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demonstrate the presence of functional histamine H2 receptors
on human AML cells and suggest that expression of these receptors by leukemic cells may impact on the effectiveness of histamine-based immunotherapy. (clinicaltrials.gov: NCT00003991)
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Post-consolidation immunotherapy with histamine dihydrochloride and interleukin-2 has been shown to improve
leukemia-free survival in acute myeloid leukemia in a phase III
trial. For this study, treatment efficacy was determined among
145 trial patients with morphological forms of acute myeloid
leukemia as defined by the French-American-British classification. Leukemia-free survival was strongly improved in M4/M5
(myelomonocytic/monocytic) leukemia but not in M2
(myeloblastic) leukemia. We also analyzed histamine H2 receptor expression by leukemic cells recovered from 26 newly diagnosed patients. H2 receptors were typically absent from M2 cells
but frequently expressed by M4/M5 cells. M4/M5 cells, but not
M2 cells, produced reactive oxygen species that triggered apoptosis in adjacent natural killer cells. These events were significantly inhibited by histamine dihydrochloride. Our data
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Most adult patients with acute myeloid leukemia (AML)
who have achieved complete remission (CR) after induction
and consolidation chemotherapy relapse within 12-18
months with poor prospects of post-relapse survival.1,2 There
is a need for therapies that maintain leukemia free survival
(LFS), in particular among patients who are not eligible for
allogeneic hematopoietic stem cell transplantation (allo-SCT).
AML prognosis is favorably impacted by the presence of
functional NK cells at diagnosis3 and in CR.4 These findings
have spurred attempts to promote NK cell functions in the
post-consolidation phase to prevent relapse, mostly using the
NK and T-cell activator IL-2. While the efficacy of IL-2 as a
single agent in prolonging LFS has not been proven,5-9 the
combination of IL-2 and histamine dihydrochloride (HDC/IL2) was recently reported to significantly improve LFS in a
phase III trial.10 Two recent meta-analyses support the view
that the HDC component contributes to improvement of
LFS.11,12

The addition of HDC aims to enhance the effectiveness of
IL-213-15 and hence improve immune-mediated elimination of
residual leukemia. However, details of the mechanism of
action still have to be defined. It was recently reported that
leukemic cells recovered from patients with myelomonocytic
and monocytic forms of AML (FAB classes M4 and M5) produce immunosuppressive reactive oxygen species (ROS) via a
membrane NADPH oxidase and thereby trigger apoptosis in
adjacent NK cells and other cytotoxic lymphocytes. AML
cells without maturation (FAB-M1) and myeloblastic AML
cells with maturation (FAB-M2) did not produce ROS and did
not induce NK cell apoptosis.16
For the present study, we performed post hoc analyses of
efficacy within the HDC/IL-2 phase III trial to clarify whether
the benefit of HDC-based immunotherapy may differ
between morphological subtypes of AML. We also determined histamine H2 receptor (H2R) expression on leukemic
cells in a separate cohort of newly diagnosed, untreated AML
patients. Our results demonstrate the presence of functional
H2Rs on human AML cells and suggest that subclasses of
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AML in which leukemic cells express H2Rs respond favorably to treatment with HDC/IL-2.

cose and fMLF-triggered (10-7M) ROS production was determined in the presence or absence of histamine (50-100 mM)
using a Berthold Biolumat LB 9505 (Berthold Technologies Co.).

Design and Methods
NK cell apoptosis
Phase III trial patients

NK cells from healthy donors were co-cultured overnight with
FACS-sorted FAB-M4/M5 mature leukemic cells in the presence or
absence of histamine (100 mM). Lymphocyte death was determined using the violet amine-reactive Dead Cell Stain Kit
(Invitrogen) as described.18

In an open-label, randomized phase III study, 320 AML
patients were enrolled after induction/consolidation therapies
and randomly assigned to an HDC/IL-2 arm (ten 3-week cycles
with 3-week and later 6-week rest periods over 18 months) or a
control arm (no treatment).10 The present analysis involved
patients in first remission (CR1) under 60 years of age and diagnosed with non-M3 FAB classes of AML (n=145). A subgroup
analysis included patients who had received high-dose cytarabine or autologous-SCT (allo-SCT) during pre-treatment. All
clinical data were analyzed according to ITT and evaluated by
the log rank test according to the pre-specified statistical plan.

