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Extracellular HMGB1 acts as an alarmin in multiple autoimmune diseases. While its release
and functions have been extensively studied, there is a substantial lack of knowledge
regarding HMGB1 regulation at the site of inflammation. Herein we show that enzymes
present in arthritis-affected joints process HMGB1 into smaller peptides in vitro. Gel
electrophoresis, Western blotting and mass spectrometry analyses indicate cleavage sites
for human neutrophil elastase, cathepsin G, and matrix metalloproteinase 3 within the
HMGB1 structure. While human neutrophil elastase and matrix metalloproteinase 3 might
alter the affinity of HMGB1 to its receptors by cleaving the acidic C-terminal tail, cathepsin
G rapidly and completely degraded the alarmin. Contrary to a previous report we
demonstrate that HMGB1 is not a substrate for dipeptidyl peptidase IV. We also
provide novel information regarding the presence of these proteases in synovial fluid of
juvenile idiopathic arthritis patients. Correlation analysis of protease levels and HMGB1
levels in synovial fluid samples did not, however, reveal any direct relationship between the
recorded levels. This study provides knowledge of proteolytic processing of HMGB1
relevant for the regulation of HMGB1 during inflammatory disease.

Keywords: high mobility group box 1, neutrophil elastase, cathepsin G, matrix metalloproteinase-3, juvenile
idiopathic arthritis, proteolytic cleavage
INTRODUCTION

High Mobility Group Box 1 protein (HMGB1) is a prototypical alarmin which is secreted by
activated immune cells and passively released by damaged cells. Its extracellular inflammatory
properties have been studied in multiple inflammatory diseases (1, 2). Intra-articular administration
of recombinant HMGB1 into the knee joints of mice induces destructive arthritis, while
administration of monoclonal anti-HMGB1 antibody or the antagonistic box A peptide can
ameliorate inflammatory symptoms (3–6). Administration of HMGB1-neutralizing agents also
provides significant protection in animal models of experimental sepsis, drug-induced liver injury,
ischemia reperfusion injury and trauma (1, 7). HMGB1 contains conserved cysteine residues at
position 23, 45, and 106, and the redox state of these cysteines determine how HMGB1 functions as
a proinflammatory mediator (8).
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HMGB1 has a highly conserved sequence consisting of three
distinct structures: the DNA binding domains box A and box B,
as well as an acidic tail at the C-terminal that is comprised of
glutamic and aspartic acid residues. Dynamic interaction of the
C-tail with amino acid residues within box A, box B, and within
the linker region between box B and the C-tail affects both the
stability of the protein and the DNA binding properties of the A
and B boxes. HMGB1 in which the C-tail interacts with box A
and box B has a more stable structure as compared to the
“unbound” form (9–11).

Not only is full-length HMGB1 biologically active with
potentially harmful, inflammatory effects but its peptides can
also have inflammatory features. Studies with recombinant
peptides show that box B harbors the cytokine-inducing
property through its interaction with MD2/TLR4 (12), while
box A on the other hand has the ability to inhibit
proinflammatory activity of the full-length protein (13, 14)
(Figure 1). Earlier reports of the anti-bacterial properties of
HMGB1 attributed this feature to the acidic C-terminal tail (15).
Full-length HMGB1, as well as box A and box B, can form
complexes with other molecules, for example LPS and IL-1b, and
thereby augment their inflammatory features (16). However, the
existence of functional HMGB1 peptides in vivo is not as
yet proven.

While HMGB1 release and its functions in inflammatory
diseases have been extensively studied, less is known regarding
how extracellular HMGB1 activity is regulated during disease. A
recent study reports that haptoglobin, an acute phase extracellular
hemoglobin-binding protein, binds circulating HMGB1 and
thereby protects against sepsis (17). Thrombomodulin was
earlier demonstrated to inhibit the inflammatory features of
HMGB1 through interaction of its lectin-like domain with
HMGB1 (18–20).

To date there are no studies focusing on the downregulation
of HMGB1 at the focal site of inflammation. We hypothesized
that proteolytic cleavage of HMGB1 could play important
functions in the regulation of HMGB1 activity. Firstly, protein
degradation would promote clearance of HMGB1 from the site
of inflammation. Secondly, partial degradation could also result
in certain receptor binding sites being more accessible and
Frontiers in Immunology | www.frontiersin.org 2
thereby improve the binding of HMGB1 to its receptors (21).
Thirdly, it is also possible that enzymatic processing of HMGB1
could result in antagonistic HMGB1-derived peptides being
formed with similar functions as “free” box A (22).

