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The way I see it, if you want the rainbow, you gotta put up with the rain. 
        
                                                                                            Dolly Parton 
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SUMMARY 
High mobility group box chromosomal protein 1 (HMGB1) was discovered over three 

decades ago as a nuclear protein which is present in all mammalian nucleated cells. 

Subsequent studies have revealed additional properties of HMGB1 besides its originally 

described nuclear functions. Extracellular HMGB1 induces cellular migration, recruits 

stem cells, possesses antibacterial functions and somewhat surprisingly is involved in 

proinflammatory responses. HMGB1 can be released from certain cells in two distinct 

ways, either passively by dying cells or through active release from multiple cell types 

such as myeloid cells. The active secretion of HMGB1 is mediated via a non-classical 

pathway involving secretory lysosomes, a route sharing many features with the IL-1β 

secretion pathway. 

My studies of macrophages from RAGE gene-deficient mice indicate that RAGE is 

the major functional receptor for HMGB1 on these cells. The results also show that 

HMGB1 interacts with additional receptor(s), since the absence of RAGE molecules did 

not completely abolish HMGB1-induced cytokine production. HMGB1 needed to form 

complexes with selected endogenous and exogenous danger signals in order to promote 

inflammation, as highly purified HMGB1 on its own did not induce cytokine production. 

I have demonstrated the potential involvement of HMGB1 in the pathogenesis of a 

novel spontaneous experimental arthritis model, DNase II x Interferon type I receptor 

double gene-deficient mice. Marked, aberrant cytoplasmic and extracellular HMGB1 

expression was evident in joint tissues from arthritic mice. HMGB1 and anti-HMGB1 

antibodies could be detected in serum long before established disease, suggesting a role 

for HMGB1 in the initiation phase of the disease. 

Finally, I have used a novel approach to inhibit extracellular HMGB1 release by 

inducing its nuclear retention. Chromatin sequestration of HMGB1 by oxaliplatin 

ameliorated collagen-induced arthritis in mice. Nuclear retention of HMGB1 was also 

demonstrated to be a potential mechanism for the therapeutic effects of gold salts which 

are commonly used in rheumatic diseases.     

In conclusion, these studies demonstrate that HMGB1 when complexed with distinct 

molecules potentiates inflammation, provide further evidence of a role of extracellular 

HMGB1 in inflammatory arthritis, and that targeting HMGB1 is therapeutically  

beneficial. 
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Chapter one 
 

 

Protection against infectious agents is mediated by the immune system. As a first line 

of defence the innate immune system with its physiological, anatomical, phagocytic and 

inflammatory barriers protects the host. The innate immune system acts rapidly, without 

antigen specificity and repeatedly with the purpose of eliminating pathogens. If this first 

clearance fails, a slower but antigen-specific system will be activated, the adaptive 

immune system. Antigen-specific T and B lymphocytes will then clear the infection and 

also give rise to immunological memory. The term immunity derives from the Latin word 

immunitas, meaning exemption from military service, tax payments or other public 

services or exemption from diseases. 

This chapter will give an overview of the magnificent immune system and its range of 

immunological players and processes.   
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Innate immunity 

Innate immunity provides the front line of host defence against pathogens. Regardless 

of what kind of danger is threatening our health it responds immediately and effectively. 

The innate immune system does not possess a memory nor does it discriminate between 

different invading pathogens. Many different barriers protect the host from the entry of 

pathogens. Physiological barriers consist of epithelial cells in skin, gut, lungs and eyes; 

chemical barriers are fatty acids, low pH, enzymes and antibacterial peptides; and finally 

there are microbiological flora. However, if a microorganism capable of causing damage 

is able to cross these barriers and enters the body it is most likely to be recognised and 

phagocyosed by a macrophage, dendritic cell or neutrophil granulocyte. The engulfed 

pathogen is then killed by a variety of toxic products produced within the phagosome. The 

interaction between the engulfing cell and pathogen also leads to production of cytokines 

and chemokines important for cell recruitment and initiation of inflammation.  

