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Abstract 
Alarmins and damage associated molecular pattern (DAMP) are endogenous proteins with 
distinct and various intracellular roles that when released extracellularly act as starting 
signals for inflammatory immune responses. The endogenous protein High mobility group 
box 1 (HMGB1) acts as a DAMP and has been shown to drive progression of multiple 
inflammatory and autoimmune diseases. During homeostasis HMGB1 is localized in the 
nucleus of almost any cell, where its main function is organization of the DNA and regulation 
of transcription. Upon cell death or immune cell activation HMGB1 can be translocated into 
the cytoplasm for subsequent release into the extracellular space. 
Extracellular HMGB1 can act as a DAMP by activating several receptors of the immune 
system. Recent studies focus on HMGB1 release and functional regulation due to prost-
translational modifications (PTMs) on cysteine residues. However, little is known about 
enzymatic regulation of HMGB1. The aim of this thesis was to investigate the possibility of 
proteolytic processing of HMGB1 by enzymes, which play a crucial role in inflammatory 
diseases and their progression. We utilized an in vitro model that mimics natural conditions 
of the autoimmune disease arthritis. Enzymatic digestion of HMGB1 was performed in 
kinetics studies using the neutrophilic enzymes cathepsin G, neutrophil Elastase as well as 
matrix metalloproteinase-3, which is released from tissues at the site of inflammation. We 
defined that HMGB1 is a novel substrate of all of the tested enzymes. All enzymes induced 
different cleavage pattern. In conclusion, my findings open up the possibility for future 
studies involving the observed fragments of HMGB1 and their functional features. It also 
demonstrated that HMGB1 is affected by protease modifications in a disease relevant 
environment.  
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Popular Science Summary 
 

Enzymes that influence the immune system 
 

Our immune system evolved to fight invading pathogens, such as bacteria, parasites and 
viruses to preserve homeostasis of our body, ensuring a healthy life. An immense problem all 
over the globe is the rise in autoimmune diseases and allergies. It is possible that the immune 
system turns against our own bodies in an unregulated manner.  Two such cases are well 
defined today. Firstly if an infection is not cleared by the immune system a persistent or 
chronic inflammation can be developed. Secondly if the body fails to distinguish between a 
pathogen and healthy cells we talk about an auto-immune disease. 
In both cases, key players, who help to clear infection and act as mediators of the immune 
system, are highly specialized immune cells. These cells have a wide range of tools to work 
with that aid them to kill of bacteria or help tissue remodeling. Proteases, or enzymes that 
degrade other proteins specifically to their structure are one of these tools. These proteases 
can be friend or foe. During auto-immune disease they can destroy large sections of tissues 
and cause pain, hindrance or organ failure. Therefore it is crucial to understand the regulatory 
mechanisms of the immune system during chronic inflammation and auto-immune disease. 

In recent years a small molecule gained a lot of attention while studying the pathogenesis of a 
common auto-immune disease, arthritis. This protein found mainly in the cell center regulates 
function of the DNA and was called High Mobility Group Box 1 or HMGB1. The ability of 
HMGB1 to jump to different locations of the DNA gave it its name. Now we know that 
during arthritis and other inflammatory diseases, HMGB1 can be found in the blood and 
synovial fluid that surrounds our joints. There it alters the immune response. This ability of 
HMGB1 makes it a red flag, a so-called damage associated molecular pattern (DAMP) for 
the immune system. Previous studies showed that HMGB1 can be influenced and modified 
when it is released from the cells into the synovial fluid. This can change its function during 
disease. 

In this study we asked ourselves how far proteases of the immune cells could influence the 
function of HMGB1 in the context of chronic inflammation. For this we chose three 
enzymes, which are associated with chronic inflammation and are ether released from 
immune cells or tissues at the side of inflammation. We then tested in an in vitro model if and 
how each of these enzymes affects HMGB1 over time.  
It was found that each of the tested enzymes had a different profile in cutting HMGB1 in a 
variety of pieces. Through many interactions from isolated parts of HMGB1 with the immune 
system it is possible that we found a possible regulatory mechanism. This could mean that 
immune cells are capable of inactivating and/or changing the function of HMGB1 in a highly 
specific way, opening up many new ways in the understanding our immune system and 
therefore possible treatments that enhance our quality of life.  

  



 4 

1. The Immune System 
 
The human body evolved to defend itself in various ways against invading pathogens and 
tissue trauma. The actions of the immune system can be divided in two connected phases. 
The first phase and the first line of defense is the innate immunity, which includes physical 
and chemical barriers, such as the skin and the stomach fluid, to prevent infection. If this 
fails, the innate immune system can counteract with inflammation, activation of the 
complement system and recruitment of leukocytes in order to eradicate the invading 
pathogen. Each of these mechanisms hold a complex and highly conserved way of defending 
the organism. The quick response (within minutes) of the innate immune system is due to the 
recognition of a variety of molecular patterns. Depending on their origin these patterns are 
referred to as pathogen-associated molecular patterns (PAMPs) hence originating from 
pathogens and damage-associated molecular patterns (DAMPs), originating from damaged 
and stressed tissue. The tasks of the innate immune system include clearance of pathogens, 
removal of dead and dysfunctional cells as well as healing injured tissue. Different cells of 
the innate immune system carry receptors, which are called pattern recognition receptors 
(PRRs), and are able to bind PAMP and DAMP molecules such as Lipopolysaccharides 
(LPS) and Flagellin derived from bacteria, DNA and RNA that can be detected during a viral 
infection and endogenous molecules released due to cell stress and death such as heat shock 
proteins, S100 proteins and HMGB1 [1] [2]. 
Many pathogens evolved to evade the innate immune system with a vast variety of different 
mechanisms. If this happens, the second phase of defense the adaptive immune system takes 
over (within hours). The basis for the recognition of pathogens by the adaptive immune 
system requires the distinction between self and non-self. Cells of the host express antigens 
that mark them as self, while pathogens lack these antigens. Antigen presenting cells (APC’s) 
gather information in form of unknown antigens. This can start a cascade of reactions after 
presenting them to lymphocytes. T and B cells are lymphocytes and play crucial roles as 
effector cells.  
 

1.1. Inflammation 
Inflammation is the body’s mechanism to clear infectious or non-infectious stimuli that 
threatens the homeostasis of the system. These stimuli include pathogens, allergens or signals 
derived from damaged tissue. The goal of an inflammatory response is to remove these 
threats and start a range of processes to ensure a healthy and normal function of the organism.  
The first step during an acute inflammation is recognition of danger by the immune system. 
Cells that have recognized DAMP or PAMP, mostly macrophages and neutrophils, become 
activated and promote an immune response through production of chemokines and cytokines. 
These mediators have several functions including recruitment of other immune cells to the 
site of inflammation, as well as structural changes to the surrounding tissue. Consequently 
these changes increase the permeability and adhesive properties of endothelial cells, which 
increases the infiltration rate of blood-borne leukocytes that act on the site of inflammation. 
Pro-inflammatory cytokines, which accumulate in this acute phase, can cause the classical 
signs of inflammation, heat (calor), pain (dolor), redness (rubor) and swelling (tumor). 

