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Abstract
Introduction: Neutrophils promote chronic inflammation 
and release neutrophil extracellular traps (NETs) that can 
drive inflammatory responses. Inflammation influences pro-
gression of sickle cell disease (SCD), and a role for NETs has 
been suggested in the onset of vaso-occlusive crisis (VOC). 
We aimed to identify factors in the circulation of these pa-
tients that provoke NET release, with a focus on triggers as-
sociated with hemolysis. Methods: Paired serum and plasma 
samples during VOC and steady state of 18 SCD patients 
(HbSS/HbSβ0-thal and HbSC/HbSβ+-thal) were collected. 
Cell-free heme, hemopexin, and labile plasma iron have 
been measured in the plasma samples of the SCD patients. 
NETs formation by human neutrophils from healthy donors 
induced by serum of SCD patients was studied using confo-
cal microscopy and staining for extracellular DNA using Sy-
tox, followed by quantification of surface coverage using Im-

ageJ. Results: Eighteen patients paired samples obtained 
during VOC and steady state were available (11 HbSS/HbSβ0-
thal and 7 HbSC/HbSβ+-thal). We observed high levels of sys-
temic heme and iron, concomitant with low levels of the 
heme-scavenger hemopexin in sera of patients with SCD, 
both during VOC and in steady state. In our in vitro experi-
ments, neutrophils released NETs when exposed to sera 
from SCD patients. The release of NETs was associated with 
high levels of circulating iron in these sera. Although hemin 
triggered NET formation in vitro, addition of hemopexin to 
scavenge heme did not suppress NET release in SCD sera. By 
contrast, the iron scavengers deferoxamine and apotransfer-
rin attenuated NET formation in a significant proportion of 
SCD sera. Discussion: Our results suggest that redox-active 
iron in the circulation of non-transfusion-dependent SCD 
patients activates neutrophils to release NETs, and hence, 
exerts a direct pro-inflammatory effect. Thus, we propose 
that chelation of iron requires further investigation as a ther-
apeutic strategy in SCD. © 2023 The Author(s).
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Introduction

Sickle cell disease (SCD) is a monogenetic disease 
wherein a single point mutation in β-globin gives rise to 
sickle hemoglobin (HbS), affecting millions of people 
worldwide [1]. Deoxygenation results in intracellular he-
moglobin (Hb) polymerization inducing the characteris-
tic cellular shape of sickle erythrocytes. Vaso-occlusion 
and chronic hemolysis are predominating vascular 
events that contribute to the pathogenesis of SCD [2]. 
Vaso-occlusion is thought to trigger acute systemic pain-
ful vaso-occlusive crises (VOCs), which is the most com-
mon complication of SCD and the leading cause of hos-
pitalization of SCD patients [1, 3]. A role for neutrophils 
in promoting vaso-occlusion in SCD mice was first dem-
onstrated by Turhan et al. [4]. Later, activated neutro-
phils were shown to interact with the inflamed vessel wall 
in vivo, and to adhere to erythrocytes promoting VOC in 
SCD mice [5]. Also, circulating neutrophils were shown 
to be primed or constitutively activated in SCD patient 
[6].

Experimental evidence suggests that hemolysis in SCD 
mice triggers neutrophil activation and the formation of 
neutrophil extracellular traps (NETs) within the pulmo-
nary microcirculation, which led to acute lung injury and 
death of these mice [7]. Earlier, we found levels of neutro-
phil elastase-α-1-antitrypsin complexes and nucleosomes 
to be elevated in plasma of SCD patients during VOC, 
suggesting that neutrophils release NETs in SCD patients 
[8]. More recently, circulating NET fragments have been 
shown to contribute to acute chest syndrome in SCD 
mice [9]. Remarkably, therapeutic neutralization of heme 
attenuated pulmonary NET release, prevented NET-as-
sociated hypothermia and rescued SCD mice from acute 
chest syndrome and death [7, 10]. In turn, SCD mice re-
ceiving heme developed acute chest syndrome, further 
supporting a central role of heme in systemic vaso-occlu-
sion [10]. Altogether, these findings suggest that thera-
peutic administration of the heme-scavenging plasma 
protein hemopexin (Hpx) would protect SCD patients 
from vaso-occlusion. The therapeutic benefit of Hpx ad-
ministration to improve the outcome of VOC has been 
shown in SCD mice [10, 11]. Yet, whether heme instigates 
clinically high-risk VOC, its cellular mediators herein, 
and hence, its full therapeutic value is still not clear. Here, 
we hypothesize a role for iron in SCD patients that had 
not previously been considered. Using therapeutic block-
ade by chelation of iron, we show that depletion of iron, 
and not heme, prevents the release of NETs in SCD pa-
tient’s blood.

Materials and Methods

Patients
A full description of the patients in our study has been pub-

lished previously [12]. In brief, consecutive adult patients with 
SCD admitted for VOC at the Academic Medical Center Amster-
dam or the Slotervaart Hospital, Amsterdam, The Netherlands, 
were approached for inclusion. Patients diagnosed with sickle cell 
anemia or a compound heterozygous state HbSβ0-thalassemia, 
HbSβ+-thalassemia, or HbSC was eligible. Patients were excluded 
when on hydroxyurea therapy. The study protocol was approved 
by the Medical Ethical Committee of the participating centers and 
conducted in agreement with the Helsinki declaration. Written 
consent was obtained from each participant or their legal guardian. 
Serum samples and neutrophils of healthy donors (controls) have 
been obtained from Sanquin. Blood samples were taken by veni-
puncture. Blood serum tubes of SCD patients were centrifuged for 
15 min at 3,000×g at 4°C to obtain serum and stored in aliquots at 
−80°C until further analysis.

