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Hemolysis, as a result of disease or exposure to biomaterials, is characterized by excess
amounts of cell-free heme intravascularly and consumption of the protective heme-
scavenger proteins in plasma. The liberation of heme has been linked to the activation
of inflammatory systems, including the complement system, through alternative pathway
activation. Here, we investigated the impact of heme on the regulatory function of the
complement system. Heme dose-dependently inhibited factor I-mediated degradation of
soluble and surface-bound C3b, when incubated in plasma or buffer with complement
regulatory proteins. Inhibition occurred with factor H and soluble complement receptor 1
as co-factors, and the mechanism was linked to the direct heme-interaction with factor I.
The heme-scavenger protein hemopexin was the main contaminant in purified factor |
preparations. This led us to identify that hemopexin formed a complex with factor | in
normal human plasma. These complexes were significantly reduced during acute
vasoocclusive pain crisis in patients with sickle cell disease, but the complexes were
normalized at their baseline outpatient clinic visit. Hemopexin exposed a protective
function of factor | activity in vitro, but only when it was present before the addition of
heme. In conclusion, we present a mechanistic explanation of how heme promotes
uncontrolled complement alternative pathway amplification by interfering with the
regulatory capacity of factor |. Reduced levels of hemopexin and hemopexin-factor |
complexes during an acute hemolytic crisis is a risk factor for heme-mediated factor
| inhibition.
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INTRODUCTION

Intravascular hemolysis is observed in various diseases, including
sickle cell disease (SCD) (1), malaria, atypical hemolytic uremic
syndrome (2), and sepsis (3). Hemolysis can also be a complication
after a blood transfusion or exposure to biomaterials, where
mechanical forces in the cardiovascular devices can rupture
erythrocytes (4-6). Upon disruption of the erythrocytes,
hemoglobin is released into the plasma. Heme is an iron prosthetic
group and an essential component of hemoglobin and other
hemeproteins (7). Under pro-oxidative conditions, heme is
oxidized into the ferric (Fe*") state and is then prone to be released
from the hemoglobin (7, 8). This plasma free heme is a pro-oxidative
and pro-inflammatory mediator that can trigger innate immune
activation (9). Studies have linked heme to innate immune activation
via triggering complement- and Toll-like receptor 4-activation (10,
11). Platelets, endothelial cells (12, 13), and the coagulation system
(14, 15) are other vasculature components that heme can activate.

Any toxicity from hemoglobin and heme is compensated by
the presence of abundant plasma scavenger molecules (16).
Haptoglobin, an acute-phase protein, captures hemoglobin
and prevents heme from being released. Monocytes express
CD163 that clear haptoglobin-hemoglobin from plasma, and
endothelial cells can induce expression of heme-oxygenases to
degrade heme into less toxic byproducts. Additionally, plasma
hemopexin binds plasma-free heme and neutralizes its reactivity
(4, 8, 17-19). However, these systems can be saturated under
massive or continuous hemolysis (20).

Activation of the complement system can occur via three routes:
classical, lectin, and the alternative pathway (21). All three pathways
lead to the formation of a convertase that cleaves C3 into C3a and
C3b. Every surface-bound C3b can initiate or propagate the
alternative pathway activation, thus, rapidly amplifying the
response. Therefore, it is critical to immediately degrade C3b into
iC3b to control this amplification course on non-pathogenic
substrates and host surfaces. C3b is degraded by factor I to iC3b
and C3f, and iC3b can further be degraded to C3c and C3dg
fragments (22-24). Factor I is a serine protease that requires the
presence of co-factors, ie., the soluble factor H, the membrane-
bound complement receptor 1 (CR1, CD35), or the membrane co-
factor protein (MCP, CD46), to cleave the alpha’-chain of C3b (25).

Multiple studies have linked intravascular hemolysis and the
presence of cell-free heme in plasma to alternative complement
pathway activation (26-29). The mechanism is not fully
understood but is related in part to the interaction of heme
with C3 (2). Among the regulators of C3, factor H shows weak
interaction with heme, but no data are available for factor I (2).
This study aimed to investigate how heme dysregulates
complement regulatory function at the level of factor L

MATERIALS AND METHODS

Reagents
Porcine hemin [ferriprotoporphyrin IX chloride] obtained from
Merck (Darmstadt, Germany) was prepared as previously

described (2). Hemin refers to the oxidized Fe3+—analog of
heme. Human factor C3 was purified according to the method
described by Hammer et al. (30). C3b was prepared by digestion
of C3 with 1% (w/w) trypsin from bovine pancreas (Merck) for 5
minutes at 22°C and separated with gel filtration on Sephadex
G100 (GE Healthcare, Chicago, IL), which was then equilibrated
with 10 mM phosphate buffer (pH 7.4) and 0.145 M saline (PBS).
Human complement factor H was purified from human serum as
described by Hammer et al. (30) but modified with euglobulin
precipitation, according to Nilsson et al. (31). Human
complement factor I was procured from CompTech (Tyler,
TX) and human plasma hemopexin from Merck. Biotinylated
antibodies were prepared with the biotinylation reagent
biotinamidohexanoic acid N-hydroxysuccinimide ester (Merck)
(32). The compstatin analog Cp40 [yI[CV(MeW)QDW-Sar-
AHRC](NMe)I-NH,] to block C3-cleavage (33), was kindly
provided by John D. Lambris. Soluble CR1 (sCR1) was
obtained from T Cell Sciences Inc (Cambridge, MA).

Whole Blood Collection and Plasma
Preparation

Patients with sickle cell disease were recruited at Children’s
Healthcare of Atlanta, Georgia, USA, under a local IRB-approved
study. Ethylenediaminetetraacetic acid (EDTA)-plasma samples
were collected at two time points; hospital admission for acute
vasoocclusive pain crisis (VOC) and during their baseline outpatient
clinic at least four weeks later. Whole blood was collected from
healthy donors (n = 20) in 4.5 mL cryotubes (Cryo Tube™ Vials;
Thermo Scientific, Waltham, MA) containing thrombin inhibitor,
lepirudin (Refludan; Celgene, Uxbridge, UK) at a final
concentration of 50 pug/mL. Whole blood was centrifuged at 3000
x g for 15 minutes to collect plasma. A human plasma pool (NHP)
was created by pooling plasma from six healthy donors. All plasma
samples were stored at -80°C.

Absorbance Spectroscopy

Aliquots of heme, resulting in final concentrations of 0.25 to 64 UM,
were added to an optical cell containing factor I (CompTech) or
PBS as control, and incubated for two minutes in the dark at room
temperature. The absorbance spectra in the 350 - 700 nm
wavelength range were recorded using an Agilent Cary 100
spectrophotometer (Agilent Technologies, Santa Clara, CA). The
data on the difference between protein-bound heme and free heme
at absorbance maxima (A = 395 nm) in the Soret peak was used to
build titration binding curves.

Measurement of Binding of Heme to
Factor | by Surface Plasmon Resonance
The binding of heme to factor I was further evaluated by surface
plasmon resonance (BIAcore 2000 instrument). Factor I
(CompTech) was immobilized on a CM5 sensor chip using an
amino-coupling kit as recommended by the manufacturer (Cytiva,
Uppsala, Sweden), and a control flowcell was mock-immobilized.
The experiments were performed using PBS (pH 7.4) with 0.005%
(v/v) Tween 20 as a running buffer. Heme was diluted from a 10
mM stock in PBS just before injection and introduced to the
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flowcells at a flow rate of 10 pl/min. Regeneration of the chip surface
was achieved by brief exposure (30 s) to a solution containing 0.3 M
imidazole. The binding to the surface of the control flow cell was
subtracted from the binding to the factor I-coated flow cells.
BIAevaluation software (version 4.1; Biacore) was used to evaluate
the kinetic rate constants.