During a dysregulated mechanism, inflammation can develop into a long-term condition, 
known as chronic inflammation. This disorder can be induced by a persistent infection or 
exposure to allergens. One major complication can be an autoimmunity disorder, where the 
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body has lost its control over the inflammatory response. Chronic inflammation sterile or 
non-sterile, can disrupt and permanently destroy the function of tissues and structures [1, 3]. 

 

1.2. The Receptors of the Immune System 
Cells of the innate immune system are able to detect pathogen- and damage-associated 
structures/patterns through different receptors, both cellular and soluble. These PRRs can be 
observed in a variety of compositions. Prominent receptors are toll-like receptors (TLRs) and 
NOD-like receptors (NLRs). Extracellular PAMPs and DAMPs mainly bind to TLRs while 
NLRs are expressed within the cell and are able to detect and bind intracellular molecules, 
which are associated with infections and damage of the tissue. Upon ligand-receptor binding 
an intracellular signaling cascade occurs, leading to production and release of inflammatory 
mediators and activation of cellular activities, such as phagocytosis.  
Soluble receptors include mannose binding lectin (MBL) and C-reactive protein (CRP). 
These receptors bind extracellular to PAMPs and mark these pathogens as dangerous and for 
destruction via phagocytosis or complement activation [1, 2, 3]. 

2. Cells of Innate Immunity 
The first line of defense has several key cell players in its arsenal. Many of them originate 
from one common myeloid progenitor, present in the bone marrow. These progenitor cells 
differentiate under certain conditions to phagocytic cells, such as macrophages, neutrophils or 
dendritic cells (not found in the blood), or into basophils and eosinophils, natural killer cells 
and mast cells. Each of these has a highly regulated function during inflammation.  
 

2.1. Leukocytes During Inflammation 
 

Different types of leukocytes each perform distinct tasks. During inflammation, the family of 
PMNs are recruited to the affected site. Eosinophils are mostly present during a parasitic 
infection or during an allergic reaction, where they release many chemical mediators such as 
histamines, peroxidases, RNases and DNases. Monocytes take up pathogens via 
phagocytosis, inactivates them and presents them to T cells of the adaptive immune system.  
The most abundant type of PMNs are neutrophils. These can kill and inactivate pathogens 
through ether uptake or through degranulation of inflammatory mediators and release of 
several chemokines. This mechanism helps to clear the infection and prevent tissue damage.  

After the resolution of an acute inflammation and clearance of any pathogens, PMNs are 
regulated in such a way that they will disperse from the site of inflammation. During chronic 
inflammation or dysfunctional regulation, PMNs are always present and attract immune cells 
through release of pro-inflammatory mediators. The destructive nature of the released 
proteins and reactants can now cause immense damage to the host [1]. 
 

2.2. Proteases – Tools of the Immune System 
Proteases are enzymes that perform proteolysis or protein catabolism. Broad groups of 
enzymes can be defined depending on the cleavage site in their target proteins. Proteases that 
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cleave peptide bonds where serine serves as a nucleophilic amino acid at the active site of the 
enzyme are called serine proteases. Other catalytic residues include cysteine, threonine. 
Metalloproteases, such as matrix metalloproteinase-3 (MMP-3) requires zinc to be effective. 
MMP-3 can be released from fibroblasts, cells of the elastic tissue (cartilage), which protects 
bones and joints. MMP-3 is required for the break down of extracellular matrix proteins, 
during tissue remodeling. It degrades various collagen types, elastin and fibronectin.  

Neutrophils carry important serine proteases, such as neutrophil Elastase and cathepsin G, 
which are released at the site of inflammation. They break down tissues, eliminate intra- and 
extracellular pathogens and act as inflammatory mediators. During acute and chronic 
inflammation, high concentrations of these proteases can be found [1] [4]. 

3. The Roles of HMGB1 
High mobility group box 1 (HMGB1) is a protein that can be found in the nucleus of almost 
any cell, where its main function is organization of DNA and regulation of transcription. 
HMGB1 is crucial for survival, since HMGB1 deficient mice die within 24h after birth [5, 6]. 
HMGB1 is also secreted from activated immune cells or passively released after cell death 
from any type of cell and is then considered a DAMP for the immune system. HMGB1 has 
been shown to act as a DAMP and an inflammatory mediator by activating several receptors, 
including PRRs [7] [8] [9].  

3.1. The Nature of HMGB1 
HMGB1 is a small protein of 25kDa expressed in all eukaryotic cells and with a highly 
conserved sequence. It is consists of three distinct structures; Box A and B are DNA binding 
domains, which bend and regulate DNA by binding to the minor groove of the DNA. At the 
C-terminal, the acidic C-tail resides (Figure 1).  

 
Figure 1: Schematic overview of HMGB1 and its structure. The three cysteine residues C23, C45 and C106 
can be found in different redox states The acidic C-tail is a stretch of amino acids at the C-terminal of the 
protein. Respective binding sites of HMGB1 to RAGE and TLR4 are indicated with brackets. 

Most recent studies are aiming to detangle the role of HMGB1 as a pro-inflammatory 
mediator and its extracellular properties. It has been shown, that HMGB1 can be measured in 
multiple phases of disease and inflammation with a delayed kinetics [10] [11]. Recently 
interest shifted towards the binding ability of HMGB1, not only in its full length but also the 
separated main structures. For instance, a study showed that the C-tail alone regulates DNA 
binding [12-14]. The many-faced nature of HMGB1 makes it an intriguing research subject. 
Studies showed that the C-terminal of the B-box binds to the receptor for advanced glycation 
end-products (RAGE). The N-terminal of the B-box can bind to TLR4 acting in both cases an 
inducer for inflammation [15] [16]. 
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3.2. HMGB1 During Disease 
Extracellular HMGB1 plays a key role during disease. Here several ways of action can be 
distinguished. Whilst it acts as an early mediator of inflammation during sterile inflammation 
HMGB1 is considered a late one, in infectious disease [17]. Depending on the localization of 
HMGB1 it has diverse effects through receptor interactions. It can be chemotactic and cause 
migration of immune cells to the site of inflammation. It has been shown that HMGB1 can 
bind to (RAGE). Depending on receptor interactions it not only induces migration but is also 
cytokine inducing [18], which leads to proliferation, differentiation and a downstream 
regulation of the inflammatory response. This activation has been seen upon binding of 
HMGB1 with TLR2/4 [19] and shows the broad spectrum of possibilities and regulatory 
properties this DAMP has.  
Rheumatoid arthritis is a well-known disorder were the bodies immune system attacks body 
tissues and causing damage to joints and cartilage, which then can result in erosion of the 
involved bones. HMGB1 plays a crucial role during disease progression since it acts as 
DAMP during this chronic sterile inflammation. It mediates the immune system to continue 
its destructive dysregulated path.  