Laboratory Analysis
Total serum heme was measured with a colorimetric method 

according to the manufacturer’s instruction (Quantichrom heme 
assay kit, Fischer Scientific). Serum Hpx (purified from human 
plasma with high-performance liquid chromatography) and IgM 
were determined by ELISA (in-house, see online suppl. Data; see 
www.karger.com/doi/10.1159/000526760 for all online suppl. ma-
terial). Purified Hpx was used as standard for the measurement of 
serum Hpx. Labile plasma iron (LPI) was measured by dihy-
drorhodamine (Sigma Aldrich) fluorescence as described previ-
ously (see online suppl. Data). The differences in the rate of dihy-
drorhodamine oxidation with and without the iron-chelator def-
eroxamine (DFO; Sigma Aldrich) represent the fraction of plasma 
non-transferrin-bound-iron that is redox active. Neutrophil isola-
tion, stimulation, and inhibition of NET formation, analysis of 
NET formation by neutrophils, immunostaining of NET compo-
nents, and determination of reactive oxygen species (ROS) pro-
duction are described in detail in the online supplementary data 
[13, 14].

Statistical Analysis
Statistical analysis was performed with GraphPad Prism soft-

ware (version 6.0). Data are presented as mean ± SD of indepen-
dent experiments. Paired student’s t test or Wilcoxon matched-
pairs signed rank test was used to compare two groups. For com-
paring more than two groups, one-way ANOVA with Tukey’s 
multiple comparisons post hoc test or Kruskal-Wallis with Dunn’s 
post hoc testing was used where appropriate. Spearman correla-
tion coefficients were calculated to correlate two variables. A p val-
ue of 0.05 or less was considered statistically significant.

Results

From 18 patients, paired samples obtained during 
VOC and steady state were available (11 sickle cell ane-
mia/HbSβ0-thalassemia and 7 HbSC/HbSβ+-thalassemia). 
Patients with SCD show reduced levels of the plasma 
scavenger for heme, Hpx – both in steady state and VOC 
– compared to healthy donors (shown in Fig. 1a). High 
systemic levels of heme were found in patients with SCD. 
Upon comparison of cell-free heme levels in healthy do-
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nor plasma and in plasma of SCD patients tested, cell-free 
heme levels were significantly increased in steady state 
SCD, though failed to reach significance in VOC as com-
pared to healthy controls (shown in Fig. 1b). In addition, 
levels of LPI were significantly elevated in samples from 
SCD patients in steady state and VOC as compared to 
samples from healthy donors (shown in Fig. 1c), although 

no significant differences have been observed between 
LPI levels in VOC and steady state, respectively. Differ-
ences in levels of Hpx, heme, and LPI that are caused by 
hemodilution due to therapeutic hyperhydration during 
VOC have been excluded by the measurement of IgM lev-
els (shown in Fig. 1d). To determine whether circulating 
plasma factors in samples obtained from patients with 

a

e

f

b c d

Fig. 1. Neutrophils release more NETs when exposed to sera of 
patients obtained during VOC compared to the steady state. a Se-
rum levels of Hpx in healthy control (HD; n = 20) and SCD patients 
in the steady state and VOC (n = 17/group). One-way ANOVA 
with Tukey’s multiple comparisons post hoc test was used. ****p 
< 0.0001. b Levels of serum-free heme in HD (n = 20) versus pa-
tients with SCD in the steady state and VOC (n = 17 in each group). 
A Kruskal-Wallis test with Dunn’s post hoc testing was used. *p < 
0.05. n.s. indicates not significant. c Levels of LPI in HD (n = 19) 
versus patients with SCD in the steady state and VOC (n = 19 for 
each group). We used a Kruskal-Wallis test with Dunn’s post hoc 
testing for statistical analysis. *p < 0.05, **p < 0.01. n.s. indicates 
not significant. d Levels of IgM in serum of HD (n = 20) and SCD 

patients in the steady state and VOC (n = 17/group). e Immuno-
staining for citrullinated histone H3 (CitH3) after exposure to SCD 
serum. Neutrophils from a HD were exposed to serum from a SCD 
patient in VOC for 180 min. Then, extracellular DNA was stained 
with Sytox Green (green). Immunostaining was performed on 
NETs induced by 3 different SCD sera. Representative images are 
shown. Scale bar, 50 μm. Original magnifications ×40. f Quantifi-
cation of extracellular DNA release in response to sera from SCD 
patients. A Wilcoxon matched-pairs signed rank test was used for 
statistical analysis. Incubations of neutrophils with paired SCD 
sera (n = 18) were performed with neutrophils from 3 different HD 
for each subject group (steady state and crisis). **p = 0.0087.
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SCD induce NET release, we exposed healthy donor neu-
trophils to sera samples. After 3 h, NETs were detected 
with a cell-impermeable DNA-binding dye (Sytox Green) 
and imaged with fluorescence microscopy as described 
previously [15]. No extracellular DNA was released upon 
incubation of neutrophils with control serum from 
healthy donor as evidenced by the absence of Sytox Green 
staining (shown in online suppl. Fig. S1). By contrast, 
thread-like NET structures that stained positive for Sytox 
Green became visible upon incubation of neutrophils 
with SCD serum (shown in Fig. 1e, suppl. Fig. S3). Here, 
immunostaining of the NET component citrullinated 
histone H3 confirmed the identity of NETs. NET release 
induced by factors in SCD sera was highly reproducible, 
even when neutrophils from different donors were used 
(shown in online suppl. Fig. S2). In our hands, priming of 
neutrophils with TNF-α, as was used by Chen and co-
workers [7], was not required to trigger NET formation 
with SCD serum. The surface area covered by NETs was 
quantified in paired sera obtained during steady state and 
VOC (shown in Fig. 1f) as previously described [15, 16]. 
While NETs were also released in some SCD sera ob-
tained during steady state, NET formation was signifi-
cantly enhanced in sera obtained during VOC (p = 
0.0087).

