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ARTICLE INFO ABSTRACT

Keywords: Damage associated molecular patterns (DAMPs) are released form red blood cells (RBCs) during intravascular
Hemolysis hemolysis (IVH). Extracellular heme, with its pro-oxidant, pro-inflammatory and cytotoxic effects, is sensed by
Ferryl hemoglobin innate immune cells through pattern recognition receptors such as toll-like receptor 4 and nucleotide-binding
Heme domain and leucine rich repeat containing family, pyrin domain containing 3 (NLRP3), while free availability of
NLRP3 inflammasome activation . . . . . . . .

1.1p heme is strictly controlled. Here we investigated the involvement of different hemoglobin (Hb) forms in he-
Macrophage molysis-associated inflammatory responses.

We found that after IVH most of the extracellular heme molecules are localized in oxidized Hb forms. IVH was
associated with caspase-1 activation and formation of mature IL-1f in plasma and in the liver of C57BL/6 mice.
We showed that ferrylHb (FHb) induces active IL-1f production in LPS-primed macrophages in vitro and trig-
gered intraperitoneal recruitment of neutrophils and monocytes, caspase-1 activation and active IL-1f formation
in the liver of C57BL/6 mice. NLRP3 deficiency provided a survival advantage upon IVH, without influencing the
extent of RBC lysis or the accumulation of oxidized Hb forms. However, both hemolysis-induced and FHb-
induced pro-inflammatory responses were largely attenuated in Nirp3~/~ mice.

Taken together, FHD is a potent trigger of NLRP3 activation and production of IL-1(3 in vitro and in vivo,
suggesting that FHb may contribute to hemolysis-induced inflammation. Identification of RBC-derived DAMPs
might allow us to develop new therapeutic approaches for hemolytic diseases.

mainly on the presence of Hb- and heme-binding proteins in the plasma,
particularly haptoglobin (Hp) and hemopexin (Hx) which facilitate

1. Introduction

Sterile hemolysis is associated with inflammation mainly due to the
release of damage associated molecular patterns (DAMPs) during red
blood cell (RBC) destruction [1,2]. Hemoglobin (Hb) composes 96% of
the dry weight of RBCs that is protected from oxidation by the highly
efficient antioxidant network inside the RBCs [3]. On the other hand
once outside of the protective environment of RBCs, Hb is prone to
oxidation, leading to the formation of oxidized Hb forms, i.e. metHb
(MHD) and ferrylHb (FHb) [3-9]. Oxidation of the heme iron weakens
the association between heme and the globin chain therefore oxidized
Hb forms are able to release heme. An endogenous protective system
controls the harmful effects of extracellular Hb and heme. This relies
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clearance of extracellular Hb and heme from the circulation via receptor
mediated endocytosis [10-13]. This protective system can be over-
whelmed upon massive intravascular hemolysis leading to the accu-
mulation of Hb and heme in the plasma [10-13].

Accumulating evidence reveals that free heme exerts both pro-oxi-
dant [14-17] and pro-inflammatory actions [3,18,19]. As a pro-in-
flammatory molecule, heme induces tumor necrosis factor alpha
(TNFa) secretion via a Toll like receptor 4 (TLR4)-dependent me-
chanism in macrophages [20], TLR4-dependent degranulation of
Weibel-Palade bodies and nuclear factor kB (NF-kB) activation in en-
dothelial cells [21], and triggers neutrophil extracellular trap formation
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as well [22]. Additionally, free heme induces Nucleotide binding do-
main, Leucine rich Repeat containing Protein 3 (NLRP3) inflammasome
activation, and subsequent production of interleukin 1 beta (IL-1f3) in
both macrophages and endothelial cells [23,24]. Furthermore, recently
it has been shown that cell-free heme and heme-loaded microvesicles
formed upon intravascular hemolysis activates the complement system
[25,26]. This mechanism can contribute to thrombosis and organ injury
in hemolytic uremic syndrome and sickle cell disease [25,26].

Recent evidence shows that heme scavenging by Hx cannot at-
tenuate renal dysfunction in an experimental model of intravascular
hemolysis, suggesting that besides free heme, other components re-
leased upon RBC destruction play a pathophysiological role in these
conditions. In line of this notion, extracellular Hb and oxidized Hb
forms has been reported to exhibit diverse pro-inflammatory actions
[27]. For example, cell-free Hb impairs nitric oxide (NO) bioavailability
and that NO replacement partially prevents acute hemolysis-induced
inflammatory processes [28]. Importantly, FHb is a strong pro-in-
flammatory agonist that triggers NF-kB activation in endothelial cells
leading to increased expression of cellular adhesion molecules and
disruption of the endothelial monolayer integrity, independently of
heme release [29]. Moreover, oxidized forms of Hb, i.e. MHb and FHb
are known pro-oxidants which actions are considered to be dependent
on heme release from these species [17,30,31].

Heme is a prototypical alarmin, involved in hemolysis-induced
lethality via triggering NLRP3 activation in macrophages, but we lack
knowledge whether extracellular Hb or oxidized Hb forms could con-
tribute to inflammation triggered by sterile hemolysis. Therefore, we
investigated the involvement of different Hb forms to NLRP3 in-
flammasome activation and subsequent production of IL-1f3 in a mice
model of sterile hemolysis.

2. Materials and methods
2.1. Materials

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA)
unless otherwise specified.

2.2. Animals

C57BL/6 (wild type, WT) and Nirp3~/~ mice on a C57BL/6 back-
ground were maintained at the University of Debrecen in a conven-
tional animal house. The NIrp3~/~ mice strain was originally generated
and characterized in the laboratory of J. Tschopp [32]. In the experi-
ments we used age- and sex-matched male and female mice between 6
and 8 weeks of age. All experiments were carried out in accordance
with the principles of the Basel Declaration and followed guidelines of
the institutional and national ethical committee and underwent ap-
proval (Approval registration number: 2/2016/DEMAB, issued by the
University of Debrecen, Committee of Animal Welfare). Mice were
euthanized by CO, inhalation, and blood was drawn by heart puncture
into heparinized tubes. Plasma samples were obtained by centrifugation
of blood at 2000 x g, 15min, 4 °C. Livers and spleens were collected
after perfusion of the mice with 5mL of sterile ice-cold PBS.