 

3.3. Regulation of HMGB1 
Post-translational modifications (PTMs) include methylation, acetylation, glycosylation, 
phosphorylation and oxidation. Studies have shown that HMGB1 undergoes such PTMs, 
which have a direct impact on its function as a DAMP. Not only PTMs can affect the 
function of mediators of the immune system but also enzymatic cleavage can result in direct 
downregulation through complete fragmentation. Another possibility is that proteolytic 
alterations affect interactions of DAMPs with receptors of the immune system, such as 
RAGE and toll-like receptors. 

HMGB1 is released passively from necrotic cells and cells that undergo secondary apoptosis, 
pyroptosis and necroptosis. Active secretion can be observed mainly from innate immune 
cells, such as macrophages, dendritic cells and neutrophils. For this secretion to occur the 
immune cells need to be activated by PAMPs, DAMPs or other inflammatory mediators [20]. 

4. Aim of this Thesis 
This thesis aims to investigate possible regulatory mechanisms of HMGB1 function. More 
specifically the effect of enzymes that are associated with acute and chronic inflammation 
and thus should be present in the same extracellular environment as HMGB1. Studying the 
interaction of proteases such as cathepsin G, neutrophil Elastase and MMP-3 with HMGB1, 
provides insight on the functional alterations of HMGB1 during disease.  

5. Materials and Methods 
 

Enzymes and reaction buffers 
All used enzymes, Cathepsin G (Cat: 219373-100MIU), human neutrophil Elastase (Cat: 
324681-100UG) and Matrix metalloproteinase-3 (Cat: 444217-5UG) were obtained from 
Merck Millipore in their active forms. 
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Reconstitution and reaction buffers were prepared according to the producer’s 
recommendations. Reaction buffers were:  

• PBS pH7.4 for Cathepsin G 
• 100 mM Tris-HCl, pH 7.5, 500 mM NaCl for human neutrophil Elastase 
• 50mM Tris-HCl, 10mM CaCl2, 1uM ZnCl2, pH7.5 for Matrix metalloproteinase-3 

 

Recombinant protein production 

IL-1β (in its active form) was used as a non-specific negative control protein, and kindly 
gifted by Hannah Aucott.  

Lars Ottosson generously provided the recombinant HMGB1 used in this thesis. 
 

Enzymatic digestion 
Enzymatic digestion of HMGB1 with Cathepsin G (CG), human neutrophil Elastase (NE) 
and MMP-3 were performed with a set amount of 2µg HMGB1. HMGB1 was incubated with 
selected enzyme at 37°C for up to 2h. HMGB1 was incubated at a molar ratio of 1:50 
(NE/HMGB1) and 1:22 (MMP-3/HMGB1). Cathepsin G (50µU) and HMGB1 (2µg) where 
mixed at a ratio of 1:80 (CG/HMGB1). One unit of Cathepsin G was defined by the producer 
as the amount of enzyme that will hydrolyze 1.0 µmol of Suc-AAPF-<i>p</i>NA per min at 
25°C, pH 7.5 [21]. 

The reactions were stopped by adding 5µl of loading buffer containing the reducing agent β-
mercaptoethanol and heat inactivation at 95°C for 10min.  

Samples where then analyzed by SDS-page gel electrophoresis (BioRad, Tris-Glycince, 4-
20%) for 40min at 180V. Gels were stained with Coomassie blue and analyzed using Image 
Lab 6.0. 
 

Three-dimensional modeling of cleavage sites by NE, MMP-3 and CG in HMGB1 
Two different approaches were taken to analyze predicted cleavage sites for each investigated 
enzyme. As a first source of information the online service PROSPER (Protease specificity 
prediction server) was used to obtain predicted sites of cleavage for each of the tested 
enzymes (see supplementary material). Secondly a literature search was performed to extract 
information regarding the favored positions of cleavage (P1/P2 and P1’/P2’) for each 
enzyme. This was then applied onto the amino acid sequence of HMGB1 [4, 22, 23]. 
The information retrieved was combined and analyzed using “The PyMOL Molecular 
Graphics System, Version 1.8 Schrödinger, LLC.” 
For the 3D modeling a solution NMR structure of HMGB1 was used 2YRQ [24]. 

 

5.1. Methodological Considerations 
 

Selection of Enzymes 
At the start of this thesis work we asked the question which enzymes should be chosen to test 
for potential cleavage of HMGB1. For this purpose the online software PROSPER (Protease 
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specificity prediction server) was used [25]. PROSPER indicates possible cleavage sites 
based on the sequence and secondary structure of the structure that it is provided. The 
sequence of HMGB1 was uploaded to the online server. Information gathered from literature 
study of inflammatory conditions resulted in the final selection of proteases for the project. 
Our search resulted in several enzymes with a possible ability to cleave HMGB1.We selected 
CG, NE and MMP-3 as being the most relevant ones during diseases of sterile and non-sterile 
inflammation and of autoimmune diseases.  
 

Concentration of Enzymes  
To ensure molar ratios of substrate (HMGB1) to enzyme (CG, NE and MMP-3), which 
would reflect physiological concentrations we adjusted the used concentrations to those 
reported in the literature for chronic inflammation [26-28]. During disease HMGB1 can be 
found in tissues, blood and fluids in a wide range of concentrations [29]. Inflammatory 
arthritis was used as a reference disease, focusing on the HMGB1 and enzyme concentration 
in synovial fluid of up to 35mg/ml.  
 

Recombinant Protein Production 
To be able to observe enzymatic-induced fragmentation of HMGB1 in a controlled manner, 
bacterial expressed recombinant HMGB1 was used. HMGB1 was DNase treated, to ensure 
that no binding of DNA with HMGB1 would occur and affect the enzymatic digestion. Since 
bacteria lack PTM machinery, such alterations of HMGB1 were considered to be absent. The 
rHMGB1 has a His-tag N-terminally. The small size of the His-tag (6aa) makes it highly 
unlikely that enzymatic activity would be influenced by the His-tag.   
 

Fragment identification 
As a first attempt to identify fragments, which we observed during enzymatic digestion of 
cathepsin G, neutrophil Elastase and matrix metalloproteinase-3 we used western blotting. It 
became clear that with this method alone we were not able to track the fragments in a precise 
manner due to complex and numerous cleavage possibilities. Therefore we decided to move 
to mass spectrometry (LC-MS) in order to identify the direct sequence of the fragments. 
These test are still ongoing and could not be completed during the time of this thesis. With 
these results we will be able to move to functional studies involving each of the observed 
fragments. 

