R 5 0.391, P
< 0.01), and CCL5 (R 5 0.270, P < 0.05). However, these
mediators did not cluster together (Fig. 4), an observation
indicating that their levels are influenced also by other fac-
tors. For this reason, they were included in the cluster anal-
ysis.

Patient age and AML cell differentiation influence the
serum cytokine profile in patients with untreated AML
We investigated whether the serum-cytokine profiles

were different for patients above 70 years of age when
compared with younger patients. Due to the large number
of comparisons, we only regarded P-values < 0.02 as stat-
istically significant. Patients above 70 years of age showed
increased levels of CCL5 (even though platelet counts did
not differ, P 5 0.31) and EGF whereas the levels of IFNg
and CD40-Ligand were reduced (Table III). IL4 showed an
increase and FGF basic a decrease of borderline signifi-
cance (0.02 < P < 0.05) in the elderly patients.
We also examined whether there were any associations

between serum cytokine levels and the expression of the
CD14 monocyte marker or the CD34 stem cell marker by
the patients’ AML cells. Flowcytometric detection of at least
20% positive cells was then used as the cut-off between
positive and negative staining. CD14 positivity was associ-
ated with increased serum levels of IL-1ra and reduced lev-
els of CCL2, whereas CD34 positivity was associated with
decreased levels of IL-1ra and IL5 (Table IV, P < 0.02).

Finally, CCL11 showed an association of borderline signifi-
cance (0.02 < P < 0.05) to CD14 expression, whereas IL-
1b and Tpo showed associations of borderline significance
to CD34 expression (Table IV).

Hierarchical cluster analysis of serum cytokine levels
in patients with untreated AML: the HSPs cluster to-
gether with potentially immunosuppressive cytokines
We did an unsupervised hierarchical cluster analysis for

all 82 patients and all cytokines together with HSP70 and
HSP90. The soluble mediators could then be divided into
four main clusters (Fig. 4, lower part). The cluster A (left) is
referred to as the chemokine cluster and consisted of 12
soluble mediators, among them 7 chemokines. The smaller
cluster B (middle left), consisted of three interleukins and
three growth factors. Cluster C, referred to as the interleukin
cluster, consisted of eight cytokines, among them five inter-
leukins, and cluster D (right, referred to as the HSP cluster)
consisted of seven soluble mediators including HSP70 and
HSP90 that clustered close to HGF, TNFa, and IL-1ra. There
was a significant correlation (Spearman, P < 0.01) between
the mediators that clustered close to each other in cluster D,
i.e., HSP90, HSP70, HGF, TNFa, and IL-1ra (Table V). The
two remaining cytokines in this cluster (i.e., IL-10 and
CXCL10) showed significant correlations only with HSP90
and IL-1ra, respectively (Spearman, P < 0.01).
The clustering analysis identified two major patient sub-

sets I and II. There was a significant difference between
these for both HSP70 (Mann–Whitney U-test, P < 0.0001)
and HSP90 (Mann–Whitney U-test, P 5 0.0038), where the
lower cluster II showed the highest levels. In addition to the
increased HSP levels, the lower cluster II also showed sig-
nificantly higher levels of CXCL10 (P < 0.0001) and IL1-ra
(P 5 0.009). In contrast, the cluster I patients showed