2.3. Hemolysis protocol and mouse treatments

Hemolysis was induced in mice by intraperitoneal (i.p.) adminis-
tration of phenylhydrazine (PHZ). PHZ was applied twice, first 50 mg/
kg body weight and 16 h later 30 mg/kg body weight. In time course
experiments mice were sacrificed 4 or 16 h after the first dose of PHZ, or
4h after the second PHZ injection (20 h). In some experiments we in-
jected the mice with heme, Hb, MHb and FHb at a dose of 300 nmol
heme group, or with LPS 100 pg/peritoneal cavity in a volume of
200 pL. Control mice received 200 uL apyrogen PBS in all experiments
and in some experiments we applied controls without treatment as well.
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2.4. Hematocrit (Hct) measurement

K3-EDTA anticoagulated murine whole blood samples were ana-
lyzed by Siemens Advia-2120i hematology analyzer (Tarrytown, NY,
USA) with 800 Mouse C57BL program of Multi Species software. Hct
values were determined as a calculated parameter derived from RBC
count (RBC in T/L) and mean cell volume (MCV in fL). The number of
RBCs was multiplied by the MCV of the sample RBCs and was divided
by 1000.

2.5. Hb preparation

HDb of different redox states, i.e. Hb (Fe?*), MHb (Fe®™), and FHb
(Fe*t = 0), were prepared as described [29]. Briefly, Hb was isolated
from fresh blood drawn from healthy volunteers using ion-exchange
chromatography on a DEAE Sepharose CL-6B column. MHb was gen-
erated by incubation (30 min, 25°C) of purified Hb with a 1.5-fold
molar excess of KsFe(CN)g over heme. FHb was obtained by incubation
(1 h, 37 °C) of Hb with a 10:1 ratio of H>O, to heme. The ferryl state of
iron is highly unstable therefore FHb is transiently forms. During sta-
bilization of ferryl iron different chemically heterogeneous oxidized Hb
molecules are formed which we refer as FHb to reflect rather the way of
their formation than their actual oxidation status. After oxidation, both
MHDb and FHb were dialyzed against saline (3 times for 3 h at 4 °C) and
concentrated using Amicon Ultra centrifugal filter tubes (10,000
MWCO, Millipore Corp., Billerica, MA, USA). Aliquots were snap-frozen
in liquid nitrogen, and stored at —70 °C until use. Endotoxin content of
Hb preparations was analyzed by Limulus amebocyte lysate assay
(Lonza, Walkersville, MD, USA). Purity of each Hb preparation was
evaluated by SDS-PAGE followed by staining with ProteoSilver Plus
Silver Staining Kit. The purity of Hb preparations was above 99.9%.
Molar concentrations for all Hb solutions used throughout this paper
are based on heme.

2.6. Determination of Hb concentrations at different oxidation status

Optical densities at 541, 560, 576 and 630 nm were determined
with a Hewlett Packard HP 8453 spectrophotometer. To calculate Hb
and MHb concentrations the recently reported equations and extinction
coefficients were used [33]. Hemichrome concentrations were calcu-
lated as described previously [4].

2.7. Determination of plasma total heme concentration and calculation of
non Hb-bound heme

Plasma total heme content was determined with QuantiChrom
Heme Assay Kit (BioAssay Systems, Hayward, CA, USA) following the
manufacturer's instructions. This kit measures the sum of bioavailable
and protein-bound heme. Non Hb-bound heme concentration was cal-
culated with the use of the following equation: [non Hb-bound
heme] = [total heme] — [Hb] — [MHb] — [hemichrome].

2.8. Cell culture and treatments

Murine RAW 264.7 macrophage cell line was purchased from ATCC
(Manassas, VA, USA). Cells were cultured in DMEM supplemented with
10% heat inactivated fetal bovine serum (Gibco, Waltham, MA, USA), 1-
glutamine and 1% penicillin/streptomycin in 5% CO, humidified at-
mosphere at 37 °C. When indicated RAW cells were pretreated with
10ng/mL LPS (0111: B4 from Escherichia coli) for 4h. Bone marrow
macrophages (BMMs) were isolated using tibia and femur from 8 to
12 weeks old C57BL/6 mice. Bone marrow was obtained by flushing the
opened bones with 10 mL of complete DMEM. Bone marrow cells were
counted, re-suspended in complete medium supplemented with 50 ng/
mL M-CSF (Miltenyi Biotec, Bergisch Gladbach, Germany), and seeded
at a density of 3 x 10° cell/well in 96-well tissue culture plates. After
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7 days of culture, non-adherent cells were removed and adherent cells
were used in the experiments. When indicated, BMMs were pretreated
with 10 ng/mL LPS in complete DMEM containing 10% heat inactivated
FBS for 4h. Heme and Hb treatments of both cell types (RAW and
BMMs) were carried out in DMEM supplemented with 1% heat in-
activated FBS.

2.9. Quantitative real-time PCR (qRT-PCR)

RNA was isolated from cells using TRIzol (RNA-STAT60, Tel-Test
Inc., Friendswood, TX, USA) according to the manufacturer's protocol.
Two micrograms of RNA were reverse transcribed to cDNA with High-
Capacity c¢DNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA). Quantitative RT-PCR was performed using iTaq
Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA, USA)
and predesigned primers and probes (TagMan® Gene Expression
Assays) to detect IL-1f (Mm 00434228), HO-1 (Mm 00516005) and
GAPDH (Mm 99999915). Relative mRNA expressions were calculated
with the AACt method using GAPDH as internal control.

2.10. Western blot

Liver lysates were used to investigate caspase-1 activation and IL-1(
processing. Protein samples (20 ug) were run on 12.5% SDS-PAGE.
Western Blotting was performed with the use of a polyclonal anti-cas-
pase-1 p20 antibody (sc-398,715, Santa Cruz Biotechnology Inc.,
Dallas, TX, USA), and a monoclonal anti-IL-1f antibody (12,242, Cell
Signaling Technology, Leiden, The Netherlands). HO-1 expression was
evaluated from liver and whole cell lysate (20 pg) with the use of a
polyclonal HO-1 antibody (ADI-SPA-896, Enzo Life Sciences Inc.,
Farmingdale, NY, USA). HRP-conjugated anti-rabbit and anti-mouse
antibodies were used as secondary antibodies (NA931 and NA934,
Amersham Biosciences Corp., Piscataway, NJ, USA). Antigen-antibody
complexes were visualized with the horseradish peroxidase chemilu-
minescence system (Amersham Biosciences Corp., Piscataway, NJ,
USA). After detection, the membranes were stripped and reprobed for
B-actin using HRP-conjugated anti-f-actin antibody (sc-47778, Santa
Cruz Biotechnology Inc., Dallas, TX, USA). Hb was detected with the
use of a HRP-conjugated polyclonal anti-Hb antibody (ab-19362,
Abcam, Cambridge, UK). Results were quantified by using Alpha
DigiDoc RT (Alpha Innotech, San Leandro, CA, USA) quantification
system.