Fluorescence in situ hybridization analysis

Bone marrow and peripheral blood from newly
diagnosed patients

Statistical analysis
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LSI probes from Vysis (Abbott Scandinavia AB, Solna, Sweden)
were used for fluorescence in situ hybridization (FISH) analysis on
interphase cells for the detection of CBFB (Dual Color, Break Apart
Rearrangement Probe) according to the manufacturer’s instructions.

Peripheral blood or bone marrow samples were obtained from
26 newly diagnosed untreated AML patients (Online
Supplementary Table S1) presenting at Sahlgrenska University
Hospital or Lund University Hospital, Sweden. Written
informed consent was obtained from all participants. The study
was approved by the Ethical Committee at the University of
Gothenburg.

Clinical data were evaluated by the log rank test and results
were stratified according to country. For multiple comparisons
within a dataset, one-way ANOVAs were performed, followed by
Bonferroni’s or Dunn’s Multiple Comparisons Test. Student’s ttest was used for single comparisons if not otherwise stated. All
indicated P values are two-sided.

Results and Discussion

Cell preparation

Post hoc analyses of efficacy in morphological subtypes
of AML among patients participating in the HDC/IL-2
phase III trial10 showed a non-significant trend towards
improvement of LFS for HDC/IL-2-treated patients with
FAB-M0/M1 AML versus controls (P=0.16, n=41; Table
1). No benefit of treatment was observed in FAB-M2
AML (P=0.65, n=41; Figure 1A, left panel; Table 1), while
HDC/IL-2 significantly improved LFS among patients
with FAB-M4/M5 AML (P=0.017, n=58; Figure 1A, middle panel; Table 1). Treatment efficacy was also
improved in patients with non-M2 AML with LFS rates
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Peripheral blood from was diluted 1:1 in PBS and layered on
Lymphoprep (Axis-Shield PoC). After centrifugation (850 g, 20
min, RT) PBMC were recovered from the interphase.
Lymphocytes and monocytes were further separated using
counter-current elutriation as previously described.14 Purified NK
cells (purity >95%) were obtained from PBMC using MACS isolation kits (Miltenyi Biotec) according to the manufacturer’s
instructions. Sorted populations (purity >99%) of FAB-M4/M5
mature leukemic cells (CD14+33+) were obtained by FACS.

ta

Flow cytometry
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Phenotype of nucleated cells was determined by flow cytometry using antibodies against CD14, CD15, CD33, CD34,
gp91phox and H2R. H2R expression intensity was normalized
against a PBMC control and an internal negative control to
account for day-to-day variations and balance discrepancies
between sample preparations. Myeloid cells from AML patients
were defined as cells expressing CD33 and/or CD34. Sorting and
phenotyping were carried out using a BD FACSAria or a BD
LSRFortessa (BD Biosciences). Antibodies and reagents used in
the study are listed in the Online Supplementary Appendix.

Confocal microscopy

Cells were stained with anti-H2R followed by a PE-Cy5.5 conjugated secondary antibody. Blasts and mature cells were separated according to CD33 expression, FACS-sorted onto poly-Llysine coated slides (SigmaAldrich, St Louis, MO, USA) and
mounted in Prolong Gold Antifade with DAPI (Invitrogen).
Confocal micrographs were acquired using a Zeiss LSM700 confocal microscope (Carl Zeiss) using a 63x/1.40 Oil DIC objective.

ROS production assay
Extracellular ROS production from unseparated bone marrow
samples or FACS-sorted FAB-M4/M5 mature leukemic cells was
measured using a chemiluminescence assay as described.17
Briefly, cells (106 cells/mL) were suspended in Krebs Ringer glu-
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Table 1. Efficacy of HDC/IL-2 immunotherapy in FAB classes of acute myeloid
leukemia.