TABLE II. Serum Cytokine Levels in AML Patients and Healthy Controls: A

Detailed Presentation of the Results for Cytokines Showing Statistically Sig-

nificant Differences Between Patients and Controls

Cytokine Patients Healthy controls P-value

Immunomodulatory cytokines
TNF-a : 8.4 (<1.5–68.5) 4.5 (2.3–13.4) 0.016
Interleukins
IL-1a ; 0.5 (<0.4–7.0) 2.0 (2.0–2.9) <0.0001
IL-2a ; 2.5 (<2.23–61.5) 7.2 (<2.23–13.8) 0.0227
IL-4 ; <4.5 (<4.5–53.9) 11.8 (5–17.5) <0.0001
IL-5 : <0.7 (<0.7–39.1) 0.9 (<0.7–0.9) 0.0001
IL-6 : 5.8 (<1.1–204.6) <1.1 (<1.1–7.7) <0.0001
IL-10 : 1.3 (<0.3–238.0) 0.3 (<0.3–0.8) 0.0005
Chemokines
CXCL5 ; 128.4 (<4.1–3252.1) 1283.5 (341–5307) <0.0001
CXCL8/IL-8 : 30.5 (<2.0–1103.2) 10.7 (2.2–22.8) 0.0003
CXCL10 : 56.7 (0.5–1958.7) 15.25 (8.5–58.4) <0.0001
Growth factors
EGFa : 5.2 (<1.58–292.6) <1.58 (<1.58–135) 0.0375
HGF : 797.3 (1–9703.0) 262.4 (117.3–729.3) <0.0001
G-CSF : 32.2 (<1.5–1029.5) <1.5 (<1.5–63.2) <0.0001
GM-CSF : 0.5 (<2.0–17.2) 0.9 (0.9–3.6) 0.0096

The table shows the serum levels for 82 AML patients and a group of 20 healthy
controls. The results are presented as the cytokine analyzed, the alteration in the
patients (: increased, ; decreased), the patients levels (median and range), levels
in healthy controls (median and range). Due to the large number of comparisons a
significant p-value was defined as P < 0.02 (Mann–Whitney U-test); the table in
addition presents the results for IL2 and EGF that showed a borderline significance
with 0.02 < P < 0.05. All cytokine concentrations are presented as pg/ml, for cyto-
kine levels not detected the values are set to < the detection limit.

a
Cytokines showing a borderline significance value with 0.02 < P < 0.05.

Figure 4. Unsupervised hierarchical cluster analysis of soluble mediators serum
profile in 82 untreated-AML patients. Serum levels for nine chemokines (indicated
by white color at the top of the figure), 11 interleukins (blue), 11 growth- and
immunomodulatory factors (gray), and 2 heat shock proteins (yellow) were deter-
minate from 82 consecutive AML patients. The concentrations were median nor-
malized and log(2) transformed before unsupervised hierarchical clustering with
Pearson’s correlation as distance measure and complete linkage was performed,
resulting in a heatmap for visualization and interpretation. The mediator expression
profiles identified two main patient subsets that are referred to as clusters I and II
(see the right margin). The soluble mediators formed four major clusters as indi-
cated at the bottom of the figure (clusters A–D).
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higher levels of CCL5 (P < 0.0001), CXCL5 (P < 0.0001),
VEGF (P 5 0.0049), CD40-Ligand (P < 0.0001), and leptin
(P 5 0.0162). The difference between cluster I and II did
not reach statistical significance for HGF (P 5 0.05), IL10
(P 5 0.05), and TNFa (P 5 0.33) even though they all
clustered close to the HSPs. Finally, there was no signifi-
cant difference between the two patient clusters with regard
to age, gender, cytogenetic abnormalities or frequencies of
FLT3, or NPM1 mutations (data not shown).

The cytokine clustering is altered after ATRA 1
valproic acid-based disease-stabilizing treatment
We compared single cytokine levels before (day 1) and

during treatment for patients included in protocol 1 (ATRA,
valproic acid, and theophyllin; day 8 samples) and protocol
2 (ATRA, valproic acid, and cytarabine; day 25–27 sam-
ples). IL-6 was the only cytokine that showed a significant
increase in both protocols (P-values 0.011 and 0.010,
respectively), and in protocol 2, we, in addition, observed a
significant decrease in IL-4 levels (P 5 0.016). The other
cytokines showed no significant differences (data not
shown).
We also did an unsupervised clustering of the post-treat-

ment cytokine levels for protocol 1 and 2 patients (day 8
and day 25–27 samples, respectively, Fig. 5). Even though
the effects of the treatment on the cytokine network was
limited when investigating single cytokines (see above), the
different cytokine profiles when compared with the
untreated patients (see Fig. 4) show that there are effects
on the cytokine network even though the effects on individ-
ual cytokines do not reach statistical significance. Further-
more, the two protocols differed with regard to these cyto-
kine profiles after treatment. The close correlations

between HSP levels and the levels of IL-1ra, HGF, and
TNFa were maintained in protocol 2. In contrast, for
patients included in protocol 1, these mediators clustered
further apart. Despite these differences in clustering, the
significant correlations between HSP70/HSP90/IL1-ra/HGF
levels were generally maintained after disease stabilizing
therapy (Fig. 5, Table IV). Thus, the two protocols differ
with regard to their effects on the serum-cytokine profile.