It was recently suggested that the release of NETs in 
response to free heme may contribute to vaso-occlusion 
in a mouse model of SCD [7], and the administration of 
Hpx improved the outcome of TNF-α induced VOC. To 
evaluate the effect of Hpx on heme and NET formation in 

human samples, we purified Hpx from human plasma. 
Plasma-purified Hpx was functional as it reversed hemin-
induced cytotoxicity of HEK-293 cells as determined by 
standard lactate dehydrogenase release (see suppl. Data 
and online suppl. Fig. S5a). Similarly, Hpx abolished he-
min-induced generation of ROS in neutrophils as mea-
sured by the conversion of luminol chemiluminescence 
(see online suppl. Data, online suppl. Fig. S5b). Then, 
healthy neutrophils were incubated with hemin, and in-
deed NETs were formed (shown in online suppl. Fig. 
S5c). Again, positive immunostaining of the NET com-
ponents neutrophil elastase and citrullinated histone H3 
was found within these NETs (shown in online suppl. Fig. 
S4). In inhibitor studies, we observed minimal release of 
extracellular DNA from neutrophils stimulated with he-
min when equimolar amounts of plasma-derived Hpx 
were added (shown in online suppl. Fig. S5c). Albumin 
also binds to heme, although it binds heme with lower af-
finity than Hpx [17]. When we added hemin in the pres-
ence of 1% normal human serum or 0.5% human serum 
albumin (HSA), the release of NETs was almost com-
pletely impaired (shown in online suppl. Fig. S5b, d). 
NET release induced by hemin or PMA in the presence 
or absence of either 1% normal human serum or 0.5% 
HSA was quantified, and we observed that each negated 
hemin-induced NET formation, while PMA-induced 
NET formation was unaffected by the presence of albu-
min (shown in online suppl. Fig. S5e). Thus, it appears 
that the presence of albumin is sufficient to prevent the 
interaction of heme with neutrophils and NET forma-

a
b c

Fig. 2. Plasma-purified hemopexin does not prevent the release of 
NETs in sera of patients with SCD. a Quantification of NET release 
in response to sera from SCD patients in the presence of plasma-
derived Hpx. The densities of extracellular NET-DNA over the 
image area (i.e., the number of Sytox Green+ pixels divided by the 
total number of pixels × 100) were determined for paired sera from 
patients with SCD in the presence or absence of 50-μM plasma-
purified Hpx. A Wilcoxon matched-pairs signed rank test was 
used to compare NET release in response to SCD sera in the pres-

ence or absence of Hpx. Incubations of neutrophils with HD (n = 
6) or SCD sera (n = 18) were performed with neutrophils from 3 
different HD for each subject group. n.s. indicates not significant. 
b, c Correlations between levels of circulating heme and NET re-
lease in sera from SCD patients (n = 17) in the steady state (b) and 
crisis (c). A Spearman test was used to calculate correlation coef-
ficients. p = 0.6873 and **p = 0.0011 in the steady state and crisis, 
respectively.
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tion. Strikingly, when SCD serum obtained in VOC was 
preincubated with relatively high levels of Hpx (50 μm) 
before exposure to neutrophils, NET release was not af-
fected (shown in online suppl. Fig. S5f).

The effect of Hpx supplementation on NET formation 
was then quantified for all paired SCD sera in our study. 
Unexpectedly, the addition of high concentrations of 
Hpx (the normal plasma Hpx concentration is ∼ 20 μM) 
did not alter NET release in the SCD patient sera tested 
(shown in Fig. 2a). In line with this, high levels of cell-free 
heme did not positively correlate with the extent of NET 
formation induced by SCD sera in our cohort (shown in 
Fig. 2b, c).

In order to investigate the role of iron in the induction 
of NETs, we compared NET induction of heme to proto-
porphyrin IX (PPIX) – a porphyrin without iron moiety. 
Interestingly, PPIX did not induce NET formation sug-
gesting that the iron moiety is required for this process 
(shown in Fig. 3a, b). We further explored the involve-
ment of iron in NET formation using ferric nitrilotriac-

etate (Fe3+-NTA). Indeed, incubation of neutrophils with 
FeNTA triggered NET formation (shown in Fig. 3c, d). In 
inhibitor studies, FeNTA-induced NET release was pre-
vented with equimolar amounts of iron chelator DFO. 
Concentrations of 300-μM DFO have previously been 
shown to provoke NET release by human neutrophils 
[18]; however, in clinical use, DFO achieves plasma levels 
of 10 μm in transfusion-dependent patients who receive 
chelation therapy [19]. At the concentration of 50-μm 
DFO that we used to supplement sera, we have not ob-
served the formation of NETs. Likewise, DFO had no ef-
fect on hemin-induced NET formation since it is not able 
to remove iron directly from hemin [20, 21] (shown in 
Fig. 3c, d).

