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Complement C1s association with the pathogenesis of several diseases cannot be

simply explained only by considering its main role in activating the classical

complement pathway. This suggests that non-canonical functions are to be

deciphered for this protease. Here the focus is on C1s cleavage of HMGB1 as an

auxiliary target. HMGB1 is a chromatin non-histone nuclear protein, which exerts in

fact multiple functions depending on its location and its post-translational

modifications. In the extracellular compartment, HMGB1 can amplify immune

and inflammatory responses to danger associated molecular patterns, in health

and disease. Among possible regulatorymechanisms, proteolytic processing could

be highly relevant for HMGB1 functional modulation. The unique properties of

HMGB1 cleavage byC1s are analyzed in details. For example, C1s cannot cleave the

HMGB1 A-box fragment, which has been described in the literature as an inhibitor/

antagonist of HMGB1. By mass spectrometry, C1s cleavage was experimentally

identified to occur after lysine on position 65, 128 and 172 in HMGB1. Compared to

previously identified C1s cleavage sites, the ones identified here are uncommon,

and their analysis suggests that local conformational changes are required before

cleavage at certain positions. This is in line with the observation that HMGB1

cleavage by C1s is far slower when compared to human neutrophil elastase.

Recombinant expression of cleavage fragments and site-directed mutagenesis

were used to confirm these results and to explore how the output of C1s cleavage

on HMGB1 is finely modulated by the molecular environment. Furthermore,

knowing the antagonist effect of the isolated recombinant A-box subdomain in

several pathophysiological contexts, we wondered if C1s cleavage could generate

natural antagonist fragments. As a functional readout, IL-6 secretion following

moderate LPS activation of RAW264.7 macrophage was investigated, using LPS

alone or in complex with HMGB1 or some recombinant fragments. This study

revealed that a N-terminal fragment released by C1s cleavage bears stronger

antagonist properties as compared to the A-box, which was not expected. We

discuss how this fragment could provide a potent brake for the inflammatory

process, opening the way to dampen inflammation.

KEYWORDS
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1 Introduction

Discovered as a chromatin non-histone nuclear protein (1),

HMGB1 exerts in fact multiple functions depending on its location

and its post-translational modifications (2). Intracellularly, HMGB1

can shuttle between the nucleus, its main location, and cytoplasm,

in response to stress signals (3). In the nucleus, HMGB1 binds and

bends DNA to regulate chromatin structure and transcription. It is

involved in DNA replication, repair, and recombination (4, 5).

However, HMGB1 can also be actively secreted by immune cells

during inflammation or passively released by late-apoptotic or

necrotic cells (6). Whithin this abnormal extracellular location,

HMGB1 is perceived by the immune system as an alarmin or

damage associated molecular pattern (DAMP) (7). In this context,

HMGB1 acts in synergy with endogenous and exogenous danger

signals to promote inflammation (8). Indeed, HMGB1 acts as an

enhancer, triggering inflammation through complex association

with minute amounts of other DAMP molecules, although it does

not possess proinflammatory activity on its own (9). HMGB1 was

also reported to impair efferocytosis (10, 11) and to be involved in

mediating immune tolerance of apoptotic cells or cancer cells

through RAGE receptor (12, 13). Reversely, a set of DAMP

molecules, including HMGB1, may target cancer cells to

immunogenic cell death (14, 15). These and other HMGB1

functions impact immune and inflammatory responses in health

and diseases, from signaling to resolution and repair steps (16–21).

As location is a key determinant of HMGB1 function, it is

modulated by several intracellular modifications involved in the

mechanisms of its secretion and release, which have been studied in

depth (3). Its functional regulation has mainly been explored

regarding the impact of the oxidation state of its three cysteines

(8). Among other possible regulatory mechanisms, proteolytic

processing could be highly relevant for HMGB1 catabolism and

functional alteration in the context of inflammatory diseases (22).

Since HMGB1 plays a critical role in the pathophysiology of many

inflammatory disorders, this question about additional functional

modulation needs further investigations (23). Knowing that the

complement C1s protease can cleave the nuclear alarmin HMGB1

in vitro, it could modulate its functional activity in vivo (24, 25).

Indeed, C1s cleavage was shown to impact the inflammatory action

of HMGB1 on macrophages and dendritic cells, as well as to play a

possible role in limiting the presence of nuclear autoantigens (25).

However, the underlying molecular mechanisms remain undefined.

Structurally, HMGB1 is a 215 amino acid long protein

subdivided into three main functional parts, which are the A-box

and B-box, two DNA-binding domains, and a C-terminal acidic-tail

(AcTail), which is enriched in glutamate and aspartate residues

repeats (Figure 1). According to previous studies using truncated

constructs of HMGB1, the B-box harbors the ability to induce

cytokine secretion while the A-box alone shows antagonist effects

with full length HMGB1 (9, 27, 28). As previously mentioned above,

the oxidation state of its three cysteines regulates the biological

activity of HMGB1 in the extracellular environment (8). Two

cysteines in the A-box (C23, C45) can form a disulfide bond and

the third cysteine (C106) is in the B-box (Figure 1).
Frontiers in Immunology 02
The complement C1s protease was initially discovered as part of

the host front line immune response. Its best characterized function

is to activate the complement system through the classical pathway

(CP), as part of the complement C1 complex. In this complex, C1s is

associated to the C1r protease, and the C1r2C1s2 tetramer

associates with the recognition protein C1q. Upon C1 activation

on a target surface, C1s gets activated by C1r, and then triggers the

CP activation by cleaving complement C4 and C2, under the

control of C1-inhibitor (29–31). CP is involved in the control of

bacterial infections, for example by S. pneumoniae (32, 33), and it

plays also an essential role in the clearance of immune complexes

and apoptotic cells (34). However, complete genetic deficiencies of

CP components lead to a strong susceptibility to develop the

systemic lupus erythematosus (SLE) autoimmune disease (35).

This led to the hypothesis that the CP proteins protect against

SLE, suggesting a major role in immune tolerance for these proteins,

which has motivated further studies to decipher their possible

functional implications, especially for C1q (36). However, this

question still needs to be addressed for C1s. Indeed, rare

complete genetic C1s deficiencies also lead to high susceptibility

to develop SLE, in addition to higher susceptibility to infections,

with high morbidity at a young age (37). Furthermore, C1r and C1s

heterozygous mutations in periodontal Ehlers-Danlos syndrome

(pEDS) suggest a gain of function of C1s which could be deleterious

in collagen tissue homeostasis as well as in periodontal tissue

maintenance (38). HMGB1 cleavage by C1s could be among the

C1s accessory enzymatic activities possibly supporting a protective

role regarding SLE or a destructive role in pEDS.

This study details where HMGB1 gets cleaved by C1s, at the

residue level, and why this result is unexpected. It also shows

examples on how the molecular environment modulates the

output of this enzymatic reaction. Moreover, it reveals quite

unexpectedly the potent anti-inflammatory potential of F3, a

major A-box fragment released by C1s cleavage. These results will

be discussed in terms of enzymatic modulation of HMGB1 function

and how this might open therapeutic perspectives.
2 Material and methods

2.1 Proteins, cells and reagents

The C1 proteins C1s and C1r have been purified from human

plasma or recombinantly according to published procedures (24, 29).

Recombinant C1s (rC1s) was activated by active serum C1r before use,

and the activation rate checked by SDS-PAGE analysis under reducing

conditions (24). Human neutrophil elastase (HNE) was obtained from

Elastin Products Company, Inc. HiTrap affinity and Hiload Superdex

columns were from GE Healthcare Life sciences, (Velizy-Villacoublay,

France). TBS solution was either obtained from Euromedex or

prepared as follows: 25 mM Tris, 150 mM NaCl, pH 7.5.

Site-directed mutagenesis was performed using the

QuickChange II XL kit (Agilent Technologies, Les Ullis, France).

The sequence integrity of all constructs and mutants was confirmed

by DNA sequencing analyses (Genewiz/Azenta, Leipzig, Germany).
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2.2 Construction, production and
purification of recombinant HMGB1
and its variants, and of recombinant
complement MASP-2

2.2.1 HMGB1 WT and variants
The modular structural features of HMGB1 WT are described

in Figure 1. The initial plasmid coding for HMGB1 WT has been

optimized for bacterial production and contains a C-terminal His

(7) tag added for purification purpose (Figure S1). HMGB1 variants

have been engineered, and their sequences are given in Figure S1.

