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ABSTRACT
Interleukin-1 beta (IL-1β), a pro-inflammatory cytokine, has been ascribed a role in the expansion of 
myeloid progenitors in acute myeloid leukemia (AML) and in promoting myeloid cell-induced suppression 
of lymphocyte-mediated immunity against malignant cells. This study aimed at defining the potential 
impact of IL-1β in the post-remission phase of AML patients receiving immunotherapy for relapse 
prevention in an international phase IV trial of 84 patients (ClinicalTrials.gov; NCT01347996). 
Consecutive serum samples were collected from AML patients in first complete remission (CR) who 
received cycles of relapse-preventive immunotherapy with histamine dihydrochloride (HDC) and low- 
dose interleukin-2 (IL-2). Low IL-1β serum levels before and after the first HDC/IL-2 treatment cycle 
favorably prognosticated leukemia-free survival and overall survival. Serum levels of IL-1β were signifi
cantly reduced in patients receiving HDC/IL-2. HDC also reduced the formation of IL-1β from activated 
human PBMCs in vitro. Additionally, high serum levels of the IL-1 receptor antagonist IL-1RA were 
associated with favorable outcome, and AML patients with low IL-1β along with high IL-1RA levels were 
strikingly protected against leukemic relapse. Our results suggest that strategies to target IL-1β might 
impact on relapse risk and survival in AML.

ARTICLE HISTORY 
Received 9 February 2021  
Revised 28 April 2021  
Accepted 28 April 2021 

KEYWORDS 
Acute myeloid leukemia; IL- 
1β; IL-1RA; NOX2; histamine; 
IL-2; relapse preventive 
immunotherapy

Introduction

Acute myeloid leukemia (AML) is characterized by a rapid 
accumulation of immature myeloid cells in bone marrow. 
Patients initially receive cycles of induction chemotherapy 
aiming at attaining microscopic disappearance of leukemic 
cells and the subsequent re-appearance of normal hematopoi
esis, defined as complete remission (CR). Despite ensuing 
consolidation chemotherapy, the majority of patients who 
have achieved CR will experience relapse of leukemia within 
2–3 years, which significantly explains why the long-term sur
vival for adult AML patients remains in the range of 20–40%.1

The shortage of efficacious strategies to prevent relapse in the 
post-remission phase remains a clinical challenge. AML patients 
with disease features that herald poor prognosis may be offered 
allogeneic stem cell transplantation, which prevents relapse but 
entails significant morbidity and mortality.2 Non-transplanted 
older AML patients benefit from post-remission therapy with 
DNA methylation inhibitors.3,4 Furthermore, immunotherapy 
with the NOX2 inhibitor histamine dihydrochloride (HDC) in 
conjunction with low doses of the NK cell and T cell stimulatory 
cytokine interleukin-2 (IL-2) reduces the relapse risk in younger 
AML patients.5,6,7 and is approved for relapse prevention 
throughout the European Union (EU).

Cytokines and growth factors secreted in the bone marrow 
microenvironment modulate leukemic cell survival, proliferation, 
and differentiation.8 Accordingly, the pro-inflammatory cytokine 
IL-1β has been implicated in the proliferation of AML cells and in 
causing resistance of AML cells to apoptosis.9,10,11,12 Carey et al. 
utilized primary AML patient samples and identified IL-1β as 
a significant enhancer of leukemic cell growth 11. IL-1β was also 
reported to enhance the clonogenic activity of AML cells, but to 
inhibit the self-renewal capacity of normal hematopoietic stem 
cells 11 12. Furthermore, IL-1β stimulates the formation of stem 
cell factor (SCF) by epithelial cells and bone marrow stromal cells, 
which promotes expansion of leukemic cells.13,14,15 AML patients 
show increased levels of IL-1β in peripheral blood and in bone 
marrow cells.11,16