2.11. IL-1p secretion in macrophages

Following treatments cellular supernatants were collected and
100 pL of undiluted sample was used for ELISA analysis (DuoSet ELISA,
R&D, Minneapolis, MN). All of the measurements were performed ac-
cording to the manufacturer's protocol.

2.12. Determination of cell viability

Cell viability was determined by the MTT assay as previously de-
scribed [17]. Briefly, following treatments, cells were washed with PBS,
and 100 pL of 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (0.5 mg/mL dissolved in HBSS) solution was added. After a 4-h
incubation the MTT solution was removed, formazan crystals were
dissolved in 100 puL of DMSO and optical density was measured at
570 nm.

2.13. Intracellular ROS measurement

ROS production was monitored by using the 5-(and-6)-chlor-
omethyl-2’,7’-dichlorodihydro-fluorescein di-acetate, acetyl ester (CM-
H,DCFDA) assay (Life Technologies, Carlsbad, CA, USA). After the
treatment cells were washed with PBS and loaded with CM-H,DCFDA
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(10 umol/L, 30 min, in the dark). After loading the cells with CM-
H,DCFDA, cells were washed thoroughly with PBS and fluorescence
intensity was monitored for 3 h applying 488 nm excitation and 533 nm
emission wavelengths.

2.14. Mouse peritonitis model

Twenty-five WT mice (male and female, 8-10 weeks of age) were
randomly divided into 5 groups (n = 5/group) and injected i.p. with
heme and Hb forms at a dose of 300 nmol heme group/peritoneal cavity
in 200 uL apyrogen PBS. Control mice received PBS only. After 16 h,
mice were sacrificed by CO, exposure and peritoneal leukocytes were
harvested by peritoneal lavage using ice-cold PBS containing 2% FCS
(Gibco, Waltham, MA, USA) and were analyzed by flow cytometry.
Total number of cells was determined using a fixed number of latex
beads (Beckman Coulter, Paris, France), co-acquired with a pre-estab-
lished volume of the cell suspensions. Number of peritoneal neutrophils
was evaluated using R-phycoerythrin (R-PE)-conjugated rat anti-mouse
Ly-6G (Grl; CD11b, BD Biosciences, San Jose, CA) and biotin anti-
mouse neutrophil monoclonal antibody (Clone 7/4, CL8993B,
Cedarlane, Hornby, Ontario, Canada). Cells were co-stained with pro-
pidium iodide (0.5pg/mL) to exclude dead cells. Fluorescence was
measured by flow cytometry (FACS Calibur, BD Biosciences) and data
was analyzed using FlowJo software (Tree Star, Inc. Ashland, OR). Ly-
6G and 7/4 double positive cells were identified as neutrophils, Ly-6G
negative, 7/4 positive cells were considered as inflammatory mono-
cytes/macrophages [34].

2.15. Statistical analysis

Data are shown as mean # S.D. Statistical analysis was performed
by one-way ANOVA or Student's t-test, as appropriate. P < 0.05 was
considered significant.

3. Results

3.1. Intravascular hemolysis (IVH) is associated with the formation of Hb
forms with different oxidation status

Following RBC lysis, Hb outside of the protective environment of
RBCs tends to be oxidized. Because oxidation of Hb is a complex process
and can lead to the formation of different oxidized Hb species, first we
wanted to determine the plasma concentrations of Hb forms following
IVH in mice. To trigger IVH we injected PHZ (50 mg/kg body weight
and 30 mg/kg body weight 16 h later) into the peritoneal cavity of WT
mice whereas control mice received PBS (Fig. 1A). A well-known effect
of severe IVH is splenomegaly, therefore to monitor the condition, we
collected spleen and blood samples at 4h, 16 h (before the second in-
jection), and at 20 h time points. PHZ injection triggered marked en-
largement of the spleen at 20 h post-injection and yellowish/brownish
discoloration of the plasma at every time points (Fig. 1A). A single PHZ
injection induced a substantial decrease in hematocrit levels at 4 h time
point compared to PBS-injected controls (0.5 = 0.01v/v% vs.
0.36 0.05v/v%) (Fig. 1B). Hematocrit levels further decreased to
0.31 0.01 v/v% after the second PHZ injection (Fig. 1B). Next we
determined plasma total heme levels. A single injection of PHZ trig-
gered a robust elevation in plasma total heme levels as compared to
PBS-injected controls at 4h post-injection (18.4 = 1.6 umol/L vs.
80.5 * 16.9 umol/L) (Fig. 1C). The second PHZ injection further in-
creased total plasma heme level up to 123.6 = 16.4 umol/L (Fig. 1C).
Then we determined Hb, metHb and hemichrome levels in the plasma
samples of PHZ-injected mice (Fig. 1D-F). Naive Hb levels were ele-
vated in plasma samples collected from PHZ-injected mice at 16 h and
20 h time points (Fig. 1D). Interestingly, 4 h after PHZ injection most of
the heme was in the form of oxidized Hbs, particularly hemichrome
(52.84 = 6.9 umol/L) and metHb (30.07 = 6.44 pmol/L) (Fig. 1E and
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Fig. 1. Intravascular hemolysis induces accumulation of Hb, oxidized Hb forms and free heme in the plasma.

(A-H) C57BL/6 mice were injected (i.p.) with PHZ (50 mg/kg, then 30 mg/kg mice at 16 h, n = 5) or PBS (n = 5) or left untreated (C), n = 5). Mice were sacrificed
and samples were collected at 4, 16 and 20 h time points. (A) Schedule of the experiment. Representative images of plasma discoloration and spleen enlargement
upon PHZ treatment are shown. (B) Hematocrit, (C) plasma total heme, (D) plasma Hb, (E) plasma MHb, (F) plasma hemichrome, (G) plasma free heme levels are
shown as mean + SD. *P < 0.05. **P < 0.01. ***P < 0.005. (H) Representative Hb western blot of plasma samples taken at the indicated time points. As controls

we show purified human hemoglobin (Hb) and oxidized Hb (FHD).