Several different receptors, called pattern-recognition receptors (PRRs) are used by the 

innate immune system to recognise and signal presence of pathogens. This recognition can 

lead to different events, such as stimulation of phagocytotosis when the macrophage 

mannose receptor is engaged. Signals through the evolutionarily conserved Toll-like 

receptors (TLRs) can upregulate co-stimulatory molecules on macrophages and dendritic 

cells, enabeling these to initiate an adaptive immune response. Thus TLRs are an 

important bridge between innate and adaptive immunity.   

 

Danger model 

Established by Matzinger, the Danger model is based on the idea that the crucial 

controlling signals of the immune system are actually endogenous and  not exogenous. 

They are alarm signals that come from stressed or injured cells. The model suggests that 

an evolutionary useful immune system concentrates on challenges that are dangerous and 

cause cell damage and not necessarily the ones that are foreign (non-self). That is the 

critical element in the decision to initiate an immune response or not (reviewed in (1)). 

This hypothesis separates the Danger model from the self-nonself discrimination model in 

which the immune system is expected to tolerate self. This will be discussed further in 

next chapter.  

The proposed theory is that cells that are stressed or injured send signals called danger 

or alarm signals. These signals activate antigen presenting cells which in turn respond 
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through up-regulation of co-stimulatory signals and take action. Thus sterile and 

microbial-induced cell damage gives rise to a similar, adequate immune response.  

The molecules serving as signs of damage and death are of two main types, 

hydrophobic and nucleic acids such as DNA and RNA. These stimuli are normally not 

exposed in healthy living cells and both endogenous and exogenous danger signals fit in 

this description and bind and signal via cell surface TLRs (reviewed in (2)) (3). 

 

DAMPs, PAMPs and Alarmins 

The immune system is alerted to pathogens, cell damage or trauma by damage-

associated molecular patterns (DAMPs). Depending of their origin they are classified 

either as pathogen-associated molecular patterns (PAMPs) or endogenous alarmins. 

PAMPs are a diverse set of small molecular motifs present on pathogens. These 

exogenous motifs are recognized and alert the immune system primarily through TLRs 

and PRRs. Included in the PAMP family are for example lipopolysaccaride (LPS), 

flagellin, lipoteichoic acid, peptidoglycan, and nucleic variants such as double-stranded 

RNA or unmethylated CpG motifs. 

Corresponding to the exogenous PAMPs are the endogenous alarmins. The term 

alarmin was proposed by Joost Oppenheim to identify molecules signalling tissue and cell 

injury. Alarmins are characterized by their rapid release following accidental cell death 

(necrosis) but are not released during primary programmed cell death (apoptosis); they 

can also be released from cells of the immune system, without connection to cell death, 

via non-conventional secretory pathways. Cells of the innate immune system will then be 

recruited and activated and some of the alarmins may promote tissue regeneration 

(reviewed in (4). Multiple molecules have been suggested to be alarmins, such as several 

heat shock proteins(5), uric acid (6), S100 (7), IL-1α (8) and High mobility group box 

protein 1 (HMGB1) (9),  which will be discussed in detail in chapter 4.   

 

Cytokines 

Cytokines are 15-30 kD proteins involved in nearly every biological event taking 

place in the body.  During immunological processes they regulate the immune response. A 

part of the innate immune reaction is a cytokine storm as a response to pathogens or tissue 

damage. An important task of the cytokines is to allow communication between the innate 

and adaptive immune systems. Cytokines are secreted by one cell and act as a messenger 
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for another cell or the same cell itself, thereby altering its behaviour or properties. 

Essentially all cells, apart from red blood cells, can produce and respond to a cytokine.  

Cytokines can be divided into functional classes depending on the actions taken of the 

responding cell, for example pro-inflammatory and anti-inflammatory. Yet another 

categorization is the Th1/Th2 paradigm. Type 1 cytokines such as IFN-γ, IL-12 and TNF 

stimulate cell-mediated immunity and cytotoxic T cells, whereas type 2 cytokines such as 

IL-4 and IL-13 activate B cells and induce humoral immunity. These properties have been 

beneficial to researchers trying to understand the pathogenesis of autoimmune diseases 

and are used when it comes to finding new therapy targets. 