6. Results 
Test for enzyme-specific cleavage 
The specificity of the enzymes used was tested using recombinant HMGB1 and interleukin-
1beta (IL-1β) as a non-cleaved control. Enzymatic digestions were performed at pH7.5 for 
one hour at 25°C. The appropriate buffers were used as recommended by the enzyme 
supplier. To mimic in vivo conditions and to ensure consistency with follow-up digestion, 
similar molar ratios were used for HMGB1 and IL-1β for each enzyme, respectively. A ratio 
of 1:50 for NE/HMGB1 and 1:22 for MMP-3/HMGB1 was used. Cathepsin G (1mU) and 
HMGB1 (2µg) where mixed at a ratio of 1:2 (CG/HMGB1). 
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All three enzymes showed different cleavage patterns of HMGB1 (Fig.2; lanes 4,5,6). CG 
proved to be the most effective enzyme in cleaving HMGB1, resulting in complete 
fragmentation. IL-1β was not cleaved by any of the three enzymes used, consistent with 
literature (Fig.2; lanes 7,8,9). These results confirmed that no unspecific degradation of 
HMGB1 would occur under these conditions for the following enzymatic digestions.  

 
Figure 2: Test for enzyme specific cleavage. Cleavage analysis of neutrophil Elastase (NE), matrix 
metallopeptidase-3 (MMP-3) and Cathepsin G (CG) on HMGB1 and IL-1b. Two micrograms of HMGB1 / lane 
(2,4,5,6) and 500ng of IL-1b / lane (3,7,8,9) where used. No enzyme was added in the negative control group 
HMGB1 and IL-1b (lane 2,3). Symbols I and II indicate the position of CG on the gel. Every sample was 
incubated for 1h at 25°C and heat inactivated for 10min at 95°C before separation on a 4-20% SDS-PAGE gel 
under reducing conditions. Size markers (lane 1) can be found in the left of the gel. The gel was stained using 
Coomassie blue solution, whilst CG was still visible on the gel (Fig.2, lanes 6,9; I, II). 

 

Digestion of HMGB1 using Cathepsin G 
The enzymatic cleavage of HMGB1 by Cathepsin G was tested in a time-dependent kinetics 
model (Fig.3). A master reaction was prepared and enzymatic digestion was performed at 
pH7.5 for up to 2 hours at 37°C. At each time point a sample was taken and heat inactivated. 
The appropriate buffers were used as recommended by the producer of the enzyme. 
Cathepsin G (50µU) and HMGB1 (2µg) where mixed at a ratio of 1:80 (CG/HMGB1) in the 
effort to mimic in vivo conditions and to be able to have a window of observation.  
Cathepsin G proved as previously shown (Fig. 2) to be a potent enzyme regarding HMGB1 
cleavage. Initial cleavage could be recorded at time point zero (direct heat inactivation after 
mixture). For up to ten minutes HMGB1 was cleaved in a pattern of small fragments (Fig.3; 

I" II"

1 2 3 4 5 6 7 8 9

Full length HMGB1 

35kDa"
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lanes 4,5). After forty minutes, complete fragmentation of HMGB1 by Cathepsin G could be 
detected (Fig.3; lanes 8-10). These results clearly demonstrate that HMGB1 is a substrate of 
Cathepsin G. None of the monitored fragments where chosen for later analysis via mass 
spectrometry, since degradation of HMGB1 transpired at a high rate even at low CG 
concentrations. 

 
Figure 3: Digestion of HMGB1 and kinetics using Cathepsin G. Cleavage analysis of Cathepsin G (CG). 
Two micrograms of HMGB1 / lane where mixed in a master reaction tube with 50µU of CG / lane. No enzyme 
was added in the separate negative control group HMGB1 (lane 2). The master reaction was incubated for up to 
2h at 37°C. At each time point a sample was taken and heat inactivated for 10min at 95°C before separation on a 
4-20% SDS-PAGE gel under reducing conditions. Size markers (lane 1) can be found in the left of the gel. The 
gel was stained using Coomassie blue solution. 

Digestion of HMGB1 using neutrophil Elastase 
The enzymatic cleavage of HMGB1 by neutrophil Elastase (NE) was tested in a time-
dependent kinetics model (Fig.4). A master reaction was prepared and enzymatic digestion 
was performed at pH7.5 for up to 4 hours at 37°C. At each time point a sample was taken and 
heat inactivated. The appropriate buffer were used as recommended by the supplier of the 
enzyme the digestion of HMGB1 by NE a molar ratio of 1:50 was used as described.  

The detected cleavage pattern of HMGB1 by NE showed two pronounced steps. The first 
observable one could be seen after ten minutes of incubation, with a fragment (26kDa) that 
could be still monitored until forty minutes (Fig.4; lane 4-6; a). For up to one-hour a third 
band could be detected. This fragment (19kDa) appeared at the start of the digestion, till 
around one hour of time (Fig.4; lane 3-7; b). In a secondary step, NE cleaved HMGB1 at a 
secondary site (13kDa) with a characteristic band throughout the digestion (Fig.4; lane 3-10; 
c). This fragment showed a gain in contrast with a peak after sixty minutes (Fig.4; lane 7).  

1 2 3 4 5 6 7 8 9 10+

35kDa 
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The results of the digestion of HMGB1 via NE showed a distinct pattern. The most 
prominent bands were analyzed via mass spectrometry (Fig.4; a, b and c) and Western Blot 
analysis. The obtained results from the western blot (not shown) proved to be unclear thus we 
decided to analyze the fragments via mass spectrometry. Mass spectrometry would provide a 
certain sequence analysis of the fragments. 

 

Figure 4 Digestion of HMGB1 and kinetics using neutrophil Elastase. Cleavage analysis of neutrophil 
Elastase (NE). HMGB1 and NE were mixed in a master reaction at a molar ratio of 1:50. No enzyme was added 
in the separate negative control group HMGB1 (lane 2). The master reaction was incubated for up to 4h at 37°C. 
At each time point a sample was taken and heat inactivated for 10min at 95°C before separation on a 4-20% 
SDS-PAGE gel under reducing conditions. Size markers (lane 1) can be found in the left of the gel. The gel was 
stained using Coomassie blue solution. The markers a, b and c show the bands that where chosen for analysis 
via mass spectrometry. 

 

Digestion of HMGB1 using matrix metalloproteinase-3 
The enzymatic cleavage of HMGB1 by matric metalloproteinase-3 (MMP-3) was tested in a 
time-dependent kinetics model (Fig.5). A master reaction was prepared and enzymatic 
digestion was performed at pH7.5 for up to 3 hours at 37°C. At each time point a sample was 
taken and heat inactivated. The appropriate buffer where used as recommended by the 
supplier of the enzyme. For the digestion of HMGB1 by MMP-3 a molar ratio of 1:22 was 
used as described.  

MMP-3 could cleave HMGB1 in an effective manner with two bands that could be observed 
throughout the digestion (Fig.5; lane 3-9). The highest contrast of the bands, marked a and b 
was detected from thirty to one hundred minutes (Fig.5; lane 5-8). The upper band 

aa

b b

c c

a

b

c c c

35kDa 
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completely disappeared after three hours of digestion and only the lower secondary band 
could be seen (Fig.5; lane 9). The results show that MMP-3 was able to cleave HMGB1 with 
a distinct profile. These bands marked a (17kDa) and b (14kDa) where then analyzed via 
mass spectrometry. 