In Silico Analyses of Heme Binding to
Factor |

The atomic coordinates of factor I were taken either from PDB
ID 2XRC (34) or extracted from the C3b/fH1-4:19-20/FI (PDB
ID 5032) and used for the molecular docking (35). HexServer
(http://hexserver.loria.fr/) with default parameters was used to
accommodate the heme molecule to FI (36), as described
previously for Clq and C3 (2, 37). Criteria for final factor I-
heme complex selection were based on the total energy of
binding. Visualization of the top ten complexes was done by
PyMol (www.pymol.org). To evaluate for potential functional
relevance, we visualized the predicted top ten heme-binding
positions at the structure of FI alone or at the C3b/fH1-4:19-
20/FI complex structure.

Evaluation of Degradation of Soluble C3b
A complement co-factor assay was employed to determine C3b-
degradation. C3b (10 pg) was incubated with factor I (0.1 ug)
and the co-factors (0.1 pg) factor H or sCR1 in PBS for up to 60
minutes. Heme was included in the incubations in
concentrations between 8 and 64 uM. Incubations that
contained C3b, factor I, and factor H or sCR1 served as
positive controls. Incubations that contained C3b, factor H,
and sCR1, without factor I, served as negative controls.
Hemopexin (40 pg/ml) was included during the incubation in
separate experiments. In these setups, all samples contained
heme at 32 WM. Four different 30-minute incubations were
included for each of the two co-factors, i) all components
(C3b, factor I, heme, hemopexin, and co-factor) were added
simultaneously, ii) factor I was pre-incubated with heme for 15
minutes before addition of C3b, co-factor, and hemopexin, iii) all
components but hemopexin were pre-incubated for 15 minutes
before addition of hemopexin, iv) factor I was preincubated with
hemopexin for 15 minutes before C3b, co-factor and heme were
later added. The 30-minute incubation time started after adding
all the components mentioned above. All incubations were
carried out in 1.8 mL Nunc-cryotubes (Nunc, Roskilde,
Denmark) at 37°C. Reduced (5x) SDS-PAGE sample buffer
(Biorad, Hercules, CA) was added at the end of each
incubation, and the samples were moved to a heating block
and incubated for another 10 minutes at 95 C. Finally, the
samples were loaded on 4 - 15% Tris-glycine gels and applied
to SDS-PAGE electrophoresis. The gels were stained with
Coomassie Brilliant Blue G-250 dye (Biorad).

Quantification of Degradation of Surface-
Bound C3b

According to the manufacturer’s protocol, Bio-Plex Pro"™
magnetic COOH beads were immobilized with 6 ug cystamine

sulfate hydrate (Merck) using the amine coupling kit (Biorad).
Dithiothreitol (DTT; Roche Diagnostics, Rotkreuz, Switzerland)
6 mM was used for the reduction of the internal disulfide bond of
cystamine (38). The beads were incubated with DTT at 22°C for
20 minutes, followed by thorough washing with PBS. To
conjugate C3b to the free sulfhydryl of the immobilized
cystamine, 20 g of purified C3 and 1.6% (w/v) of trypsin were
incubated with the beads for 20 minutes at 37°C. The reaction
was later stopped by washing with PBS. The C3b-beads were
then incubated in black flat-bottom 96-well plates together with
factor I (0.15 ug) and factor H or sCR1 (1.3 ug), with increasing
heme concentrations in three-fold serial dilutions (up to 32.4
uM). Trypsin (140 ug/mL) incubated with C3b-beads was used
as a positive control. After incubation for one hour at 37°C on
agitation, C3b-fragments were detected using two different
antibodies, either biotinylated polyclonal rabbit anti-human
C3c antibody (Dako, 4 pg/mL) or biotinylated monoclonal
anti-human-iC3b-neo (Quidel, A209, 4 pug/mL). Both
antibodies were followed by streptavidin-phycoerythrin (PE;
Biorad), diluted at 1:100. Incubations with the antibody and
streptavidin took place for 30 minutes at 22°C on agitation in the
dark. All dilutions were done in PBS with 0.1% (v/v) Tween 20
and 0.05% (w/v) bovine serum albumin (BSA) (Merck). The
beads were washed three times with PBS 0.05% (v/v) Tween 20
between every incubation step. Mean fluorescent intensity (MFI)
was detected by Bio-Plex MAGPIX Multiplex Reader (Biorad).

Likewise, we repeated this process with lepirudin-
anticoagulant plasma instead of purified components. The
plasma was then centrifuged for 10 minutes at 9400 x g and
diluted 1:5 with PBS containing Cp40 (8 uM). Next, heme was
added to the plasma in concentrations of up to 32.4 uM, and
C3b-beads were added and incubated for up to 60 minutes at
37°C.

Factor | Purification

Normal human citrate-plasma (235 mL) was supplemented with
EDTA to 5 mM final concentration. Polyethyleneglycol (4 kDa)
was added to the plasma at 8% (w/v) concentration, incubated
for 30 minutes at 4°C on rotation, and then centrifuged at 13000
x g for 30 minutes at 4°C. The supernatant was isolated and
diluted at 1:2 with 5 mM EDTA, and the pH was adjusted to 6.0
with hydrochloric acid (HCI). The supernatant was loaded on a
50 mL SP-Sepharose Fast Flow 26/10 50 mL column equilibrated
with a 20 mM phosphate buffer (pH 6.0) with 50 mM sodium
chloride (NaCl), 5 mM EDTA, and 0.02% (w/v) NaNj, with a
flow rate of 5 mL per minute. The column was washed with 10
volume fractions of equilibration buffer and eluted with a 250 mL
NaCl gradient (50 mM - 400 mM). One hundred 2.5 mL
fractions were collected.

Factor I was detected in eluted fractions using direct ELISA.
The fractions were coated in wells of a microtiter plate, 50 ul per
well, and incubated overnight at 4°C. The wells were blocked
with 1% (w/v) bovine serum albumin diluted in a 10 mM
phosphate buffer containing 145 mM NaCl. Factor I was
detected using sheep anti-human factor I (The Binding Site,
Birmingham, UK), followed by a rabbit anti-sheep IgG with
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horseradish peroxidase (HRP) by Dako (Glostrup, Denmark).
The fractions containing factor I (in total 130 mL) were pooled
and dialyzed three times against 1 liter 10 mM Tris-HCI (pH
8.5), 200 mM NaCl, 0.02% NaNj. The dialysate was loaded, at 1
mL per minute flowrate, on a 15-mL Wheat Germ Agglutinin
Sepharose column equilibrated with a 10 mM Tris-HCI, 200 mM
NaCl, 0.02% NaNj; pH 8.5. The same buffer was used for washing
the column, five column volumes. Factor I was eluted with 10%
(w/v) N-acetyl-D-glucosamine supplemented to the washing
buffer in 90 fractions, 0.5 mL each. As detected with the direct
ELISA, the fractions containing factor I (34 fractions) were
pooled and dialyzed two times against 1 L 10 mM Tris-HCI
(pH 8.5) with 0.02% NaNj. The dialysate was applied, with a flow
rate of 2.5 mL per minute, on an 8-mL Mono Q column,
equilibrated with the 10 mM Tris-HCI (pH 8.5) 0.02% NaNj,
and washed with 24 column fractions of the equilibration buffer.
The column was eluted with a 0-220 mM NaCl-linear gradient
supplemented with the equilibration buffer for 60 minutes,
followed by 10 minutes with the 220 mM-NaCl buffer. The
factions were evaluated for factor I and hemopexin.