F). At this time point we could detect very low levels of non-Hb bound
heme (1.05 = 0.56 pumol/L) that we refer “free heme” here (Fig. 1G).
Similarly, majority of heme was present in oxidized Hb forms in plasma
samples taken 16 and 20 h after PHZ injection (Fig. 1D-F). Free heme
level started to increase in plasma of PHZ-injected mice 16 h post-in-
jection (1.2 * 2.36umol/L vs. 5.9 = 4.15umol/L) and became
markedly elevated in plasma of PHZ-treated mice compared to PBS-
injected controls at 20h time point (32.67 = 1.13pmol/L vs.
0.85 + 1.23 ymol/L) (Fig. 1D-G). Extensive oxidation of Hb leads to
the formation of ferryl and oxyferryl Hb species, those instable inter-
mediates that decay via intramolecular electron transfer giving a rise to
the formation of globin radicals. Termination of globin radicals leads to
the formation of covalently crosslinked Hb forms with potential pro-
inflammatory effects. Therefore, we wanted to investigate whether
these covalently cross-linked Hb forms are present in the plasma fol-
lowing intravascular hemolysis. We found that Hb dimers were present
in plasma samples obtained from PHZ-injected mice but not in the
plasma of PBS-injected control mice (Fig. 1H).

3.2. IVH is associated with processing of IL-1f and caspase-1 activation

Dutra el al showed that heme induces NLRP3 activation and IL-1f
production in macrophages, and that this mechanism contributes to
hemolysis-induced lethality in mice [23]. To further examine this
phenomenon, we measured plasma levels of IL-1f in PHZ-injected WT
mice. In agreement with the previous observation of Dutra et al. PHZ-
induced hemolysis was associated with elevation of IL-1f3 plasma con-
centrations at 16 h and 20 h time points (Fig. 2A). The liver is largely
responsible for free hemoglobin uptake following intravascular hemo-
lysis, therefore next we analyzed livers of PHZ-injected mice [35]. We
observed dark discoloration but no other obvious changes in the livers
of PHZ-injected mice compared to PBS-injected mice (Fig. 2B). Ex-
pression of heme oxygenase-1 (HO-1), the enzyme responsible for cel-
lular degradation of heme, was markedly elevated (10.39 = 1.36-fold
increase vs. vehicle control) in the liver of PHZ-treated mice analyzed at
20 h post-injection (Fig. 3C). Furthermore, we detected increased levels
of cleaved IL-1f in liver samples obtained from PHZ-injected WT mice
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Fig. 2. Intravascular hemolysis triggers IL-1 production and caspase-1 activation.
(A-D) C57BL/6 mice were injected (i.p.) with PHZ (50 mg/kg, then 30 mg/kg mice at 16 h, n = 5) or PBS (n = 5) or left untreated (C), n = 5). Mice were sacrificed
and samples were collected at 4, 16 and 20 h time points. (A) IL-1p levels from plasma were determined by ELISA and are shown as mean =+ SD. (B) Representative
images of liver upon PHZ treatment and controls are shown.(C-D) Protein expressions of processed IL-13 (IL-1p p20) and activated caspase-1 (Casp-1 p20) were
analyzed by Western blot from liver samples at indicated time points. Membranes were reprobed for B-actin. Representative blots of 3 independent experiments are

+

shown. Densitometric analysis of Western blots is shown as mean

at all time points (Fig. 2C), that was associated with time-dependent
activation of caspase-1, suggesting NLRP3 inflammasome activation
(Fig. 2D).

3.3. FHb but not naive Hb or MHb induce IL-1f processing in macrophages

Previous studies showed that heme induces IL-1B production in
macrophages, suggesting that free heme plays a central role in hemo-
lysis-associated formation of IL-13 [23]. Distribution of plasma heme
following IVH revealed that most of the plasma heme is localized in
oxidized Hb forms, and that elevation of IL-1p levels in the plasma of
PHZ-injected mice (Fig. 2A) precedes the accumulation of non Hb-
bound heme (Fig. 1G). Therefore, we hypothesized that other Hb forms
produced after intravascular hemolysis contribute to the formation of
IL-1B. To address this question first we purified Hb from human blood
of healthy donors and used to generate Hb forms with different oxi-
dation status MHb and FHb. We obtained characteristic absorption
spectra for each Hb forms (Fig. 3A). Purity of the Hb preparations was
higher than 95%, as assessed by silver staining after SDS/PAGE se-
paration (Fig. 3B). Silver staining (Fig. 3B) and Western blotting
(Fig. 3C) revealed that Hb and MHb were present as 16 kDa monomer
subunits. In contrast we detected covalently crosslinked Hb multimers
in FHb preparation (Fig. 3B and C) which is consistent with previous
reports [29]. Then we treated LPS-primed RAW264.7 murine macro-
phages with heme (25 pmol/L) as a positive control, and Hb forms with

A B Cc

SD of 3 independent experiments. *P < 0.05. **P < 0.01. ***P < 0.005.

different oxidation status, Hb, MHb and FHb (25-150 umol/L). In
agreement with the previously published results of Dutra et al. [23]
heme induced a marked upregulation of IL-1 mRNA in LPS-primed
RAW macrophages that was associated with increased processing and
secretion of IL-1f3 (Fig. 4A and B). Among the Hb forms naive Hb and
MHbD induced IL-1f3 mRNA, but failed to increase the level of processed
IL-1B in cellular supernatants (Fig. 4A and B). In contrast, FHb caused
marked upregulation of IL-13 mRNA and increased processing and se-
cretion of IL-1B (Fig. 4A and B). Next, we examined the effect of Hb
forms on IL-1f secretion in LPS-primed BMMs. Similarly to that of RAW
macrophages only heme and FHb induced IL-1f processing and secre-
tion in BMMs (Fig. 4C). LPS priming was necessary to trigger heme of
FHb-induced IL-1f production in both RAW cells and BMMs as non-
primed cells failed to respond to heme or FHb stimulation (data not
shown).