To determine whether iron in the SCD samples in our 
study may provoke NET release, we tested whether pre-
incubation with DFO or the specific iron-binding protein 
apotransferrin (apoTf) would affect NET release in SCD 
sera. We supplemented SCD sera with DFO and apoTf at 
a concentration of 50 μM, thus, in large excess over the 

a b

c d

Fig. 3. Iron triggers NET formation, and iron-mediated NET re-
lease is blocked by chelation with deferoxamine. a Neutrophils iso-
lated from HD were incubated with medium alone (ctrl) or chal-
lenged with 50-μM hemin or protoporphyrin IX (PPIX) for 180 
minutes. Release of NETs (green in these images) was detected by 
fluorescence imaging with confocal microscopy using a mixture of 
2 DNA-labeling dyes, one cell impermeable (Sytox Green, green) 
and the other cell permeable (Hoechst 33,342, blue). Depicted are 
merged images of green and blue fluorescence. All images are rep-
resentative of 2 independent experiments using neutrophils from 
different HD. Scale bars, 50 μm. b NET formation was quantified 
after exposure to hemin or PPIX. The densities of extracellular 
NET-DNA over the image area (i.e., the number of Sytox Green+ 

pixels divided by the total number of pixels × 100) were deter-
mined after the challenge with hemin or PPIX and depicted as 
mean NET density ± SD in 2 separate experiments. c In 2 indepen-
dent experiments, neutrophils from a HD were exposed to 50-μM 
FeNTA or hemin in the presence or absence of equimolar amounts 
of deferoxamine (DFO). After 180 minutes, NETs (green in these 
images) were visualized with confocal fluorescence microscopy as 
in panel a. Depicted are representative images in which Sytox 
Green (green) and Hoechst 33,342 (blue) fluorescence are merged. 
Scale bars, 50 μm. d NET release was quantified as in panel b and 
depicted as mean NET density ± SD (n = 2). Original magnifica-
tions ×20 for panels a, c.
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concentrations of LPI. For these experiments, we focused 
on SCD patient sera obtained during VOC that had given 
rise to NETs shown in Figures 1 and 2. The addition of 
DFO largely abolished (ZIP06, 07, 14, 29) or partly inhib-
ited (ZIP09, 27) the release of NETs in more than half of 

the sera of SCD patients tested (shown in online suppl. 
Fig. S5a, b). When DFO was added to the other sera, no 
effect was observed. Thus, it appears that iron provokes 
NET release in a significant proportion of SCD patient 
sera but not all. Indeed, upon ranking the patients accord-
ing to the level of LPI, it became apparent that DFO ad-
dition affected NET release in those sera with high iron 
(shown in Fig.  4a). As DFO may bind both extra- and 
intracellular iron, and intracellular iron may directly in-
fluence ROS generation and potentially NET formation; 
we also tested the effect of apoTf on NET formation in 
SCD sera as it acts on extracellular iron. Unfortunately, 
we did not have sufficient serum left of all patients in our 
study to also screen for the effect of apoTf addition. In-
terestingly, for the samples that have some material left, 
we observed that apoTf addition appeared to match the 
effect of DFO on NET release (shown in Fig. 4b). These 
results indicate that, at least in a subset of patients with 
SCD, NET release may be induced through the presence 
of extracellular iron in the blood.

Conclusion

In this study, we reveal a novel role for iron in the cir-
culation of patients with SCD. Our study highlights that 
the systemic redox-active iron may form an important 
trigger for neutrophil activation and NET formation in 
SCD. In our experiments, supplementation of sera from 
SCD patients with the heme-scavenger Hpx did not pre-
vent the release of NETs from healthy donor neutrophils. 
By contrast, the addition of DFO or apoTf to scavenge-
free iron abolished NET release in a significant propor-
tion of SCD sera tested.

In a number of murine models of hemolytic diseases, 
including SCD and β-thalassemia, heme induced inflam-
mation and tissue damage, an effect that was prevented 
by injection of heme scavengers [7, 10, 11, 22]. As such, 
the administration of Hpx has previously shown great po-
tential as novel therapeutic drug. Vinchi et al. [22] showed 
a beneficial effect of Hpx administration in SCD mice, as 
it reduced endothelial activation induced by heme. More-
over, in another study, it was shown that hemin injection 
in SCD mice induced the development of acute chest syn-
drome and that both TLR4 inhibition and Hpx adminis-
tration prevented acute chest syndrome development 
[10]. Of interest, Vinchi et al. [22] have recently shown 
that hemin-challenged Hpx knockout mice showed signs 
of heme accumulation in macrophages, and phenotype 
switching to a pro-inflammatory M1-like phenotype was 
observed. The latter effect was also found in SCD mice 
and prevented by Hpx administration [11]. Worth not-
ing, in SCD animal models signs of VOC are often in-
duced by injection of exogenous free hemin. However, 