As for factor I, hemopexin was detected in a direct ELISA
with fractions diluted at 1:250 in PBS. Hemopexin was detected
using a rabbit anti-human hemopexin (Dako) followed by a
polyclonal anti-rabbit IgG-HRP (Dako). Depending on when
factor I was eluted in the chromatogram, fractions were pooled
in one early pool, labeled as pool 1, and one late pool, referred
to as pool 2. The presence of hemopexin and factor I in pool 1
and pool 2 were assessed by Western blot. The samples (10 ug)
included two commercial factor I preparations from
CompTech and Quidel for comparison, and two hemopexin
preparations, one commercial (R&D Systems, Abingdon, UK)
and one purified in-house (27). The samples were mixed with
reduced and non-reduced Laemmli loading buffer (Biorad) and
heated for 10 minutes at 94°C. The proteins were separated on a
4%-15% SDS-PAGE and transferred to a polyvinylidene
difluoride (PVDF) membrane (Biorad). Hemopexin was
detected by a biotinylated rabbit anti-human hemopexin
antibody (Dako) followed by streptavidin-HRP (Biorad). A
biotinylated sheep anti-human factor I (Abcam) followed by
streptavidin-HRP (Biorad) was used to identify factor I. The
bands were detected by chemiluminescence and imaged by
Chemi Doc ™ MP Gel Imaging System (Biorad). Finally, a
functional test was applied to evaluate the ability of the two
pools to degrade C3b effectively. Purified C3b (10 ug) was
incubated with all the different factor I-preparations (2 pg), as
analyzed above with Western blotting, and factor H (2 ug) at
37°C for 60 minutes in PBS (pH 7.4). The samples were run on
a 4%-15% SDS-PAGE under reduced conditions and were
stained with Coomassie Brilliant Blue.

Hemopexin, Factor I, and Factor I/
Hemopexin-Complex Immunoassays
Hemopexin was quantified in plasma by ELISA as previously
described (27). Factor I and the factor I/hemopexin-complexes
were quantified in immunoassays developed on the xMAP-
platform. Bio-Plex Pro ™ magnetic COOH beads (Biorad) were

immobilized with monoclonal mouse anti-human complement
factor I antibodies (Abcam, Cambridge, U.K.) using the Bio-Plex
Pro™ magnetic COOH beads amine coupling kit according to
the manufacturer’s instructions (Biorad). For both factor I and
factor I/hemopexin-complexes, beads amounting to 2500 per
well in 96-well plates (Bio-Plex Pro' " black flat bottom plate;
Biorad) were incubated with EDTA-plasma samples (1:500 for
the factor I/hemopexin-complexes and 1:300 for factor I), for 30
minutes at RT on agitation. Biotinylated rabbit anti-human
hemopexin antibody (Dako), diluted at 1:50, followed by
streptavidin-PE (Biorad), diluted at 1:100, was used to detect
the complexes. Biotinylated sheep anti-human factor I (Abcam)
diluted at 1:300, followed by streptavidin-PE (Biorad), diluted at
1:100, was used to detect factor I. Pool 1, co-purified with
hemopexin, was used as the standard for measuring factor I/
hemopexin complexes. The international complement standard
#1 (39) was used as the standard for factor I. We followed the
same incubation conditions for the C3b quantification protocol
as described above. MFI was detected by Bio-Plex MAGPIX
Multiplex Reader (Biorad).

Statistical Analysis

The SDS-PAGE data was analyzed by Image J (US National
Institutes of Health, https://imagej.nih.gov/ij). The statistical
analysis and absorbance spectroscopy calculations were
performed using GraphPad Prism version 7.7 for Mac (San
Diego, CA). Paired t-test was applied to compare two columns,
and either ordinary/repeated measures with Dunnette’s multiple
comparisons or non-parametric one-way ANOVA were used to
compare multiple columns.

RESULTS

Heme Interacts With Factor |

Absorbance spectroscopy and surface plasmon resonance (SPR)
were used to examine the ability of heme to interact with factor L.
The absorbance spectra showed that heme bound to soluble
factor Iin a dose-dependent manner (Figures 1A, B). Increasing
heme concentrations, up to 64 uM, increased the absorbance at
414 nm, referring to the Soret peak of heme. The interaction was
dose-dependent but the curve did not reach saturation in our
experimental conditions, to allow us to correctly deduce the
binding affinity (an approximation from the fit would be ~40
uM). Therefore, we confirmed the binding by SPR. Heme at
0.075 to 10 uM was let to interact with surface-immobilized
factor I, and the interaction was analyzed using SPR. Heme
interacted with factor I with an apparent association rate (k,) of
1.03x10*> M's™ and a dissociation rate (kq) of 1.19x102 s
(Figure 1C). The apparent equilibrium dissociation constant
(Kp) was calculated to 1.15x10™ M (11.5 uM). In silico modeling
was employed to predict the putative binding site between
heme and factor I. The modelling indicated that the putative
site of interaction of heme to factor I (both when taken alone
(2XRC) or extracted from the C3b/fH1-4:19-20/FI (5032)) was
at the interface between the heavy and the light chain of factor I
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(Supplementary Figure 1 and Figure 1D), and may potentially
affect its enzymatic activity and the integration with the C3b/
factor H and by homology, the C3b/CR1 complex (Figure 1E).

Heme Inhibits Factor I-Mediated
Degradation of Soluble C3b

The impact of heme to factor I binding was investigated by
evaluating factor I-mediated degradation of soluble C3b in the

DA414 nm

k,=1.03x102s "M ks=1.19x103 s Kp=1.15x10°M

0.6

0.4

0.0

0 20 40 60 80

Heavy chain

FIGURE 1 | Heme binding to factor | (A, B) Absorbance spectroscopy of heme (0.25-64 uM) binding to factor | (Fl) from Comptech, shown as an absorbance
spectrum (A) and at wavelength 414 nm (B). (C) SPR analysis of the binding of different concentrations of heme to factor | (Comptech) immobilized on a Biacore
sensor chip. (D) Molecular docking of heme (red) to factor | (blue). The top ten complexes are visualized. (E) Overlap of the factor I-heme complexes with the

presence of heme. Purified C3b was incubated together with
factor I and the co-factors factor H or soluble CR1 (sCR1) in
increasing heme concentrations (8-64 uM) at 37°C. C3b-
degradation was analyzed on an SDS-PAGE by densitometric
comparison of the factor I-sensitive alpha’-chain (101 kDa) in
relation to the inert beta-chain (75 kDa). Factor I degraded C3b
in the presence of both factor H (Figures 2A, C) and sCRI
(Figures 2B, D). Heme interfered with this degradation; there
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was decreased cleavage of the a-chain of C3b as the heme
concentration increased, both at 15- and 60-minutes
incubation time. Heme at 64 uM significantly inhibited the
C3b-cleavage, both with factor H and sCR1 as co-
factors (p<0.05).