We set out to investigate proteolytic regulation of HMGB1 by
proteases associated with chronic inflammatory disease, using JIA
as a model disease. Four proteases associated with arthritis,
neutrophil-derived human elastase (HNE) and Cathepsin G
(CG), fibroblast-derived matrix metalloproteinase 3 (MMP-3)
and the serine protease dipeptidyl peptidase-IV (DPP-IV), were
investigated for their ability to process HMGB1. We characterized
the resulting peptide patterns and correlated levels ofHMGB1with
HNE, CG, MMP3 and DPP-IV levels in JIA joints.
MATERIALS AND METHODS

Prediction of Protease Cleavage Sites
in HMGB1 and Selection of Proteases
Investigated
For an initial prediction of proteases with the potential to cleave
HMGB1 we used the online software Protease specificity
prediction server PROSPER (PROSPER, Monash University;
https://prosper.erc.monash.edu.au/). PROSPER performs
in silico prediction of protease substrates and cleavage sites
predictions covering 24 proteases and the four major protease
families (23)). The sequence of HMGB1 (UniProtKB-P09429,
HMGB1_HUMAN) was uploaded to the online server. Based on
PROSPER-identified proteases together with literature studies
regarding proteases associated with inflammatory conditions in
general and in arthritis in particular, we selected the proteases
HNE, CG, MMP3 and DPP-IV for further investigation.

Recombinant Protein Production
Human HMGB1 cDNA was cloned into the pETM-11 vector
and expressed in Escherichia coli strain BL21 (DE3) cells. The
protein expressed a 6-residue N-terminal histidine tag with a
tobacco etch virus (TEV) cleavable linker and was purified by
FPLC using Ni-sepharose affinity chromatography (HisTrap HP,
FIGURE 1 | HMGB1 structure indicating functional domains and antibody epitopes. HMGB1 is a 25-kDa protein with a helical structure and consists of two DNA
binding domains, box A and box B, as well as an acidic C-tail which can interfere with DNA binding. Different regions of the protein are ligands to immune receptors.
While box B is known to have cytokine-like activity, free box A has been shown to act as an antagonist. Several antibodies have been developed to target different
epitopes of HMGB1, those used in this study are indicated above.
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GE Healthcare, Uppsala, Sweden) in an ÄKTA explorer (GE
Healthcare). The histidine tag was cleaved using TEV protease
(Sigma-Aldrich, Stockholm, Sweden) at a ratio of 1:20.
Proteolytic TEV cleavage leaves a GA scar at the N-terminal.
Endotoxins were removed using Triton-X114 two phase
extraction. Protein purity was confirmed using SDS-PAGE gel
electrophoresis analysis (21).

Enzymatic Reactions
CG (Cat: 219373), HNE (Cat: 324681) and MMP3 (catalytic
domain, Cat: 444217) were obtained from Merck (Millipore,
Billerica, MA, USA). DPP-IV (Cat: D4943) was obtained from
Sigma (Sigma-Aldrich) or from BioVision (Cat: 4709, AH
Diagnostics, Stockholm, Sweden). Enzyme reconstitution and
reaction buffers were prepared according to the supplier’s
recommendations. CG and recombinant HMGB1 were mixed
at a molar ratio of 1:80 in phosphate-buffered saline (PBS), pH
7.4 and the reaction was carried out at 37°C. HNE and
recombinant HMGB1 were mixed at a molar ratio of 1:50 in
100 mM Tris-HCl, 500 mM NaCl, pH 7.5 and the reaction was
carried out at 25°C. MMP3 and recombinant HMGB1 were
mixed at a molar ratio of 1:22 in 10 mM CaCl2, 1 mM ZnCl2, pH
7.5 and the reaction was carried out at 37°C. DPP-IV and
recombinant HMGB1 were mixed in 50 mM Tris-HCl, 1 mM
EDTA, pH 7.4 at a molar ratio of 1:28 and the reaction was
carried out at 37°C. Reactions were performed in sterile 1.5-ml
tubes and heat block was used in order to maintain constant
temperature. All enzymatic digestions were performed with a set
amount of 2 µg HMGB1. The reactions were stopped by addition
of 5 µl of Laemmli sample buffer containing b-mercaptoethanol
to 10 ml sample and heat inactivation at 95°C for 10 min.

Activity of DPP-IV was verified in an activity assay according
to the manufacturer’s instructions (Promega DPP-IV Glo assay,
G8350, Promega Biotech AB, Nacka, Sweden).

SDS-PAGE Gel Electrophoresis
Digested samples were analyzed by SDS-page gel electrophoresis
using 4% to 20% gradient Tris-Glycine gels (Bio-Rad
Laboratories Inc, CA, US). Gels were stained with Coomassie
blue and analyzed using Image Lab 6.0.0 (Bio-Rad
Laboratories Inc).

Western Blotting
SDS-PAGE gels were loaded with sample volumes corresponding
to 200 to 500 ng digested HMGB1 and run at 250 V for 25 min
and transferred to nitrocellulose blotting membranes (GE
Healthcare) at 100 V for 1 h. Membranes were subsequently
blocked overnight in 5% dry milk in TBS-T, incubated with
selected primary antibodies (1 mg/ml) for 1 h at RT followed by
incubation with secondary antibodies coupled to HRP (1:10000
dilutions) for 1 h at room temperature. Chemiluminescence was
detected by ChemiDoc MP imaging system (Bio-Rad
Laboratories Inc). The following primary antibodies were used:
Ab67281 (rabbit polyclonal against HMGB1 amino acids 2 to 17,
Abcam, Cambridge, UK), ab 2G7 (mouse monoclonal IgG2b,
against HMGB1 amino acids 46 to 63 (24)), Ab K25 (rabbit
polyclonal against HMGB1 amino acids 161–188, in house
Frontiers in Immunology | www.frontiersin.org 3
production) and ab #10–22 (rat monoclonal IgG2a against
HMGB1 amino acids 205–210, a kind gift from Prof.
Nishibori, Okayama University, Japan (25)), (Figure 1). The
following secondary antibodies were used: polyclonal donkey
anti rabbit IgG-HRP (711-035-152, Jackson Immunoresearch
Laboratories Inc), polyclonal rabbit anti-mouse IgG-HRP
(P0260, Dako Cytomation), polyclonal rabbit anti rat Ig-HRP
(P0163, Dako Cytomation).