IL-1β is produced by myeloid cells after activation of Toll-like 
receptors or retinoic acid-inducible gene-like receptors.17,18,19 It 
is synthesized as a precursor protein, pro-IL-1β, that may be 
cleaved into mature IL-1β by caspase-1 within an activated 
inflammasome.20 Mature IL-1β exerts pro-inflammatory effects 
by binding to the IL-1 receptor type 1 (IL-1R1) that allows its 
interaction with the co-receptor IL-1R3 with subsequent tran
scription of inflammatory target genes.21 The downstream 
effects of IL-1β are modulated by the IL-1 receptor antagonist 
(IL-1RA), which is an endogenous antagonist to IL-1β that 
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competitively binds IL-1R1 and prevents downstream 
signaling.21

The interest in IL-1β in the context of cancer immunology 
and immunotherapy was sparked by the CANTOS study, 
which was originally designed to uncover the potential influ
ence of IL-1β for the clinical course of atherosclerosis-related 
morbidity and mortality.22 In the CANTOS study, the admin
istration of a mAb against IL-1β caused a pronounced reduc
tion of the incidence of lung cancer.22 These and other results 
in clinical and preclinical settings support that IL-1β promotes 
tumor progression, presumably by promoting inflammation 
and by sustaining and enhancing immunosuppressive func
tions of myeloid cells.23,24 The actions of IL-1β in immune 
surveillance against malignant cells are, however, context- 
dependent25,26 and the influence of IL-1β and its interaction 
with IL-1RA on relapse risk and survival in AML is not known.

With this background, we sought to define the potential 
impact of IL-1β and IL-1RA on the course of disease in AML 
patients receiving combinatorial relapse-preventive immu
notherapy with the NOX2-inhibitor HDC and low-dose IL-2, 
an activator of T cell and NK cell antitumor immunity. Our 
results suggest that IL-1β may be targeted for relapse preven
tion and improved survival in AML.

Materials and methods

Patients, study design, and objectives

Eighty-four adult AML patients in first CR were enrolled to this 
single-armed multicenter phase IV study (Re:Mission, 
NCT01347996, registered at www.clinicaltrials.gov). The 
patients received 10 consecutive three-week cycles of HDC 
(Ceplene R, 0.5 mg bid s.c.) in conjunction with low-dose IL- 
2 (1MIU bid s.c.), with three- or six-week rest periods in- 
between cycles. Patients were monitored for at least two 
years, or until relapse or death. Relapse was defined as at least 
5% blast cells in the bone marrow or the presence of extra
medullary leukemia. The dosage, route of administration, 
exclusion criteria etc. were identical to those described for 
a previous phase III trial 5. Three patients withdrew consent 
and were not included in any analysis. Serum samples were 
available from 78 patients prior to immunotherapy, 73 patients 
after the first cycle of immunotherapy, 55 patients prior to and 
53 patients after the third cycle of immunotherapy. The herein 
reported analyses of IL-1β and IL-1RA vs. leukemia-free survi
val (LFS) and overall survival (OS) were performed post-hoc. 
LFS was defined as the time in days from start of immunother
apy with HDC/IL-2 to relapse or death from any cause, and OS 
was defined as the corresponding time to death. Table 1 sum
marizes patient characteristics. More details regarding the 
patients, including previous induction and consolidation ther
apy are accounted for in preceding reports.27,28,29,30 This study 
was conducted according to the Declaration of Helsinki prin
ciples. The trial was approved by the Ethical Committees of 
each participating institution, approval number 267–09 by the 
regional ethics committee in Gothenburg. All patients gave 
written informed consent before enrollment.

Serum collection and cytokine analysis

Peripheral blood from patients was drawn before and after the 
first and third three-week HDC/IL-2 treatment cycles, i.e. cycle 
one, day one (C1D1), cycle one, day 21 (C1D21), cycle 
three, day one (C3D1) and cycle three, day 21 (C3D21). The 
peripheral blood was collected into Vacuette® tubes (Greiner 
Bio-One, #455,009) that were centrifuged within 2 h for 10 min 
at 2000 g. Serum was then recovered and immediately frozen at 
local sites. The serum samples were shipped on dry ice to the 
Tumor Immunology Laboratory in Gothenburg for analysis. 
Serum was recovered from peripheral blood of seven healthy 
donors using the same method. The sera were analyzed with 
a 27-plex cytokine panel (Bio-Plex™ Pro Human Cytokine 
Standard 27-Plex Group 1, Bio-Rad, #M500KCAF0Y) utilizing 
Luminex technology according to the manufacturer’s protocol. 
In brief, magnetic color-coded beads coated with antibodies 
against the cytokines were added to each well of the assay 
plates. After washing, samples and standards were added to 
the wells and plates were incubated for 30 minutes, washed and 
incubated for another 30 minutes with detection antibodies. 
After washing, plates were incubated with streptavidin- 
phycoerythrin for 10 min followed by washing and addition 
of 125µl assay buffer/well. The content of cytokines was mea
sured using a Bio-Plex™ 200 System (Bio-Rad).