Heme Inhibits Factor I-Mediated
Degradation of Surface Bound C3b

The impact of heme on factor I-activity was further evaluated by
the degradation of surface-bound C3b. Magnetic beads with C3b
coupled via the C3b-thioester were incubated with factor I and
factor H (Figures 3A, C) or sCR1 (Figures 3B, D) at 37°C for 60
minutes. Heme was included from 32.4 uM and in threefold
dilutions to 1.1 uM. The degradation of C3b was evaluated as
reduction of C3c-fragment-detection (Figures 3A, B) or
increased detection of iC3b on the beads (Figures 3C, D).
Factor 1, together with factor H or sCR1, was able to degrade
C3b on the beads’ surface, as shown by decreased amounts of
C3c on the bead’s surface (Figures 3A, B) and increased
detection of iC3b (Figures 3C, D). The loss of C3c was more
profound when sCR1 was used as a co-factor, and increase in
iC3b was more profound for factor H. Heme interfered with this
degradation in a dose-dependent manner, as more binding of the
C3c-fragments was detected when heme was included in the
incubations. Heme at 32.4 UM significantly (p < 0.01) reduced
the loss of C3c-fragments from the beads compared to the

conditions without heme. In separate experiments, the ability
of heme to interfere with C3b-degradation in 20% lepirudin-
plasma, containing only endogenous factor I and soluble co-
factors; factor H and sCR1, was evaluated by incubating C3b-
coated beads with increasing concentration of heme (up to 32.4
uM) for up to 60 minutes (Figure 3E). Incubation of the beads in
plasma showed a time-dependent reduction of C3c-containing
fragments on the bead surface. The addition of heme to plasma
inhibited the C3b-degradation in a dose-dependent manner, and
the effect was more pronounced with higher heme-
concentrations. All tested heme-concentrations (1.1 - 32.4
uM) significantly (p < 0.05) reduced the liberation of C3c from
the beads.

Factor | in Plasma Is Encountered in
Complex With Hemopexin

Factor I was purified from normal human citrate-plasma by
sequential chromatography on a Sepharose FF column
(Figure 4A), lectin agarose column (Figure 4B), and a Mono
Q ion-exchange column (Figures 4C, D). From the latter, factor
I was eluted in two peaks (Figure 4C). These peaks were pooled
separately and referred to as pool 1 and pool 2 representing the
early and late eluted peaks of factor I. By an enzyme-linked
immunosorbent assay (ELISA) (Figure 4C) and Western blot
(Figures 4E, F), hemopexin was identified as the main
contaminant present in both pools. In comparison to pool 2,
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FIGURE 3 | Effect of heme on factor | (Fl)-mediated degradation of surface-bound C3b. C3b, covalently connected bound to magnetic beads, were analyzed for
factor | (FI-mediated degradation by (A-D) purified components in phosphate buffered saline (PBS) and (E) lepirudin plasma at 37°C. Degradation of C3b was
analyzed by a polyclonal anti-C3c antibody (A, B, E), and a monoclonal iC3b antibody (C, D). (A-D) Factor | (FI, 0.1 ug) and (A, C) factor H (FH, 0.1 ug) or (B, D)
soluble complement receptor 1 (SCR1, 0.1 ug) were incubated with C3b-beads at 37° C for 60 minutes in PBS pH 7.4. Heme was supplemented in increasing
amounts (1.1, 3.2, 10.8, 32.4 uM). Trypsin was included as a positive control. Values are shown as the mean of three independent experiments +/- standard
deviation. Paired t-tests were used to compare C3b-beads and FI with and without co-factor. (E) One-way ANOVA non-parametric test was used for the
comparison between C3b-beads with FI and co-factor with various concentrations of heme. (E) C3b-beads were incubated in lepirudin-plasma supplemented with
compstatin Cp40 (8 uM) and heme in concentrations from 0-32.4 uM for 15, 30, or 60 minutes at 37°C. The graph shows mean +/- standard deviation from three
independent experiments, all normalized to the mean fluorescent intensity (MFI) of beads at the start of incubation. One-way ANOVA non-parametric test was used
for the comparison between C3b-beads with heme versus C3b-beads with various concentrations of heme. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

Pool 1 contained a lower amount of factor I (Figure 4E) but a
higher amount of hemopexin (Figure 4F). Interestingly, factor I
was present in low amounts in a hemopexin-preparation purified
from normal human serum. No hemopexin was detected in the
factor I-preparations bought from CompTech or Quidel
(Figure 4F). Hemopexin-factor I complex formation was
evaluated by sandwich-ELISAs where pool 1 was incubated in
microtiter-wells coated with antibodies directed against factor I

and detected with anti-hemopexin and vice versa (Figure 4G).
Both assays showed that the eluate contained complexes
consisting of both factor I and hemopexin. An effort to remove
hemopexin from factor I in pool 1 by applying it to a heme-
agarose column caused a complete loss of factor I (data not
shown). Both pools were evaluated for their ability to degrade
fluid phase C3b in the presence of co-factors. Only factor I in
pool 1, and the commercial preparations were found to have
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FIGURE 4 | Hemopexin co-purifies with factor I. For the purification of factor | (FI), human plasma was, after PEG precipitation, centrifuged at 13 000 x g for 30
minutes, and the supernatant was applied for sequential chromatography. (A-D) Chromatograms for (A) Sepharose FF, (B) lectin agarose, and (C, D) Mono Q
columns. (A-C) Fractions were analyzed by direct ELISA by coating fractions in microtiter plate wells and analyzing for factor I (Fl, blue) and hemopexin (only the
Mono Q column) (Hx, red) content using specific polyclonal antibodies. (D) Total protein in fractions from the Mono Q column was evaluated by absorbance
measurements at 280 nm (absorbance units, AU). (A, B) Fractions within the gray area were pooled and applied for the next column. (C, D) The elution fractions
from the Mono Q column (C, D) were pooled in two different pools: 1 (light grey) and 2 (dark grey) according to the two elution peaks for factor | (E, F) Western blot
for factor | (E) and hemopexin (F) under non-reduced and reduced conditions. The following samples (10 ug) were analyzed: hemopexin purified from human serum
(1), recombinant hemopexin (2), factor | “pool 2” (3), factor | “pool 17 (4), purified factor | bought from Quidel (5), purified factor | bought from CompTech (6). M
corresponds to molecular weight marker. (G) Sandwich ELISA with pool 1 (red) and pool 2 (blue) incubated in threefold dilutions on microtiter plates coated with anti-
FI (circles) and anti-hemopexin (squares) and detected with anti-hemopexin (circles) and anti-FI (squares). (H) SDS-PAGE for the degradation of C3b with different
factor |-preparations (as indicated below the gel), incubated for 60 minutes at 37°C. All samples contain C3b, samples 2-6 contains factor H, and samples 2-5
contain factor I: pool 1 (P1) (2), pool 2 (P2) (3), CompTech factor | (C) (4), and Quidel factor | (Q) (5). The intact alpha’- and beta chain of C3b are indicated by o and
B, respectively.

catalytic activity, whereas no activity was found for factor I in ~ complex with factor I already in human plasma. Factor I,

pool 2 (Figure 4H). hemopexin, and factor I-hemopexin complexes were evaluated

. . in normal human plasma, and patients with SCD (n = 18)
Patients With SCD Demonstrate collected during admission to the hospital during VOC and
Decreased Levels of Hemopexin and later during a baseline follow-up visit. Hemopexin levels were
Factor I/Hemopexin Complexes significantly lower (p < 0.0001) in the patients with SCD both

The observation that hemopexin and factor I co-purified by two  during ‘acute’ and ‘baseline’ when compared to healthy controls
separate protocols (i.e., the factor I- and hemopexin purification ~ (n=50) (Figure 5A). The mean hemopexin concentration (+/-
protocol) led us to hypothesize that hemopexin might form a  SD) in this patient population increased from 0.80 +/- 0.59 mg/
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mL during an acute crisis to 0.86 mg/mL +/-0.69 during their
baseline visits, although not statistically significant. The mean
concentration of factor I was lower in patients with SCD in
comparison to a pool of plasma samples from healthy donors
(Figure 5B). The mean concentration (+/- SD) increased from
19.6 +/- 5.1 pug/mL to 21.3 +/- 4.8 ug/mL from admission to
heathy visit, which was not statistically significant. Factor I-
hemopexin complexes were found in the plasma pool from
healthy donors, and in SCD patients (Figure 5C). Interestingly,
these complex levels increased by 39% from ‘acute’ to ‘baseline’
visits (p < 0.01).