Mass Spectrometry Analysis
Protein digestion mixtures were separated by SDS-PAGE (4 mg
protein/time point) and specific bands were excised. All bands were
excised at the 60-min timepoint, except fragment I/MMP3 cleavage
whichwas excised at the 30-min timepoint. In-gel trypsin digestion
was performed and thereafter the samples were resolved in 30 µl
0.1% formic acid prior to nanoLC-MS/MS. The resulting peptides
were separated on a C18-column and electrosprayed online to a
QEx-Orbitrap mass spectrometer (Thermo Finnigan) with 35 min
gradient. Tandem mass spectrometry was performed applying
higher-energy collisional dissociation (HCD) fragmentation.

MS/MS data were matched to a sequence database (Homo
sapiens proteome extracted from Uniprot, release December
2017) using the Sequest algorithm, embedded in Proteome
Discoverer 1.4 (Thermo Fisher Scientific). This sequence
identifies HMGB1 as a 215 amino acid long protein with a
methionine in position 1. The search criteria for protein
identification were set to at least two matching peptides of 95%
confidence level per protein. Compared to standard search
settings, peptides down to four amino acids length were
accepted. The excised gel bands were delivered to SciLife Lab,
MS facility, Uppsala, Sweden, where the digestion, MS analysis
and protein identification was performed.

3D Modeling of Predicted Cleavage Sites
HMGB1 and its cleavage sites was visualized in 3D using The
PyMOL Molecular Graphics System, Version 1.8 Schrödinger,
LLC. A solution NMR structure of HMGB1 corresponding to
amino acids 1 to 166 (i.e. lacking the C-tail part of the molecule)
was used as a model (2YRQ accession in Protein Data Bank,
https://www.rcsb.org/).

Synovial Fluid Samples
Synovial fluid (SF) from 16 juvenile idiopathic arthritis (JIA)
patients with active disease was collected at Astrid Lindgren’s
Children Hospital, Stockholm, Sweden as part of the sample
collection JABBA. Median patient age was 11 years (range: 3–18).
Mean disease duration was 30.11 months (range: 0–180). Patients
were enrolled according to ILAR criteria, and JIA subtype
distributions were as follows: oligoarthritis (75%), polyarthritis
(12.5%), and undifferentiated arthritis (12.5%). SF was collected
in citrate tubes, filtered and centrifuged to obtain cell-free SF and
stored at −80°C until use.

Informed consent was given by both parents and children to
participate in the study. The study is in accordance with the
Helsinki declaration and was approved by the North Stockholm
Ethical Committee in Stockholm, Sweden (Dnrs 2009-1139-31-4
and 2010-165-31-2.)
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HMGB1 and Enzyme Detection in Synovial
Fluid (SF) of JIA
HMGB1 levels in JIA SF samples were determined using a
commercial ELISA according to the manufacturer’s instructions
(Shino-test, IBL International, Hamburg, Germany). Levels of
HNE, MMP3 (duosets # DY9167-05 and # DY513, R&D
Systems, Minneapolis, MN, USA), CG (NBP2-60614, Novus
Biologicals, Bio-Techne, Stockholm, Sweden) and DPP-IV (RAB
0147, Sigma Aldrich) were measured in SF using ELISA systems
according to the manufacturer’s instructions.

Statistical Methods
Due to non-normality of the data Spearman correlation test of
recorded levels of HMGB1 and enzymes in SF specimens was
performed using GraphPad Prism 6.0.
RESULTS

Proteases Predicted to Cleave HMGB1
Analysis of the HMGB1 sequence using the protease specificity
prediction server PROSPER revealed a number of proteases with the
potential of cleaving HMGB1. 5 serine proteases, 2 cysteine
proteases and 3 matrix metalloproteinases were predicted
(Table 1). HNE, CG and MMP3 were selected for further
investigation together with DPP-IV. DPP-IV has previously been
Frontiers in Immunology | www.frontiersin.org 4
reported to cleave HMGB1 (26) but was not predicted
by PROSPER.

Elastase (HNE) Cleaves HMGB1
at Multiple Sites
Processing of HMGB1 with HNE resulted in a distinct peptide
pattern. During the first minutes of the reaction, a larger
fragment with an apparent molecular weight (Mw) of 23 kDa
(fragment I, Figure 2A) dominated while after 60 min
incubation a lower Mw fragment of approximately 13 kDa
appeared as the final product of the reaction (fragment III,
Figure 2A). A constant intermediate product was also detected
(fragment II, Figure 2A). Analysis of the fragments using
antibodies against different HMGB1 epitopes demonstrated a
fragment containing the N-terminal region, the box A region and
the linker region between box B and the C-tail (Figure 2B). The
Mw of the peptide corresponded to the major cleavage product
evident in SDS-PAGE (Figure 2A, fragment I). A complete lack
of signal for the C-terminal region at all time points indicates
that C-terminal tail truncation is an early event.