 
Figure 5 Digestion of HMGB1 and kinetics using matrix-metalloproteinase-3. Cleavage analysis of matrix-
metalloproteinase-3 (MMP-3). HMGB1 and MMP-3 were mixed in a master reaction at a molar ratio of 1:22. 
No enzyme was added in the separate negative control group HMGB1 (lane 2). The master reaction was 
incubated for up to 3h at 37°C. At each time point a sample was taken and heat inactivated for 10min at 95°C 
before separation on a 4-20% SDS-PAGE gel under reducing conditions. Size markers (lane 1) can be found in 
the left of the gel. The gel was stained using Coomassie blue solution. The markers a and b show the bands that 
were chosen for analysis via mass spectrometry. 

 

Analysis of predicted cleavage sites 
As a first step to analyze the observed fragments of HMGB1 by NE and MMP-3 a theoretical 
screening of possible cleavage sites was performed. For this we used information from the 
online service PROSPER (Protease specificity prediction server) and previous studies 
defining favored positions of cleavage for each of the used enzymes [4, 22, 23].  

The results from this screening process (Fig. 6), showed a variety of possible combinations of 
fragmentation. In the case of MMP-3 two cleavage sites at position P34 (PROSPER) and P39 
(Literature) are in close proximity. Another overlapping cleavage site was found during both 
screenings at P120. A discrepancy between PROSPER and the literature screening was found 
in P161 (PROSPER) and P61 (Literature).  

1 2 3 4 5 6 7 8 9

a+

b+

35kDa 

1 2 3 4 5 6 7 8 9



 14 

Results from the screening process for neutrophil Elastase showed only one predicted 
cleavage site at P20 using the online service PROSPER. Screening the sequence HMGB1 
using information from the literature resulted in several predicted cleavage sites throughout 
the whole protein P34 – P170 (Fig. 6).  Surprisingly none of the predicted sites overlapped 
with the results of the PROSPER service. The reason for this difference is likely to be the 
secondary structure of the protein, which is taken in account during PROSPER analysis but 
not in the literature screening of cleavage sites. Of note is that some of the favored cleavage 
sites for NE could also be observed for MMP-3 as well (P34 and P120) (Fig.6). 

Studying the differences between the PROSPER online service and the literature screening, it 
became clear that secondary and tertiary structure is of vital importance for specific cleavage 
of HMGB1 through MMP-3 and NE.  
The results from this theoretical screening were then compared with observed cleavage 
fragments during kinetics studies. Most of the in theory possible cleavage sites could not 
produce fragments of the size detected (Fig.4, 5). 

The results of the theoretical screening where then applied to a solution NMR structure of 
HMGB1 2YRQ [24] and visualized using “The PyMOL Molecular Graphics System, Version 
1.8 Schrödinger, LLC.” (Fig.7–9). Worth mentioning is that the used solution NMR structure 
lacks the acidic C-tail of HMGB1. Therefore we could not observe possible enzymatic 
interactions directly on the C-tail or the indirectly steric influence it might have on other 
potential cleavage sites. 

 

 
Figure 6: Screening for predicted cleavage sites. Analysis of cleavage sites using the online service 
PROSPER and literature [4, 22, 23]. Positions (P) are marking the points in the amino acid sequence of 
HMGB1. Enzymes analyzed this way where matrix metalloproteinase-3 (MMP-3) and neutrophil Elastase.  

 

As an overview of the different regions, a primary 3D modeling of HMGB1 was performed 
(Fig.7). Figure 7 shows an overview of HMGB1 and its 3D structure using PyMol. 
Highlighted in green is Box A (P9 – 79) and Box B in red (P89 – 162). Light green represents 
linker and terminal regions of the protein. This approach was then applied to mark the 
cleavage positions of MMP-3 and NE affecting HMGB1 in the theoretical screening (Fig. 8 – 
9).  
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Figure 7: Overview of HMGB1 as a 3D model. A solution NMR structure of HMGB1 2YRQ [24] was used 
and visualized using “The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.”. The upper 
picture shows HMGB1 in a “cartoon” format, while the lower one represents different residues as spheres. Light 
green marks the linker and terminal regions of HMGB1. Box A (P9- 79) is colored in green and Box B (P89 – 
162) in red. All available solution NMR structures lack the acidic C-tail region. 

 

 The predicted cleavage sites in HMGB1 for neutrophil Elastase, as described in figure 6 
where visualized using PyMol. The same solution NMR (2YRQ) structure was used as above 
[24]. Sites for predicted cleavage where marked at their respective position (P). Position 20, 
marked in red, was predicted using PROSPER. It was observed that this cleavage site has a 
low surface availability and is mostly covered by surrounding amino acids. Residues marked 
in blue show potential cleavage sites defined in the literature screening (Fig.6). The most 
surface-exposed cleavage sites was P94, which is within Box B and P170, which lies in the 
linker region between Box B and the acidic C-tail. Other residues had a low prevalence and 
were mostly concealed by overlapping amino acids (Fig.8). 
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Figure 8: 3D model of HMGB1 with NE predicted cleavage sites. A solution NMR structure of HMGB1 
2YRQ [24] was used and visualized using “The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, 
LLC.”. Positions (P) marked in red show PROSPER predicted sites (Fig.6) and positions in blue highlight 
cleavage sites defined by literature screening (Fig.6). All available solution NMR structures lack the acidic C-
tail region. 

 
To define the predicted cleavage sites for MMP-3 in HMGB1, a similar approach as 
described previously for neutrophil Elastase was taken (Fig. 9). It was observed that one 
residue, P120 (marked in yellow), was both predicted by PROSPER and by literature 
screening (Fig.6) and lies in Box B. Interestingly, this site did not show high surface 
exposure. It also appeared during the screening for neutrophil Elastase cleavage sites (Fig.8). 
Position 161 (red) was predicted by Prosper and marks the end of Box B at amino acid 162. 
This possible cleavage site was noted having a high accessibility on the outer part of 
HMGB1. According to the prediction by PROSPER another cleavage site could be found at 
position 34, a position that was also predicted as a cleavage site for NE (Fig.6 / 8). 

Regarding the literature screening for MMP-3 two other potential cleavage sites apart from 
P120 were found. Position 39 and 61, both within Box A with medium exposure on the 
surface of HMGB1 (Fig.9). 



 17 

 
Figure 9: 3D model of HMGB1 with MMP-3 predicted cleavage sites. A solution NMR structure of HMGB1 
2YRQ [24] was used and visualized using “The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, 
LLC.”. Positions (P) marked in red show PROSPER predicted sites (Fig.6) and positions in blue highlight 
cleavage sites as seen in the literature screening (Fig.6). All available solution NMR structures lack the acidic 
C-tail region. 