Hemopexin Rescues Factor I-Activity

To evaluate the physiological role of hemopexin in the context of
heme and factor I-mediated degradation of C3b, heme at 32 uM
was incubated for 15 minutes at 37°C with C3b, factor I, and
either factor H or sCR1, and with hemopexin added at different
stages of the incubations (Figure 6). Pre-incubation of factor I
with heme for 15 minutes before adding C3b, co-factor, and
hemopexin led to heme-mediated inhibition of the C3b-
degradation, despite the scavenger-property of hemopexin
(Figure 6). In contrast, pre-incubation of factor I with
hemopexin for 15 minutes and then adding heme rescued
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FIGURE 5 | Quantification of hemopexin, factor |, and factor I-hemopexin-complexes in patients with sickle cell disease. (A) Hemopexin (Hx), (B) factor | (Fl), and
(C) factor I/hemopexin-complexes (FI-Hx complex) were quantified in EDTA-plasma samples from patients with SCD (n = 18) obtained during acute vasoocclusive
pain crisis (acute), and a follow-up sample was collected at their baseline healthy visit at least four weeks after the acute episode (baseline). Normal human EDTA-
plasma from 52 healthy individuals was used as controls for the hemopexin measurements (healthy controls; HC, red), and a pool of NHP (blue) sampled from six
healthy donors was used as a control for the Fl and the FI-Hx complex measurements. Individual values are shown together with mean and standard deviation.
Paired t-test was performed in order to statistically compare the differences between the patients’ admission to the hospital and the healthy visit. One-way ANOVA
was used for the comparison of patients at admission and baseline versus healthy donors. ns, non-significant, “*p < 0.01, ***p < 0.0001.
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some factor I-activity, which resulted in partial degradation of
C3b, indicating that hemopexin was able to protect factor I. This
difference in C3b alpha’-chain degradation was seen for both co-
factors and was statistically significant for sCR1 (p < 0.01)
(Figure 6). When all the components were added
simultaneously, heme inhibited C3b cleavage effectively even in
the presence of hemopexin indicating that hemopexin could
protect factor I from heme, but only if hemopexin was allowed to
incubate with factor I before heme was introduced.

DISCUSSION

We found heme to interact with factor I, which interfered with
the factor I-mediated degradation of C3b. Heme administered to
either purified factor I and co-factors in buffer or lepirudin-

anticoagulated plasma in concentrations corresponding to levels
found in severe hemolytic conditions (2, 20, 40), impaired C3b-
degradation of both soluble and surface-bound C3b. Our
findings support a novel mechanism of how heme-dependent
activation of the complement system depends on an impaired
factor I-mediated degradation of C3b, leading to a dysregulation
of the complement system, which promotes excessive C3-
convertase formation and C3-cleavage.

Cell-free heme is a pro-inflammatory molecule recognized as
a danger signal implicated in innate immune activation (14). Due
to heme’s physicochemical properties, i.e., small hydrophobic
and prooxidative (19, 41), heme can interact with several plasma
proteins causing conformational changes and act as both an
inhibitor (42) or inducer of inflammation (43). Several studies
have investigated the role of complement activation in hemolysis
and the liberation of heme. For example, in SCD, heme-induced

A
M 1 2 3 4 5 6 7 8 9 10 11 12
250
150 a’~chain
100 B-chain
70
50
37 |
FlL + - + - + + + + + + o+ o+
FH + - = + + + + - - - -
sCR1 - -+ o+ - - - -+ o+ o+ o+
Heme - - - - + + + + + + + o+
Hx - - - - +1 42 - 43 41 42 - 43
*%
B (o]
ns ,_n's_l
1004  pog E | 125 L
] 2 1.004
2 0.754 g 4
& 1 T 0.754
© o
2 0.50 2 1
£ & 0.504
@ 14 ]
@ 0.254 & 0.254
0.00- T T T T T T 0.00-
FH - + + + + + sCR1 - + + + + +
Heme - - + + + + Heme - - + + + +
Hx - - - +1 2 43 Hx - - - +1 42 +3
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4 - 15% SDS-PAGE under reduced conditions and stained with Coomassie Brilliant Blue, shown as a representative gel from three independent experiments.
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complement activation has exclusively been attributed to
alternative pathway activation (26-28, 44). Heme serves
additionally as an inhibitor of the classical pathway by
interacting with the Clq globular heads (37). However, the
detailed mechanistic understanding for the strong heme-
induced alternative pathway activation has been elusive.

In silico modeling showed that heme could interact directly with
the native C3 close to the thioester domain, potentially mediating
C3-hydrolysis (2). Hydrolysed C3, ie., C3(H,O), serves as an
initiator for complement activation by forming the fluid phase C3
(H,0)Bb-convertase. The C3(H,O)Bb-convertase is, compared to
the surface-bound C3bBb, a low-rate C3-convertase and cannot
solely explain the strong activation seen from cell-free heme in
plasma (45). However, C3(H,O)Bb may serve as an initiator of
activation by generating the initial C3b molecules. Factor H serves
as co-factor for the degradation of C3b to iC3b, and CRI1 as co-
factor for C3b to iC3b and further to C3c and C3dg. Nevertheless,
factor H does not bind heme, and it is unlikely that heme will
interfere directly with the factor H function (2).

Nevertheless, the interaction of heme with the C3b degrading
enzyme factor I have not been previously investigated. Here we
show that heme binds directly to factor I by spectroscopy and SPR,
likely between the heavy and the light chain. Based on molecular
modeling, we hypothesized that heme might impact the capacity of
factor I to degrade C3b. To test this hypothesis, the degradation of
soluble C3b was evaluated by loss of the intact 101 kDa a’-chain of
C3b in SDS-PAGE and surface-bound C3b by increased expression
of iC3b, as evaluated by a neoepitope specific antibody, and reduced
binding of an anti-C3c antibody. We found that both co-factors
could assist in the factor I-mediated degradation of both soluble and
surface-bound C3b. There was a greater increase in iC3b-expression
with factor H as the cofactor, and more significant reduction in C3c-
detection on the beads by using sCR1 as the co-factor. This is most
certainly explained by the sCR1-catalyzed cleavage of C3b all the
way to C3dg with release of C3c-fragment into the fluid phase,
whereas factor H can only catalyze cleavage of C3b to iC3b, which
retains the C3c-fragment still on the beads (22). Heme-dependent
inhibition of factor I catalytic activity was evident in the presence of
either co-factor in the incubations. It occurred in plasma, where
only endogenous soluble complement components were present.
Heme as low as 1.1 uM, when added to plasma diluted 1:5, inhibited
degradation of surface-bound C3b. This amount of heme can be
readily observed in hemolytic diseases. All of these experiments
were performed in the presence of the C3-inhibitor compstatin
Cp40 to prevent additional C3b-deposition.

Hemopexin is the main scavenger molecule for the clearance of
cell-free heme in plasma (14, 18). By coincidence, we found
hemopexin to form a complex with factor I in plasma.
Hemopexin was found to be the major contaminant when
purifying factor I from human plasma whereas it was not found
in the commercial factor I preparations. Factor I was eluted from the
Mono Q column in two peaks, and hemopexin was present in both
of these. Incubation with heme-agarose in order to remove
hemopexin also completely depleted factor I from the solution.
Correspondingly, factor I was identified in a hemopexin-
preparation. To the best of our knowledge, this is the first time
hemopexin and factor I are reported to circulate in complex.