Even though cytokines are important in diseases it may appear that they are not 

needed for health. Mice deficient in single pro-inflammatory cytokine genes such as IL-

1α, IL-1β, IL-6 and TNF are fertile and do not develop spontaneous diseases, indicating a 

redundant role for these cytokines. Their cytokine deficiency only seems to be important 

when challenged with tissue-damaging events. However, mice deficient in anti-

inflammatory cytokines such as IL-1RA, IL-10 or IL-2 do develop spontaneous 

inflammatory diseases.   

 

Inflammation 

Inflammation is the body’s response to infection or tissue injury. Using different 

mechanisms inflammation achieves three different tasks; it enables the delivery of effector 

molecules, the killing of invading pathogen and it provides a physical encapsulated barrier 

preventing  spread of the infection, and lastly promotes tissue repair.  

The classical manifestations of tissue injury and inflammation are rubor (redness), 

tumor (swelling), calor (heat), dolor (pain), and functio laesa (impaired function). These 

signs reflect the central events of an inflammatory response; cytokines induce local 

dilation in capillaries which gives rise to increased blood flow, making the skin red and 

swollen. Fluid starts to leak through the gaps between endothelial cells leading to oedema 

which in turn puts pressure on nerve endings causing pain. An influx of cells, mainly 

macrophages and neutrophils, from the blood into the tissue and their simultaneous 

production of proinflammatory cytokines also triggers receptor-induced pain.  

These actions of inflammation are induced and regulated by a large number of 

chemical mediators, such as complement factors, kinins, histamines and cytokines. These 

various mediators of the immune response must be regulated precisely, since deficient 
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responses can result in immunodeficiency diseases and excessive responses can cause 

morbidity and mortality.  

 

Adaptive immunity 

This system is in contrast to innate immunity antigen-specific, having the capacity to 

distinguish subtle changes in molecular conformation. It also possesses the ability to 

create and sustain immunological memory, enabling an accelerated response to recall 

antigens. The adaptive immune system can be divided into humoral immunity mediated 

by antibody-producing B lymphocytes and cell-mediated immunity driven by T 

lymphocytes.  
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Chapter two 
 

 

The immune system expresses a vast capacity to eradicate pathogens. To avoid attacks 

on self-antigens this powerful machinery has evolved mechanisms to regulate its actions 

called tolerance.  

However, instead of only reacting against foreign antigens, the immune system can 

sometimes be deviated and focuses its attack on self-antigens. This attack of the immune 

system against self-components is called autoimmunity. Paul Ehrlich described 

autoimmunity in the early 1900s when he established the term “Horror autotoxicus” 

(reviewed in (10).  

This chapter will briefly review the mechanisms of immunological tolerance and the 

results of its loss.  
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Tolerance 

Mechanisms acting during several stages of the lymphocyte lifespan have developed 

to discriminate self from non-self, thereby protecting normal tissue from autoimmune 

reactions. Each stage is partly effective in preventing anti-self responses and all of them 

work synergistically.  

The first and most important mechanism is central tolerance which takes place in the 

thymus or bone marrow for T cells and B cells respectively, when autoreactive cells are 

deleted. Even tissue-restricted self-antigens are presented in the thymus by a subset of 

dendritic-like cells, medullary epithelial cells, and the transcription factor AIRE is thought 

to be responsible for transcription of these genes (11, 12). All T cells are screened for 

reactivity against self-antigen. 

The second step in the process of tolerance takes place in the periphery, 

complementing the central tolerance mechanisms since self-reactive lymphocytes might 

escape thymic selection (13). The principal mechanisms of this step are functional 

unresponsiveness (anergy) (14, 15), deletion and suppression by regulatory T cells. 