a

b

Fig. 4. Iron chelation abrogates NET release in sera from SCD pa-
tients. a Neutrophils from a HD were exposed to serum from a 
nonautologous HD or patients with SCD during VOC for 180 
minutes in the presence or absence of deferoxamine (DFO, 50 μM) 
or apotransferrin (apoTf, 50 μM). Release of NETs (green in these 
images) was visualized with confocal fluorescence microscopy us-
ing 2 DNA-labeling dyes, one cell impermeable (Sytox Green), and 
the other cell permeable (Hoechst 33342). Depicted are merged 
images of Sytox Green (green) and Hoechst 33342 (blue) fluores-
cence. All images are representative of experiments performed 
with sera from 11 different patients. Scale bars, 50 μm. Original 
magnifications. ×20. b Quantification of NET release in response 
to sera from SCD patients in the presence of iron chelators. The 
densities of extracellular NET-DNA over the image area (i.e., the 
number of Sytox Green+ pixels divided by the total number of pix-
els × 100) were determined for sera from patients with SCD during 
VOC in the presence or absence of 50-μM DFO or apoTf. Incuba-
tions of neutrophils with SCD sera (n = 11) were performed with 
neutrophils from 3 different HD for each subject group. n.d. indi-
cates not determined.
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during in vivo hemolysis it is uncertain whether heme, 
which is a highly hydrophobic molecule, exists as a free 
form in plasma as it is rapidly sequestered by plasma pro-
teins and lipids [23]. It thus seems plausible that Hpx ad-
ministration shows greatest benefit in models with ad-
ministered free hemin where concentrations of free heme 
are a least transiently increased. By contrast, administra-
tion of Hpx to TNF-α-treated SCD mice to lower plasma 
heme levels prevented pulmonary NET release and ame-
liorated-associated hypothermia [7]. However, we and 
others [7] have shown that albumin can efficiently pre-
vent NET formation in response to hemin in vitro, and it 
remains to be elucidated whether treatment of TNF-α-
treated mice with albumin would have similar effects on 
the phenotype of these mice. Indeed, studies on mice 
lacking Hpx reinforce the concept of redundancy, over-
lap, and backup in heme transport provided by Hpx, hap-
toglobin, and albumin. In the presence of normal albu-
min levels, Hpx-null mice exhibit a healthy state and a 
lack of general organ damage [24]. Another important 
consideration is that heme induces various pro-inflam-
matory effects other than neutrophil activation and NET 
formation through interactions with other cells, includ-
ing effects of heme on macrophages and endothelial cells. 
Secondary anti-inflammatory effects of Hpx that go be-
yond the scavenging of heme have also been described 
[25]. Here, we show that increased levels of circulating 
heme in patients with SCD do not directly promote NET 
release but that NET release requires the iron moiety.

The observed role of plasma iron in neutrophil activa-
tion is in line with previous in vitro studies, although 
none of these studies were performed in the context of 
SCD or investigated LPI in the circulation. Interestingly, 
Kono et al. [26] have shown that the addition of defera-
sirox, an iron chelating agent, to neutrophils prevented 
PMA- or fMLP-mediated ROS production and NET for-
mation in vitro [26, 27]. Saha et al. [27] have shown that 
this suppressive effect of deferasirox is through chelation 
of intracellular labile iron that is required for neutrophil 
oxidative responses and NET release, and can be mim-
icked by enterobactin, a siderophore expressed by Esch-
erichia coli [28]. Previous results had indicated that he-
min induces TLR4 signaling to drive pro-inflammatory 
responses [29, 30]. Recently, however, hemin was shown 
to provoke NET release in a manner that depends on 
NADPH oxidase activity and ROS generation but does 
not require TLR4 signaling [31]. Taken together, these 
results suggest that heme does not interact with TLR4 to 
activate neutrophils for NET release but rather that the 
redox activity of the iron moiety in heme underlies heme-
induced NET formation. Indeed, we show that exposure 
of neutrophils to hemin but not PPIX that triggered the 
release of NETs, and that the addition of exogenous iron 
sources, such as FeNTA leads to NET formation.

The recent literature suggests that free, redox-active 
iron is readily available in the circulation of patients with 
SCD. Levels of systemic iron were recently found to be 
elevated in patients with SCD, even in steady state. Con-
sistently, we observed high levels of circulating heme and 
redox-active iron, which is associated with low Hpx in 
patients with SCD in steady state. Iron overload is well 
known to occur in chronically transfused SCD patients 
who receive prophylactic red-cell transfusions [32–35]. 
However, patients who have received a blood transfusion 
in 3 months prior to the development of VOC were ex-
cluded from inclusion in our study cohort. Nevertheless, 
high LPI was found in several SCD patients in our cohort. 
Thus, it appears that increased LPI levels are caused by 
continuous hemolysis and thus may also occur in patients 
who are not on a chronic transfusion scheme [35]. Re-
cently, however, it was shown that chronic hemolysis in 
SCD mice maintained enhanced iron export and higher 
levels of circulating iron compared to normal mice [36]. 
Indeed, excessive release of heme facilitates the export of 
cellular iron by ferroportin [37–39], and intracellular iron 
levels are decreased in peripheral blood mononuclear 
cells from SCD patients [40].

Our results show that the ex vivo addition of the iron 
scavengers DFO and apoTf limited the NET-inducing ef-
fect of labile iron present in a significant proportion of 
SCD sera tested. The concentration of DFO used was 
based on a previous report where levels of up to 10-μm 
DFO were detected in vivo [19]. Clearly, iron chelation 
did not prevent NET release in all samples from SCD pa-
tients, and it is possible that other plasma factors could be 
involved in NET formation in DFO-insensitive patients. 
Complement activation, IL-8, and urate crystals are es-
tablished NET inducers that we hypothesize to play a role 
in these DFO-insensitive SCD patient samples [15, 41–
47].