Surprisingly, we did not detect a direct interaction between FI
and hemopexin when was analyzed by SPR. Heme did bind to FI
and hemopexin but did not promote the interaction between the
two proteins. It is possible that the conformation or orientation of
the partners is altered upon the covalent binding to the chip, which
could have obstruct potential direct interaction, or that complex
formation requires a third component, other than heme. To further
evaluate our findings, we tested our hypothesis using samples
collected from patients with SCD during acute VOC, and later at
their own baseline. The factor I-hemopexin-complexes were also
present in low concentrations in the samples of these patients
during VOC but increased to levels similar to normal plasma a
few weeks after VOC, in contrast to the individual components,
which remained low.

Administration of plasma-derived hemopexin before or
during VOC in the Townes SCD mouse model, triggered
either by heme or hypoxia-reoxygenation, have shown that
administration of hemopexin can prevent or reduce VOC, but
also, have antioxidant and anti-inflammatory effects (46, 47).
Therefore, an objective became to investigate hemopexin’s role in
the interplay between factor I and heme. When factor I was pre-
incubated with heme, and hemopexin was added together with
C3b, hemopexin could not rescue factor I activity. On the
contrary, when hemopexin was pre-incubated with factor I,
before exposure to heme, hemopexin to some extent rescued
factor Is activity, allowing more cleavage of C3b since we could
partly observe the degradation of the alpha’-chain.

Patients with SCD have a significant decrease in life
expectancy compared to age-matched cohorts. If we consider
their pain-adjusted quality of life, patients with SCD nearly have
half the number of years compared to their counterparts. Those
with more than four VOCs/year tend to have a shorter life
expectancy (48, 49). Additionally, VOC has been recently
associated with complement activation (50), and C5a infusion
was shown to induce VOC in murine SCD models, an effect that
could be blocked by targeting either C5a or C5aR (51). These
results further highlight the importance of understanding the
molecular mechanisms of action of hemolysis-derived heme in
the pathophysiology of hemolytic diseases.

In conclusion, we propose a novel mechanism explaining how
elevated levels of cell-free heme in the circulation interfere with the
factor I-regulatory capacity of the complement system, mediating
the inability to cleave C3b. These data have implications for all
hemolytic diseases, where continuous or acute destruction of
erythrocytes mediates initiation of complement activation. On the
other hand, hemopexin seems to be a crucial antagonist of heme in
preventing heme’s deleterious impact on factor L. In conclusion, the
study offers new insight into the role of heme in the inflammatory
process and may contribute to developing alternative therapeutic
approaches for intravascular hemolysis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 901876


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gerogianni et al.

Heme Inhibits FI-Dependent Regulation

ETHICS STATEMENT

The study was designed and performed according to the ethical
guidelines from the declaration of Helsinki. Patients with sickle
cell disease were recruited at Children’s Healthcare of Atlanta,
Georgia, USA under a local IRB-approved study. Sampling of
human whole blood from healthy individuals for preparation of
plasma was approved by the ethical committee of the
Norwegian Regional Health Authority, ethical permit REK#S-
04114, 2010/934. Informed written consent was obtained from
all blood donors. Written informed consent to participate in
this study was provided by the participants’ legal guardian/next
of kin.

AUTHOR CONTRIBUTIONS

AG designed and performed experiments and wrote the paper.
JD, AZ, VP, VK, and KM performed or/and designed
experiments. SC provided study material and edited the

REFERENCES

1. Kato GJ, Steinberg MH, Gladwin MT. Intravascular Hemolysis and the
Pathophysiology of Sickle Cell Disease. ] Clin Invest (2017) 127(3):750-60.
doi: 10.1172/JCI89741

2. Frimat M, Tabarin F, Dimitrov JD, Poitou C, Halbwachs-Mecarelli L,
Fremeaux-Bacchi V, et al. Complement Activation by Heme as a Secondary
Hit for Atypical Hemolytic Uremic Syndrome. Blood (2013) 122(2):282-92.
doi: 10.1182/blood-2013-03-489245

3. Gaggar A, Patel RP. There Is Blood in the Water: Hemolysis, Hemoglobin,
and Heme in Acute Lung Injury. Am ] Physiol Lung Cell Mol Physiol (2016)
311(4):L714-L8. doi: 10.1152/ajplung.00312.2016

4. Schaer DJ, Buehler PW, Alayash AI, Belcher JD, Vercellotti GM. Hemolysis
and Free Hemoglobin Revisited: Exploring Hemoglobin and Hemin
Scavengers as a Novel Class of Therapeutic Proteins. Blood (2013) 121
(8):1276-84. doi: 10.1182/blood-2012-11-451229

5. Ravichandran AK, Parker J, Novak E, Joseph SM, Schilling JD, Ewald GA, et al.
Hemolysis in Left Ventricular Assist Device: A Retrospective Analysis of Outcomes.
] Heart Lung Transplant (2014) 33(1):44-50. doi: 10.1016/j.healun.2013.08.019

6. Shapira Y, Vaturi M, Sagie A. Hemolysis Associated With Prosthetic Heart
Valves: A Review. Cardiol Rev (2009) 17(3):121-4. doi: 10.1097/
CRD.0b013e31819f1a83

7. Soares MP, Bozza MT. Red Alert: Labile Heme Is an Alarmin. Curr Opin
Immunol (2016) 38:94-100. doi: 10.1016/j.c01.2015.11.006

8. Alayash AI, Andersen CB, Moestrup SK, Bulow L. Haptoglobin: The
Hemoglobin Detoxifier in Plasma. Trends Biotechnol (2013) 31(1):2-3.
doi: 10.1016/j.tibtech.2012.10.003

9. Nyakundi BB, Toth A, Balogh E, Nagy B, Erdei ], Ryffel B, et al. Oxidized
Hemoglobin Forms Contribute to Nlrp3 Inflammasome-Driven Il-1beta
Production Upon Intravascular Hemolysis. Biochim Biophys Acta Mol Basis
Dis (2019) 1865(2):464-75. doi: 10.1016/j.bbadis.2018.10.030

10. Belcher JD, Chen C, Nguyen J, Milbauer L, Abdulla F, Alayash Al et al. Heme
Triggers Tlr4 Signaling Leading to Endothelial Cell Activation and Vaso-
Occlusion in Murine Sickle Cell Disease. Blood (2014) 123(3):377-90.
doi: 10.1182/blood-2013-04-495887

11. Merle NS, Paule R, Leon J, Daugan M, Robe-Rybkine T, Poillerat V, et al. P-
Selectin Drives Complement Attack on Endothelium During Intravascular
Hemolysis in Tlr-4/Heme-Dependent Manner. Proc Natl Acad Sci U.S.A.
(2019) 116(13):6280-5. doi: 10.1073/pnas.1814797116

12. Frimat M, Boudhabhay I, Roumenina LT. Hemolysis Derived Products
Toxicity and Endothelium: Model of the Second Hit. Toxins (Basel) (2019)
11(11):1-34. doi: 10.3390/toxins11110660

manuscript. KE, TM, and CM provided critical discussions and
edited the manuscript. LR and PN designed and supervised the
project, wrote the paper. All authors approved the final version of
the manuscript.