 

Autoimmunity 

When an autoimmune reaction leads to an inflammatory response and results in 

clinical pathology an autoimmune disease has evolved. Autoimmune diseases affect about 

4-5% of the Western World population (16) and have a higher incidence in females than 

in males (17). 

Autoimmune diseases can be divided into two broad categories: organ-specific and 

systemic autoimmune diseases. In the first, the immune response is often directed against 

an organ- specific antigen, leading to an organ-specific reaction. Nearly every organ in the 

body can be affected. Examples of such diseases are Grave’s disease (thyroid gland), 

multiple sclerosis (CNS) and insulin-dependent diabetes (pancreatic islets β cells). In the 

latter category the immune response is directed towards a broad range of target self-

antigens; SLE is an example of such a disease. There are also diseases not falling into 

either of these two categories, being intermediates by having organ-specific targets and 

additional systemic manifestations, such as Rheumatoid arthritis (RA) which affects 

joints. 

How immunological tolerance is broken is unclear, but both genes and the 

environment are involved. Most autoimmune diseases have been demonstrated to have 

MHC-linkage and MHC is the strongest genetic susceptibility association (reviewed in 
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(18). The disease could also in rare cases be due to a single mutation, as with the AIRE 

(autoimmune regulator) gene. Mutations in AIRE result in a syndrome called autoimmune 

polyendocrinopathy-candidasis ectodermal dystrophy (APECED) (19). Patients with 

APECED suffer from autoimmune diseases in multiple organs. Autoimmunity is most 

likely not only initiated by genetic factors, indicated by epidemiological studies, but also 

by environmental factors. The immune system can be activated in a non-specific 

polyclonal manner by products from microorganisms such as lipopolysaccaride (LPS), 

bacteria DNA or viruses. By binding to PPRs these products can act as adjuvants, 

enhancing the immune systems, response to self-antigens; eventually leading to 

autoimmunity. Hormonal factors, exposure of normally hidden antigens or modifications 

of autoantigens have also been suggested to be inducers of autoimmunity. However, in 

most cases of autoimmune diseases the disease-inducing antigen unknown. 

In an autoimmune condition autoreactive T cells and/or B cells are activated. 

However, all individuals possess lymphocytes in their blood that can respond to self-

antigen (20, 21). Additionally, low levels of autoantibodies can be demonstrated in 

healthy individuals (reviewed in (22, 23), indicating an importance of some self-reactivity 

for maintaining the function of the immune system.  
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Chapter three 
 

 

The inflammatory joint disease Rheumatoid Arthritis (RA) received its name in 1859 

by the British rheumatologist Sir Alfred Baring Garrod. The name is based on the term 

“rheumatic fever”, an illness which includes joint pain and is derived from the Greek word 

for flowing, rheumatos. The suffix -oid meaning resembling indicates a translation as a 

joint inflammation that resembles rheumatic fever. But the disease has been around long 

before that; it was described by Hippocrates in the 4th century and signs of the disease 

have been found in skeletons from Native Americans. 

Extensive research has focused on the aetiology and pathogenesis of RA, but still we 

lack a cure or pathogenetic explanation for this disease which affects about 1% of the 

western population (24).  In this chapter I will review some characteristics of RA and its 

experimental models. 
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Rheumatoid Arthritis 

Etiological features  

The aetiology of RA is incompletely understood, but there is strong evidence that both 

genes and environment do play a part. The strongest evidence for this is provided by twin 

studies (25).  

The most important genetic contribution to RA is contained within the MHC class II 

locus. The haplotypes DR1 and DR4 share an epitope (the shared epitope), which is 

expressed in more than 80% of Caucasian RA patients (reviewed in(26)). This genetic 

association implicates T cells in the pathogenesis of RA, since the only known function of 

MHC class II is to present peptides to CD4+ T cells. 

Since RA mostly affects women, ratio 3:1, hormonal factors are suggested to play part 

(26). During pregnancy many women report remission while flare is common postpartum 

and during breastfeeding (27).  