The plasmids coding for the A-box and its derivative rF3(1-K65)

have a N-terminal His (7) tag and are not optimized for bacterial

production. As previously described (24), the recombinant

production of HMGB1 has been performed in E. coli BL21(DE3)

cells (Sigma-Aldrich), transformed with a pET-28a plasmid coding

for HMGB1 or its variants. The cells were grown in an

autoinduction medium (39), except in the case of the 3S variant,

for which the conventional IPTG induction has been used. After

lysis of the cells by sonication, AKTA Fast Protein Liquid

Chromatography (FPLC) setup was used for protein purification

in three steps. The first step is usually a tag affinity separation using

a hiTRAP Chelating HP 5 ml column. A second step on a hiTRAP

heparin HP 5 ml column is used to remove excess DNA bound to

the HMGB1 boxes. The final step is a gel filtration using a Hiload

Superdex 75 16/600 column. Because of different biochemical

properties of the HMGB1 rF2(1-K128) variant, the first two steps
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had to be reversed to purify this fragment, and affinity on a Q-

sepharose column was used for the last purification step. The

parameters used to measure the concentration of HMGB1 and its

variants are given in Table S1.

2.2.2 Recombinant MASP-2
Recombinant human MASP-2 was produced in HEK293-F cells

as described for human C1s (24) using a pcDNA3.1-MASP-2-Flag

expression vector. Briefly, a DNA fragment encoding the MASP-2

signal peptide, the mature protein, and an additional C-terminal Arg-

(His)6 sequence (MASP-2-RH6) was excised from the pFast-Bac-

MASP-2-RH6 plasmid (40) and inserted between the BamHI and

EcoRI sites of the pcDNA3.1/Neo(+) plasmid (Thermofisher

Scientific). Replacement of the RH6 tag by a Flag tag

(DYKDDDDK) was performed by site-directed mutagenesis (Quick

Change XL site-directed mutagenesis kit, Agilent Technologies). The

pcDNA3.1-MASP-2-Flag construct was used for stable transfection

of HEK293-F cells grown in FreeStyle 293 medium using 400 mg/ml

neomycin (Thermofisher Scientific). Recombinant MASP-2 was

purified from 500 ml cell culture supernatant on a 2 ml anti-FLAG

M1 agarose column (Sigma-Aldrich) as described by Bally et al. (41).

Most of the protein was recovered in the flow through and further

purified by affinity chromatography on a C1q-Sepharose column, as

described for purification of recombinant MASP-2 expressed in S2

Drosophila cells (42), except that 25 mM Tris was used instead of 50

mM triethanolamine in the buffers. The parameters used to measure

MASP-2 concentration are given in Table S2.
A

B

FIGURE 1

HMGB1 modular structure, C1s cleavage sites and predicted model. (A) The HMGB1 modular structure mainly includes two DNA-binding boxes, A-
box (purple) and B-box (green), as well as a C-terminal negatively charged tail regulating its activity (yellow). The transition between the B-box and
the acid stretch is shown in salmon pink. (B) The predicted model used was obtained from the AlphaFold Protein Structure database (26). However,
it should be noted that the structure after the B-box (including the AcTail and the salmon pink transition segment) is highly uncertain and flexible, as
well as the relative orientation between the two boxes. The salmon pink region includes the main C1s cleavage site after K172, as will be shown in
this study. C1s also secondary cleaves HMGB1 after K65 and K127 (lysine side chains shown in stick). The disulfide bond between C23 and C45 in the
A-box (SS) and the B-box C106 (SH) are also shown in stick. UNIPROT residue numbering is used throughout the text. Nt, Ct: chain extremities.
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2.3 Enzymatic digestion of HMGB1
and its variants

HMGB1, its variants or fragments were submitted to C1s

digestion using various enzyme/substrate (E/S) molar ratio in 50

mM Tris, 150 mM NaCl, pH 7.4, for 100 min at 37°C. The reaction

products were then analyzed by SDS-PAGE in reducing conditions

(see section 2.4.1). Various HMGB1 amounts, E/S ratios, incubation

times were used to match appropriate conditions for the different

steps of the analysis. For example, the molar E/S ratio was between 5

and 20%, 2 to 6-7 mg HMGB1 were digested by C1s, and the

incubation time varied from 90 min (simple SDS gel analysis) to 5-

7 h for the MS analyses that required more complete digestion.

In order to compare the C1s enzymatic activity, free or within

the C1 complex, we aimed to use the same C1s molar concentration

and secure C1 assembly using C1 concentrations above 0.25 mM.

Serum C1q (0.25 mM), C1r (0.5 mM) and recombinant activated C1s

(0.5 mM) were mixed to form the C1 complex (0.25 mM), and

incubated 90 min at 37°C for its activation. Comparative cleavage

experiments (100 min, 37°C, same conditions as above) were then

performed on 6 mg HMGB1 with 10% C1s either free or from C1

prepared at 0.25 mM (Figure 2). The same quantities of activated

C1s (e.g. 23 pmoles for 10% E/S) were used in all conditions. The

same analysis was also performed twice using 5% C1s (free or

within C1).

For the enzyme comparison, HMGB1 was mixed with C1s or

Human Neutrophil Elastase (HNE) at a 2.5% E/S molar ratio in TBS

and incubated at 37°C for 90 min (SDS-PAGE analysis) or 5 h at

10% (SDS-PAGE and MS analyses). Further enzymatic comparison

was performed using the C1r and MASP-2 proteases at a 10% E/S

molar ratio to digest HMGB1 WT at 37°C for 90 min. For the SDS-

PAGE analysis, reactions were stopped by addition of Tricine SDS
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Sample Buffer and reduced with b-mercapto-ethanol (0.35 M) and

heated at 95°C for 10 min (or 85°C for 5 min for Tricine gels). The

digestion mix was analysed by SDS-PAGE, further described in

section 2.4.1.
2.4 Biochemical characterization

Protein concentrations were estimated using the parameters

(Mw and A1%, 1 cm at 280 nm) described in Tables S1, S2.

2.4.1 SDS-PAGE and western blot analyses
HMGB1 and its cleavage products were initially analyzed by

SDS-PAGE under reducing conditions using 14% poly-acrylamide

Tris/HCl gels and then colored using Instant-Blue (#119211,

Expedeon, Abcam, Paris, France). The use of Tricine SDS gels 10-

20% (#12090106, Invitrogen) was implemented for this study to

better distinguish HMGB1 fragments between 7 and 20 kDa.

For the western blot (WB) analyses, 7 pmol of HMGB1 (full-

length or fragments) was incubated with C1s (see Enzymatic

Reactions) and separated on Tricine gels. Proteins were

transferred on nitrocellulose membranes using the semi-wet

Trans-Blot Turbo transfer system (BioRad). Membranes were

blocked with TBS 5% milk (w/v). The blocked membranes were

probed with primary antibodies (rabbit anti-HMGB1-Nter, dilution

1:1000, #H9664, Sigma-Aldrich) and anti-HIS coupled to

peroxidase (dilution 1:3000, #A7058, Sigma-Aldrich) for 2 h at

room temperature in TBS (Euromedex) 5% milk (w/v). Membranes

were washed 3 times with TBS 0.05% Tween (w/v). The anti-

HMGB1-Nter probed membrane was incubated with the secondary

antibody (goat anti-rabbit IgG coupled to peroxidase, dilution

1:20000, #A0545 Sigma-Aldrich). Membranes were revealed with
FIGURE 2

Free C1s (fC1s) cleaves HMGB1 more efficiently than C1s inside the C1 complex (in C1). The different proportions of remaining HMGB1 (blue),
fragment F1 (orange) and other cleavage products (grey) are illustrated using a representative SDS-PAGE analysis performed at 10% E/S ratio (23
pmoles of C1s for 6 mg HMGB1). A summary view of the common trend is given using the ratios computed from the mean band intensity scanned in
3 independent measures performed at 5 or 10% E/S ratio, during 100 min at 37°C. In order to prevent C1 complex dissociation upon dilution, C1
concentration was set at 0.25 or 0.5 mM (respectively for the 5 or 10% molar ratio) to perform these experiments, with 1mM calcium chloride.
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an enhanced chemiluminescence detection kit (GE healthcare),

scanned using a ChemiDoc apparatus (BioRad) and analyzed

with ImageLab (BioRad).