Our study harbors some limitations that need to be ad-
dressed: first, the observation on iron as a trigger of NET 
formation in SCD is restricted to a small patient group. 
Second, it also remains unclear why specific iron neutral-
ization only prevented NET formation in a part and not 
all of the sickle cell patients investigated. This suggests 
that besides iron other inflammatory mediators (e.g., 
complement activation products, IL-8, or urate crystals) 
present in the serum are responsible for NET induction 
of these patients. Investigating the NET-forming capacity 
of the serum of sickle cell patients before starting thera-
peutic iron chelation compared to serum samples when 
on therapy may give more insights on the clinical rele-
vance of our findings. The effect of iron neutralization on 
NET formation should further be explored in a mouse 
model. Further research is required to determine which 
stimuli induced NET release in patient sera in which tar-
geting iron was less or not effective.
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In summary, we show that labile iron plays a role in 
NET formation in a subset of sera from a cohort of SCD 
patients and that iron chelation prevents NET formation. 
Extrapolation to a larger study requires experimental val-
idation. Future studies aimed at validating the therapeu-
tic efficacy of iron chelation therapy as potential novel 
therapy for VOC in patients with SCD are warranted. As 
DFO is widely used in patients with chronic iron overload 
disorders and transfusional iron overload, its use would 
form a readily available treatment strategy to prevent 
neutrophil activation, dampen formation of NETs, and 
possibly the development of VOC.

Acknowledgments

The authors thank Sanquin Plasma Products BV (Amsterdam, 
The Netherlands) for providing apotransferrin purified from hu-
man plasma. This work was supported by an internal research 
grant (Sanquin PPOP-14-31) obtained in competition.

Statement of Ethics

The study protocol was approved by the Medical Ethical Com-
mittee of the participating centers and conducted in agreement 
with the Helsinki declaration. Written consent was obtained from 
each participant or their legal guardian.

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

This work was supported by an internal research grant (San-
quin PPOP-14-31) obtained in competition.

Author Contributions

Kristof van Avond, Brenda Luken, and Sacha Zeerleder con-
ceived and designed the study, and performed data analysis and 
interpretation. Kristof van Avond, Ingrid Bulder, and Gerard van 
Mierlo performed experiments. Marein Schmimmel, Erfan Nur, 
and Bart Biemond coordinated the collection of patient material. 
Robin van Bruggen and Sacha Zeerleder obtained grant funding. 
Kristof van Avond wrote the manuscript. Marein Schimmel, Erfan 
Nur, Bart Biemond, Brenda Luken, Robin van Bruggen, and Sacha 
Zeerleder critically reviewed the manuscript. All authors approved 
the final version of the manuscript.

Data Availability Statement

All data generated or analyzed during this study are included 
in this article and its online supplementary material. Further in-
quiries can be directed to authors.

References

  1	 Rees DC, Williams TN, Gladwin MT. Sickle-
cell disease. Lancet. 2010 Dec 11; 376(9757): 

2018–31.
  2	 Zhang D, Xu C, Manwani D, Frenette PS. 

Neutrophils, platelets, and inflammatory 
pathways at the nexus of sickle cell disease 
pathophysiology. Blood. 2016 Feb 18; 127(7): 

801–9.
  3	 Novelli EM, Gladwin MT. Crises in sickle cell 

disease. Chest. 2016 Apr; 149(4): 1082–93.
  4	 Turhan A, Weiss LA, Mohandas N, Coller BS, 

Frenette PS. Primary role for adherent leuko-
cytes in sickle cell vascular occlusion:  a new 
paradigm. Proc Natl Acad Sci U S A. 2002 Mar 
5; 99(5): 3047–51.

  5	 Koehl B, Nivoit P, El Nemer W, Lenoir O, 
Hermand P, Pereira C, et al. The endothelin B 
receptor plays a crucial role in the adhesion of 
neutrophils to the endothelium in sickle cell 
disease. Haematologica. 2017 Jul; 102(7): 

1161–72.
  6	 Lum AFH, Wun T, Staunton D, Simon SI. In-

flammatory potential of neutrophils detected 
in sickle cell disease. Am J Hematol. 2004 Jun; 

76(2): 126–33.
  7	 Chen G, Zhang D, Fuchs TA, Manwani D, 

Wagner DD, Frenette PS. Heme-induced 
neutrophil extracellular traps contribute to 
the pathogenesis of sickle cell disease. Blood. 
2014 Jun 12; 123(24): 3818–27.

  8	 Schimmel M, Nur E, Biemond BJ, van Mierlo 
GJ, Solati S, Brandjes DP, et al. Nucleosomes 

and neutrophil activation in sickle cell disease 
painful crisis. Haematologica. 2013 Nov 1; 

98(11): 1797–803.
  9	 Vats R, Tutuncuoglu E, Tejero J, Hillery CA, 

Gladwin MT, Sundd P. Circulating neutro-
phil extracellular traps in the pathogenesis of 
acute chest syndrome of sickle cell disease. 
Blood. 2019 Nov 13; 134(Suppl 1): 3556.

10	 Ghosh S, Adisa OA, Chappa P, Tan F, Jackson 
KA, Archer DR, et al. Extracellular hemin crisis 
triggers acute chest syndrome in sickle mice. J 
Clin Invest. 2013 Nov 1; 123(11): 4809–20.

11	 Vinchi F, Costa da Silva M, Ingoglia G, Petril-
lo S, Brinkman N, Zuercher A, et al. Hemo-
pexin therapy reverts heme-induced proin-
flammatory phenotypic switching of macro-
phages in a mouse model of sickle cell disease. 
Blood. 2016 Jan 28; 127(4): 473–86.