Environmental factors are of importance for the development of RA. Inconclusive 

studies of viral influence on the development of RA have been performed; Epstein-Barr 

virus and cytomegalovirus have been detected in the synovial membrane of patients with 

RA (28-30).  

There are several reports showing a connection between smoking and RA, indicating 

smoking as the strongest environmental factor for increased risk of developing RA (31-

33). Strikingly, a combination of smoking and shared epitope alleles further increases the 

risk, suggesting interaction between genetic and environmental factors (34).   

 

Clinical features  

 RA is a chronically, disabling disease characterised by synovitis, destruction of 

cartilage and bone and, ultimately, loss of joint function. Furthermore, hematological, 

cardiovascular and respiratory systems also are frequently affected.  

Diagnostic criteria were developed by The American College of Rheumatology (ACR) 

(35) (Table 1). These criteria are used by physicians to set a diagnosis for the patient; four 

of the seven criteria must be fulfilled for the diagnosis. Furthermore, criteria 1-4 must 

have been experienced for at least six weeks.   

Rheumatoid factor (RF) is the only serological marker included in the ACR criteria. 

RF is an antibody, mainly of IgM isotype, reactive with the Fc region of IgG or IgM. RF 

is not exclusive to RA but can be detected in the blood of 70% of the patients with RA, 

and is used as a diagnostic tool to estimate the progress and the severity of the disease 
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(36). A more specific serological marker for RA is anti-CCP antibody, with a specificity 

of 95% and sensitivity of 55-80% (37). The anti-CCP antibody is directed to proteins in 

which arginine has undergone posttranslational modification to citrulline through action of 

the converting enzyme peptidylarginine deiminases (PAD).  

  
 
Table 1. ACR Criteria for RA 

1. Morning stiffness > one hour 

2. Arthritis of three or more joint areas 

3. Arthritis of hand joints 

4. Symmetric arthritis  

5. Rheumatic nodules 

6. Serum rheumatic factor 

7. Radiographic changes 

 

 

 

 

 

 

 

 

 

Pathology of RA 

Normal synovial tissue is a thin membrane comprising one-to-three cell layers that are 

loosely associated. The membrane consists of two major cell types, macrophage-like and 

fibroblast-like synoviocytes. During RA synoviocytes proliferate and inflammatory cells 

are recruited from the blood. This results in a thickened membrane with a depth of 6-8 

layers and more. A massive accumulation of macrophages is apparent during rheumatoid 

synovitis (Figure 1).  

Macrophages appear to play a pivotal role in RA; they are numerous in the inflamed 

synovial membrane and the cartilage-pannus junction. Activated macrophages produce 

prostaglandins and other inflammatory mediators and enzymes, in particular IL-1 and 

TNF. These cytokines are active in destruction of bone and cartilage in the pathogenesis 

of RA. The activated macrophages over-express proinflammatory or regulatory cytokines, 

growth factors, chemokines and upregulate MHC class II in response to stimuli.  

 Plasma cells in the inflamed synovial membrane produce large quantities of 

immunoglobulins including autoantibodies such as RF.   

 T lymphocytes are present within the deeper layers of the synovium. Activated T 

lymphocytes produce certain cytokines including IL-17, which can be found in both 

synovial fluid and synovial membrane. Dendritic cells and activated fibroblasts also occur 

in the inflamed synovium. 
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Cytokines are important key players in the pathogenesis of RA, synovial fluid 

containing large quantities of them secreted by macrophages, dendritic cells, neutrophils 

and synovial fibroblasts. However, T cell-derived cytokines are rare, with the exception of 

IL-17. Some of these cytokines, such as TNF, IL-1 and IL-17, stimulate the production of 

destructive proteases which in turn enhance cartilage destruction. Matrix 

metalloproteinases (MMPs) breakdown collagen and have been implicated in this damage. 