2.4.2 LC/ESI mass spectrometry
Liquid Chromatography Electrospray Ionization Mass

Spectrometry (LC/ESI-MS) was performed on a 6210 LC-TOF

spectrometer coupled to a HPLC system (Agilent Technologies).

All solvents used were HPLC grade (Chromasolv, Sigma-Aldrich),

trifluoroacetic acid (TFA) was from Acros Organics (puriss., p.a.).

Just before analysis protein samples were diluted in acidic

denaturing conditions to a final concentration of 5 µM with

solution A (0.03% TFA in water). Solvent B was 95% acetonitrile-

5% water-0.03% TFA. Protein samples were firstly desalted on a

reverse phase-C8 cartridge (Zorbax 300SB-C8, 5 mm, 300 µm ID´5

mm, Agilent Technologies) for 3 min at a flow rate of 50 ml/min

with 100% solvent A and then eluted and separated onto a RP-C8

column (Jupiter, 5 mm, 300 Å, 1 mm ID × 50 mm, Phenomenex) at

a flow rate of 50 ml/min using the following linear gradient: from 5

to 95% solvent B in 15 min, then remaining 2 min at 100% solvent B

and finally re-equilibrating the column at 5% solvent B for 10 min.

MS acquisition was carried out in the positive ion mode in the 300-

3200 m/z range. MS spectra were acquired and the data processed

with MassHunter workstation software (v. B.02.00, Agilent

Technologies) and with GPMAW software (v. 7.00b2, Lighthouse

Data, Denmark).
2.5 RAW264.7 macrophage
cells stimulation

2.5.1 Cell culture
RAW264.7 were sub-cultured every two days using RPMI

medium supplemented with 10% of decomplemented FBS (heated

at 56°C for 40 min), 10 mM of Hepes solution (#H0887, Sigma-

Aldrich) and 5 µg/ml ciprofloxacin (#17850, Sigma-Aldrich).

2.5.2 Stimulation protocol
Before stimulation, cells were seeded at 300 000 cells/ml in 6-

well adherent plates (#353046, Falcon) with 2 ml/well and

incubated for 2 days at 37°C, 5% CO2. For the stimulation, LPS

(#L2880, Sigma-Aldrich) was used alone or in complex with

HMGB1 WT, A-box or rF3. HMGB1 and its variants were

produced and stored at -20°C in TBS solution, whereas LPS was

stored in H2O + 30% ethanol. 24 h prior to stimulation, HMGB1

and LPS were mixed to form complexes at 4°C. The complexes were

then diluted in medium to stimulate cells at a final concentration of

0.47 pmol/ml, 0.94 pmol/ml or 1.88 pmol/ml for HMGB1 and 1 ng/

ml or 2 ng/ml of LPS. Cells were stimulated for 24 h at 37°C, 5%

CO2. Cells supernatants were harvested and stored at -20°C for

later analysis.

2.5.3 Cell physiological state assessment
The levels of cell viability and phagocytosis were analyzed (data

not shown) by flow cytometry (FACSCalibur™ – BD Bioscience).
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The phagocytosis level was assessed by 3 h incubation with

fluorescent beads (# L4655, Ø 1µm – Sigma-Aldrich). Cells were

then incubated for 5 min with propidium iodide to investigate their

viability levels. Finally, the cells were detached in PBS for flow

cytometry analysis.

2.5.4 Cytokine analysis of supernatants
IL-6 secretion levels were measured in RAW264.7 supernatants

by ELISA using a murine IL-6 kit (#00100438, Covalab), according

to the furnished protocol. The absorbance was measured using the

SpectroNano (BMG) and the data analyzed by the MARS software

(BMG). Results are presented as mean +/- standard deviations of

quadruplicate samples. The statistical analysis was performed

according to the variance ratio (highest over lowest), with a

Student (ratio < 4) or a Welch (ratio > 4) t-test and scored as

follow: * p < 0.05; ** p < 0.01 and, *** p < 0.001.

2.5.5 Endotoxin content
Endotoxin concentration of the HMGB1 samples used to

stimulate macrophages was measured with a ToxiSensor kit

(#L00350Y, #L00350, GenScript) according to the supplier’s

instructions. Endotoxin concentrations of samples were between

0.7 - 1.5 ng/ml. Considering that HMGB1 samples were diluted

1:1000 and only 1 - 10 µl were added for stimulation, their LPS

content was far too low to result in any macrophage stimulation, as

was checked for control.
3 Results

Following the initial description by Yeo et al. that complement

C1s can cleave HMGB1 (25), which we confirmed (24), a set of

molecular analyses were designed to investigate and finely decipher

the molecular details involved in this process, and some of its

functional outcome.
3.1 HMGB1 cleavage by C1s is influenced
by C1s molecular environment

In its serum physiological context, C1s is mainly found within

the C1 complex, where it is associated to C1r and C1q. Therefore,

we designed in vitro experiments aiming to compare HMGB1

cleavage using the same activated C1s molar concentration, either

in the free state or within C1. As shown on Figure 2, HMGB1

cleavage is less effective when C1s is within C1, since the un-cleaved

HMGB1 band remains stronger. Similar trends were obtained for all

experiments performed at 5% and 10% E/S ratios (Figure 2), as well

as in a preliminary test performed at a 40% E/S ratio (not shown).

Since free C1s is more efficient, it was further used for the

experiments aiming to decipher the C1s cleavage sites in

HMGB1. As will be discussed later, differential enzymatic activity

between free C1s and C1 on HMGB1 was among the criteria which

raised our interest for this target while studying C1s variants

identified in pEDS patients (24).
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3.2 C1s primarily cleaves HMGB1 after
K172, and secondarily after K65 and K127

As shown above or previously (24), HMGB1 cleavage by C1s

leads to one main primary digestion product, F1. Longer incubation

times for the enzymatic digestion of HMGB1 by C1s yield also

smaller fragments of about 10 to 15 kDa, as shown on Figure 3A,

resulting from further cleavages. Using an antibody targeting the

N-terminal sequence of HMGB1, western blot analysis clearly

reveals three main N-terminal fragments that we named F1, F2

and F3, with apparent MW at about 20, 15 and 10 kDa,

respectively (Figure 3B).

Aiming to identify the fragments by mass spectrometry (MS),

we used conditions leading to more complete HMGB1 digestion,

mainly with longer incubation times (5 h). MS experiments and

analyses of HMGB1/C1s liquid mix have been performed starting

from the full-length HMGB1 (Figure 4), or from HMGB1 variants

or fragments (next section). All these experiments resulted in

redundant and consistent identification of three C1s cleavage sites

in HMGB1. By showing a loss of 2 Da (mass of two hydrogens) as

compared to the calculated mass, these MS analyses also

consistently confirmed the presence of the disulfide bond in the

A-box. As shown on Figure 4, the major peak I includes traces of

un-cleaved HMGB1, plus a main fragment of 19.5 kDa,

corresponding to the HMGB1 2-172 sequence (F1). The

complementary 173-229 C-terminal fragment of 6.8 kDa is

detected in the small peak II. These data clearly suggest that C1s

mainly cleaves HMGB1 after K172.

MS detection and identification of the minor secondary

cleavage products is quite difficult to achieve when starting from

full-length HMGB1 (Figure 4). However, the small peak III reveals a

5.2 kDa fragment corresponding to the HMGB1 sequence from 128

to 172, suggesting cleavage after K127. Finally, peak IV reveals a 7.4

kDa fragment corresponding to the 2-65 fragment of HMGB1 (F3).