Preparation of PBMC

Buffy coats obtained from healthy blood donors were mixed 1:1 
with 2% dextran. After sedimentation of erythrocytes, periph
eral blood mononuclear cells (PBMCs) were separated by 
Ficoll-Paque (Lymphoprep, Nycomed, Oslo, Norway) density 
centrifugation. PBMCs were cultured overnight in Iscoves’ 
medium supplemented with 10% human AB serum, in the 
presence or absence of 0.5 µg/ml LPS (Sigma-Aldrich), 
100 µM HDC (Sigma-Aldrich), 100 nM diphenylene iodonium 
(DPI; Sigma-Aldrich) or 500 U/ml IL-2 (Proleukin, Chiron). 
After 24 h, supernatants were collected and assayed for IL-1β 

Table 1. Patient characteristics.

n %

Sex
Female 44 52
Male 40 48

Age
<60 36 43
≥60 48 57

Risk group
Favorable risk 34 40
Intermediate risk I 
Intermediate risk II

2513 3015

High risk 7 8
ND 5 6

Karyotype
Normal 37 44
Complex 22 26
ND 25 30

Abbreviations: ND; not determined.
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and IL-1RA using ELISA (R&D systems, DY201, and R&D 
systems, DY280-05, respectively) according to the manufac
turer’s instructions.

Statistics

Changes in IL-1β and IL-1RA serum levels before and after 
HDC/IL-2 therapy were analyzed using Wilcoxon matched 
pairs test, and by the Mann–Whitney test for levels of these 
mediators in serum from patients and healthy donors. The 
impact of HDC, IL-2 and DPI on LPS-induced IL-1β and 
IL-1RA production from PBMCs, was determined by 
Mixed-effects analysis followed by Holm-Sidak´s multiple 
comparisons test. Student’s paired t-test was used to deter
mine direct effects of HDC or IL-2 on cytokine production 
from PBMCs. Asterisks are used as follows: * p < .05; **, 
p < .01; and ***, p < .001. All indicated P values are two- 
sided. The logrank test was utilized to determine the impact 
of IL-1β and IL-1RA levels in serum, before or after immu
notherapy, on LFS and OS. Logrank test for trend was used 
to analyze the combined impact of low IL-1β and high IL- 
1RA serum levels on LFS and OS. The impact of cytokine 
levels in serum on LFS and OS was further analyzed using 
Cox univariate and multivariable regression analyses. Cox 
univariable regression analyses of the impact of age, risk 
group classification, number of induction courses required 
to achieve CR, and number of consolidation courses given 
on LFS and OS, defined age and number of induction 
courses as prognostic factors achieving a p value of below 
0.1. These were included as potential confounders in the 
Cox multivariable regression analysis.

Results

Serum levels of IL-1β are reduced in AML patients during 
HDC/IL-2 immunotherapy

Serum samples, obtained from the peripheral blood of AML 
patients in first CR before and after the first and the third HDC/ 
IL-2 treatment cycle, were analyzed for content of IL-1β and IL- 
1RA. Levels of IL-1β were significantly reduced during the first 
treatment cycle and remained reduced at later time points 
(Figure 1(a)). No significant changes were observed in the serum 
levels of IL-1RA following treatment with HDC/IL-2 (Figure 1(b)). 
Serum levels of IL-1β and IL-1RA were also analyzed in seven 
healthy donors. Levels of IL-1β were lower in healthy donors 
compared with levels in AML patients in the post-consolidation 
phase immediately prior to onset of treatment with HDC/IL-2 
(median 0 pg/ml, range 0–0.38 vs median 0.58, range 0–21.3; 
p = .014, Mann–Whitney test). In contrast, the serum levels of 
IL-1RA were higher in healthy donors compared with pre- 
treatment AML patients in CR (median 307 pg/ml, range 176– 
789 vs median 67, range 3–4366; p < .001, Mann–Whitney test).