The inflamed synovium produces a chronic inflammatory pannus tissue, which grows into 

the the articular cartilage and leads to cartilage and bone destruction. This bone 

destruction usually first appears as a marginal erosion at the site of synovial proliferation, 

where bone is unprotected by hyaline cartilage. Subsequent bone destruction leads to 

subluxation and deformity.  

 

Fig. 1: Schematic illustration of normal (left) and 
arthritic (right) joint. Adapted from Feldmann.

 

 

 

Treatment of RA 

Traditionally, treatments for RA patients have been NSAID drugs, systemic 

administration or intra-articular injections of corticosteroids, disease- modifying 

antirheumatic drugs such as methotrexate, administration of gold salt compounds or 

antimalarias (Table 2). Lately, specific antagonists against TNF or IL-1 have provided 

beneficial treatment results in many, but not all RA patients. This demonstrates the central 

importance of cytokines in the pathogenesis of RA and stimulates a search for additional 

cytokine blocking therapies.  
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Table 2. RA treatment 
Biologicals Antagonists including mAb and soluble receptors against endogenous 

proinflammatory mediators. TNF blockers  (infliximab, etanercept, 
adalimumab), rIL-1 receptor antagonist, IL-6 R blocking mAb 
(tocilizumab), anti-CD20 mAb (B cells Rituximab), CTLA4-Ig fusion 
protein (T cells, Abatacept). 
 

Corticosteroids Anti-inflammatory mechanisms. Beneficial effects on joint 
damage.Discovery awarded Nobel Prize 1950. 
 

DMARDs Disease-modifying anti-rheumatic drugs. Halt or retard progression of 
disease. Prevent or reduce joint damage, preserve joint integrity and 
function. Methotrexate, sulphasalazine, gold salts, chloroquine and 
cyclosporine A. 
 

NSAIDs Non-steroidal anti-inflammatory drugs. Analgesic and mild anti-
inflammatory effect. Do not alter the disease course or prevent joint 
destruction. Inhibit cyclooxygenase enzyme leading to decrease in 
prostaglandin synthesis. 

 

 

Juvenile Idiopathic Arthritis 

Chronic arthritis starting before 16 years of age is classified as juvenile idiopathic 

arthritis (JIA). These multiple diseases are of unknown cause but seem to include both 

genetic and environmental components (reviewed in (38)); JIA is classified into seven 

disease categories based on the features present during the first 6 months of illness (Table 

3) (39). JIA is the most common chronic rheumatic disease in children; studies have 

reported a prevalence of 16-150 per 100 000. The inflammatory synovitis is similar to that 

seen in rheumatoid arthritis (reviewed in(38)). The synovitis displays distinct hyperplasia 

with an infiltration of T cells, B cells, macrophages and dendritic cells (40, 41). The 

inflammatory process leads to pannus formation, cartilage and bone erosions. 

 

Experimental models of arthritis 

As previously mentioned, RA is a disease with a complex interaction of environmental 

influences and genetic background. Many pathogenic mechanisms can be studied by using 

cells, tissue and peripheral blood from patients and healthy volunteers. However, some 

studies require larger study groups to elucidate the specific characteristics of RA or the 

ability to test a new treatment approach. Animal models offer researchers a tool to further 

investigate rheumatic diseases, the ability to reduce the heterogeneity by controlling the 

environment, genes and onset of disease. The experimental models also provide an 
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opportunity to study early events leading to disease, events that have already taken place 

in patients arriving at the clinic. Today a variety of models exists, both spontaneous and 

inducible, each presenting a unique opportunity to study different aspects of arthritis. 

However, no animal model recapitulates RA in great detail.   