Three C1s cleavage sites were thus identified by MS analyses of the

HMGB1/C1s digestion mix, as summed up at the top of Figure 4.
3.3 The C1s cleavage site signature in
HMGB1 contains atypical features

As shown on Figure 5A, the three cleavage sites identified in

HMGB1 show similar sequence features. They are characterized by

a common cleavage after a lysine residue (in P1), preceded by a

small alanine residue (in P2), a small hydrophobic residue (in P3),

and an aspartic acid residue (in P4). This P1 to P4 terminology was

used to define the extended interactions of the residues upstream

(P4 to P1) and downstream (P1’ to P4’) the scissile bond with

different S4 to S4’ enzyme subsites, these interactions defining the

specificity of the proteases (43). When compared with the C1s

cleavage sites previously identified for the classical targets of C1s,

namely C4, C2 and C1-inhibitor, and more generally with the C1s

cleavage site signature described in the Merops database (25), P1

Lys (instead of Arg) and P4 Asp appear as uncommon sequence

features (Figures 5A, B). As will be discussed later on, these features
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become even more surprising when considering the structural

context which would place the P4 Asp and P1 Lys in close

proximity (Figure 5C), at least for the sites located within helices

in the A- and B-boxes, after K65 and K127, respectively.
3.4 Confirmation of the cleavage data
using HMGB1 variants

In order to confirm the identification of the primary cleavage

site after K172, the double mutation K172E-K173G was introduced

in HMGB1 to produce the HMGB1_KK mutant. All molecular

details on HMGB1 variants are shown in Figure S1 and Table S1.

The double mutant has been designed because the initial MS data

showed a minor trace of cleavage after K173. A double mutation

was therefore chosen to avoid any possible compensatory cleavage

after K173. As shown on Figure 6, the HMGB1_KK mutant gained

almost complete resistance to C1s cleavage. This observation

remains true even at 25% E/S ratio, without any apparition of F1

nor F2 fragment (Figure S2). However, a tiny amount of the F3

fragment was also detected in this context. We thus confirmed that

K172 is the primary cleavage site for C1s in HMGB1.

The three N-terminal fragments, F1 to F3, have been

recombinantly produced for further characterization, with a His-

tag added for purification purpose (24), as detailed in section 2.2.1.

These fragments were named accordingly rF1(1-K173), rF2(1-

K128) and rF3(1-K65), and their modular structure is shown on

Figure 7A. MS and WB analyses of the digestion of rF1 by C1s

confirmed the release of the 2-127 fragment of 14.5 kDa (F2), the

128-172 fragment of 5.2 kDa, as well as the 2-65 fragment (F3) of

7.4 kDa (MS data not shown). MS and WB analyses of the digestion

of rF3 by C1s also confirmed the release of a F3-like fragment

(Figure 7B), after C1s cleavage of the N-terminal tag at the

thrombin site (MS data not shown).
3.5 Focus on the common F3 fragment,
which includes a large part of the A-box

Knowing that the HMGB1 A-box is a functional antagonist of

HMGB1 and provides a potential regulatory feedback mechanism (27)

(44), our study focused on N-terminal fragments, wondering if C1s

cleavage could also generate N-terminal fragments with similar

properties as the A-box. As shown on Figure 7, S2, the F3 fragment

is a common product released by C1s cleavage of HMGB1, rF1, rF2

and rF3. Its presence was confirmed by several mass spectrometry

analyses. Indeed, the 7.4 kDa N-terminal fragment was initially

identified as the 2-65 sequence segment by MS analysis of a C1s

digestion mix (5 h) of the Abox-AcTail HMGB1variant, where F3 is

highly produced, as illustrated by the WB analysis shown in Figure 7B.

In this HMGB1 variant, the A-box is fused to the acidic tail

(Figure 7A). This artificial construct was inspired by a publication

where similar constructions were shown to enhance A-box antagonist

properties (44). As F3 includes a large part of the A-box, it might

regulate HMGB1 function, as will be evaluated in the next section.
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3.6 Anti-inflammatory properties of the
recombinant F3 fragment as compared to
the A-box and HMGB1

The functional comparison between rF3 fragment (1-K65),

HMGB1 and A-box was thus explored regarding the modulation of

the secretion of the inflammatory IL-6 cytokine following stimulation

with low concentrations of LPS (25, 45). This question was addressed

using RAW264.7 cells stimulated with LPS alone or in complex with

HMGB1 or its fragments. This latter experimental setting using

preincubated complexes has been previously introduced by others

to obtain significant and reproducible results to analyze the

synergistic amplification of inflammatory signaling of LPS (or other

TLR ligands) by HMGB1 (9). Used alone, and not in complex with

LPS, neither HMGB1 nor its fragments induced inflammatory IL-6

secretion, whereas HMGB1 in complex with LPS enhanced IL-6

secretion (Figure S3). As shown on Figure 8, a strong and significant

reduction of IL-6 secretion with rF3 was reproducibly observed, as

compared to LPS alone or in complex with the A-box (Figure S4).
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Increased secretion of IL-6 with HMGB1 and the A-box complexed

to LPS is consistent with previous observations (9). These

experiments show a strong anti-inflammatory effect of rF3, as

compared to the A-box or to LPS alone, which was unexpected.
3.7 Impact of the disulfide bond in HMGB1
on F3 production by C1s

Considering the functional interest of the F3 fragment, we

started to investigate the question of a possible impact of HMGB1

molecular environment on C1s digestion outcome. As mentioned

previously, the purified recombinant HMGB1 WT and its

fragments contain a disulfide bridge in the A-box. What could be

the impact of the disulfide bridge in the A-box regarding C1s

digestion? To investigate this question, a 3S HMGB1 variant was

produced, where all cysteines were mutated into serine (Figure S1).

As illustrated in Figure 9, S5, this 3S variant is cleaved more

effectively than the WT, yielding more F3 fragments.
A

B

FIGURE 3

Primary and secondary C1s cleavage of HMGB1 lead to three N-terminal F1, F2 and F3 fragments. (A) 10 - 20% Tricine gel loaded with HMGB1 and
HMGB1 + C1s incubated for 2 to 7 hours. Besides the main F1 fragment, which appears before 2 hours, two other bands (F2, F3) appear more lately
and increase in intensity over time. Bands corresponding to C1s are labeled (*). (B) Western blot of HMGB1 and fragments incubated or not with C1s
for 5 hours using an anti-HMGB1 antibody targeting its N-terminal 2 – 17 sequence. Three fragments F1 - F3 are obtained after digestion of HMGB1
(blue arrows). Specificity of the N-terminal antibody was verified separately (data not shown).
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3.8 C1s as compared to other proteases in
cleaving HMGB1

For the comparison between C1s and other enzymes, HMGB1

was cleaved using the same molar ratio and incubation conditions.

C1s was compared to human neutrophil elastase (HNE). HNE is

indeed present in inflammatory conditions where neutrophils are
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abundant (22). In this case, the proteolytic profile obtained with

HNE was strikingly different (Figure 10A). Indeed, C1s digestion of

HMGB1 was by far slower, restricted and specific when compared

to HNE in the same conditions. After 90 min, HNE has completely

degraded HMGB1 as well as the isolated A-box. When we tried to

identify HNE-derived fragments using longer incubation times, as

we have done for C1s, no fragment identifiable by MS remained
A

B

FIGURE 4

Fine LC/ESI mass spectroscopy analysis of HMGB1 incubated with C1s (A). The cleavage sites deduced from the MS analysis are shown above the
HMGB1 modular structure (green arrow shows where C1s cleavage occurs) (B). The left MS panel shows an overview of the global spectrum with 4
peaks (I - IV). Peak I is subdivided into a main peak (Ib) at 19.6 kDa, corresponding to the mass of the 2-172 (F1) fragment, and a smaller peak (Ia) at
26.4 kDa, corresponding to undigested HMGB1. Peak II corresponds to the second product of the primary cleavage after K172, namely the C-
terminal fragment (seq. 173 - 229) with a molecular weight of 6.8 kDa. Peak III comprises a fragment of the B-box (seq. 128 - 172) at 5.1 kDa. Peak IV
corresponds to a fragment of the A-box (seq. 2 - 65) with a mass of 7.4 kDa. The left interpretation panel shows the attribution of the N-terminal
fragments F1 - F3 within the HMGB1 frame: F1 corresponds to the sequence 1 - 172, F2 fits with the sequence 1 - 127 and F3 is the sequence 1 - 65.
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after HNE digestion. Intriguingly, the isolated A-box resisted to C1s

cleavage, although it includes a C1s cleavage site (Figure 10A). The

fact that C1s did not digest the isolated A-box suggests that the

presence of the B-box or AcTail is necessary for C1s to cleave

after K65.