DISCUSSION
The aims of the present study were to examine the se-

rum levels of potentially immunostimulatory HSP70/HSP90
in a large group of unselected AML patients (also including
elderly patients not fit for intensive chemotherapy), to
investigate the potential prognostic impact of the HSPs in
elderly patients receiving disease-stabilizing therapy, and to
examine whether altered HSP serum levels are associated
with specific alterations in the immunoregulatory cytokine
networks. We then compared the HSP70 and HSP90 levels
for patients with untreated AML and a group of healthy con-
trols. The HSP90 levels were significantly higher than the
HSP70 levels both for patients and controls, and the
patients showed significantly higher HSP90 levels than the
controls. We have recently described that HSP90 is consti-
tutively released at relatively high levels by primary human
AML cells whereas HSP70 is released at lower levels [19].
Even though these increased HSP90 levels may at least
partly be determined by the release from the leukemic cells
and then initiate leukemia-directed immune responses, this
effect may be counteracted by increased levels of the
immunosuppressive HGF and IL-1ra cytokine levels.
HSP90 serum levels were dependent on several factors,

including patient age, morphology/FAB classification,

TABLE III. The Serum Cytokine Levels in Patients with Untreated AML Above and Below 70 Years of Age. The Table Only Shows the Results for Those Cyto-

kines with P-values < 0.05

Altered cytokine Patients above >70 years of age Patients below 70 years of age P-value

Increased levels in elderly patients
CCL5 1782 (<1.9–369,139) 4235 (556.4–177,579) 0.0071
EGF 10.1 (<1.6–174.8) 3.8 (<1.6–292.6) 0.0063
IL-4a <4.5 (<4.5–53.9) <4.5 (<4.5–25.6) 0.0407

Decreased levels in elderly patients
IFNg 4.5 (<1.3–56.2) 8.6 (<1.3–20.8) 0.0067
FGF basica 17.3 (<4.9–103.9) 76.6 (<4.5–163.1) 0.0334
CD40 ligand 811.1 (51.4–15,508) 1340 (243.3–34,712) 0.0193

The results are presented as the median level, the variation range is given in parenthesis. The Mann–Whitney U-test was used for the statistical comparison.
a
Cytokines showing a borderline significance value with 0.02 < P < 0.05.

TABLE IV. The Association Between Differentiation Status of Primary Human

AML Cells and Serum Cytokine Levels. The Table Shows the Results for

Those Cytokines that Showed Significant Alteration (P < 0.05) When

Comparing Patients with More/less than 20% Positive Cells Based on Flow

Cytometric Analyses

Membrane molecule Positive staining Negative staining P-value

CD14 expression
IL-1ra 2,646 (1,299–10,705) 529.4 (<10.9–12,105) 0.0007
CCL2 72.1 (40.5–86.9) 163.9 (17.9–1,414) 0.0039
CCL11a 42.4 (<8.2–51.7) 66.9 (<8.2–381) 0.0272

CD34 expression
IL-1ba <0.57 (<0.57–24.3) 1.8 (<0.57–8.1) 0.0439
IL-1ra 454.6 (<10.9–12,105) 1,404 (121–10,705) 0.0009
IL-5 0.5 (<0.7–4.4) 0.5 (0.5–39.1) 0.0035
Tpoa 511 (<9.9–2,892) 947 (234–2,933) 0.0285

The results are presented as the median serum level, the variation range is
given in parenthesis. The Mann–Whitney U-test was used for the statistical com-
parison. All concentrations are given as picogram per milliliter.

a
Cytokines showing a borderline significance value with 0.02 < P < 0.05.