HDC suppresses LPS-induced production of IL-1β from 
PBMCs

To determine if HDC or IL-2 affected IL-1β production 
from myeloid cells in vitro, human PBMCs were stimulated 

with the Toll-like receptor 4 agonist LPS in the presence or 
absence of HDC or IL-2. HDC, but not IL-2, was found to 
significantly suppress LPS-induced IL-1β production 
(Figure 1(c)). Reactive oxygen species (ROS) have been 
implicated as key signaling molecules downstream of the 
inflammasome.31,32 As HDC is a NOX2-inhibitor that 
reduces ROS formation in myeloid cells,33 we also deter
mined effects of the NOX-inhibitor DPI on IL-1β produc
tion from PBMC. DPI significantly inhibited LPS-induced 
IL-1β production to a similar degree as did HDC (Figure 1 
(c)). We also analyzed the effect of HDC, IL-2 and DPI on 
LPS-induced IL-1RA production. HDC did not alter the 
production of IL-1RA from PBMCs, while both IL-2 and 
DPI enhanced LPS-induced IL-1RA levels (Figure 1(d)). 
Unstimulated PBMCs produced very low levels of IL-1β 
and IL-1RA that were not altered by the addition of HDC 
(data not shown). IL-2 did not affect IL-1β production, but 
triggered a slight induction of IL-1RA from unstimulated 
PBMC (Ctrl 5,8 � 1,2 ng/ml vs IL-2 12 � 1,9 ng/ml 
(mean � SEM), p = .013, n = 5, Student’s paired t-test).

Low IL-1β and high IL-1RA levels in serum are associated 
with favorable outcome of AML

While IL-1β has been implicated in clonal expansion of 
AML cells,9,10,11,12 the impact of IL-1β in the post- 
chemotherapy phase of AML is not known. We asked if 
IL-1β serum levels impacted on relapse risk and survival in 
this patient cohort of AML patients receiving relapse- 
preventive immunotherapy. Low IL-1β levels, both before 
and after the first HDC/IL-2 treatment cycle, predicted 
prolonged LFS and OS (Figure 2(a-b), Supplementary 
Figure 1a-b). The favorable impact of low IL-1β levels on 
LFS remained significant in multivariable Cox regression 
analysis (C1D1 LFS: HR = 1.09: CI = 1.01–1.17, p = .035; 
C1D21 LFS: HR = 1.27: CI = 1.06–1.53, p = .011). 
Furthermore, patients with high levels of the natural IL-1β 
antagonist, IL-1RA, after the first treatment cycle displayed 
prolonged LFS and OS (Figure 2(c-d)) with similar trend 
was observed prior to immunotherapy (Supplementary 
Figure 1c-d). Patients with low IL-1β serum levels in con
junction with high IL-1RA levels showed the most favorable 
outcome. Patients with either low IL-1β or high IL-1RA 
levels showed intermediate outcome, and patients with high 
IL-1β and low IL-1RA levels showed the poorest outcome 
(Figure 2(e-f), Supplementary Figure 1e-f).