FAB

CR1, <60 years
M0/M1, n=41
M2, n=41
M4/M5, n=58
Non-M2, n=104
(M0,1,4,5,6,7)

LFS
3 years
Ctrl

LFS
3 years
HDC/IL2

Hazard
ratio

95% CI

P
(log rank)

11.1%
39.7%
26.9%
21.7%

39.1%
35.7%
62.5%
52.5%

0.51
1.14
0.37
0.43

0.24 - 1.05
0.49 - 2.63
0.18 - 0.75
0.26 - 0.71

n.s. (0.16)
n.s. (0.65)
* (0.017)
** (0.0089)

42.1%
38.5%
70.4%
58.2%

0.51
1.17
0.33
0.40

0.23 - 1.15
0.47 - 2.94
0.15 - 0.72
0.23 - 0.69

n.s. (0.18)
n.s. (0.51)
* (0.032)
** (0.0083)

High-dose Ara-C or allo-ASCT
CR1, <60 years
M0/M1, n=34
13.3%
M2, n=35
39.7%
M4/M5, n=50
30.4%
Non-M2, n=89
24.4%
(M0,1,4,5,6,7)
*P<0.05; **P<0.01; ***P<0.001.
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at three years of 52.5% (HDC/IL-2) versus 21.7% (controls; P=0.0089, n=104, Figure 1A, right panel; Table 1).
Similar results were achieved among patients who had
received high-dose cytarabine or allo-ASCT prior to random assignment (Figure 1B in Table 1). We observed no
significant improvement of LFS among patients over 60
years of age, regardless of AML FAB class (data not
shown). Analyses of overall survival showed trends similar to those observed for LFS (P=0.06 for FAB-M4/M5
and P=0.09 for non-M2), thus supporting the view that
LFS is a valid surrogate end point for OS for AML
patients in CR.19

Expression of functional H2Rs by myelomonocytic
and monocytic acute myeloid leukemia cells
Altogether, the results presented in Figure 1 and Table 1
suggest that the clinical benefit of HDC/IL-2 therapy may
be restricted to patients with non-M2 AML and pronounced in patients with monocytic forms of AML. To
clarify potential mechanisms of relevance to these findings
we determined H2R expression on AML cells recovered
from bone marrow or blood recovered from newly diagnosed, untreated patients. H2Rs were more commonly
expressed by myeloid cells in FAB-M4/M5 AML than in
FAB-M1 (P<0.05) or FAB-M2 AML (P<0.001; Figure 2A).
The malignant clone in FAB-M4 AML comprises a
mature population alongside the immature CD34+ blasts
whereas the malignant clone in monocytic AML (FAB-M5)
is more homogenous with a predominance of CD14+
leukemic cells.20,21 The expression intensity of H2R was
higher in mature (CD33+CD14+) FAB-M4/M5 cells than in
1906
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Figure 1. Efficacy of
HDC/IL-2 immunotherapy
in FAB classes of AML. (A)
Kaplan-Meier plots of LFS
for patients in CR1 (<60
years old) receiving postconsolidation immunotherapy with HDC/IL-2 (red line)
or standard-of-care (no
treatment, blue line). FAB
classification was performed at each participating center at diagnosis, and
the FAB classes were
grouped as AML with minimal differentiation/AML
without maturation (FABM0
and
FAB-M1),
myeloblastic AML with maturation
(FAB-M2)
and
monocytic forms of AML
(FAB-M4 and FAB-M5). NonM2 AML refers to all
patients classified as FAB
classes M0, M1, M4, M5,
M6, or M7. All patients
were followed for LFS for at
least three years (median
follow-up 47 months), and
all results were analyzed
according to ITT. (B)
Corresponding
KaplanMeier plots for LFS in the
subgroup of patients who
received more than three
days of high-dose cytarabine treatment or ASCT during pre-treatment. Log rank
P values are stratified by
country according to the
trial statistical plan.
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FAB-M1 or FAB-M2 myeloblasts (P<0.001 and P<0.001,
respectively; Figure 2B). CD14– CD15– blasts from FAB-M4
and FAB-M5 AML tended to express higher levels of H2R
than myeloblasts from FAB-M1 and FAB-M2 AML (Figure
2B). Co-expression of H2Rs and gp91phox by myeloid cells
(CD33+ and/or CD34+) was more frequently observed in
FAB-M4 and FAB-M5 AML than in FAB-M1 (P<0.001) or
FAB-M2 AML (P<0.001) (Figure 2C). Figure 2D visualizes
H2R expression by FAB-M2 blasts and by blasts or mature
FAB-M4 cells by confocal microscopy.
Next, we assessed the functionality of H2Rs as reflected
by effects of histamine on the production and release of
ROS from AML cells. The fMLF-induced extracellular
ROS production by unsorted bone marrow-derived FABM4/M5 cells was reduced by HDC (P<0.01; Figure 2E).
M1 or M2 AML cells produced low or undetectable
amounts of ROS (data not shown). The ROS production by
FACS-sorted mature (CD33+CD14+) monocytic (FAB
M4/M5) populations was reduced by HDC (P<0.001;
Figure 2F).