TABLE V. Serum Levels of HSP70, HSP90, HGF, IL1-ra, and TNFa: A Presen-

tation of a Correlation Map for These Five Mediators that Usually Cluster

Together in the Bioinformatical Analyses

HSP90 HGF IL1-ra TNFa

Untreated AML (n 5 82)
HSP70 <0.01 <0.01 <0.01 <0.01
HSP90 <0.01 <0.01 <0.01
HGF <0.01 <0.01
IL1-ra <0.01

ATRA 1 valproic acid 1 theophyllin (protocol 1): levels AFTER treatment
HSP70 <0.01 <0.01 <0.01 <0.01
HSP90 <0.01 <0.05 <0.05
HGF <0.05 <0.01
IL1-ra <0.01

ATRA 1 valproic acid 1 low-dose cytarabine (protocol 2): levels AFTER treatment
HSP70 ns ns ns <0.01
HSP90 <0.01 ns ns
HGF <0.05 ns
IL1-ra <0.05

The Spearman test was used for the correlation analyses, P-values as stated.
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peripheral blood blast counts, and serum LDH levels; but
the strongest correlation was to express the CD34 stem
cell marker. This observation demonstrates that the biologi-
cal characteristics of AML cells are major determinants for
the serum HSP90 level. A remaining question is then
whether the quantity and not only the quality of AML cells
has any additional influence on the HSP serum levels. The
leukemia cell burden cannot be estimated accurately in
AML patients, but the percentage of bone marrow blasts as
well as the degree of peripheral blood leukemization, serum
LDH, and bone marrow failure would be expected to at
least partly reflect the total AML cell burden. First, the bone
marrow percentage was only correlated with HSP70 but not
HSP90 levels. Second, there was no correlation between
bone marrow blast percentage and leukemization, an ob-
servation suggesting that other factors than the total AML
cell burden have a major impact on the level of circulating
blasts. This is also consistent with previous studies demon-
strating that leukemization is associated with the surface
membrane molecule profiles in AML cells [29]. In our opin-
ion, the association between serum HSP levels and blood
blast counts probably reflects confounding biological char-
acteristics rather than a causal relationship. Third, serum
LDH levels showed significant correlations with HSP70/90
levels. Finally, the degree of bone marrow failure is not only
dependent on the degree of bone marrow infiltration but
also probably on the degree of bone marrow suppression
due to the AML cells’ constitutive cytokine release profile
that differs between patients [30,31]. However, for HSP90,
the strongest correlation is still between serum HSP90 lev-
els and AML cell expression of the CD34 stem cell marker.
Taken together, our observations suggest that at least for
HSP90 the most important determinants for the variation in
serum levels are qualitative (i.e., the biological characteris-
tics of the AML cells) rather than quantitative differences in
AML cell burden. These biological characteristics are not
dependent on the HSP level per AML cell because there
was no correlation between total cellular levels and serum
levels; it seems more likely that the variation depends on
the ability to release HSPs.
Our patients were heterogeneous with regard to genetic

abnormalities, we included patients both with secondary
and de novo disease, and with newly diagnosed and
relapsed AML. However, HSP70/HSP90 levels did not differ

when comparing patients with high-risk disease (high-risk
cytogenetics, FLT3-ITD, secondary AML) with the corre-
sponding group with lower risk (intermediate and normal
cytogenetics/FLT3-wt, de novo AML). Thus, the HSP serum
levels show no association with any of these conventional
high-risk criteria.
We have previously characterized the HSP release by in