Discussion

The majority of AML patients achieve CR after induction 
chemotherapy. Despite ensuing rounds of consolidation che
motherapy, relapse in the post-consolidation phase is common 
and relapse-preventive strategies are highly warranted. For 
older AML patients, post-remission therapy with azacitidine 
is a viable option.3,4 In addition, post-consolidation immu
notherapy with HDC/IL-2 reduces the risk of leukemic relapse, 
in particular in younger adults (<60 years old).5 The proposed 
mechanism of action of the HDC component of this regimen is 
to reduce the formation of immunosuppressive NOX2-derived 
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Figure 1. Serum IL-1βlevels are reduced following HDC/IL-2 immunotherapy. Serum levels of IL-1β (a) and IL-1RA (b) before (D1) and after (D21) cycles 1 (C1) and 3 
(C3) of HDC/IL-2 immunotherapy (C1D1 n = 78, C1D21 n = 73, C3D1 n = 55, C3D21 n = 53; Wilcoxon-matched pairs test; * p < .05, ** p < .01). The production of IL-1β (c) 
and IL-1RA (d) by PBMCs stimulated with 0.5 µg/ml LPS in the presence or absence of HDC (100 µM), DPI (100 nM) or IL-2 (500 U/ml). Ctrl, LPS, LPS+HDC; n = 7, LPS+DPI 
and LPS+IL-2; n = 5; Mixed-effects analysis followed by Holm-Sidak’s multiple comparisons test; * p < .05, ** p < .01, *** p < .001.
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Figure 2. Low IL-1βand high IL-1RA serum levels after immunotherapy are associated with a favorable outcome in AML. (a-d) Patients dichotomized based on 
below or above 0.6 pg/ml of IL-1β (a, b) or 66 pg/ml IL-1RA (c-d) in serum after the first cycle of immunotherapy were analyzed for leukemia-free survival (a, c) or overall 
survival (b, d) by the log-rank test. (e-f) Patients were separated into three groups where the first constituted patients with low (<0.6 pg/ml) IL-1β levels along with high 
(>66 pg/ml) IL-1RA levels in serum after the first cycle of immunotherapy (IL-1β low and IL-1RA high, black line, n = 30), the second constituted patients with high IL-1β 
levels along with low IL-1RA levels (IL-1β high and IL-1RA low, blue line, n = 24), and the remaining patients were in the third group (IL-1β low or IL-1RA high, red line, 
n = 19). The leukemia-free survival (e) and overall survival (f) of patients in the three groups were analyzed by the log-rank test for trend.
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ROS from myeloid cells to allow for optimal induction of anti- 
leukemic properties of NK cells and cytotoxic T cells by the IL- 
2 component. As NK cells and T cells are highly sensitive to the 
immunosuppressive actions of ROS, HDC and IL-2 are 
assumed to act in synergy to enhance the ability of cytotoxic 
lymphocytes to eradicate residual leukemic cells.6,7,34,35 

Administration of HDC/IL-2 activates NK cell- and T cell- 
mediated immunity in AML patients and correlative analyses 
support that these aspects of immune regulation are critical for 
the reduction of relapse risk.27,28,29,30,36,37 Further understand
ing of the immunomodulatory effects of HDC/IL-2 may trans
late into alternative or supplementary strategies for improved 
immunotherapy in AML.

Histamine, which is the endogenous counterpart to HDC, 
has been ascribed multiple effects on the production of cyto
kines from immune and inflammatory cells (reviewed in[38]). 

Histamine has thus been shown to modulate the formation of 
tumor necrosis factor (TNF), IL-1, IL-6, IL-10, IL-12 and IL-17 
by leukocytes.38,39 Effects of histamine on cytokine production 
are determined by the cellular distribution and expression of 
subtypes of histamine receptors and may additionally encom
pass indirect effects on receptor expression with ensuing effects 
of cytokine production.38,40 Although histamine is well known 
as a mediator of allergic inflammation, mainly via its vascular 
effects downstream of the histamine type 1 receptor, several 
studies also shown that histamine may dampen myeloid cell- 
induced inflammation.34,41,42 These anti-inflammatory actions 
of histamine, including reduced NOX2-dependent ROS forma
tion and reduced production of IL-12, TNF and IL-1 by mye
loid cells, are typically mediated via histamine-type 2 
receptors.34,38,39,43 The suggested anti-inflammatory role of 
histamine is bolstered by results achieved in genetically hista
mine-deficient mice, which are characterized by markedly 
increased myeloid cell-related inflammation along with 
increased growth of inflammation-induced cancer.44