FUNDING

This work was supported by the Norwegian Research Council
(Project 274332), the Swedish Research Council (Project 2018-
04087 and 2016-04519), and the Crafoord Foundation (Project
20210961 and 20190890).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
901876/full#supplementary-material

13. Setty BN, BEtal SG, Zhang ], Stuart MJ. Heme Induces Endothelial Tissue
Factor Expression: Potential Role in Hemostatic Activation in Patients With
Hemolytic Anemia. | Thromb Haemost (2008) 6(12):2202-9. doi: 10.1111/
j.1538-7836.2008.03177.x

14. Roumenina LT, Rayes J, Lacroix-Desmazes S, Dimitrov JD. Heme: Modulator
of Plasma Systems in Hemolytic Diseases. Trends Mol Med (2016) 22(3):200—
13. doi: 10.1016/j.molmed.2016.01.004

15. Green D, Furby FH, Berndt MC. The Interaction of the Factor Viii/Von
Willebrand Factor Complex With Hematin. Thromb Haemost (1986) 56
(3):277-82. doi: 10.1055/s-0038-1661666

16. Nielsen MJ, Moestrup SK. Receptor Targeting of Hemoglobin Mediated by the
Haptoglobins: Roles Beyond Heme Scavenging. Blood (2009) 114(4):764-71.
doi: 10.1182/blood-2009-01-198309

17. Andersen CB, Torvund-Jensen M, Nielsen MJ, de Oliveira CL, Hersleth HP,
Andersen NH, et al. Structure of the Haptoglobin-Haemoglobin Complex.
Nature (2012) 489(7416):456-9. doi: 10.1038/nature11369

18. Ascenzi P, Bocedi A, Visca P, Altruda F, Tolosano E, Beringhelli T, et al.
Hemoglobin and Heme Scavenging. IUBMB Life (2005) 57(11):749-59.
doi: 10.1080/15216540500380871

19. Kuhl T, Imhof D. Regulatory Fe(li/lii) Heme: The Reconstruction of a
Molecule's Biography. Chembiochem (2014) 15(14):2024-35. doi: 10.1002/
cbic.201402218

20. Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon RO3rd, Schechter AN,
et al. Cell-Free Hemoglobin Limits Nitric Oxide Bioavailability in Sickle-Cell
Disease. Nat Med (2002) 8(12):1383-9. doi: 10.1038/nm1202-799

21. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
System Part I - Molecular Mechanisms of Activation and Regulation. Front
Immunol (2015) 6:262. doi: 10.3389/fimmu.2015.00262

22. Lachmann PJ, The story of complement factor I. Immunobiology (2019) 224
(4):511-7. doi: 10.1016/j.imbi0.2019.05.003

23. Harboe M, Ulvund G, Vien L, Fung M, Mollnes TE. The Quantitative Role of
Alternative Pathway Amplification in Classical Pathway Induced Terminal
Complement Activation. Clin Exp Immunol (2004) 138(3):439-46.
doi: 10.1111/§.1365-2249.2004.02627.x

24. Rodriguez E, Nan R, Li K, Gor J, Perkins SJ. A Revised Mechanism for the
Activation of Complement C3 to C3b: A Molecular Explanation of a Disease-
Associated Polymorphism. ] Biol Chem (2015) 290(4):2334-50. doi: 10.1074/
jbc.M114.605691

25. Nilsson SC, Nita I, Mansson L, Groeneveld TW, Trouw LA, Villoutreix BO,
et al. Analysis of Binding Sites on Complement Factor I That Are Required for
Its Activity. J Biol Chem (2010) 285(9):6235-45. doi: 10.1074/jbc.M109.
097212

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 901876


https://www.frontiersin.org/articles/10.3389/fimmu.2022.901876/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.901876/full#supplementary-material
https://doi.org/10.1172/JCI89741
https://doi.org/10.1182/blood-2013-03-489245
https://doi.org/10.1152/ajplung.00312.2016
https://doi.org/10.1182/blood-2012-11-451229
https://doi.org/10.1016/j.healun.2013.08.019
https://doi.org/10.1097/CRD.0b013e31819f1a83
https://doi.org/10.1097/CRD.0b013e31819f1a83
https://doi.org/10.1016/j.coi.2015.11.006
https://doi.org/10.1016/j.tibtech.2012.10.003
https://doi.org/10.1016/j.bbadis.2018.10.030
https://doi.org/10.1182/blood-2013-04-495887
https://doi.org/10.1073/pnas.1814797116
https://doi.org/10.3390/toxins11110660
https://doi.org/10.1111/j.1538-7836.2008.03177.x
https://doi.org/10.1111/j.1538-7836.2008.03177.x
https://doi.org/10.1016/j.molmed.2016.01.004
https://doi.org/10.1055/s-0038-1661666
https://doi.org/10.1182/blood-2009-01-198309
https://doi.org/10.1038/nature11369
https://doi.org/10.1080/15216540500380871
https://doi.org/10.1002/cbic.201402218
https://doi.org/10.1002/cbic.201402218
https://doi.org/10.1038/nm1202-799
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.1016/j.imbio.2019.05.003
https://doi.org/10.1111/j.1365-2249.2004.02627.x
https://doi.org/10.1074/jbc.M114.605691
https://doi.org/10.1074/jbc.M114.605691
https://doi.org/10.1074/jbc.M109.097212
https://doi.org/10.1074/jbc.M109.097212
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gerogianni et al.

Heme Inhibits FI-Dependent Regulation

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Merle NS, Grunenwald A, Rajaratnam H, Gnemmi V, Frimat M, Figueres ML,
et al. Intravascular Hemolysis Activates Complement Via Cell-Free Heme and
Heme-Loaded Microvesicles. JCI Insight (2018) 3(12):1-17. doi: 10.1172/
jci.insight.96910

Thomas AM, Gerogianni A, McAdam MB, Floisand Y, Lau C, Espevik T, et al.
Complement Component C5 and Tlr Molecule Cd14 Mediate Heme-Induced
Thromboinflammation in Human Blood. ] Immunol (2019) 203(6):1571-8.
doi: 10.4049/jimmunol.1900047

Mold C, Tamerius JD, Phillips GJr. Complement Activation During Painful
Crisis in Sickle Cell Anemia. Clin Immunol Immunopathol (1995) 76(3 Pt
1):314-20. doi: 10.1006/clin.1995.1131

Silver KL, Higgins SJ, McDonald CR, Kain KC. Complement Driven Innate
Immune Response to Malaria: Fuelling Severe Malarial Diseases. Cell
Microbiol (2010) 12(8):1036-45. doi: 10.1111/j.1462-5822.2010.01492.x
Hammer CH, Wirtz GH, Renfer L, Gresham HD, Tack BF. Large Scale Isolation
of Functionally Active Components of the Human Complement System. ] Biol
Chem (1981) 256(8):3995-4006. doi: 10.1016/S0021-9258(19)69557-8

Nilsson UR, Mueller-Eberhard HJ. Isolation of Beta If-Globulin From Human
Serum and Its Characterization as the Fifth Component of Complement. ] Exp
Med (1965) 122:277-98. doi: 10.1084/jem.122.2.277

Alan Johnstone RT. Immunochemistry in Practice. Oxford: Cambridge Mass,
Blackwell Science (1996).