 

Table 3. Categories of JIA 

Category Frequency* Onset age Sex ratio 

Systemic arthritis 4–17% Throughout childhood F=M 

 
Oligoarthritis 27–56% Early childhood; peak at 2–4 

years 
F>>>M 
 

Rheumatoid-factor-
positive polyarthritis 

2–7% Late childhood or adolescence F>>M 
 

Rheumatoid-factor-
negative 
polyarthritis 
 

11–28% Biphasic distribution; early peak 
at 
2–4 years and later peak at 6–12 
years 
 

F>>M 
 

Enthesitis-related 
arthritis 

3–11% Late childhood or adolescence M>>F 
 

Psoriatic arthritis 2–11% Biphasic distribution; early peak 
at 
2–4 years and later peak at 9–11 
years 
 

F>M 
 

Undifferentiated arthritis 11–21%   
 
*Reported frequencies refer to percentage of all juvenile idiopathic arthritis. 

 
  

 

Inducible arthritis models 

Arthritis can be induced by immunisation with antigen together with adjuvant or with 

adjuvant alone. An adjuvant is a substance used to enhance the immune systems response 

to an antigen.  

The experimental disease collagen-induced arthritis (CIA) is the most used model of 

arthritis. This arthritis model is achieved by injecting collagen type II, the main 

component of cartilage, with either Freund´s complete adjuvant (CFA, inactivated 

mycobacteria suspended in mineral oil) or Freund´s incomplete adjuvant (IFA, mineral oil 

alone) (42). It was first developed in rats in 1977 by Trentham et al (43), and has over the 

years also been established in mice (44) and primates (45). Being symmetric and affecting 

peripheral joints, forming a synovial pannus and leading to erosions of cartilage and bone, 
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CIA has many similarities to human rheumatoid arthritis. Both cellular and humoral 

immune responses are also involved in the disease. However, in contrast to RA no 

lymphoid aggregates are formed; there is no difference in sex predilection; and no RF can 

be demonstrated in CIA (46, 47).  

The susceptibility of CIA has been related to certain MHC class II alleles, in mice, 

strains bearing MHC I-Aq, I-Ar or I-Ab developing arthritis after challenge with CII (48). 

Transfer of spleen and lymph node cells and also serum from arthritic animals to naive 

animals leads to disease in the recipient (49, 50), indicating the importance of both 

cellular and humoral immune responses towards CII in order to develop CIA.  

There are also models of arthritis in which induction only uses adjuvants. The first one 

described was adjuvant-induced arthritis (AIA) (51). Synovitis is induced by injecting rats 

with CFA resulting in aggressive disease with extra-articular manifestations. Later on it 

was demonstrated that  mineral oil alone could also induce arthritis in certain highly 

susceptible rat strains. Oil-induced arthritis (OIA) is accomplished by immunisation of 

IFA (52) or with injections with the plant oil pristane (53) or the cholesterol precursor 

squalene (54). 

 

Spontaneous arthritis models 

Nagata et al described in 2006 a new model for spontaneous, destructive polyarthritis, 

revealing the greatest resemblance of RA of all models to date. Mice rendered gene 

double-deficient for DNase type II and IFN-IR develop symmetrical polyarthritis at 

around  8 weeks of age starting in digital joints (55). DNase type II is an enzyme in 

macrophages that digests the chromosomal DNA of apoptotic cells and nuclei which are 

mainly expelled from erythroid precursor cells following macrophage engulfment (56, 

57). IFN-IR mediates the type I interferons (IFN-β and IFN-α) signals, with have strong 

cytotoxic effects in newborn mice (58, 59). Crossing the mice with Rag-/- mice did not 

change the clinical outcome, indicating that the adaptive immune system is not involved 

in the phenotype in these mice (personal communication Dr Nagata).  Conversely, this 

might be a model in which autoinflammation leads to autoimmunity. Deletion of the 

TLR9 gene had no apparent effect on the development of arthritis in DNase-/- IRF-IR-/- 

mice, indicating that DNA in the serum might not contribute to the pathogenesis directly. 

In contrast, deletion of the MyD88 gene, encoding for an intracellular adaptor protein 

utilized by most TLRs and IL-1 type 1 receptor for intracellular signaling, prevented the 

development of arthritis (personal communication Dr Nagata). Both clinically and with 
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regards to several immunological and histological parameters, arthritis in the DNase II-/- x 

IFN-IR-/- mouse share many features with human RA. For instance the mice express high 

serum levels of anti-CCP antibodies, RF and matrix metalloproteinase-3. Furthermore, 

administration of anti-TNF antibody prevented the development of arthritis in these mice. 