In order to investigate the possible cleavage sites, full
length HMGB1 and the three fragments were analyzed by
mass spectrometry. Analysis of full length HMGB1 created a
mapping reference for the fragments with a sequence coverage
of 69.8%. It also demonstrated that the N-terminal region could
never be detected since cleavage with trypsin, the enzyme used in
TABLE 1 | Proteases predicted to cleave HMGB1.

Merops ID Protease name Position P4-P4′ site N-fragment (kDa) C-fragment (kDa)

C01.036 CK 39 VNSF/EFSK 4.78 21.35
C01.036 CK 14 GKMS/SYAF 1.84 24.29
C02.001 Calpain 1 52 WKTM/SAKE 6.42 19.71
M10.003 MMP2 101 PPSA/FFLF 12.25 13.87
M10.004 MMP9 11 KPRG/KMSS 1.49 24.63
M10.004 MMP9 150 KAAK/LKEK 18.25 7.87
M10.004 MMP9 128 VAKK/LGEM 15.65 10.48
M10.004 MMP9 145 QPYE/KKAA 17.73 8.40
M10.004 MMP9 103 SAFF/LFCS 12.55 13.58
M10.004 MMP9 101 PPSA/FFLF 12.25 13.87
M10.004 MMP9 20 AFFV/QTCR 2.56 23.57
M10.005 MMP3 161 DIAA/YRAK 19.54 6.58
M10.005 MMP3 34 HPDA/SVNF 4.24 21.88
M10.005 MMP3 120 HPGL/SIGD 14.74 11.39
S01.001 Chymotrypsin A 16 MSSY/AFFV 2.09 24.04
S01.001 Chymotrypsin A 78 MKTY/IPPK 9.63 16.50
S01.131 HNE 20 AFFV/QTCR 2.56 23.57
S01.133 CG 38 SVNF/SESF 4.69 21.44
S01.133 CG 120 HPGL/SIGD 14.74 11.39
S26.008 CG 75 EREM/KTYI 9.23 16.89
S26.008 GP 1 40 NFSE/FSKK 4.91 21.22
S26.008 TPP 171 PDAA/KKGV 20.72 5.41
S26.008 TPP 207 EDED/EEED 25.15 3.60
S26.008 TPP 35 PDAS/VNFS 4.33 21.80
S26.008 TPP 160 KDIA/AYRA 19.47 6.65
S26.008 TPP 69 ADKA/RYER 8.37 17.76
S26.008 TPP 198 EDEE/EEED 25.41 3.60
S26.008 TPP 64 EDMA/KADK 7.86 18.27
December 2020 | Volume
Proteases predicted to cleave HMGB1 using the protease specificity prediction server PROSPER. Merops ID defines the protease identity and classification in the MEROPS
peptidase database (www.ebi.ac.uk/merops). CK; Cathepsin K, MMP; matrix metalloproteinase, HNE; human elastase 2; CG; Cathepsin G, GP 1; glutamyl peptidase 1, TPP;
thylakoid processing peptidase.
11 | Article 448262

http://www.ebi.ac.uk/merops
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Sowinska et al. Proteolytic Cleavage of HMGB1
the mass spectrometry protocol, did not generate any peptide
fragments in this region (Figure 2C). The lack of C-terminal
peptides in fragments I-III confirmed that HNE-mediated
C-terminal truncation was an early event (Figures 2A, B,
fragment I, sequence coverage 43.2%). Multiple peptides
spanning over box A and box B were detected in fragments II
and III. Sequence coverage was 43.7% and 47.4%, respectively.
Comparison of detected peptides with the fragment sizes
estimated by SDS-PAGE suggested that there were more than
one HMGB1 peptide of similar size in these fragments. The poor
resolution of SDS-PAGE makes it challenging to resolve these
fragments for separate extraction/isolation (Figure 2C, fragments
II and III). Cleavage site prediction for HNE and HMGB1 by
PROSPER indicated one potential cleavage site, at V20 (Table 1).
This was not evident in our MS analysis. However, the lack of
signal for the N-terminal antibody in Western blotting might
preclude detection of cleavage in position V20. Earlier published
reports suggest HNE cleavage sites at A34/A94/A101/G130/L120/
V175/V176 in position P1 of substrates (27–30). Thus, based on
Western blotting, mass spectrometry data and literature searches,
we suggest that HNE prefers the cleavage site V175 or V176 at
position P1 (Figure 2D). Cleavage at position V176 would result
in a fragment with intact N-terminal of a predicted size of 19.7
kDa. Fragment II could consist of peptides cleaved either at V20
or A34 resulting in peptides with Mws of 17.4 kDa and 15.7 kDa.
Frontiers in Immunology | www.frontiersin.org 5
Fragment III could similarly as fragment II consist of peptides
cleaved either at V20 or A34 and potentially at the cleavage sites
suggested in literature previously. The calculated fragment sizes
agree with the apparent fragment sizes approximated from
Western blotting.