12	 Schimmel M, Luken BM, Nur E, van Tuijn 
CFJ, Sins JW, Brandjes DPM, et al. Inflamma-
tory and endothelial markers during vaso-oc-
clusive crisis and acute chest syndrome in 
sickle cell disease. Am J Hematol. 2017 Nov; 

92(11): E634–6.
13	 Van Avondt K, Fritsch-Stork R, Derksen 

RHWM, Meyaard L. Ligation of signal inhib-
itory receptor on leukocytes-1 suppresses the 
release of neutrophil extracellular traps in sys-
temic lupus erythematosus. PLoS One. 2013; 

8(10): e78459.
14	 Esposito BP, Breuer W, Sirankapracha P, 

Pootrakul P, Hershko C, Cabantchik ZI. La-

bile plasma iron in iron overload:  redox activ-
ity and susceptibility to chelation. Blood. 2003 
Oct 1; 102(7): 2670–7.

15	 Van Avondt K, van der Linden M, Naccache 
PH, Egan DA, Meyaard L. Signal inhibitory 
receptor on leukocytes-1 limits the formation 
of neutrophil extracellular traps, but pre-
serves intracellular bacterial killing. J Immu-
nol. 2016 May 1; 196(9): 3686–94.

16	 McDonald B, Pittman K, Menezes GB, Hirota 
SA, Slaba I, Waterhouse CCM, et al. Intravas-
cular danger signals guide neutrophils to sites 
of sterile inflammation. Science. 2010 Oct 15; 

330(6002): 362–6.
17	 Satoh T, Satoh H, Iwahara S, Hrkal Z, Peyton 

DH, Muller-Eberhard U. Roles of heme iron-
coordinating histidine residues of human he-
mopexin expressed in baculovirus-infected 
insect cells. Proc Natl Acad Sci U S A. 1994 
Aug 30; 91(18): 8423–7.

18	 Völlger L, Akong-Moore K, Cox L, Goldma-
nn O, Wang Y, Schäfer ST, et al. Iron-chelat-
ing agent desferrioxamine stimulates forma-
tion of neutrophil extracellular traps (NETs) 
in human blood-derived neutrophils. Biosci 
Rep. 2016 Jun 1; 36(3): e00333.

19	 Porter JB. Deferoxamine pharmacokinetics. 
Semin Hematol. 2001 Jan; 38(1 Suppl 1): 63–
8.

20	 Keberle H. The biochemistry of desferriox-
amine and its relation to iron metabolism. 
Ann NY Acad Sci. 1964; 119(2): 758–68.



Iron Triggers Net Formation in Sera of 
Patients with SCD

329Transfus Med Hemother 2023;50:321–329
DOI: 10.1159/000526760

21	 Rouault T, Rao K, Harford J, Mattia E, 
Klausner RD. Hemin, chelatable iron, and 
the regulation of transferrin receptor bio-
synthesis. J Biol Chem. 1985 Nov 25; 260(27): 

14862–6.
22	 Vinchi F, De Franceschi L, Ghigo A, Townes 

T, Cimino J, Silengo L, et al. Hemopexin ther-
apy improves cardiovascular function by pre-
venting heme-induced endothelial toxicity in 
mouse models of hemolytic diseases. Circula-
tion. 2013 Mar 26; 127(12): 1317–29.

23	 Schaer DJ, Vinchi F, Ingoglia G, Tolosano E, 
Buehler PW. Haptoglobin, hemopexin, and 
related defense pathways-basic science, clini-
cal perspectives, and drug development. 
Front Physiol. 2014 Oct 28; 5: 415.

24	 Tolosano E, Hirsch E, Patrucco E, Camas-
chella C, Navone R, Silengo L, et al. Defective 
recovery and severe renal damage after acute 
hemolysis in hemopexin-deficient mice. 
Blood. 1999 Dec 1; 94(11): 3906–14.

25	 Lin T, Sammy F, Yang H, Thundivalappil S, 
Hellman J, Tracey KJ, et al. Identification of 
hemopexin as an anti-inflammatory factor 
that inhibits synergy of hemoglobin with 
HMGB1 in sterile and infectious inflamma-
tion. J Immunol. 2012 Aug 15; 189(4): 2017–
22.

26	 Kono M, Saigo K, Yamamoto S, Shirai K, Iwa-
moto S, Uematsu T, et al. Iron-chelating 
agent, deferasirox, inhibits neutrophil activa-
tion and extracellular trap formation. Clin 
Exp Pharmacol Physiol. 2016 Oct; 43(10): 

915–20.
27	 Saigo K, Kono M, Takagi Y, Takenokuchi M, 

Hiramatsu Y, Tada H, et al. Deferasirox re-
duces oxidative stress in patients with transfu-
sion dependency. J Clin Med Res. 2013; 5(1): 

57–60.
28	 Saha P, Yeoh BS, Olvera RA, Xiao X, Singh V, 

Awasthi D, et al. Bacterial siderophores hijack 
neutrophil functions. J Immunol. 2017 Jun 1; 

198(11): 4293–303.
29	 Figueiredo RT, Fernandez PL, Mourao-Sa 

DS, Porto BN, Dutra FF, Alves LS, et al. Char-
acterization of heme as activator of toll-like 
receptor 4. J Biol Chem. 2007 Jul; 282(28): 

20221–9.
30	 Belcher JD, Chen C, Nguyen J, Milbauer L, 

Abdulla F, Alayash AI, et al. Heme triggers 
TLR4 signaling leading to endothelial cell ac-

tivation and vaso-occlusion in murine sickle 
cell disease. Blood. 2014 Jan 16; 123(3): 377–
90.