vitro cultured primary human AML cells [19]. These in vitro
studies demonstrated that (i) there is a wide variation
between patients in AML cell release of HSP70 and
HSP90; (ii) this difference is not dependent on drug-
induced or spontaneous stress-induced in vitro apoptosis;
(iii) there is a significant correlation between HSP70 and
HSP90 in vitro release; and (iv) the release does not differ
for cells collected before and during ATRA 1 valproic acid
based anti-leukemic treatment. These observations further
support our conclusion given above: the serum levels are
mainly dependent on biological AML cell differences
between patients in the control of HSP release. This is fur-
ther supported by the comparison between HSP70 and
HSP90; HSP70 shows relatively high cellular but low serum
levels, whereas HSP90 shows low cellular and high serum
levels. This observation also supports the hypothesis that
nonspecific AML cell release together with other intracellu-
lar molecules (e.g., the LDH) or release due to cell death is
not a major determinant of the serum levels. However, for
HSP70 shedding of surface-expressed molecules may also
contribute to the serum levels [10], and this may explain
the closer association by HSP70 to parameters reflecting
the total AML cell burden.
We compared serum HSP70 and HSP90 levels during

disease-stabilizing AML treatment containing valproic acid
and ATRA. These drugs have also been used by others in
different regiments [32–35]. We observed that neither
ATRA nor valproic acid alone caused any significant altera-
tion of the serum levels. Furthermore, in our first study, we
could not detect any effect on HSP70 and HSP90 levels af-
ter 7 days of treatment with ATRA 1 valproic acid 1 theo-
phyllin, whereas in the second study, we observed
decreased HSP90 levels after treatment with ATRA plus
valproic acid plus low-dose cytarabine, and the correlation
between HSP70 and HSP90 levels was also lost after this
treatment. One possible explanation for the difference
between the two protocols could be that for Protocol

Figure 5. Unsupervised hierarchical cluster analysis of the serum cytokine profile during AML-stabilizing therapy. The upper part shows the results for patients treated
in the ATRA/valproic acid/theophyllin protocol (protocol 1) for 7 days, and the lower part shows the results for patients treated in the ATRA/valproic acid/cytarabine proto-
col (protocol 2) for 25–27 days. The concentrations were median normalized and log(2) transformed before unsupervised hierarchical clustering with Pearson’s correlation
as distance measure and complete linkage was performed, resulting in a heatmap for visualization and interpretation.
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1 patients the HSP levels were determined relatively early
(within 7 days versus 24–26 days in Protocol 2). However,
in our opinion, this is not the most likely explanation
because biological effects on the AML cells as well as
altered systemic levels of other soluble mediators were
observed even after 2–7 days of treatment in Protocol 1
patients [23,36]; differences in biological effects seem more
likely.
HSP90 is released by primary human AML cells [9,11].

The increased serum levels in untreated AML and the
decreased HSP90 levels during treatment may therefore
reflect the AML cell burden and an anti-leukemic effect during
treatment with the cytarabine-containing regimen. This is
also consistent with the observation that a clinical anti-leuke-
mic effect is usually seen after 2–3 weeks and cannot be
detected after only 1 week of treatment [23]. Increased HSP
release is a characteristic of chemotherapy-induced immuno-
genic apoptosis [5,21], and the decreased levels after cytara-
bine therapy suggest that the anti-leukemic effect of in vivo
cytarabine is caused by a reduced AML cell burden without
induction of immunogenic apoptosis or nonspecific release
by dying AML cells.
AML-stabilizing treatment based on ATRA plus valproic

acid has a clinical effect only for a minority of patients,
and complete remissions are uncommon [37,38]. The
results from our first clinical study suggest that pre-therapy
serum HSP90 levels show an inverse correlation with sur-
vival. In our previous report from this study, we described
a difference in survival between responders and nonres-
ponders to the treatment [23]. Thus, serum HSP90 levels
may become useful to identify patients that are more likely
to respond to therapy based on ATRA plus valproic acid.
Serum cytokine levels were determined for a large group

of unselected AML patients; the levels of single cytokines
were compared between the groups and the cytokine pro-
file was in addition analyzed by unsupervised hierarchical
cluster analysis. The patients showed altered levels mainly
of immunoregulatory interleukins and chemokines, but the
growth factors G-CSF and HGF (both showing increased
levels) also have immunoregulatory/immunosuppressive
effects (for references see [39,40]). Such alterations may
thus reflect/contribute to the immunocompromised status of
AML patients. Furthermore, four main cytokine clusters
were detected when the HSP70/HSP90 levels were
included in this analysis, whereas the patients could be
classified into two main subsets that differed both with
regard to HSP and cytokine levels.
We compared the serum cytokine levels for elderly AML