A lower Mw fragment with an apparent size of 15 kDa was
detected in Western blotting with the antibody against Box A but
with none of the other antibodies used. It was faintly visible at
60 min but not at the earlier time points (Figure 2B). As MS
analysis of fragment II indicated overlaying peptides, potentially
cleaved at either V20 or A34 within Box A, it is possible that
either of the cleavage sites was more pronounced at later time
points resulting in a peptide faintly visible only at the 60-min
time point.

Cathepsin G (CG) Rapidly
Degrades HMGB1
The use of PROSPER indicated that the serine protease CG can
cleave HMGB1 at three sites, F38, M75, and L120 in P1 positions.
We could verify cleavage with CG in vitro by SDS-PAGE.
However, at a molar ratio as low as 1:80, CG completely
degraded HMGB1 within 5 min (Figure 3A). This observation
was confirmed by Western blotting as no positive signal was
evident with any of the epitope-specific antibodies used (Figure
3B). Due to the fast kinetics of the reaction and poor resolution
A B

D
C

FIGURE 2 | HNE cleaves HMGB1 at the C-terminal part and within box A. (A) Left panel: SDS-PAGE showing full length HMGB1. Right panel: SDS-PAGE showing the
rapid cleavage by HNE over time. A larger fragment (I) appeared early and increased in strength during the studied time frame. A smaller fragment (III) also increased in
strength during the studied time frame while an intermediate-sized fragment (II) appeared equal in strength throughout the cleavage reaction. (B) Western blotting
demonstrating the presence of different protein regions in the HNE-generated HMGB1 fragments. Fragment I contained both the N-terminal and the box A epitopes but
not the C-terminal tail epitope. A lower Mw fragment with an apparent size of 15 kDa was detected in Western blotting with the antibody against Box A but with none of
the other antibodies used. (C) Gel bands of HMGB1 fragments I to III were analyzed by mass spectrometry and the resulting peptides were compared to peptides
detected in the full length protein. Colored boxes refer to the functional domains of HMGB1 in which peptides could be identified (Box A: Green, linker region: grey, box
B: yellow, C-terminal tail: blue). (D) Suggested cleavage sites based on data in (A–C) together with literature and database searches.
December 2020 | Volume 11 | Article 448262
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of SDS-PAGE, we decided not to investigate the cleavage sites by
mass spectrometry. It is noteworthy that a band of approximately
25 kDa occurs at t = 0, ie immediately after the addition of CG,
similar in size to fragment 1 generated by HNE cleavage.

Matrix Metalloproteinase 3 (MMP3)
Cleaves HMGB1 at Multiple Sites
Exposure of HMGB1 to MMP3 processing resulted in the rapid
formation of two fragments of approximately 19 and 14 kDa in
Mws, visible after 30 min. Several smaller fragments were also
visible both after 30 min and after 60 min (Figure 4A, fragments
Frontiers in Immunology | www.frontiersin.org 6
I, II, III and other fragments). However, the major reaction
product was the 14-kDa fragment (fragment II), which was also
evident after 60 min when the 19-kDa fragment (fragment I) had
disappeared (Figure 4A). Western blotting analysis revealed a
fragment of approximately 14 kDa being recognized by both the
N-terminal specific antibody and the box A-specific antibody,
corresponding to fragment II. Additionally, a fragment of
approximately 19 kDa was detected after 30- and 60-min
digestion with the N-terminal- and box A-specific antibodies,
corresponding to fragment I (Figure 4B). None of the fragments
I or II could be detected in Western blotting with the antibodies
A B

D
C

FIGURE 4 | MMP3 cleaves HMGB1 at multiple sites. (A) Left panel: SDS-PAGE showing full length HMGB1. Right panel: SDS-PAGE showing cleavage by
MMP3 over time. Two distinct fragments of approximately 19 and 14 kDa (I and II) appeared at time point 30 min. At 60 min, fragment I had disappeared while
fragment II was still the dominant fragment. (B) Western blotting of HMGB1 fragments after processing with MMP3. A fragment corresponding to fragment I in
size was detected by the antibodies specific for epitopes in the N-terminal region and in the box A region. In agreement with the SDS-PAGE kinetic pattern, the
staining was stronger at the 30-min time point than the 60-min time point. Antibodies specific for epitopes within the B-to-C linker region and the C-terminal
region only detected full length HMGB1 and none of the fragments. (C) Gel bands of HMGB1 fragments I-III were analyzed by mass spectrometry and the
resulting peptides were compared to peptides detected in the full length protein. Colored boxes refer to the functional domains of the HMGB1 in which peptides
could be identified (Box A: Green, linker region: grey, box B: yellow, C-terminal tail: blue). (D) Suggested cleavage sites based on data in (A–C) together with
literature and database searches.
A B

FIGURE 3 | CG rapidly degrades HMGB1. (A) Left panel: SDS-PAGE showing full length HMGB1. Right panel: SDS-PAGE showing the rapid degradation of
HMGB1 by CG over time. (B) Western blotting with antibodies recognizing epitopes within the N-terminal, the Box A, the linker between Box B and C-terminal and
within the C-terminal regions resulted in detection of fragments.
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specific for the B-to-C linker region and the C-terminal tail
region, respectively. This indicates a rapid cleavage within the B-
to-C linker region resulting in C-terminally truncated HMGB1.
Fragment III (Figure 4A) was undetectable by blotting.