3.4. Pro-inflammatory actions of Hb forms

Next, we examined whether Hb forms with different oxidation
status exerts pro-inflammatory actions in vivo when injected into the
peritoneal cavity of WT mice. We found that heme and FHb induced
marked intraperitoneal infiltration of neutrophils and monocytes in WT
mice (Fig. 5A-C). In contrast, naive Hb did not induce peritoneal in-
filtration of leukocytes, while MHb triggered only a mild increase in the
number of peritoneal neutrophils but did not induced monocyte

Fig. 3. Characterization of purified Hb, MHb, and FHb so-
lutions.
(A) Absorbance spectra of purified Hb, MHb and FHb solu-

1.2+
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tions at the concentrations of 60 umol/L. (B) Representative
silver staining (N = 3) following SDS-PAGE of Hb, MtHb,
and ferrylHb (5 nmol/lane). (C) Representative western blot
(N = 5) of Hb, mHb and FHb (5 nmol/lane).
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Fig. 4. Induction of IL-13 production by free heme and
Hb forms in macrophages.

(A) LPS primed (10 pug/mL, 24h) RAW cells were ex-
posed to heme (25 umol/L) or different Hb forms (Hb,
MHb or FHb) at a concentration of 25, 50, 100,
150 umol/L in DMEM containing 1% FBS for 4h. IL-1B
mRNA levels were determined by qRT-PCR. (B) LPS
primed (10 pg/mL, 24 h) or non-primed RAW cells were
exposed to heme (25pmol/L) Hb, MHb or FHb
(150 umol/L in DMEM containing 1% FBS, 6h). IL-1p
levels from cellular supernatant were determined by
ELISA. (C) LPS primed (10 ug/mL, 24 h) or non-primed
BMMs were exposed to heme (25 umol/L) Hb, MHb or
FHb (150 pmol/L in DMEM containing 1% FBS, 6 h). IL-

1P levels from cellular supernatant were determined by
ELISA. Results are shown as mean = SD from 3 in-

dependent experiments performed in triplicates.
*P < 0.05. **P < 0.01. ***P < 0.005.
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recruitment (Fig. 5A-C). In our previous experiment, we showed that
PHZ-induced hemolysis was associated with caspase-1 activation and
IL-1f3 processing in the liver therefore next we investigated the effect of
different Hb forms in inflammasome activation in the liver of WT mice.
Intraperitoneal administration of all the Hb forms as well as heme in-
duced caspase-1 activation in the liver of WT mice (Fig. 5D). Among the
different Hb forms the most potent inducer of caspase-1 activation was
FHb that induced an 8-fold increase in the expression of cleaved cas-
pase-1 (Fig. 5D). Parallel with caspase-1 activation, we observed
marked elevation of processed IL-1( in the liver of FHb as well as heme-
treated WT mice (Fig. 5E). In comparison to FHb and heme, Hb and
MHb were much less potent agonists to induce IL-1[3 processing in livers
of WT mice (Fig. 5E).

3.5. Deficiency of NLRP3 provides tolerance to mice against intravascular
hemolysis-mediated lethality

Massive intravascular hemolysis can be lethal. In our PHZ-induced
hemolysis model 75% of WT mice succumbed 2 to 6 days after the first
PHZ injection. In contrast, only 33% of PHZ-injected NLRP3 deficient
mice died within the same period (Fig. 6A). The mice survived the first
7 days following the first PHZ treatment recovered and lived up to
10 days when we terminated the experiment (Fig. 6A). To see whether
PHZ treatment results the same extent of hemolysis in WT and Nirp3~/
~ mice, first we compared hematocrit levels following PHZ injections.
We found no difference between hematocrit levels of PHZ-treated WT
and NLRP3 deficient mice (Fig. 6B). Then we compared the levels of
extracellular Hb forms in plasma of WT and NLRP3 mice following PHZ
injections. We found similar levels of Hb, MHb and hemichrome in
plasma samples obtained from WT and NIrp3~/~ mice (Fig. 6D-E).
These results suggest that NLRP3 deficient mice are more tolerant to
PHZ-induced hemolysis and extracellular Hb forms than WT mice.
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3.6. NLRP3 is essential to both hemolysis-triggered and FHb-induced
inflammation

IVH triggers IL-1f processing in the liver. To investigate whether
NLRP3 is involved in hemolysis-induced production of IL-1f3, we treated
WT and NLRP3 deficient mice with PHZ and assessed IL-13 levels in the
liver. PHZ treatment induced marked elevation of cleaved IL-1f in WT
mice livers, whereas we did not observe increased IL-1f processing in
the livers of PHZ-treated Nlrp3’/ ~ mice (Fig. 7A). Next, we in-
vestigated the involvement of NLRP3 in FHb-induced processing of IL-
1B using WT and Nirp3~/~ mice. We injected WT and Nirp3~/~ mice
with vehicle, FHb and LPS that served as a positive control. We found
increased levels of processed IL-1f in the livers of both LPS and FHb-
treated WT mice in comparison to vehicle-injected controls. In contrast,
we observed no increase in IL-13 processing in livers of either LPS- or
FHb-treated Nirp3~’/~ mice compared to vehicle-treated controls
(Fig. 7B). These results suggest that NLRP3 is essential to the produc-
tion of active IL-1f3 in response to hemolysis or FHb.

3.7. Hb-mediated IL-1f production is associated with heme uptake and ROS
production in macrophages

Macrophages take up heme in different forms and are considered to
be the major cell types involved in heme-iron recycling. Following
uptake, heme is released and degraded by the inducible enzyme HO-1.
To see whether the different Hb forms could serve as heme sources
towards macrophages we determined HO-1 mRNA and protein ex-
pressions in RAW macrophages treated with different Hb forms. Heme
is the strongest inducer of HO-1 in macrophages, and caused a > 30-
fold elevation in HO-1 mRNA level at the dose of 25 pmol/L (Fig. 8A).
Our results revealed that among the Hb forms, FHb is the most potent
Hb form in inducing HO-1 mRNA and protein expressions in RAW
macrophages (Fig. 8B and C). Heme uptake of macrophages is asso-
ciated with elevated production of ROS formation (Fig. 8D). Among the
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Fig. 5. Induction of peritonitis, liver caspase-1 activation and IL-1f processing by free heme and Hb forms in mice.