Histamine rescues NK cells from acute myeloid
leukemia cell-induced apoptosis
Co-culture experiments showed that FACS-sorted,
CD33+CD14+, FAB-M4 and FAB-M5 cells triggered extensive cell death in NK cells from healthy blood donors. The
AML cell-induced apoptosis in NK cells was prevented by
the NADPH oxidase inhibitor diphenylene iodonium and
by catalase, a scavenger of hydrogen peroxide, thus implying that cell death was triggered by NADPH oxidasederived ROS as reported elsewhere.16 The induction of NK
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Figure 2. Distribution and function of H2Rs on morphological subtypes of AML. H2R expression was analyzed by FACS on PBMC or bone marrow from newly diagnosed AML patients (n=26). (A) Percentage of myeloid cells (defined as CD33+ and/or CD34+) expressing H2Rs in cells
from patients with AML of indicated FAB classes. (B) Median fluorescence intensity of H2R expression on immature blasts (CD33+ and/or
CD34+, CD14- and CD15- myeloid cells) or mature CD14+ leukemic cells. Horizontal lines represent median values. (C) Fraction of CD33+
and/or CD34+ myeloid cells co-expressing H2R and gp91phox in patients with different morphological subtypes of AML. (D) H2R expression visualized by confocal microscopy on immature FAB-M2 cells, immature FAB-M4 cells, and mature FAB-M4 leukemic cells. Bars represent 5 mm.
(E) Bars show extracellular ROS production, assayed in the presence or absence of histamine (100 microM) in bone marrow cells from
patients with FAB-M4/M5 AML, evaluated using one-sample t-test. (F) Extracellular ROS production by FACS-sorted mature (CD14+) FABM4/M5 cells and its inhibition by histamine (P<0.001, one sample t-test). (G) NK cell apoptosis after overnight culture of NK cells from
healthy donors with mature CD33+CD14+ FAB-M4/M5 AML cells. Data are from the first NK:AML cell ratio to reach 40% apoptosis (range
8:1 to 2:1; n=5). *P<0.05, **P<0.01, ***P<0.001.
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cell apoptosis by CD33+CD14+ FAB-M4/M5 cells was
reduced by HDC (P<0.01; Figure 2G). All sorted FAB-M4
samples showed chromosomal or sub-chromosomal aberrations, assessed by FISH and mutational PCR analysis,
and more than 95% of the sorted CD14+ malignant cells
used in these experiments expressed H2R (data not shown).
In conclusion, the in vitro studies presented herein imply
that HDC acts on H2R expressed by FAB-M4 and FAB-M5
AML cells to reduce ROS formation, thus preventing inactivation of NK cells. The post hoc analyses of the phase III
trial with HDC/IL-2 showed a pronounced effect of
HDC/IL-2 on LFS in H2R+ and NADPH oxidase/gp91phox+
subtypes of AML, i.e. FAB-M4 and FAB-M5. Prospective
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studies are needed to clarify whether the benefit of HDCbased immunotherapy in AML may involve a direct action
of HDC on H2R+ leukemic cells.
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