Mass spectrometry analysis of fragments I and II confirmed
the Western blot results that these fragments do not contain the
box B-to-C linker region resulting in a C-terminally truncated
HMGB1. Peptide coverage by MS analysis (47%) and fragment
size estimated for fragment I by SDS-PAGE supported the
conclusion that fragment I contained the N-terminal region,
the box A region and the box B region. For fragment II the MS
peptide coverage (52.1%) indicated a similar peptide as fragment
I. However, this is not in total agreement with the fragment size
estimated by SDS-PAGE, which is slightly lower with an
approximate Mw of 14 kDa. This might indicate an additional
cleavage site. Western blotting data suggests this cleavage site to
be within box B. Mass spectrometry analysis of fragment III
(peptide coverage 14.9%), indicated an overlay of different
smaller peptides within the analyzed fragment, as peptides
detected by MS did not correspond to the fragment size
estimated by SDS-PAGE (Figures 4A, C).

Cleavage prediction using PROSPER indicated three cleavage
sites for MMP3; A161, A34, and L120 in position P1. Based on
Western blotting, mass spectrometry data, PROSPER predictions
and literature searches, we suggest that MMP3 has multiple
cleavage sites within HMGB1. The most preferred cleavage site
removes the C-terminal tail by cutting at A161 and creates a 19-
kDa fragment detected by N-terminal and box A-specific
antibodies (fragment I, Figure 4). Thus, both HNE and MMP3
have a cleavage preference which results in rapid removal of the
C-terminal tail. The smaller fragment recognized by the same
antibodies as described above, fragment II, can be a result of
cleavage at L120 in position P1 (Figure 4D). We cannot exclude
the possibility of additional cleavage sites for MMP3 within the
HMGB1 structure. If HMGB1 is cleaved at both A34 and A161 in
P1 positions then the resulting peptide would be of similar size to
the peptide corresponding to amino acids M1-L120, but this was
only seen by Western blotting with the box A specific antibody.
Moreover, cleavage at E61 would create a peptide spanning from
D62 to A161, approximately 10 kDa in size, which would not be
recognized by any of the antibodies.

Fragment III contained both box A peptides and box B
peptides, indicating that the fragment contained multiple
smaller peptides less than 10 kDa in size.

DPP-IV Does Not Cleave HMGB1
To verify a previous report that HMGB1 is cleaved by DPP-IV and
todefine the fragmentsgenerated,we reproduced the in vitro system
utilized in the report (26). We could not record any cleavage
occurring despite incubation times up to 24 h (Figures 5A, B).
The activity of the enzyme was verified in an activity assay
(Supplemental Figure 1). To further verify whether cleavage
close to the N-terminal region occurred, as stated in the previous
report, we performed Western blotting both with the polyclonal
antibody binding to the B-to-C linker region (Figure 5B) and with
the antibody specific for theN-terminal (Figure 5C) and calculated
signal ratios obtained by image analysis (Figure 5C). The ratio was
Frontiers in Immunology | www.frontiersin.org 7
constant over time, thus further supporting the notion thatDPP-IV
does not cleave HMGB1.

HMGB1 Is Detected in Synovial Fluid from
Juvenile Idiopathic Arthritis Patients
We recorded the levels of HMGB1 in synovial fluid samples
obtained from 16 JIA patients by ELISA in order to verify its
presence in a biological fluid from an inflammatory condition.
The levels ranged from 6 to 98 ng/ml; average 33.4 ng/ml, in
agreement with previous reports (31, 32) (Figure 6A).

HMGB1-Regulating Proteases Are Present
in Synovial Fluid of JIA Patients
We confirmed the presence of the neutrophil-derived proteases,
HNE and CG, in synovial fluid aliquots obtained from the 16 JIA
patients in which we defined HMGB1 levels above (Figures
6B, C). HNE could be detected in all samples with levels ranging
from 5.4 to 590.6 ng/ml with an average of 278.1 ng/ml. For CG,
2 samples had undetectable levels and the 14 positive samples
had levels ranging from 18.7 to 150.8 pg/ml with an average of
60.2 pg/ml. The matrix metalloproteinase MMP3 was detected in
all samples with levels ranging from 1.5 to 71.9 µg/ml with an
average of 31.5 mg/ml (Figure 6D). DPP-IV could also be
detected in all SF samples and ranged from 169 to 1536.9 ng/
ml with an average of 828.9 ng/ml (Figure 6E).