(A-E) C57BL/6 mice were injected (i.p.) with heme or Hb forms (300 nmol heme/mice, n = 5/each group) or PBS (n = 5). (A-C) Peritoneal cavity was rinsed,
neutrophil and inflammatory monocytes/macrophage numbers were determined after 16 h of treatment. (A) Representative dot plots of peritoneal cells stained with
Ly-6G and 7/4. (B) Mean number of Ly-6G high and 7/4 high PMN cells. (C) Mean number of Ly-6G low, 7/4 high inflammatory monocytes/macrophages. Data are

presented as mean *

SD. (D-E) Protein expressions of activated caspase-1 (Casp-1 p20) and processed IL-1(3 (IL-13 p20) were analyzed by Western blot from liver

samples. Membranes were reprobed for B-actin. Representative blots of 3 independent experiments are shown. Densitometric analysis of Western blots is shown as

+

mean

Hb forms naive Hb and MHb did not increase ROS production in
macrophages even when we applied at higher doses. In contrast, FHb
induced ROS formation in a dose-dependent manner (Fig. 8E). Heme-
mediated unfettered ROS production in macrophages was associated
with decreased cell viability. In contrast, none of the Hb forms triggered
cell death of RAW macrophages (Fig. 8F).

4. Discussion

In this study, we report the contribution of different Hb forms
produced upon IVH to NLRP3 inflammasome activation and subsequent
production of IL-1f3 with the use of in vitro approaches and a mice
model of sterile hemolysis. We show that besides heme, oxidized Hb
forms, in particular FHb contribute to the production of the pro-in-
flammatory cytokine IL-1p. We also show the critical involvement of
NLRP3 in FHb-mediated formation of IL-1.

SD of 3 independent experiments. *P < 0.05. **P < 0.01. ***P < 0.005.

While Hb is compartmentalized in RBCs its extensive oxidation is
prevented by a highly effective antioxidant defense system including
enzymatic (Cu/Zn superoxide dismutase, catalase, glutathione perox-
idase, and peroxiredoxins) as well as non-enzymatic (glutathione) sca-
vengers [3,36,37]. Furthermore auto-oxidation of Hb into MHD is
controlled by MHDb reductase. Outside of the protective environment of
RBCs, Hb is prone to oxidation.

Auto-oxidation of Hb leads to the formation of MHb and superoxide
anions. Two-electron oxidation of Hb is triggered by peroxides, e.g.
H0,, leading to the formation of FHb. The reaction of MHb with H,0,
yields FHb radical (Hb- * (Fe** = 027)) in which the unpaired electron
is associated with the globin or the porphyrin ring [5-8]. Because these
Hb forms contain high-valence iron, they are highly reactive that can
decay by several routes [38]. Iron can be stabilized via an in-
tramolecular electron transfer between the ferryl iron and specific
amino acid residues such as aTyr-24, aTyr-42, aHis-20, BTyr-35, BTyr-
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130, and BCys-93 of the globin chains resulting in the formation of MHb
globin radical [3,39,40]. Furthermore, termination reactions between
globin- and porphyrin-centered radicals give a rise to globin-globin and
porphyrin-globin adducts.

Here we used a well-established model of acute sterile hemolysis to
investigate the formation of these Hb species in vivo. In agreement with
previous observations, acute intravascular hemolysis induced marked
splenomegaly and decreased hematocrit levels in C57BL/6 mice
(Fig. 1A and B) [41]. Parallel with the hematocrit we assessed plasma
heme level by Heme Assay Kit. We revealed profound elevation of ex-
tracellular heme concentrations up to ~130 pumol/L (Fig. 1C), which is
very similar to the previously reported plasma total heme levels in PHZ-
injected mice measured by formic acid method [42]. More detailed
examination of plasma heme content revealed that most of the heme
moiety can be found in hemichrome, a denatured form of oxidized Hb.
Dominance of hemichromes among the produced Hb species upon in-
travascular hemolysis may be attributed to the use of PHZ which is a
very strong oxidant [43]. A lesser amount of heme was present in Hb
and metHb, and at 20h post-injection we calculated that about
20 umol/L heme was dissociated from the hemoglobins (Fig. 1D-G).
The amount of bioavailable heme in the plasma of PHZ-injected mice
was measured recently with a novel approach using heme-specific
single domain antibodies and a cellular-based heme reporter assay [42].
They reported that the amount of bioavailable heme is around
2-5umol/L [42]. Therefore we assume that most of the non Hb-bound
heme we detected with our assay is associated with specific and non-
specific heme-binding proteins or transferred to hydrophobic lipid
compartments [17,44,45].

Besides hemichromes, Hb, metHb and non Hb-bound heme we
could identify covalently crosslinked Hb dimers in plasma samples of
PHZ-injected mice, which is an indirect evidence of the formation of the
highly reactive ferryl species (Fig. 1H).

RBC-derived microparticles (RMPs) are heme-loaded small phos-
pholipid vesicles shed from RBCs. There is growing evidence that these
RMPs are bioactive particles and contribute to the pathogenesis of
sickle cell disease and RBC storage lesions [25,46-49]. We applied low
speed centrifugation of blood to obtain plasma samples therefore RMPs
could influence the determination of plasma Hb and heme levels in this
study.

BBA - Molecular Basis of Disease 1865 (2019) 464475

Fig. 6. Deficiency of NLRP3 provides tolerance
to mice against intravascular hemolysis-medi-
ated lethality.

(A) C57BL/6 mice and Nlrp3~/~ mice were in-
jected (i.p.) with PHZ (50 mg/kg, then 30 mg/
kg mice at 16h, n = 11/group). Survival of
mice was monitored for 10 days. (B-E) C57BL/6
mice and Nirp3~/~ mice were injected (i.p.)
with PHZ (50 mg/kg, then 30 mg/kg mice at
16h, n = 5/group) or PBS (n = 5). Mice were
sacrificed and plasma samples were collected at
20 h time point. Hematocrit (B), Hb (C), MHb
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(D) and hemichrome (E) levels were determined
by spectral analysis of the plasma samples. Data
is presented as mean *= SD of 3 independent
experiments. *P < 0.05. **p < 0.01.
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Abundant evidence indicates that extracellular Hb and free heme
are harmful, explaining the evolvement of efficient mechanisms that
control their deleterious effects. The plasma acute phase proteins Hp
and Hx are in the first line of defense upon intravascular hemolysis. Hp
captures cell free Hb and facilitates its clearance through the CD163
macrophage scavenger receptor-mediated endocytosis [10,11]. Besides
this function, Hp binding protects Hb from oxidation, because Hb re-
sidues known to be prone to oxidative modifications are buried in the
Hp:Hb interface [50-55]. Hx sequesters free heme with the highest
affinity of any known proteins in an inert, non-toxic form [12]. Fol-
lowing capture, Hx-heme complexes are internalized via the scavenger
receptor LDL receptor-related protein 1/CD91 mainly by hepatocytes
and macrophages [13,56]. The protective effects and the therapeutic
potential of Hp and Hx have been elucidated in various hemolytic
models (reviewed in [57,58]).