7. Discussion 
In this project we investigated the possibilities of enzymatic regulation of the DAMP 
HMGB1. Numerous studies have demonstrated that PTMs influence the functional properties 
of HMGB1 when it comes to release and receptor binding, showing that HMGB1 acts as an 
inducer mediator of sterile and infectious inflammation [30, 31]. The underlying hypothesis 
for the study was that enzymatic cleavage would be another means to alter the function of 
HMGB1. Fragmentation of HMGB1 could be both an activity-downregulating mechanism 
and potentially a means to alter the inflammatory activity of the protein. As a starting point 
for our search for enzymes of interest, we opted to screen enzymes of high relevance in 
arthritis, one of the best-described chronic inflammatory diseases where HMGB1 promotes 
pathogenesis [29].  

Conformation of these fragments via mass spectrometry and screening for functional 
consequences will be a later aim but could not be completed during the time of the thesis. 

HMGB1 is a subject to proteolysis by CG, NE and MMP-3 
HMGB1 can be found in high concentration in sera and synovial fluids of arthritis patients 
and has been established as a marker for this disease and its onset [32]. It contributes to 
disease pathogenesis by promoting inflammation through several receptors such as TLR2/4 
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and RAGE [19]. Other studies showed, that HMGB1 can indirectly be regulated by the 
complement system complex C1q [33] and directly through degradation by mast cell 
chymase [34]. During this study all three tested enzymes have been reported to play a crucial 
role in disease development and can be found in relatively high concentrations in the synovial 
fluid of arthritis patients [4, 35, 36]. 
To test if HMGB1 is a specific substrate of human neutrophil Elastase, matrix 
metalloproteinase-3 and cathepsin G, we set up an experiment where HMGB1 was incubated 
with each of the enzymes. We mimicked in vivo concentrations as previously described [4, 
35, 36]. As a control we used IL-1b, which is a pro-inflammatory cytokine and is released 
upon TLR activation [37, 38]. We could show that HMGB1 is a specific substrate for NE, 
MMP-3 and CG whilst IL-1b is not. Interestingly each of the enzymes displayed a different 
cleavage pattern. Cathepsin G degraded HMGB1 rapidly. Therefore, we could not optimize 
CG reaction kinetics and concluded that CG could not produce any functional peptides of 
HMGB1. However, we could speculate that the total inactivation of HMGB1 via CG has 
anti-inflammatory properties preventing tissue damage and cytokine induction through 
HMGB1. This property of CG has been shown before [4]. Cathepsin G is localized in 
neutrophils and can be found in high concentration during inflammation in synovial fluid. 
This makes it an intriguing target of research in HMGB1 regulation [26]. 

To investigate the specific fragmentation, we proceeded with a kinetics study involving 
neutrophil Elastase and matrix metalloproteinase-3 cleaving HMGB1. 

 

Neutrophil Elastase cleaves HMGB1  
Neutrophils have great cytotoxic potential through release of several enzymes and reactive 
oxygen species. With these tools they can influence the inflammatory response significantly 
[39]. While we showed that cathepsin G could influence HMGB1 in an possible anti-
inflammatory manner, we investigated neutrophil Elastase, another highly active enzyme that 
is released at the site of inflammation from neutrophils. Neutrophil Elastase has a broad 
spectrum of cleavage and breaks down PAMPs as well as tissue. Therefore it is considered 
anti-inflammatory but can cause damage when the infection is not cleared. The interaction of 
NE with DAMPs such as HMGB1 has been shown [40]. We tested the effect of NE directly 
on HMGB1 over time in a kinetics model (Fig.4). The results showed a multistaged pattern of 
cleavage. After theoretical screening of possible cleavage sites it became clear that a great 
variety of HMGB1 fragments could be produced (Fig6/8). To identify the sequence, 
fragments where chosen for mass spectrometry analysis. The results of this experiment are 
pending and could not been complete in the time of this thesis. 3D modeling showed clearly 
that a multistaged cleavage could be due to the opening up of HMGB1 after a primary cut has 
occurred. Interestingly many of the theoretical predicted cleavage sites revealed, breaking of 
ether Box A or Box B with one exception. At position 170 resides a possible cleavage site, on 
the surface of HMGB1, which would result in the loss of the acidic C-tail region of HMGB1. 
This could have several consequences. The C-tail wraps around the protein, potentially 
preventing access of NE to other cleavage sites. Once the C-tail is cut off, these sites could 
now be accessible. Studies showed that the C-tail is required for binding of HMGB1 to the 
nucleosome and for transcription stimulation [12, 41]. It is therefore possible that NE 
influences HMGB1s capability of DNA binding and regulation.  
Another study regarding the C-tail region of HMGB1 showed that it is responsible for 
scavenger receptor-mediated internalization and cytokine production [42], thus cleavage of 
the C-tail via NE could result in a loss of pro-inflammatory signaling. It is suspected that 
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RAGE could be an internalizing receptor of HMGB1 [43]. Simultaneously it has been shown 
that HMGB1 / RAGE interactions can induce a neutrophil immune response [44]. This leads 
to the possibility that a loss of the C-tail through NE provides a negative feedback loop, 
regulating neutrophil response at the site of inflammation as an attempt to prevent excessive 
tissue damage.  
Furthermore functional consequences of HMGB1 fragmentation as seen in NE could occur. 
A study explored the effects of overexpression of HMGB1 Box A and found that it reduced 
the IL-1b-induced MMP expression in chondrocytes [13]. Showing that fragments of 
HMGB1 could have impact on the immune response and act as a mediator. A group showed 
recently that C1s of the complement system, another serine protease, is capable of 
inactivating the inflammatory response induced by HMGB1 effectively. The group used 
prediction of cleavages site to investigate the fragments and strikingly one cleavage position 
for C1s was predicted at P162 underlining the importance of the acidic C-tail [45]. 
 

Matrix Metalloproteinase-3 cleaves HMGB1  
Matrix metalloproteinases are known to act as important mediators of inflammation in almost 
all tissues, during an ongoing infection. MMPs such as MMP-3 are required for tissue 
remodeling and as a mediator of cytokine activation [46, 47]. During chronic inflammation, 
such as arthritis MMP-3 is released from tissues and plays a destructive role by cleaving 
structures like elastin, thus compromising tissue integrity. This leads to pain and the 
symptoms of arthritis. [48, 49]. The strong regulatory function of MMP-3 during disease led 
us to investigate the possibility of HMGB1 modifications. We found that HMGB1 is directly 
cleaved by MMP-3 in a specific manner (Fig.2). Similarly to our study with human 
neutrophil Elastase, MMP-3 was examined in a kinetic study (Fig.5). Unlike NE, MMP-3 
showed no multistaged cleavage but rather a constant degradation of HMGB1 into two 
distinguished fragments. These results in comparison with the theoretical screening showed 
that similar to NE a primary cleavage at one of the predicted cleavage sites must open up the 
protein and make other cleavages sites more accessible. This can be seen in the 3D models of 
the cleavage site analysis, as none of the most exposed sites of cleavage would primarily 
produce fragments of the observed size during the kinetics study (Fig.5, 6, 9). At this point in 
time we cannot deduce any functional consequences of the fragments based solely on the 
predicted cleavage sites. It is noteworthy that one of possible cleavage sites at position 161 
has a high exposure on the surface of HMGB1 and as previously described C1s has been 
shown to cleave at position 162 and inactivates HMGB1 [45]. As MMP-3 has been shown to 
inactivate chemokines [47] a potential modification of HMGB1 could be possible. As a result 
the multifunctional role of MMP-3 during disease when it comes to activation of cytokines 
and inactivation of chemokines shows that it might regulate HMGB1 as well, as we showed 
that it is a specific substrate. To map these regulatory possibilities of HMGB1 and their 
function future experiments need to be conducted.     