C1s was further compared with two homologous complement

proteases, C1r and MASP-2 (which activates the complement lectin

pathway). MASP-2 shares the same specificity as C1s in terms of

complement targets, namely C4 and C2, whereas C1r only activates

C1s. As expected, Figure 10B shows that the C1r protease did not

cleave HMGB1, but the complement MASP-2 did. There were some

subtle differences between C1s and MASP-2 cleavage outcome. For

example, less F1 and F2, and more F3 were obtained with MASP-2,

as well as an additional small fragment below 10 kDa.
4 Discussion

Vertebrate immune defense and homeostasis rely on several

alarm systems and their effective crosstalk. The canonical function

of the complement C1s protease is the activation of the classical
A

B C

FIGURE 5

C1s cleavage sites in HMGB1 as compared to other targets. (A) Sequences upstream and downstream the C1s cleavage site are shown using the
standard P4 to P4’ nomenclature, with cleavage of the scissile bond between P1 and P1’ residue (see red arrow). This terminology was used to define
the extended interactions with different S4 to S4’ enzyme subsites of the P4 to P4’ sequence, these interactions defining the specificity of the
proteases (43). The classical C1s targets are its two C4 and C2 substrates, leading to the activation of the complement system, as well as its
regulator, C1-inhibitor. (B) The schematic cleavage site sequence logo found in the Merops database (25), based on 20 cleavages, is shown for
comparison. The corresponding cleavage pattern is syg/Lv/GAq/R/-/L/-/vi, with a cleavage after arginine (R). (C) The cleavage sites newly identified
in HMGB1 are found in helical contexts, this assumption being stronger for K65 and K127, and putative/transient for K172. In this configuration, the
P4 aspartic acid residue (red) is close to the target P1 lysine (blue). This helical structure likely needs to unwind locally during cleavage.
FIGURE 6

C1s primary cleaves HMGB1 after K172, as confirmed by K172E-K173G
mutation. C1s cleaves HMGB1 WT far more efficiently than the KK
variant carrying the K172E-K173G mutation. This is evidenced by the
differential level of HMGB1 and primary cleavage product (F1, 1-172).
Therefore, C1s primarily cleaves HMGB1 after K172. HMGB1 (6 mg) has
been incubated for 100 min at 37°C, without (-) or with 5% (+) rC1s.
SDS-PAGE analysis in non-reducing conditions. 2 mg rC1s have been
deposited on the right lane for control. * as in Figure 3.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1151731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lorvellec et al. 10.3389/fimmu.2023.1151731
complement pathway within the C1 complex. However, the

pathological impact of C1S genetic deficiencies, such as severe

lupus or periodontal EDS, cannot be simply explained only by

considering this function, therefore suggesting auxiliary non-

canonical functions for this protease. A crosstalk between the

HMGB1 alarmin and the complement system components was

recently evidenced at different levels (46, 47), which includes the

C1s auxiliary enzymatic activity on HMGB1 (16). This enzymatic

activity is modulated under several conditions. For example, C1s

cleaves more efficiently HMGB1 when it is free, as compared to C1s

within the C1 complex (Figure 2). In normal human serum, C1s is

mainly observed within the C1 complex, in a proenzyme form, and

HMGB1 is absent, only seen in pathogenic/inflammatory contexts.

Moreover, C1 inhibitor (C1-INH) is present, and we have

previously shown that C1-INH inhibits HMGB1 cleavage by C1s

(24). Thus, HMGB1 will not be cleaved by C1s in normal human

serum. However, our observations will be relevant to pathological

situations, when C1s gets activated independently of C1q, or when

active C1s is out of C1-INH mediated control. This study therefore

focuses on how free complement C1s protease cleaves HMGB1 and

how this could impact HMGB1 inflammatory cytokine signaling.
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This is interesting because activated C1s is found in some specific

disease contexts such as SLE (48) but also in other autoimmune and

cancer disease contexts (49–51). At present, it is not known if this

pathological activated C1s is in a free form or not, but it likely

escapes from the functional control of C1q and C1-INH. Moreover,

it has been shown in the very rare periodontal EDS syndrome

(pEDS) that C1R or C1S mutations lead to a gain of function for

C1s, which becomes constitutively activated independently of C1q

(24, 52). However, the molecular mechanism leading to

periodontitis-like symptoms and tooth loss remain to be

deciphered. Recent advances in the field of this rare pEDS

syndrome identified altered cytokine secretion in monocytes (53),

as well as C1s-mediated collagen cleavage in fibroblasts (54),

although this latter accessory C1s enzyme activity cannot be

observed in vitro at normal room temperature.

Three C1s cleavage sites in HMGB1 were experimentally

deciphered (Figures 3, 4). The main site is after K172 (Figure 6);

two secondary sites are after K65 and K127 (Figures 1–4).

Incidentally, thanks to the use of tricine gels which allow better

separation of low molecular weight species, we also observed partial

C1s cleavage at the thrombin site introduced at the N-terminus of

the A-box and rF3 constructs (Figures 5, 7, 10, S1). These results are
A

B

C

FIGURE 7

HMGB1 variants and their digestion by C1s. (A) List of the HMGB1
constructs used in this experiment with their corresponding
sequence and molecular weight. The N- or C-terminal His-tag is
shown with a red dot. (B) Western blot of HMGB1 and fragments
incubated or not with C1s (at 10%) for 5 hours at 37°C using an N-
terminal anti-HMGB1 antibody targeting the sequence 2 – 17 (as in
Figure 3). The fragments loaded are: HMGB1, rF1(1-K173), Abox-
AcTail, rF3(1-K65). The three fragments F1 - F3 can be found after
digestion of HMGB1 (left blue arrows). F2 and F3 are present after
rF1 cleavage and F3 only after cleavage of Abox-AcTail and rF3.
Redundant fragment identification (as in Figure 4) was obtained
using LC/ESI analyses performed on liquid mix of C1s with rF1,
Abox-AcTail and rF3. This WB experiment was performed three
times. (C) Same experiment as above analyzed by tricine gels, using
rF2 instead of the Abox-AcTail.
FIGURE 8

Anti-inflammatory properties of the rF3 fragment as compared to
the A-box and HMGB1. The secretion of the inflammatory IL-6
cytokine is compared after stimulation by LPS at 1 or 2 ng/ml, alone
or preincubated with HMGB1, rF3 or the A-box (see experimental
details in section 2.5). A strong and significant reduction of IL-6
secretion is observed with rF3, as compared to LPS alone and in
complex with HMGB1 and the A-box. Results are presented as mean
+/- standard deviations (n=4). Control experiments showed the
absence of IL-6 secretion in absence of LPS (Figure S3) and
complementary experiments further illustrate the anti-inflammatory
effect of rF3 as compared to the A-box (Figure S4). This data on rF3
is representative of two independent replicates performed at
different concentrations. (***, p<0.001)
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fully consistent with the known preference for trypsin-like proteases

to cleave after an arginine or a lysine residue at the P1 site,

according to the Schechter and Berger nomenclature (43).

However, when compared to previously identified C1s cleavage

sites, the P4-P1 aspartic acid-lysine dyad in HMGB1 is clearly

uncommon (Figure 5). This can explain why C1s cleavage sites were

not correctly predicted by Yeo et al. (25). It also explains why

complementary experiments have been performed in this study to

confirm these cleavage site data. Intriguingly, the helical context of

the C1s cleavage sites in the A- and B-box (Figure 5C) is in strong

contradiction with the known serine proteases conserved feature

which is to cleave their target within loops or strands. Indeed, for

most serine protease/target complexes, the residues from P3 to P2’

are observed in an extended or strand conformation. It has been

proposed therefore that helical or turn-like conformations would be

too large to occupy the restricted space in the enzyme active site (55,

56). The unexpected helical context in HMGB1 boxes would

therefore suggest that local unfolding/unwinding might occur

before C1s cleavage at these positions. This would fit with the

experimental observations that C1s cleavage of HMGB1 is quite

slow, especially in comparison to HNE (Figure 10A) or other

inflammatory proteases (22). This hypothesis would also be

consistent with the observation that K172 is the primary cleavage

site. Indeed, K172 and K173 residues are in a linker area predicted

as flexible. This hypothesis would also fit with the observation that
Frontiers in Immunology 11
HMGB1 cleavage by C1s is enhanced in absence of the disulfide

bridge in the A-box, as seen for the cleavage of the 3S variant

(Figures 9, S5). Conversely, the observation that the A-box, as well

as the B-box (not shown) are not cleaved by C1s (Figure 10A) also

suggests that extended interactions are needed to locally unwind the

helical structure around the target bond to be cleaved. These

extended interactions would be present in HMGB1, rF1, rF2 and

Abox-AcTail, which release F3 upon C1s cleavage.