31	 Ohbuchi A, Kono M, Kitagawa K, Takenoku-
chi M, Imoto S, Saigo K. Quantitative analysis 
of hemin-induced neutrophil extracellular 
trap formation and effects of hydrogen perox-
ide on this phenomenon. Biochem Biophys 
Rep. 2017 Sep; 11: 147–53.

32	 Badawy SM, Liem RI, Rigsby CK, Labotka RJ, 
DeFreitas RA, Thompson AA. Assessing car-
diac and liver iron overload in chronically 
transfused patients with sickle cell disease. Br 
J Haematol. 2016 Nov; 175(4): 705–13.

33	 Hankins JS, Smeltzer MP, Beth McCarville M, 
Aygun B, Hillenbrand CM, Ware RE, et al. 
Patterns of liver iron accumulation in patients 
with sickle cell disease and thalassemia pa-
tients with iron overload. Eur J Haematol. 
2010 Mar; 85(1): 51–7.

34	 Ginwalla M, AlMasoud A, Tofovic D, Alin T, 
Al-Kindi S, Oliveira G, et al. Cardiovascular 
evaluation and management of iron overload 
cardiomyopathy in sickle cell disease. Am J 
Hematol. 2018 Jan; 93(1): E7–9.

35	 McLeod C, Fleeman N, Kirkham J, Bagust A, 
Boland A, Chu P, et al. Deferasirox for the 
treatment of iron overload associated with 
regular blood transfusions (transfusional hae-
mosiderosis) in patients suffering with chron-
ic anaemia:  a systematic review and econom-
ic evaluation. Health Technol Assess. 2009 
Jan; 13(1)1–21.

36	 Tangudu NK, Alan B, Vinchi F, Wörle K, Lai 
D, Vettorazzi S, et al. Scavenging reactive ox-
ygen species production normalizes ferropor-
tin expression and ameliorates cellular and 
systemic iron disbalances in hemolytic mouse 
model. Antioxid Redox Signal. 2018 Aug 10; 

29(5): 484–99.
37	 Delaby C, Pilard N, Gonçalves AS, Beaumont 

C, Canonne-Hergaux F. Presence of the iron 
exporter ferroportin at the plasma membrane 
of macrophages is enhanced by iron loading 
and down-regulated by hepcidin. Blood. 2005 
Dec 1; 106(12): 3979–84.

38	 Zhang Z, Zhang F, An P, Guo X, Shen Y, Tao 
Y, et al. Ferroportin1 deficiency in mouse 
macrophages impairs iron homeostasis and 
inflammatory responses. Blood. 2011 Aug 18; 

118(7): 1912–22.

39	 De Franceschi L, Daraio F, Filippini A, Car-
turan S, Muchitsch EM, Roetto A, et al. Liv-
er expression of hepcidin and other iron 
genes in two mouse models of beta-thalas-
semia. Haematologica. 2006 Oct; 91(10): 

1336–42.
40	 Kumari N, Ammosova T, Diaz S, Lin X, Niu 

X, Ivanov A, et al. Increased iron export by 
ferroportin induces restriction of HIV-1 in-
fection in sickle cell disease. Blood Adv. 2016 
Dec 27; 1(3): 170–83.

41	 Keshari RS, Jyoti A, Dubey M, Kothari N, 
Kohli M, Bogra J, et al. Cytokines induced 
neutrophil extracellular traps formation:  im-
plication for the inflammatory disease condi-
tion. PLoS One. 2012 Oct 26; 7(10): e48111.

42	 Lanaro C, Franco-Penteado CF, Albuqueque 
DM, Saad STO, Conran N, Costa FF. Altered 
levels of cytokines and inflammatory media-
tors in plasma and leukocytes of sickle cell 
anemia patients and effects of hydroxyurea 
therapy. J Leukoc Biol. 2009 Feb 1; 85(2): 235–
42.

43	 Cerqueira BAV, Boas WV, Zanette AD, Reis 
MG, Goncalves MS. Increased concentrations 
of IL-18 and uric acid in sickle cell anemia:  
contribution of hemolysis, endothelial activa-
tion and the inflammasome. Cytokine. 2011 
Nov; 56(2): 471–6.

44	 Arai Y, Nishinaka Y, Arai T, Morita M, Mizu-
gishi K, Adachi S, et al. Uric acid induces 
NADPH oxidase-independent neutrophil ex-
tracellular trap formation. Biochem Biophys 
Res Commun. 2014 Jan; 443(2): 556–61.

45	 Yousefi S, Mihalache C, Kozlowski E, Schmid 
I, Simon HU. Viable neutrophils release mi-
tochondrial DNA to form neutrophil extra-
cellular traps. Cell Death Differ. 2009 Nov; 

16(11): 1438–44.
46	 Chudwin DS, Papierniak C, Lint TF, Koren-

blit AD. Activation of the alternative comple-
ment pathway by red blood cells from patients 
with sickle cell disease. Clin Immunol Immu-
nopathol. 1994 May; 71(2): 199–202.

47	 Sur Chowdhury C, Giaglis S, Walker UA, 
Buser A, Hahn S, Hasler P. Enhanced neutro-
phil extracellular trap generation in rheuma-
toid arthritis:  analysis of underlying signal 
transduction pathways and potential diag-
nostic utility. Arthritis Res Ther. 2014 Jun 13; 

16(3): R122.