Concluding Remarks 
To our knowledge, this is the first study investigating the proteolytic modifications of 
HMGB1. In this project, we focused on enzymatic processing of HMGB1 in the context of 
arthritis we could show that it acts as a DAMP. We demonstrated that HMGB1 is a novel 
substrate of three different enzymes that are associated with disease progression. Each of the 
studied enzymes we showed a difference in cleavage patterns and kinetics. Through 
theoretical screening of predicted cleavages sites and consideration of 3D structure it became 
clear that the tested enzymes cleave HMGB1 in a finely regulated manner. We aim to 
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confirm these results with analysis via mass spectrometry and map the observed peptides and 
cleavage sites, which could not be performed during this thesis. Specifically this thesis 
showed that:         

• HMGB1 is a novel substrate of CG, NE and MMP-3 
• Cathepsin G degrades HMGB1 in a highly effective manner. 
• Human neutrophil Elastase cleaves HMGB1 stepwise, which could lead 

to functional fragments. 
• Matrix metalloproteinase-3 showed a consistent pattern with a unknown 

primary cleavage.    
 

With this thesis we gained insight on the modifications of HMGB1 that are mediated through 
the enzymatic environment during disease. In an in vitro setting optimized for enzymatic 
activity and an enzyme to substrate ratio that mimics natural conditions during chronic 
inflammatory diseases we observed that extracellular HMGB1 is greatly affected by these 
enzymes. Future studies are needed to investigate functional consequences of the observed 
fragments produced by either of the tested enzymes. This approach could expand the 
knowledge about the role of HMGB1 in disease progression. Moreover, functional studies 
with HMGB1 peptides could suggest possible targets for treatment applications in arthritis 
and other inflammatory diseases.   

8. Acknowledgments 
I want to thank first of all, the entire team of the Rheumatology Unit at the CMM for making 
the time I could spend with you such a pleasant one. You are an exceptional team! 
Especially I want to thank my supervisor Prof. Helena Erlandsson Harris for all her advice 
professionally and personally as well as her fresh perspective on science. Further on I want to 
thank Agnieszka Sowinska my co-supervisor for her help during this thesis and the many 
learning opportunities. Special thanks as well to Lars Ottosson for his poker face and 
showing me that science can always be straightforward. Hannah Aucott for her advice and 
help in many areas. Big thanks as well to Peter Lundbäck and his vast knowledge and 
expertise. Lastly I want to thank Henna Salo for the fun times in the office, lunch and every 
other occasion as well as being a very talented ranger.  

 
 
 
 
 
 
 

 



 21 

9. References 
 
 

1. K, M., Janeway's Immunobiology. Garland Science 2011. 8edn. 

2. Takeuchi, O. and S. Akira, Pattern recognition receptors and 
inflammation. Cell, 2010. 140(6): p. 805-20. 

3. Medzhitov, R., Origin and physiological roles of inflammation. Nature, 
2008. 454(7203): p. 428-35. 

4. Korkmaz, B., et al., Neutrophil elastase, proteinase 3, and cathepsin G 
as therapeutic targets in human diseases. Pharmacol Rev, 2010. 62(4): 
p. 726-59. 

5. Goodwin, G.H., C. Sanders, and E.W. Johns, A new group of 
chromatin-associated proteins with a high content of acidic and basic 
amino acids. Eur J Biochem, 1973. 38(1): p. 14-9. 

6. Calogero, S., et al., The lack of chromosomal protein Hmg1 does not 
disrupt cell growth but causes lethal hypoglycaemia in newborn mice. 
Nat Genet, 1999. 22(3): p. 276-80. 

7. Klune, J.R., et al., HMGB1: endogenous danger signaling. Mol Med, 
2008. 14(7-8): p. 476-84. 

8. Bianchi, M.E. and A. Agresti, HMG proteins: dynamic players in gene 
regulation and differentiation. Curr Opin Genet Dev, 2005. 15(5): p. 
496-506. 

9. Wahamaa, H., et al., HMGB1-secreting capacity of multiple cell lineages 
revealed by a novel HMGB1 ELISPOT assay. J Leukoc Biol, 2007. 
81(1): p. 129-36. 

10. Abraham, E., et al., HMG-1 as a mediator of acute lung inflammation. J 
Immunol, 2000. 165(6): p. 2950-4. 

11. Kang, R., et al., HMGB1 in health and disease. Mol Aspects Med, 2014. 
40: p. 1-116. 

12. Blair, R.H., et al., The HMGB1 C-Terminal Tail Regulates DNA Bending. 
J Mol Biol, 2016. 428(20): p. 4060-4072. 

13. Fu, Y., et al., Overexpression of HMGB1 A-box reduced IL-1beta-
induced MMP expression and the production of inflammatory mediators 
in human chondrocytes. Exp Cell Res, 2016. 349(1): p. 184-190. 

14. Kim, S., et al., Signaling of high mobility group box 1 (HMGB1) through 
toll-like receptor 4 in macrophages requires CD14. Mol Med, 2013. 19: 
p. 88-98. 

15. Rauvala, H. and A. Rouhiainen, RAGE as a receptor of HMGB1 
(Amphoterin): roles in health and disease. Curr Mol Med, 2007. 7(8): p. 
725-34. 



 22 

16. Cai, J., et al., HMGB1-Driven Inflammation and Intimal Hyperplasia 
After Arterial Injury Involves Cell-Specific Actions Mediated by TLR4. 
Arterioscler Thromb Vasc Biol, 2015. 35(12): p. 2579-93. 

17. Andersson, U. and K.J. Tracey, HMGB1 is a therapeutic target for 
sterile inflammation and infection. Annu Rev Immunol, 2011. 29: p. 
139-62. 

18. Schiraldi, M., et al., HMGB1 promotes recruitment of inflammatory cells 
to damaged tissues by forming a complex with CXCL12 and signaling 
via CXCR4. J Exp Med, 2012. 209(3): p. 551-63. 

19. Yu, M., et al., HMGB1 signals through toll-like receptor (TLR) 4 and 
TLR2. Shock, 2006. 26(2): p. 174-9. 

20. Scaffidi, P., T. Misteli, and M.E. Bianchi, Release of chromatin protein 
HMGB1 by necrotic cells triggers inflammation. Nature, 2002. 
418(6894): p. 191-5. 