The comparative functional analysis has been focused on the F3

fragment which is progressively released during C1s digestion

(Figure 3). F3 represents indeed a common ‘final’ C1s digestion
FIGURE 9

C1s cleavage is more efficient in absence of the disulfide bridge in
HMGB1. This comparative digestion experiment shows that C1s
digests more effectively the 3S variant (where all cysteines are
replaced by a serine) than HMGB1. As shown by the arrows, more F3
fragment is released from C1s cleavage of the 3S variant. The 10-
20% Tricine gel shown for the C1s digestion is representative of two
experiments. 5 mg HMGB1 or 3S were digested at 10% E/S for
90 min at 37°C. To consolidate the view of a more effective
digestion of the 3S variant with more F3 released, a complementary
experiment performed with increasing incubation times (from 1 to
7 h) is shown in Figure S5. * as in Figure 3.
A

B

FIGURE 10

HMGB1 is mildly digested by C1s and MASP-2 whereas HNE
degrades it rapidly into numerous small molecular weight peptides.
(A) 10 - 20% Tricine gels loaded with HMGB1 or the A-box
incubated with C1s or HNE for 90 min. HNE cleavage of HMGB1
yields many undefined small molecular weight fragments and
completely digests HMGB1. The A-box is not cleaved by C1s (as
identified by LC/ESI MS, C1s only cleaves the tag off after 5 h, as
seen in Figure 6B for rF3). In contrast, HNE rapidly degrades the A-
box into small pieces. Gels were loaded with 0.1 nmol of HMGB1 (3
µg) or A-box (1.35 µg). HMGB1 and C1s or HNE were mixed at a 10%
E/S molar ratio in TBS. A gel representative from two experiments is
shown. HNE bands are not seen in these conditions, suggesting
autolysis. (B) 10-20% Tricine gels loaded with HMGB1 incubated
with C1s, MASP-2 or C1r for 90 min at 10% E/S. C1r does not cleave
HMGB1. MASP-2 cleaves HMGB1 quite similarly as C1s, but the
secondary cleavage products and proportions differ. A gel
representative from two experiments is shown.
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product on the N-terminal side of HMGB1, which is released from

various constructs (Figure 7). The molecular environment of

HMGB1 may of course impact the release of F3 by C1s, as

illustrated by some preliminary in vitro experiments. Of note, F3

is more efficiently released by C1s in absence of disulfide bridge in

HMGB1 (Figure 9), as mentioned above, and thus potentially in

contexts where HMGB1 is in fully reduced form. Indeed, in our in

vitro setting, F3 is already clearly seen at 60 or 90 minutes in

absence of disulfide bridge (Figures 9, S5), whereas F2 and F3

fragments are observed mainly after 2 h incubation in presence of

the disulfide bridge (Figure 3). In addition, when considering that

lysine acetylation could modulate C1s cleavage in vivo, it is relevant

to notice that K65 was reported to never be acetylated (57), meaning

that the release of the F3 fragment is not compromised by lysine

acetylation. F3 includes a large part of the A-box. Knowing the

antagonist role of the recombinant A-box in many functional

contexts, we wondered if the F3 fragment could represent a

natural antagonist released by C1s cleavage. This would provide a

molecular clue to the previous observation that overnight digestion

of HMGB1 by C1s strongly reduced the amplification of IL-6

secretion following moderate LPS activation (25). And indeed, the

F3 fragment showed a potent anti-inflammatory effect, which was

not the case for the A-box in the experimental setting where it is

preincubated with LPS (Figure 8). As mentioned before, this

protocol from Hreggvidsdottir et al. (9) was chosen because it

allows more reproducible and significant observations. In this

protocol, IL-6 secretion very likely depends on TLR4 (9). Such a

difference in responses between rF3 and A-box, two fragments

which only differ by a C-terminal 19 amino-acids deletion in rF3,

was an unexpected outcome of this study. This observation can be

interpreted considering the current hypothesis that the A-box

antagonist effect is obtained through competitive-binding to TLR4

(Figure 11). The current hypothesis is that such binding does not

induce TLR4 dimerization (and thus signaling), but prevents the

binding of HMGB1. On the opposite side, the isolated B-box

is an agonist because it binds to the TLR4/MD2 interface and

induces dimerization, and thus signaling (28, 59). Interestingly,

the F3 fragment includes all the essential TLR4-binding domain

identified in the A-box, namely R24, K28 and the tip of helix 1 (59).

Looking back at the structure (Figure 1), we may hypothesize that

cleavage after K65 will remove a part which partly interferes with

TLR4 binding, enhancing the accessibility of the TLR4 binding sites.

Thus, this result suggests a significant functional impact of C1s

cleavage in the A-box (Figure 11).

In contrast to C1s, the major inflammatory proteases were

shown to degrade the HMGB1 A-box, as shown for comparison

with HNE in Figure 10A. Similar results were previously shown for

HNE, cathepsin G or the matrix metalloproteinase 3 (22). The

cleavage and release of the C-terminal acidic tail is often the first

processing step, including for C1s (Figure 6). Because of the

regulatory role of the C tail, its absence in the F1 fragment

implies dysregulated HMGB1 functions. For example, when the

second nuclear localization signal of HMGB1 (NLS2, residues 179-

185) is missing, the way back to the nucleus is closed (3). Because

the acidic DE repeats in the acidic tail are involved in dynamic

autoinhibition of HMGB1 in the free state, their removal promotes
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some binding activities of HMGB1 (60). This is true for charged

ligands such as DNA, because intramolecular interactions of the DE

repeats with the DNA-binding A- or B-boxes and their

intermolecular interaction with DNA are mutually exclusive (58,

61). In the same line, removal of the C-terminal acidic tail has been

shown to enhance HMGB1 binding affinity for the TLR4/MD-2

complex in absence of LPS in vitro (60), while retaining similar TNF

inflammatory signaling properties (27). The same hypothesis may

apply to TLR2 binding (62).

All these studies reveal the potential of some proteases to

regulate the function of HMGB1. As another example, the

thrombin/thrombomodulin complex cleaves off the 17 N-terminal

residues of HMGB1, a process which also reduced HMGB1

inflammatory role, as measured by TNF-a and iNOS mRNA

induction and TNF-a secretion in RAW 264.7 cells (63). Looking

at the complement proteases homologous to C1s, we confirmed that

C1r has a different and highly restricted substrate specificity (64),

and therefore does not cleave HMGB1, while MASP-2, which

cleaves complement C4 and C2, also cleaves HMGB1, likely at

the same cleavage sites (Figure 10B). However, MASP-2 is far less

abundant than C1s in serum. To our knowledge, the only known

unrelated enzyme which can release a N-terminal HMGB1

fragment quite similar to F3 is the intracellular caspase 1 (13).

Indeed, HMGB1 cleavage after D67 by caspase-1 was shown to be

essential for its regulatory role on immune tolerance for apoptotic

cells mediated by dendritic cells (13). In vivo, the recombinant A-

box, but also caspase-1 cleavage of HMGB1 have been shown to be

protective against sepsis, a property depending on RAGE (13). This

is related to the immunomodulatory property of the A-box (and its

1-67 fragment) to reverse the tolerance induced by apoptotic cells,

which prevents immune defense against a secondary infection (e.g.

by Candida albicans).