In case of massive intravascular hemolysis both Hp and Hx are
consumed, leading to the accumulation cell-free Hb, oxidized Hb forms
and free heme that we have observed in our acute hemolysis model
(Fig. 1). Accumulating evidence suggests that extracellular Hb, oxidized
Hb forms and free heme possess specific pro-inflammatory activities.
For example, FHb impairs endothelial barrier function through upre-
gulation of adhesion molecules and formation of intercellular gaps
[29]. Several studies suggest pro-inflammatory actions of free heme via
the activation of pattern recognition receptors such as TLR4 or NLRP3
in leukocytes and endothelial cells [20-24,59-62].

Based on our results PHZ-induced intravascular hemolysis is asso-
ciated with increased plasma concentration of IL-1f. Additionally, our
results revealed that intravascular hemolysis induces caspase-1 activa-
tion and the formation of active IL-1( in the liver (Fig. 2). The in-
volvement of liver is well-known in free hemoglobin clearance fol-
lowing intravascular hemolysis [63]. Both hepatocytes [35] and
Kupffer cells can internalize extracellular hemoglobin [64] and both
cell types respond to cellular danger signals by activating caspase-1 and
releasing the pro-inflammatory cytokines IL-1f and IL-18 [65]. Further
studies are needed to identify the nature of IL-1f3 producing cells in the
liver.

Previous work of Dutra et al. revealed that heme triggers production
of IL-1B in macrophages which contributes to hemolysis-associated
lethality. Interestingly, we found that the increase in IL-1B plasma
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Fig. 7. NLRP3 is essential to hemolysis-associated IL-1f processing.

(A) C57BL/6 mice and Nlrp3~/~ mice were injected (i.p.) with PHZ (50 mg/kg,
then 30 mg/kg mice at 16 h, n = 5/group) or PBS (n = 5). (B) C57BL/6 mice
and Nlrp3~/~ mice were injected (i.p.) with PBS, FHb (300 nmol heme/peri-
toneal cavity), or LPS (100 pg/peritoneal cavity). (A-B) Mice were sacrificed
and liver samples were collected at 20h time point. Protein expression of
processed IL-1f (IL-13 p20) was analyzed by Western blot from liver samples.
Membranes were reprobed for B-actin. Representative blots of 3 independent
experiments are shown. Densitometric analysis of Western blots is shown as
mean * SD of 3 independent experiments. *P < 0.05. **P < 0.01.
%P < 0.005.

levels precedes the accumulation of non-Hb bound heme in the plasma
(Figs. 1 and 2), therefore we tested the different Hb forms upstream of
free heme whether they are involved in the inflammatory response
triggered by intravascular hemolysis.

When exposed in vitro to FHb, LPS-primed macrophages markedly
up-regulate IL-13 mRNA (Fig. 4A). To a lesser extent, both Hb and MHb
increase the level of IL-1 mRNA (Fig. 4A). Similarly to that of heme,
FHb is able to induce processing of IL-1f in macrophages (Fig. 4B and
C). On the contrary, naive Hb and MHDb lack the ability to induce IL-1f3
secretion in vitro (Fig. 4B and C).

LPS priming was necessary to induce IL-1f3 production in heme or
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FHb-treated macrophages. This is in agreement with the widely ac-
cepted mechanism of inflammasome activation that requires two dis-
tinct signals [66]. In contrast, PHZ injection without LPS treatment was
enough to trigger IL-1f production in the liver in our in vivo model. We
speculate that gut-derived LPS could serve as a first signal in the in-
duction of IL-1p as it was confirmed previously in an experimental
model of alcoholic liver disease [67,68]. This potential mechanism
needs to be confirmed in PHZ-induced intravascular hemolysis model
by further studies. In vivo administration of FHb through intraperitoneal
injection provokes peritonitis, characterized by massive infiltration of
neutrophils and monocytes into the peritoneal cavity (Fig. 5A-C).
Heme, to a lesser extent, also induces neutrophil and monocyte re-
cruitment. In contrast, injection of naive Hb does not trigger leukocyte
infiltration, and MHb provokes only minor neutrophil recruitment
(Fig. 5A-C). This result is in agreement with previously published re-
sults of Silva et al., in which the authors showed that FHb induces
peritoneal recruitment of neutrophils [29]. As a response to in-
travascular hemolysis caspase-1 is activated and IL-1f3 is processed in
the liver (Fig. 2), therefore we used this approach to further investigate
the pro-inflammatory role of different Hb forms. Intraperitoneal ad-
ministration of FHb and heme induced caspase-1 activation and pro-
cessing of IL-1f3 (Fig. 5D and E).

Activation of different innate immune receptors including NLRP1,
NLRP3, NLRC4 or AIM2 could lead to maturation and secretion of ac-
tive IL-1f3 through the assembly of the inflammasome and activation of
inflammatory caspases [69-72]. Among these immune receptors, the
critical role of NLRP3 inflammasome complex was established pre-
viously in heme-mediated IL-1p production in macrophages as well as
in endothelial cells [23,24,73]. Dutra et al. showed that survival rates of
mice lacking NLRP3 inflammasome components such as NLRP3,
apoptosis-associated speck-like protein containing a caspase activation
and recruitment domain (ASC) or Caspase-1 are remarkable higher than
WT mice upon intravascular hemolysis [23]. To further investigate this
phenomenon first we confirmed the survival advantage NLRP3 defi-
cient mice in our acute PHZ-induced hemolysis model (Fig. 6A). The-
oretically survival advantage of these knock-out mice strains can rely
on their increased resistance to PHZ-induced RBC lysis, or their in-
creased tolerance to lysis. Measurement of hematocrit levels of WT and
NIrp3~/~ mice subjected to PHZ-induced hemolysis revealed that
NLRP3 deficiency does not impair RBC lysis therefore this mechanism
cannot explain increased survival rate of Nirp3~/~ mice compared to
WT (Fig. 6B). Moreover, we found no difference between plasma con-
centrations of Hb, MHb or hemichrome in WT and Nlrp3~/~ mice
(Fig. 6C-E), suggesting that NLRP3 deficient mice has increased toler-
ance to lysis.