We used the recorded average value for each analyzed
protease and their molecular weight (HNE Mw, 28.5 kDa; CG
Mw, 28.8 kDa; MMP3 Mw, 54.0 kDa; and DPP-IV Mw, 88.3
kDa) to compare the molar ratios of HMGB1 (Mw, 24.9 kDa) to
proteases in synovial fluid. We could demonstrate that HNE,
MMP-3, and DPP-IV are present in higher molar ratios in SF
whereas the molar ratio for HMGB1:CG is lower in SF than the
molar ratios used in vitro in this study (Table 2). Thus, from a
stochiometric aspect, it is plausible that HMGB1 could be
enzymatically processed by HNE and MMP-3 in arthritic
joints. Considering the very rapid degradation of HMGB1 by
CG in vitro, it is also plausible that the amount of CG present in
SF, although lower that used in our in vitro experiments, is
sufficient for processing of HMGB1.

Levels of HMGB1 in Synovial Fluid Do Not
Correlate With Levels of HNE, CG,
or MMP-3
Correlation of HMGB1 levels with the levels of the respective
proteases did not reveal a direct relationship between low levels
of HMGB1 and presence of proteases (HNE vs HMGB1 r =
−0.167, p = 0.534, CG vs HMGB1 r = 0.024, p = 0.940, MMP-3 vs
HMGB1 r = 0.156, p = 0.564, DPP-IV vs HMGB1 r = −0.277, p =
0.299) (Figures 6B–E).
DISCUSSION

In this study we set out to test our hypothesis that the alarmin
HMGB1 can be regulated by proteases associated with
inflammatory conditions. Such proteolytic cleavage could either
December 2020 | Volume 11 | Article 448262
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lead to the formation of fragments with altered, enhanced or
antagonistic features or direct downregulation of HMGB1 activity
through degradation. As a model inflammatory condition, we used
chronic inflammatory arthritis. High levels of HMGB1 have been
recorded in synovial fluid samples from both RA patients and JIA
patients, which was also verified in this study.

Major cellular sources of proteases are neutrophils, the
dominant cell type in synovial fluid, and activated synovial
fibroblasts. We thus opted to study the ability of HNE, CG and
MMP3, all derived from neutrophils or fibroblasts, to cleave
HMGB1. Additionally, we investigated the HMGB1-cleaving
properties of DPP-IV as this protease has been reported to
cleave HMGB1 with implications for diabetes (26), and is
detected at increased levels in arthritic synovium (33).

Our results demonstrate that three of the four studied proteases
have the ability to cleave HMGB1. In our hands, DPP-IV, the
investigated protease reported to cleave HMGB1 in a previous
study, did not interact with HMGB1. This is in agreement with
the protease prediction analysis we performed. Despite prolonged
incubation time, full length HMGB1 incubated with DPP-IV was
Frontiers in Immunology | www.frontiersin.org 8
intact after 24 h using similar conditions as reported by Marchetti
et al. These results are puzzling, and we do not have a good
explanation. The only difference in experimental set up clear to us
is the use of the commercially available full length HMGB1 from
HMGBiotechusedbyMarchetti et al, andour inhouseproduced full
length HMGB1. Full length HMGB1 fromHMGBiotech is tag free.
Our in-house tag free HMGB1 has a GA scar in the N-terminus.
Whether this affects the DDP-IV activity is presently unclear.

Conversely, CG induced a rapid and total fragmentation of
HMGB1. Multiple smaller peptides were already evident after
5 min incubation. This result was somewhat expected, as CG
cleaves substrates with Glu, Lys, Trp, and Phe in position P1 and
with no selectivity of any amino acid in position P1′ (45,50).
HMGB1 contains 35 Glu residues, 43 Lys residues, 2 Trp residues
and 9 Phe residues. Our results implicate that CG might be a
rapid and efficient mediator of HMGB1 removal through
degradation during inflammatory conditions.

Digestion of HMGB1 with both HNE and MMP3 resulted in
the generation of larger HMGB1 fragments. Interestingly, Both
HNE and MMP3 generated fragments lacking the C-terminal
A B

C

FIGURE 5 | DPP-IV does not cleave HMGB1. HMGB1 was incubated with DPP-IV up to 24 h without any detectable sign of processing occurring. (A) Western
blotting with an antibody recognizing the B-to-C linker region. (B) Western blotting with an antibody recognizing the N-terminal epitope aa 2–17. (C) Calculated
signal ratios for Western blotting results in (A, B) reveal equal signals from reactions with DPP-IV and control reactions.
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tail. Earlier studies have demonstrated that the C-terminal tail
interacts with both box regions and the linker region of HMGB1
Frontiers in Immunology | www.frontiersin.org 9
in a dynamic fashion, resulting in tail-bound and tail-unbound
conformations (10, 11). Binding of the tail to the boxes
modulates the interaction between HMGB1 and DNA and also
regulates acetylation of HMGB1. As the receptor-binding
domains for RAGE and TLR4 in HMGB1 are located within
either the boxes or in the C-terminal linker region (see Figure 1),
an HMGB1 fragment lacking its C-tail could have altered
receptor associations. In support of this are recent findings that
only HMGB1 lacking its C-terminal tail binds to TLR2 and to
TLR5 (21, 34). Similarly, removal of the N-terminal region of the
alarmin IL-33 by HNE or by CG increases the ligand-binding
activity of the resulting fragment (35).