In conclusion, this and previous studies highlight the impressive

modularity of HMGB1 functions, which depend on its location and

can be finely tuned by the oxidative or proteolytic context. Thus, by

switching between different states, HMGB1 can orchestrate different

steps spanning from leucocyte recruitment, inflammation signaling

and resolution, as well as tissue repair (65), which are essential for

immune defense and proper healing. This study provides new

insights on how proteolytic cleavage of HMGB1 by C1s can

modulate the function of HMGB1. The smallest N-terminal F3

fragment could provide a potent brake for the inflammatory

process, opening the way to dampen inflammation. The more

efficient cleavage of HMGB1 in absence of disulfide bridge suggests

that C1s cleavage might be more efficient in defined cellular and

tissue contexts, where HMGB1 is in fully reduced form. This study is

likely relevant to some pathological contexts, where both HMGB1

and complement play a role (16), such as autoimmune, cancer, or

neurodegenerative diseases, although this will need further

confirmation. For example, beneficial preclinical effects by box A

therapy was first reported in experimental arthritis (66) and activated

C1s has been observed in the context of rheumatoid arthritis, both in

fluids and tissues (50, 67). Further studies may examine the

therapeutic potential of F3-like fragments which reduce cytokine

secretion, for example in sepsis (13, 27) or other pathological context

where box A therapy has shown beneficial preclinical effects, such as
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transplantation, ischemia-reperfusion injury, acute lung injury, acute

liver failure or stroke (8, 68). Other promising HMGB1 variants

which can release the F3 fragment by C1s cleavage, as shown in this

study, are the Abox-AcTail (44) and the HMGB1 3S variant (69–71).
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37. Dragon-Durey MA, Quartier P, Frémeaux-Bacchi V, Blouin J, Barace C, Prieur
AM, et al. Molecular basis of a selective C1s deficiency associated with early onset
multiple autoimmune diseases. J Immunol Baltim Md 1950 (2001) 166:7612–6. doi:
10.4049/jimmunol.166.12.7612

38. Kapferer-Seebacher I, Pepin M, Werner R, Aitman TJ, Nordgren A, Stoiber H,
et al. Periodontal ehlers-danlos syndrome is caused by mutations in C1R and C1S ,
which encode subcomponents C1r and C1s of complement. Am J Hum Genet (2016)
99:1005–14. doi: 10.1016/j.ajhg.2016.08.019

39. Studier FW. Protein production by auto-induction in high density shaking
cultures. Protein Expr Purif (2005) 41:207–34. doi: 10.1016/j.pep.2005.01.016

40. Cseh S, Vera L, Matsushita M, Fujita T, Arlaud GJ, Thielens NM.
Characterization of the interaction between l-ficolin/p35 and mannan-binding lectin-
associated serine proteases-1 and -2. J Immunol Baltim Md 1950 (2002) 169:5735–43.
doi: 10.4049/jimmunol.169.10.5735

41. Bally I, Ancelet S, Moriscot C, Gonnet F, Mantovani A, Daniel R, et al. Expression of
recombinant human complement C1q allows identification of the C1r/C1s-binding sites.
Proc Natl Acad Sci U.S.A. (2013) 110:8650–5. doi: 10.1073/pnas.1304894110

42. Lacroix M, Tessier A, Dumestre-Pérard C, Vadon-Le Goff S, Gout E, Bruckner-
Tuderman L, et al. Interaction of complement defence collagens C1q and mannose-
binding lectin with BMP-1/Tolloid-like proteinases. Sci Rep (2017) 7:16958.
doi: 10.1038/s41598-017-17318-w

43. Schechter I, Berger A. On the size of the active site in proteases. I Papain
Biochem Biophys Res Commun (1967) 27:157–62. doi: 10.1016/s0006-291x(67)80055-x

44. Gong W, Zheng Y, Chao F, Li Y, Xu Z, Huang G, et al. The anti-inflammatory
activity of HMGB1 a box is enhanced when fused with c-terminal acidic tail. J BioMed
Biotechnol (2010) 2010:915234. doi: 10.1155/2010/915234

45. Kim S, Kim SY, Pribis JP, Lotze M, Mollen KP, Shapiro R, et al. Signaling of high
mobility group box 1 (HMGB1) through toll-like receptor 4 in macrophages requires
CD14. Mol Med (2013) 19:88–98. doi: 10.2119/molmed.2012.00306

46. Ortiz-Espinosa S, Morales X, Senent Y, Alignani D, Tavira B, Macaya I, et al.
Complement C5a induces the formation of neutrophil extracellular traps by myeloid-
derived suppressor cells to promote metastasis. Cancer Lett (2022) 529:70–84.
doi: 10.1016/j.canlet.2021.12.027

47. Son M, Porat A, He M, Suurmond J, Santiago-Schwarz F, Andersson U, et al.
C1q and HMGB1 reciprocally regulate human macrophage polarization. Blood (2016)
128:2218–28. doi: 10.1182/blood-2016-05-719757

48. Ugarte-Berzal E, Martens E, Boon L, Vandooren J, Blockmans D, Proost P, et al.
EDTA/gelatin zymography method to identify C1s versus activated MMP-9 in plasma
and immune complexes of patients with systemic lupus erythematosus. J Cell Mol Med
(2019) 23:576–85. doi: 10.1111/jcmm.13962
Frontiers in Immunology 15
49. Nikitin PA, Rose EL, Byun TS, Parry GC, Panicker S. C1s inhibition by BIVV009
(Sutimlimab) prevents complement-enhanced activation of autoimmune human b
cells. In Vitro J Immunol (2019) 202:1200–9. doi: 10.4049/jimmunol.1800998

50. Ye J, Xu J, Zhang C, Zhu L, Xia S. Quantitative fluorescence resonance energy
transfer-based immunoassay for activated complement C1s. Front Immunol (2023)
14:1081793. doi: 10.3389/fimmu.2023.1081793

51. Ye J, Yang P, Yang Y, Xia S. Complement C1s as a diagnostic marker and
therapeutic target: progress and propective. Front Immunol (2022) 13:1015128.
doi: 10.3389/fimmu.2022.1015128

52. Gröbner R, Kapferer-Seebacher I, Amberger A, Redolfi R, Dalonneau F, Björck
E, et al. C1R mutations trigger constitutive complement 1 activation in periodontal
ehlers-danlos syndrome. Front Immunol (2019) 10:2537. doi: 10.3389/
fimmu.2019.02537

53. Liao Z, Zhao T, Wang N, Chen J, Sun W, Wu J. Transcriptome analysis of
monocytes and fibroblasts provides insights into the molecular features of periodontal
ehlers-danlos syndrome. Front Genet (2022) 13:834928. doi: 10.3389/
fgene.2022.834928

54. Amberger A, Pertoll J, Traunfellner P, Kapferer-Seebacher I, Stoiber H,
Klimaschewski L, et al. Degradation of collagen I by activated C1s in periodontal
ehlers-danlos syndrome. Front Immunol (2023) 14:1157421. doi: 10.3389/
fimmu.2023.1157421

55. Gaboriaud C, Rossi V, Bally I, Arlaud GJ, Fontecilla-Camps JC. Crystal structure
of the catalytic domain of human complement c1s: a serine protease with a handle.
EMBO J (2000) 19:1755–65. doi: 10.1093/emboj/19.8.1755

56. Madala PK, Tyndall JDA,Nall T, FairlieDP.Update 1 of: proteases universally recognize
beta strands in their active sites. Chem Rev (2010) 110:PR1–31. doi: 10.1021/cr900368a

57. Bonaldi T, Talamo F, Scaffidi P, Ferrera D, Porto A, Bachi A, et al. Monocytic
cells hyperacetylate chromatin protein HMGB1 to redirect it towards secretion. EMBO
J (2003) 22:5551–60. doi: 10.1093/emboj/cdg516

58. Wang X, Greenblatt HM, Bigman LS, Yu B, Pletka CC, Levy Y, et al. Dynamic
autoinhibition of the HMGB1 protein via electrostatic fuzzy interactions of intrinsically
disordered regions. J Mol Biol (2021) 433:167122. doi: 10.1016/j.jmb.2021.167122

59. Sun S, He M, VanPatten S, Al-Abed Y. Mechanistic insights into high mobility
group box-1 (HMGb1)-induced toll-like receptor 4 (TLR4) dimer formation. J Biomol
Struct Dyn (2019) 37:3721–30. doi: 10.1080/07391102.2018.1526712

60. Wang X, Mayorga-Flores M, Bien KG, Bailey AO, Iwahara J. DNA-Mediated
proteolysis by neutrophil elastase enhances binding activities of the HMGB1 protein. J
Biol Chem (2022), 102577. doi: 10.1016/j.jbc.2022.102577