Tissue damage control in response to infection as well as sterile
inflammation can improve survival of the host in diverse disease con-
ditions [74]. In response to hemolysis NLRP3 inflammasome is acti-
vated leading to the production of the pro-inflammatory cytokine IL-1(3
in the liver of WT mice. In contrast, there is no active IL-1f production
in the liver of PHZ-, or FHb-treated I\Tlrpb”/ ~ mice (Fig. 7A and B). Lack
of the pro-inflammatory response in NLRP3 deficient mice might con-
tribute to the improved survival of those mice under hemolytic condi-
tions.

We demonstrated that the extensively oxidized Hb form, FHb is as
potent trigger as heme of NLRP3 inflammasome activation under both
in vitro and in vivo conditions. It is well established that oxidized Hb
forms, i.e. MHb and FHb are able to release heme, because oxidation of
the heme iron weakens the association between heme and the globin
chain. Based on this feature, MHb and FHb exhibit pro-oxidant activ-
ities supported by the notion that they induce oxidative modification of
low-density lipoprotein (LDL) similarly to that of free heme [17,31].
Moreover, heme released by oxidized Hb forms can be taken up by
diverse cells including endothelial cells and amplify oxidant-mediated
killing [16,30]. Macrophages internalize both heme and naive Hb
through receptor mediated endocytotic pathways and catabolize heme
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Fig. 8. Hb-mediated IL-1f production is associated
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via the action of heme oxygenases (HO). Heme exposure triggers
marked upregulation of HO-1. Our results revealed that besides free
heme Hb forms with different oxidation states upregulated HO-1 mRNA
and protein expressions, suggesting the Hb forms served as a heme
source for macrophages (Fig. 8A-C). Interestingly, we found that FHb is
more potent in inducing HO-1 in RAW macrophages than naive Hb or
MHb (Fig. 8B and C). In a recent work heme release from various he-
moglobin redox states was studied using heme scavenger proteins and
lung epithelial cells as reporter systems [75]. This study showed un-
doubtedly that MHD releases heme at a faster rate, and triggers higher
HO-1 expression in lung epithelial cells than FHb [75]. The difference
between the two observations may reflect that the release and sub-
sequent uptake of heme might not be the exclusive mechanism of ob-
taining heme from various Hb forms in macrophages. Comparing to free
heme, all Hb forms including FHb are much weaker inducers of HO-1
suggesting that heme uptake and/or heme release from oxidized Hb
forms is incomplete. This is in agreement with previous findings
showing that MHb and FHb cause delayed oxidative modification of

LDL due to lower numbers of LDL-associated heme groups compared to
free heme [17,31].

NLRP3 inflammasome activation is triggered by several structurally
diverse molecules that share some common molecular mechanisms
through which inflammasome activation occurs, including elevated
ROS production, K* efflux, lysosomal damage as well as ATP release
[76-79]. Dutra et al. showed that ROS production plays a critical role in
heme-mediated NLRP3 inflammasome activation and IL-1f production.
We confirmed that heme induces ROS production in macrophages
(Fig. 8D). Evaluation of ROS production in macrophages treated with
different Hb forms revealed that FHb increases ROS formation although
to a lesser extent compared to heme (Fig. 8D and E). On the contrary,
naive Hb and MHD fail to increase ROS production in macrophages
(Fig. 8D). Testing the effect of heme and the different Hb forms on
macrophage viability revealed that heme at higher concentrations
triggers cell death whereas Hb forms at the concentration of 250 umol/
L do not influence cell viability.

Taken together we demonstrated that following intravascular
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hemolysis different Hb oxidation products are formed which might
contribute to sterile hemolysis-induced inflammatory reactions. Among
them, we identified FHb as a potent pro-inflammatory molecule that
induces formation and maturation of the pro-inflammatory cytokine IL-
1B in vitro and in vivo. FHb-mediated inflammatory response is medi-
ated through NLRP3 inflammasome activation and caspase-1 activa-
tion. FHb acts as a heme source towards macrophages and increase ROS
production. Further investigations are needed to identify the exact
molecular mechanism of the pro-inflammatory actions of FHb. It needs
to be addressed whether (i) FHb is internalized or (ii) the released heme
exerts the biological effect of FHb or (iii) elevation of ROS production is
involved in FHb-mediated pro-inflammatory responses in macrophages.

Accumulating evidence support the pathophysiological role of ac-
tivation of the innate immune system in pathologies associated with
intravascular hemolysis [20,21,23]. Thus, identification of RBC-derived
DAMPs and understanding the molecular signaling mechanisms af-
fected by them might provide new approaches for treating pathological
conditions with intravascular lysis of RBCs.

Non-standard abbreviations
BMM bone marrow-derived macrophage

CM-H,DCFDA 5-(and-6)-chloromethyl-2’,7’-dichlorodihydro-fluor-
escein di-acetate acetyl ester

DAMPs damage associated molecular patterns
DMEM  Dulbecco's Modified Eagle's Medium
FBS fetal bovine serum

ferrylHb, FHb ferryl hemoglobin

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
Hb hemoglobin

Hct hematocrit

HO-1 heme oxygenase-1

Hp haptoglobin

Hx hemopexin

IL-13 interleukin 1 beta

LDL low-density lipoprotein

LPS lipopolysaccharide

MCV mean corpuscular volume

metHb, MHb methemoglobin

MTT 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium  bro-
mide

NAC N-acetyl cysteine

NLRP3  Nucleotide binding domain, Leucine rich Repeat containing
Protein 3

PBS phosphate buffered saline

PHZ phenylhydrazine

RBCs red blood cells

ROS reactive oxygen species

TLR4 toll like receptor 4

TNF tumor necrosis factor

WT wild type
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