IL-1β is a central mediator of inflammation with a myriad of 
effects on different tissues and immune cells. It is considered to 
promote myeloid cell-induced inflammation,23,24 trigger the 
expression of adhesion molecules on endothelial cells,45 induce 
the production of IL-17 by γδT cells, polarize T cells to the Th 
17 phenotype, and to induce the acute-phase reaction.46,47,48 In 
an acute setting, many of these effects are associated with an 
adequate immune response. However, long-term chronic IL-1β 
signaling may contribute to cancer-associated inflammation 
and immune suppression. Our finding that systemic levels of 
IL-1β were sustainably reduced during treatment of AML 
patients with HDC/IL-2 may thus reflect a potentially impor
tant aspect of histamine-mediated immunomodulation. Of 
note, hypomethylating agents (HMA), that are approved for 
relapse prevention in older AML patients in the post- 
consolidation phase, enhance the expression of several genes 
by removal of methyl groups in promotor regions.49,50 

Hypomethylation of the promotor region of IL-1β as well as 
IL-1RA is reported to enhance the expression of these 
mediators.36,51 Treatment of MDS patients with azacitidine 
did, however, not trigger significant induction of IL-1β 50, 

and it remains to be defined if HMA therapy affects IL-1β 
and IL-1RA levels in AML patients, or if levels of these med
iators correlate to clinical outcome in HMA-treated patients.

ROS are pivotal second messengers in inflammasome acti
vation, and thus the formation of functional IL-1β.31,32 The 
NOX2 enzyme constitutes a major source of ROS in myeloid 
cells.52 We observed an inhibition of activation-induced IL-1β 
production from PBMC by HDC or DPI, which is in accor
dance with previous studies that suggest a role for NOX2- 
derived ROS in regulating IL-1β.53 Our in vitro results thus 
support that the HDC component accounted for the observed 
reduction of IL-1β during HDC/IL-2 treatment in vivo. The 
details of histaminergic regulation of IL-1β remain to be 
defined, but our results imply that NOX2-related inflamma
tion encompasses the formation and/or release of IL-1β.54,55 

that may be targeted by HDC. In our in vitro experiments, IL- 
1β expression was triggered by the TLR-4 agonist LPS. 
Notably, other TLR ligands such as high mobility group box 
1 (HMGB1) are increased in the serum of AML patients and 
have been proposed to stimulate inflammasome activation in 
AML.56

IL-1β exerts its immunoregulatory and pro-inflammatory 
functions via IL-1R1 to stimulate MyD88-mediated induction 
of NF-κB and expression of multiple target genes including 
cytokines, chemokines and adhesion molecules.57 IL-1β signal
ing is competitively inhibited by IL-1RA, which is a natural 
antagonist at IL-1R1 21. IL-2, but not HDC, was found to boost 
IL-1RA production from in vitro stimulated PBMCs. The levels 
of IL-1RA were, however, not significantly modulated in 
patients receiving HDC/IL-2 treatment. We speculate that the 
systemic levels of IL-2 achieved using the low-dose regiment of 
IL-2 were below those required to trigger measurable IL-1RA 
production in vivo. It was also observed that the NOX inhibitor 
DPI boosted IL-1RA formation in myeloid cells. As this effect 
was not shared by the NOX2 inhibitor HDC, we assume that 
effects of DPI that are unrelated to NOX2.58,59 may be respon
sible for the observed IL-1RA induction.

A main outcome of this study was that systemic levels of IL- 
1β prognosticated relapse and overall survival in patients receiv
ing relapse-preventive immunotherapy. This novel finding 
coheres with earlier studies suggesting that the targeting of IL- 
1β, by use of monoclonal antibodies, reduces the incidence of 
lung cancer in high-risk patients.60 Our results merit studies to 
explore the potential impact of IL-1β-reductive therapies for 
relapse prevention in AML. Additionally, high serum levels of 
IL-1RA were associated with prolonged survival. We also found 
that AML patients in CR had higher IL-1β serum levels, but 
lower IL-1RA serum levels compared with healthy donors. AML 
patients with low serum levels of IL-1β in conjunction with high 
levels of IL-1RA showed very favorable outcome, indicating that 
signaling via IL-1R1 may be associated with unfavorable out
come in the post-consolidation phase of AML. We recognize 
that further studies are warranted to confirm this hypothesis. We 
also envisage future studies to broadly clarify the impact of IL-1β 
signaling for relapse-free survival in AML in the absence of 
immunotherapy.
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