Both HNE and MMP3 digestion of HMGB1 resulted in
cleavage at A34, creating a fragment lacking the N-terminal
TABLE 2 | Molar ratios of proteases and HMGB1.

Protease SF levels
(ng/ml)

Mw
(kDa)

Protease/HMGB1
ratio in SF

Protease/HMGB1
ratio in vitro

HNE 278.1 28.5 7.3:1 1:50
CG 0.06 28.8 0.002:1 1:80
MMP3 31500 54.0 435:1 1:22
DPP-IV 828.9 88.3 7:1 1:28
HMGB1 33,4 24.9
Using the recorded average values for each investigated protease and for HMGB1 in
synovial fluid samples from JIA patients, molar ratios of protease/HMGB1 were calculated.
A

B

D E

C

FIGURE 6 | Levels of HMGB1, HNE, CG, MMP3 and DPP-IV in synovial fluid from JIA patients. Levels of HMGB1 and of the proteases investigated in vitro were
defined in 16 synovial fluid samples from JIA patients. (A) Levels of HMGB1. (B) Levels of HNE. (C) Levels of CG. (D) Levels of MMP3. (E) Levels of DPP-IV. Direct
correlations between HMGB1 levels and the level of each protease were assessed by Spearman’s correlation test.
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part of the molecule in addition to lacking the C-terminal tail
(Figure 7). This could alter the accessibility of box A for receptor
interactions. This is of interest as recombinantly produced “free”
box A acts as an antagonist to HMGB1 in multiple models of
inflammation. To define the exact P1/P1′ positions, point
mutated HMGB1 needs to be produced and subjected to
cleavage. This was however outside the scope for this study.

It is notable in theWestern blotting experiments that incubation
of HNE with HMGB1 results in the formation of a large Mw
complex (Figure 2B, time points 10 and 20 min). The Mw
corresponds to a dimer of HNE and HMGB1, most likely formed
by covalent bonds as the presence of reducing agents in the sample
buffer did not dissolve the complex. It is a known feature of
endopeptidases to form covalent complexes with substrates
during the catalytic reaction. The covalent bond is subsequently
broken and the enzyme regenerated (36). In our study the high
molecular weight complex was absent from the 60-min time point.

Our Western blotting analyses were somewhat restricted by
the lack of a commercially available box B-specific antibody and
neither have we managed to produce such an antibody in-house
despite several attempts. Additionally, it has to be noted that we
have worked with a recombinant HMGB1 most likely being
oxidized as it was produced with a histidine tag, without any
reducing agent in the buffers and neither did it induce cytokine
production when tested (data not shown).

In order to assess the biological relevance of our in vitro findings
we first verified the presence of the investigated proteases during an
inflammatory conditionwhereHMGB1 is regarded as a pathogenic
Frontiers in Immunology | www.frontiersin.org 10
mediator; arthritis.We could demonstrate that all four investigated
proteaseswere present in JIA synovialfluid.This is thefirst report of
HNE, CG,MMP3 andDPP-IV levels in JIA synovial fluid aswell as
their co-existence with HMGB1 in a biological fluid.

Based on our findings that HMGB1 is a substrate for 3
proteases readily detected in arthritic joints it might be
surprising that HMGB1 itself can be detected in arthritic
synovial fluid. A technical reason could be that the antibody
pair in the commercial ELISA assay used recognizes not only full
length HMGB1 but also fragments of the protein. A more likely
reason, however, is the intricate system of protease-binding and
inhibiting proteins present in arthritic joints.

In conclusion, we report the novel finding that HMGB1 can be
regulated by proteases associated with inflammation and arthritis.
Using literature searches, protease specificity prediction servers and
by performing in vitro studies we report that CG rapidly degrades
HMGB1 while HNE and MMP3 processing had a slower kinetics
resulting in larger fragments. We propose that HNE primarily
cleaves HMGB1 at A170 and A34 in position P1, and that MMP3
primarily cleavesHMGB1 in positionA161. BothHNEandMMP3
processing hence results in cleavage in the linker region, removing
theC-terminal tail. Such truncation ofHMGB1has previously been
reported by us and others to affect HMGB1-receptor interactions.
Further processing resulted in fragments lacking the N-terminal
region, a feature described for other inflammatory mediators to
regulate their activity.

For the first time, we report the presence of HNE, CG, MMP3
and DPP-IV in synovial fluid obtained from JIA patients.
A B

FIGURE 7 | A 3D model indicating proposed cleavage sites at HMGB1 by HNE and MMP3. (A) 3D model of HMGB1 showing predicted HNE cleavage sites at
positions V20 and A34 (B) 3D model of HMGB1 showing predicted MMP3 cleavage sites at positions A34, L120 and A161 (pink). Box A is marked in green, box B
marked in yellow. The model is based on solution structure of the tandem HMG box domain from Human High mobility group protein B1 aa 1–166, #2YRQ in the
RCSB Protein Data Bank.
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Although the levels of each protease did not correlate with the
levels of HMGB1, our study suggests that proteolytic cleavage of
HMGB1 can be a downregulatory mechanism of HMGB1
activity during arthritis. Future studies are needed to clarify
functional consequences of the observed fragments produced by
the investigated enzymes.
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