21. Glusa, E. and C. Adam, Endothelium-dependent relaxation induced by 
cathepsin G in porcine pulmonary arteries. Br J Pharmacol, 2001. 
133(3): p. 422-8. 

22. Schilling, O. and C.M. Overall, Proteome-derived, database-searchable 
peptide libraries for identifying protease cleavage sites. Nat Biotechnol, 
2008. 26(6): p. 685-94. 

23. Turk, B.E., et al., Determination of protease cleavage site motifs using 
mixture-based oriented peptide libraries. Nat Biotechnol, 2001. 19(7): 
p. 661-7. 

24. Tomizawa, T., Koshiba, S., Watanabe, S., Harada, T., Kigawa, T., 
Yokoyama, S, Solution structure of the tandem HMG box domain from 
Human High mobility group protein B1. RCSB PDB. 

25. Song J, T.H., Perry AJ, Akutsu T, Webb GI, Whisstock JC and Pike 
RN, PROSPER: an integrated feature-based tool for predicting protease 
substrate cleavage sites. Submitted for publication. 

26. Miyata, J., et al., Cathepsin G: the significance in rheumatoid arthritis 
as a monocyte chemoattractant. Rheumatol Int, 2007. 27(4): p. 375-82. 

27. Elsaid, K.A., et al., Decreased lubricin concentrations and markers of 
joint inflammation in the synovial fluid of patients with anterior cruciate 
ligament injury. Arthritis Rheum, 2008. 58(6): p. 1707-15. 

28. I Tchetverikov, L.S.L., N Verzijl, T W J Huizinga, J M TeKoppele, R 
Hanemaaijer, and J. DeGroot, MMP protein and activity levels in 
synovial fluid from patients with joint injury, inflammatory arthritis, and 
osteoarthritis. 2005, http://www.annrheumadis.com: Ann Rheum Dis. p. 
694-698. 

29. Noboru Taniguchi;1 Ko-ichi Kawahara, K.Y., 1 Teruto Hashiguchi,1, 
M.G. Munekazu Yamakuchi, 1 Keiichi Inoue,2 Shingo Yamada,2 Kosei 
Ijiri,1, and T.N. Shunji Matsunaga, 3 Setsuro Komiya,1 and Ikuro 
Maruyama1, High Mobility Group Box Chromosomal Protein 1 Plays a 
Role in the Pathogenesis of Rheumatoid Arthritis as a Novel Cytokine. 



 23 

ARTHRITIS & RHEUMATISM, 2003. Vol. 48(No. 4, April 2003): p. pp 
971–981. 

30. Yang, H., et al., Redox modification of cysteine residues regulates the 
cytokine activity of high mobility group box-1 (HMGB1). Mol Med, 2012. 
18: p. 250-9. 

31. Nystrom, S., et al., TLR activation regulates damage-associated 
molecular pattern isoforms released during pyroptosis. EMBO J, 2013. 
32(1): p. 86-99. 

32. Andersson, U. and H.E. Harris, The role of HMGB1 in the pathogenesis 
of rheumatic disease. Biochim Biophys Acta, 2010. 1799(1-2): p. 141-
8. 

33. Son, M., et al., C1q and HMGB1 reciprocally regulate human 
macrophage polarization. Blood, 2016. 128(18): p. 2218-2228. 

34. Roy, A., et al., Mast cell chymase degrades the alarmins heat shock 
protein 70, biglycan, HMGB1, and interleukin-33 (IL-33) and limits 
danger-induced inflammation. J Biol Chem, 2014. 289(1): p. 237-50. 

35. Tchetverikov, I., et al., MMP protein and activity levels in synovial fluid 
from patients with joint injury, inflammatory arthritis, and osteoarthritis. 
Ann Rheum Dis, 2005. 64(5): p. 694-8. 

36. KA Elsaid*, B.F., #, HL Oksendahl+, JT Machan^, PD Fadale+, MJ 
Hulstyn+, R Shalvoy and a.G.J. +, #, Decreased Lubricin 
Concentrations and Markers of Joint Inflammation in Synovial Fluids 
from Patients with Anterior Cruciate Ligament Injury. Arthritis Rheum, 
June 2008. 58(6): p. 1707-1715. 

37. Abdollahi-Roodsaz, S., et al., Local interleukin-1-driven joint pathology 
is dependent on toll-like receptor 4 activation. Am J Pathol, 2009. 
175(5): p. 2004-13. 

38. Eder, C., Mechanisms of interleukin-1beta release. Immunobiology, 
2009. 214(7): p. 543-53. 

39. Wright, H.L., R.J. Moots, and S.W. Edwards, The multifactorial role of 
neutrophils in rheumatoid arthritis. Nat Rev Rheumatol, 2014. 10(10): 
p. 593-601. 

40. Leliefeld, P.H., et al., The role of neutrophils in immune dysfunction 
during severe inflammation. Crit Care, 2016. 20: p. 73. 

41. Ueda, T., et al., Acidic C-tail of HMGB1 is required for its target binding 
to nucleosome linker DNA and transcription stimulation. Biochemistry, 
2004. 43(30): p. 9901-8. 

42. Komai, K., et al., Role of scavenger receptors as damage-associated 
molecular pattern receptors in Toll-like receptor activation. Int Immunol, 
2017. 29(2): p. 59-70. 

43. Xu, J., et al., Macrophage endocytosis of high-mobility group box 1 
triggers pyroptosis. Cell Death Differ, 2014. 21(8): p. 1229-39. 



 24 

44. Huebener, P., et al., The HMGB1/RAGE axis triggers neutrophil-
mediated injury amplification following necrosis. J Clin Invest, 2015. 
125(2): p. 539-50. 

45. Yeo, J.G., et al., Proteolytic inactivation of nuclear alarmin high-mobility 
group box 1 by complement protease C1s during apoptosis. Cell Death 
Discov, 2016. 2: p. 16069. 

46. Parks, W.C., C.L. Wilson, and Y.S. Lopez-Boado, Matrix 
metalloproteinases as modulators of inflammation and innate immunity. 
Nat Rev Immunol, 2004. 4(8): p. 617-29. 

47. Anne M. Manicone*, a.J.K.M., †, Matrix Metalloproteinases as 
Modulators of Inflammation. Semin Cell Dev Biol, February 2008. 
19(1): p. 34-41. 

48. Hamakawa, H., et al., [Clinical significance of MMP-3 in patients with 
rheumatoid arthritis: comparison with other inflammatory markers(IL-6, 
IL-8)]. Rinsho Byori, 2003. 51(1): p. 13-8. 

49. Uemura, Y., et al., [MMP-3 as a Biomarker of Disease Activity of 
Rheumatoid Arthritis]. Rinsho Byori, 2015. 63(12): p. 1357-64. 

 