Ricklin D, Lambris JD. Compstatin: A Complement Inhibitor on Its Way to
Clinical Application. Adv Exp Med Biol (2008) 632:273-92. doi: 10.1007/978-
0-387-78952-1_20

Roversi P, Johnson S, Caesar JJ, McLean F, Leath K]J, Tsiftsoglou SA, et al.
Structural Basis for Complement Factor I Control and Its Disease-Associated
Sequence Polymorphisms. Proc Natl Acad Sci U.S.A. (2011) 108(31):12839—
44. doi: 10.1073/pnas.1102167108

Xue X, Wu J, Ricklin D, Forneris F, Di Crescenzio P, Schmidt CQ, et al.
Regulator-Dependent Mechanisms of C3b Processing by Factor I Allow
Differentiation of Immune Responses. Nat Struct Mol Biol (2017) 24
(8):643-51. doi: 10.1038/nsmb.3427

Ghoorah AW, Devignes MD, Smail-Tabbone M, Ritchie DW. Protein
Docking Using Case-Based Reasoning. Proteins (2013) 81(12):2150-8.
doi: 10.1002/prot.24433

Roumenina LT, Radanova M, Atanasov BP, Popov KT, Kaveri SV, Lacroix-Desmazes
S, et al. Heme Interacts With C1q and Inhibits the Classical Complement Pathway. J
Biol Chemn (2011) 286(18):16459-69. doi: 10.1074/jbc.M110.206136

Lin CM, Mihal KA, Krueger RJ. Introduction of Sulfhydryl Groups Into
Proteins at Carboxyl Sites. Biochim Biophys Acta (1990) 1038(3):382-5.
doi: 10.1016/0167-4838(90)90252-b

Bergseth G, Ludviksen JK, Kirschfink M, Giclas PC, Nilsson B, Mollnes TE.
An International Serum Standard for Application in Assays to Detect Human
Complement Activation Products. Mol Immunol (2013) 56(3):232-9.
doi: 10.1016/j.molimm.2013.05.221

Immenschuh S, Vijayan V, Janciauskiene S, Gueler F. Heme as a Target for
Therapeutic Interventions. Front Pharmacol (2017) 8:146. doi: 10.3389/
fphar.2017.00146

Smith L], Kahraman A, Thornton JM. Heme Proteins-Diversity in Structural
Characteristics, Function, and Folding. Proteins (2010) 78(10):2349-68.
doi: 10.1002/prot.22747

42. Wissbrock A, Goradia NB, Kumar A, Paul George AA, Kuhl T, Bellstedt P,
et al. Structural Insights Into Heme Binding to Il-36alpha Proinflammatory
Cytokine. Sci Rep (2019) 9(1):16893. doi: 10.1038/s41598-019-53231-0
Dutra FF, Bozza MT. Heme on Innate Immunity and Inflammation. Front
Pharmacol (2014) 5:115. doi: 10.3389/fphar.2014.00115

Pawluczkowycz AW, Lindorfer MA, Waitumbi JN, Taylor RP. Hematin
Promotes Complement Alternative Pathway-Mediated Deposition of C3
Activation Fragments on Human Erythrocytes: Potential Implications for
the Pathogenesis of Anemia in Malaria. ] Immunol (2007) 179(8):5543-52.
doi: 10.4049/jimmunol.179.8.5543

Fromell K, Adler A, Aman A, Manivel VA, Huang S, Duhrkop C, et al.
Assessment of the Role of C3(H20) in the Alternative Pathway. Front
Immunol (2020) 11:530. doi: 10.3389/fimmu.2020.00530

Gentinetta T, Belcher JD, Brugger-Verdon V, Adam J, Ruthsatz T, Bain J, et al.
Plasma-Derived Hemopexin as a Candidate Therapeutic Agent for Acute
Vaso-Occlusion in Sickle Cell Disease: Preclinical Evidence. J Clin Med (2022)
11(3):1-15. doi: 10.3390/jcm11030630

Belcher JD, Chen C, Nguyen ], Abdulla F, Zhang P, Nguyen H, et al.
Haptoglobin and Hemopexin Inhibit Vaso-Occlusion and Inflammation in
Murine Sickle Cell Disease: Role of Heme Oxygenase-1 Induction. PLoS One
(2018) 13(4):e0196455. doi: 10.1371/journal.pone.0196455

Elmariah H, Garrett ME, De Castro LM, Jonassaint JC, Ataga KI, Eckman JR,
et al. Factors Associated With Survival in a Contemporary Adult Sickle Cell
Disease Cohort. Am ] Hematol (2014) 89(5):530-5. doi: 10.1002/ajh.23683
Lubeck D, Agodoa I, Bhakta N, Danese M, Pappu K, Howard R, et al.
Estimated Life Expectancy and Income of Patients With Sickle Cell Disease
Compared With Those Without Sickle Cell Disease. JAMA Netw Open (2019)
2(11):€1915374. doi: 10.1001/jamanetworkopen.2019.15374

Yoo JJ, Graciaa SH, Jones JA, Zuo Z, Arthur CM, Leong T, et al. Complement
Activation During Vaso-Occlusive Pain Crisis in Pediatric Sickle Cell Disease.
Blood (2021) 138:858. doi: 10.1182/blood-2021-154132

Vercellotti GM, Dalmasso AP, Schaid TR]r., Nguyen J, Chen C, Ericson ME,
et al. Critical Role of C5a in Sickle Cell Disease. Am ] Hematol (2019) 94
(3):327-37. doi: 10.1002/ajh.25384

43.

44,

45.

46.

47.

48.

49.

50.

51.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gerogianni, Dimitrov, Zarantonello, Poillerat, Chonat, Sandholm,
McAdam, Ekdahl, Mollnes, Mohlin, Roumenina and Nilsson. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 901876


https://doi.org/10.1172/jci.insight.96910
https://doi.org/10.1172/jci.insight.96910
https://doi.org/10.4049/jimmunol.1900047
https://doi.org/10.1006/clin.1995.1131
https://doi.org/10.1111/j.1462-5822.2010.01492.x
https://doi.org/10.1016/S0021-9258(19)69557-8
https://doi.org/10.1084/jem.122.2.277
https://doi.org/10.1007/978-0-387-78952-1_20
https://doi.org/10.1007/978-0-387-78952-1_20
https://doi.org/10.1073/pnas.1102167108
https://doi.org/10.1038/nsmb.3427
https://doi.org/10.1002/prot.24433
https://doi.org/10.1074/jbc.M110.206136
https://doi.org/10.1016/0167-4838(90)90252-b
https://doi.org/10.1016/j.molimm.2013.05.221
https://doi.org/10.3389/fphar.2017.00146
https://doi.org/10.3389/fphar.2017.00146
https://doi.org/10.1002/prot.22747
https://doi.org/10.1038/s41598-019-53231-0
https://doi.org/10.3389/fphar.2014.00115
https://doi.org/10.4049/jimmunol.179.8.5543
https://doi.org/10.3389/fimmu.2020.00530
https://doi.org/10.3390/jcm11030630
https://doi.org/10.1371/journal.pone.0196455
https://doi.org/10.1002/ajh.23683
https://doi.org/10.1001/jamanetworkopen.2019.15374
https://doi.org/10.1182/blood-2021-154132
https://doi.org/10.1002/ajh.25384
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Heme Interferes With Complement Factor I-Dependent Regulation by Enhancing Alternative Pathway Activation
	Introduction
	Materials and Methods
	Reagents
	Whole Blood Collection and Plasma Preparation
	Absorbance Spectroscopy
	Measurement of Binding of Heme to Factor I by Surface Plasmon Resonance
	In Silico Analyses of Heme Binding to Factor I
	Evaluation of Degradation of Soluble C3b
	Quantification of Degradation of Surface-Bound C3b
	Factor I Purification
	Hemopexin, Factor I, and Factor I/Hemopexin-Complex Immunoassays
	Statistical Analysis

	Results
	Heme Interacts With Factor I
	Heme Inhibits Factor I-Mediated Degradation of Soluble C3b
	Heme Inhibits Factor I-Mediated Degradation of Surface Bound C3b
	Factor I in Plasma Is Encountered in Complex With Hemopexin
	Patients With SCD Demonstrate Decreased Levels of Hemopexin and Factor I/Hemopexin Complexes
	Hemopexin Rescues Factor I-Activity

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