61. Stott K, Watson M, Howe FS, Grossmann JG, Thomas JO. Tail-mediated
collapse of HMGB1 is dynamic and occurs via differential binding of the acidic tail
to the a and b domains. J Mol Biol (2010) 403:706–22. doi: 10.1016/j.jmb.2010.07.045

62. Aucott H, Sowinska A, Harris HE, Lundback P. Ligation of free HMGB1 to
TLR2 in the absence of ligand is negatively regulated by the c-terminal tail domain.Mol
Med (2018) 24. doi: 10.1186/s10020-018-0021-x

63. Ito T, Kawahara K, Okamoto K, Yamada S, Yasuda M, Imaizumi H, et al.
Proteolytic cleavage of high mobility group box 1 protein by thrombin-
thrombomodulin complexes. Arterioscler Thromb Vasc Biol (2008) 28:1825–30.
doi: 10.1161/ATVBAHA.107.150631

64. Budayova-Spano M, Grabarse W, Thielens NM, Hillen H, Lacroix M, Schmidt
M, et al. Monomeric structures of the zymogen and active catalytic domain of
complement protease c1r: further insights into the c1 activation mechanism. Struct
Lond Engl 1993 (2002) 10:1509–19. doi: 10.1016/s0969-2126(02)00881-x

65. Ferrara M, Chialli G, Ferreira LM, Ruggieri E, Careccia G, Preti A, et al. Oxidation of
HMGB1 is a dynamically regulated process in physiological and pathological conditions.
Front Immunol (2020) 11:1122. doi: 10.3389/fimmu.2020.01122

66. Kokkola R, Li J, Sundberg E, Aveberger A-C, Palmblad K, Yang H, et al.
Successful treatment of collagen-induced arthritis in mice and rats by targeting
extracellular high mobility group box chromosomal protein 1 activity. Arthritis
Rheum (2003) 48:2052–8. doi: 10.1002/art.11161

67. Nakagawa K, Sakiyama H, Tsuchida T, Yamaguchi K, Toyoguchi T, Masuda R,
et al. Complement C1s activation in degenerating articular cartilage of rheumatoid
arthritis patients: immunohistochemical studies with an active form specific antibody.
Ann Rheum Dis (1999) 58:175–81. doi: 10.1136/ard.58.3.175

68. Luo L, Wang S, Chen B, Zhong M, Du R, Wei C, et al. Inhibition of
inflammatory liver injury by the HMGB1-a box through HMGB1/TLR-4/NF-kB
signaling in an acute liver failure mouse model. Front Pharmacol (2022) 13:990087.
doi: 10.3389/fphar.2022.990087

69. Careccia G, Saclier M, Tirone M, Ruggieri E, Principi E, Raffaghello L, et al.
Rebalancing expression of HMGB1 redox isoforms to counteract muscular dystrophy.
Sci Transl Med (2021) 13:eaay8416. doi: 10.1126/scitranslmed.aay8416

70. Venereau E, CasalgrandiM, SchiraldiM, AntoineDJ, CattaneoA, DeMarchis F, et al.
Mutually exclusive redox forms of HMGB1 promote cell recruitment or proinflammatory
cytokine release. J Exp Med (2012) 209:1519–28. doi: 10.1084/jem.20120189

71. Tirone M, Tran NL, Ceriotti C, Gorzanelli A, Canepari M, Bottinelli R, et al.
High mobility group box 1 orchestrates tissue regeneration via CXCR4. J Exp Med
(2018) 215:303–18. doi: 10.1084/jem.20160217
frontiersin.org

https://doi.org/10.1038/cddiscovery.2016.69
https://doi.org/10.1038/cddiscovery.2016.69
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1073/pnas.2434651100
https://doi.org/10.1007/BF03402105
https://doi.org/10.1007/978-1-62703-724-2_4
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.3389/fimmu.2014.00565
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.1073/pnas.012669199
https://doi.org/10.3389/fimmu.2016.00036
https://doi.org/10.1016/j.molimm.2017.05.025
https://doi.org/10.1016/j.molimm.2017.05.025
https://doi.org/10.4049/jimmunol.166.12.7612
https://doi.org/10.1016/j.ajhg.2016.08.019
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.4049/jimmunol.169.10.5735
https://doi.org/10.1073/pnas.1304894110
https://doi.org/10.1038/s41598-017-17318-w
https://doi.org/10.1016/s0006-291x(67)80055-x
https://doi.org/10.1155/2010/915234
https://doi.org/10.2119/molmed.2012.00306
https://doi.org/10.1016/j.canlet.2021.12.027
https://doi.org/10.1182/blood-2016-05-719757
https://doi.org/10.1111/jcmm.13962
https://doi.org/10.4049/jimmunol.1800998
https://doi.org/10.3389/fimmu.2023.1081793
https://doi.org/10.3389/fimmu.2022.1015128
https://doi.org/10.3389/fimmu.2019.02537
https://doi.org/10.3389/fimmu.2019.02537
https://doi.org/10.3389/fgene.2022.834928
https://doi.org/10.3389/fgene.2022.834928
https://doi.org/10.3389/fimmu.2023.1157421
https://doi.org/10.3389/fimmu.2023.1157421
https://doi.org/10.1093/emboj/19.8.1755
https://doi.org/10.1021/cr900368a
https://doi.org/10.1093/emboj/cdg516
https://doi.org/10.1016/j.jmb.2021.167122
https://doi.org/10.1080/07391102.2018.1526712
https://doi.org/10.1016/j.jbc.2022.102577
https://doi.org/10.1016/j.jmb.2010.07.045
https://doi.org/10.1186/s10020-018-0021-x
https://doi.org/10.1161/ATVBAHA.107.150631
https://doi.org/10.1016/s0969-2126(02)00881-x
https://doi.org/10.3389/fimmu.2020.01122
https://doi.org/10.1002/art.11161
https://doi.org/10.1136/ard.58.3.175
https://doi.org/10.3389/fphar.2022.990087
https://doi.org/10.1126/scitranslmed.aay8416
https://doi.org/10.1084/jem.20120189
https://doi.org/10.1084/jem.20160217
https://doi.org/10.3389/fimmu.2023.1151731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lorvellec et al. 10.3389/fimmu.2023.1151731
Glossary

C1 complement component 1 (C1q, C1r, C1s sub-units)

C1-INH C1 inhibitor

C2 complement component 2

C4 complement component 4

C23 cysteine 23

C45 cysteine 45

C106 cysteine 106

CP classical complement pathway

DAMPs damage-associated molecular patterns

DE aspartic and glutamic acids

DNA deoxyribonucleic acid

E/S enzyme by substrate ratio

EDS Ehlers-Danlos syndromes

ELISA enzyme-linked immunosorbent assay

F1 fragment 1

F2 fragment 2

F3 fragment 3

FBS fetal bovine serum

FPLC fast protein liquid chromatography

HEK293-F
cells

human embryonic kidney 293 Fast-growing cells

His histidine

HMGB1 high-mobility group box 1

HPLC high pressure liquid chromatography

HNE human neutrophil elastase

IL-6 interleukin 6

ITPG isopropyl b-d-1-thiogalactopyranoside

K65 lysine 65

K128 lysine 128

K172 lysine 172

K172E-K173G lysine 172 mutated in glutamic acid and lysine 173 in glycine

LC/ESI-MS liquid chromatography electrospray ionization mass
spectrometry

LPS lipopolysaccharide

MASP-2 mannan-binding lectin associated serine protease 2

MD2 myeloid differentiation protein 2

MS mass spectrometry

MW molecular weight

Nter N-terminal

PBS phosphate buffer saline

(Continued)
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pEDS periodontal Ehlers-Danlos syndromes

R24 arginine 24

RAGE receptor for advanced glycation end products

rF1 recombinant fragment 1

rF2 recombinant fragment 2

rF3 recombinant fragment 3

RPMI Roswell Park Memorial Institute medium

S. pneumoniae Streptococcus pneunomiae

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SLE systemic lupus erythematosus

TBS tris buffer saline

TFA trifluoroacetic acid

TLR2 toll-like receptor 2

TLR4 toll-like receptor 4

TLR toll-like receptors

TNF tumor necrosis factors

TNFa tumor necrosis factor alpha

w/v weight by volume ratio

WB western blot

WT wild type
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