patients with younger patients and observed differences in
the levels of several cytokines. The serum levels of CCL17
have previously shown age dependence in human AML
[41]. Thus, patient age is one of the factors that influence
the serum-cytokine profile. Expression of the stem cell
marker CD34 or the monocyte marker CD14 was another
factor that was associated with differences in the serum
profile. However, one had to emphasize that both age and
differentiation status affected the levels only for relatively
few cytokines.
Serum-cytokine profiles have also been examined in a

previous study by Kornblau et al., and the profiles were
then shown to have a prognostic impact in AML patients
receiving intensive chemotherapy [15]. The cytokine panel
in this previous study was partly overlapping with our pres-
ent study, and for the 23 overlapping cytokines similar
results were seen for 12 cytokines when comparing
patients with untreated AML and healthy controls. The most
likely explanation for this difference is that we investigated
an unselected AML patient population with a higher median
age and including patients with AML relapse, whereas

Kornblau et al. [15] investigated younger patients receiving
intensive chemotherapy for primary AML. Our present
results extend the previous observations and demonstrate
that the disease-induced alterations in the serum cytokine
profile are relevant also during low-intensity AML-stabilizing
treatment.
We examined the HSP and cytokine levels during dis-

ease-stabilizing therapy based on ATRA plus valproic acid.
The cytokine-cluster analysis showed several alterations
during treatment, an observation suggesting this treatment
alters the cytokine network. Several of the cytokines
included in the present analyses have effects on primary
human AML cells [30,42–45], and the altered cytokine net-
work may thereby directly affect the AML cells and also
have immunomodulatory effects.
HSP90, HSP70, HGF, and IL1-ra levels clustered to-

gether or were significantly correlated both in untreated
patients and after the cytarabine-including AML-stabilizing
therapy. IL-1ra seems to have immunosuppressive effects
[46] and based on studies in allogeneic stem cell transplan-
tation models HGF may also mediate immunosuppressive
effects [47–49]. Thus, release of soluble HSPs is regarded
as an immunostimulatory event [5,21], but the correlation
between HSP70/90 and immunosuppressive soluble media-
tors (and possibly also the maintenance of relatively high
levels of potentially immunosuppressive G-CSF, see above)
may then counteract or limit the potentially immunostimula-
tory effects of the soluble HSPs. Even though immunosti-
mulatory TNFa also showed a close clustering, this cyto-
kine was generally detected at relatively low levels. The
decreased HSP90 levels during treatment in Protocol 2
may also limit the immunostimulatory effects.
In a previous study [30], we examined the constitutive

chemokine release by primary human AML cells, and the
chemokines then formed the three clusters CCL2-4/CXCL1/
8, CCL5/CXCL9-11 (possibly also CCL23), and CCL13/17/
22/24/CXCL5 (possibly also CXCL6). For those cytokines
that were included in our present study, we could not detect
any similarities in the clustering. Thus, the serum levels of
these chemokines do not solely reflect the constitutive AML
cell release and thereby the leukemia cell burden, it seems
more likely that the serum levels reflect a balance between
release (including constitutive AML cell release) and recep-
tor binding/degradation.
To conclude, patients with untreated AML show altered

systemic levels of HSP90 and several cytokines and
thereby also a very different serum cytokine profile com-
pared with healthy individuals. This profile is altered during
disease-stabilizing therapy. There is a strong association
between the levels of immunostimulatory soluble HSP90/
HSP70 and the immunosuppressive HGF and IL-1ra. Our
observations suggest that future studies of immunotherapy
alone or in combination with chemotherapy in human AML
had to include studies of this balance between potential
immunostimulatory soluble HSPs and immunomodulatory
mechanisms.
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