Spontaneous severe arthritis develops in K/BxN mice, an intercross between K/B TCR 

transgenic mice and NOD mice, due to the autoreactivity of the transgenic TCR and 

subsequent induction of autoantibodies directed against glucose-6-phosphate isomerase 

(60). These autoantibodies induce arthritis upon transfer to most naïve syngeneic and 

allogenic hosts (61). 

The importance of cytokines in the pathogenesis of arthritis can be observed in TNF 

transgenic mice overexpressing TNF systemically (62, 63) and IL-1Ra deficient mice 

(64), both of which develop spontaneous arthritis. Not only genetically modified mice 

develop spontaneous arthritis but aging male DBA/1 mouse can as well (65). However, 

castration prevents disease, indicating not only a genetic importance but also a hormonal 

influence (66).  
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Chapter four 
 

 

High mobility group box chromosomal protein 1 (HMGB1) was described over three 

decades ago as a nuclear protein.  The protein was given its name because of its ability to 

migrate rapidly in agarose gels during electrophoresis (67). HMGB1 is an abundant 

protein and is distributed in all mammalian nucleated cells. More than one million 

molecules per nucleus can be found in the thymus (68). Intracellulary, HMGB1 is more 

concentrated in the cytoplasm of cells in the liver and brain and is concentrated in the 

nuclei of most other tissues (69). 

Over the years HMGB1 has been studied and additional properties besides its 

originally described nuclear functions have been revealed. Extracellular HMGB1 induces 

migration, recruits stem cells, possesses antibacterial functions and complexed HMGB1 

induces cytokine production. In this section the different properties of HMGB1 will be 

discussed.  
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HMGB1 has over the years been studied under several names, the “differentiation 

enhancing factor” was released by murine erythroleukemic cells (70, 71) and 

“sulfoglucuronyl carbohydrate binding protein” localised in neuronal nuclei (72) proved 

to be identical to HMGB1. Moreover, for many years HMGB1 was known as 

“amphoterin” when involved in neurite outgrowth (73). 

 

Structure 

HMGB1 is highly conserved between species with a sequence homology of 99% 

between the rodent and human forms, and is present in all mammalian tissues. HMGB1 

comprises a single polypeptide chain of 214 amino acids (the gene encodes for 215 amino 

acids residues but the initial methionine is not expressed). HMGB1 is a member of the 

high-mobility group (HMG) protein superfamily which includes HMGB1, HMGB2, 

HMGB3 and SP100HMG. The amino acid sequences within the HMGB family are highly 

conserved and all members consist of three distinct domains. The two DNA-binding 

elements of HMGB1, denoted the A and B boxes, respectively, are made up of 

approximately 80 amino acid residues arranged in three alpha helices (Figure 2). The A 

and B boxes are strongly positively charged. These DNA-binding boxes are followed by a 

highly acidic 30 amino acid tail containing only aspartic and glutamic acids which can 

interact with and fold over the HMG boxes and may thereby interfere with their 

intermolecular activity (74). The positively charged amino acids may be the reason for its 

migration as a 30kDa molecule in SDS-PAGE gels even though HMGB1 has a molecular 

weight of approximately 25kDa. The large number of charged residues (43 lysines and 9 

arginines in the N-terminal DNA binding domains and 36 glutamic acids and 20 aspartic 

acids in the C-terminal acidic tail) gives the protein strong bipolar properties. These 

bipolar features may promote binding to endogenous and exogenous components. 

HMGB1 has an uneven number of cysteines, a feature shared with IL-1β and IL-18, and 

should theoretically be able to complex with other proteins. 
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Figure 2. Structure of HMGB1. 

 

 

Post-translational modifications                                                                                                                    

Besides its native form HMGB1 can exist in several different conformations generated 

through post-translational modifications. HMGB1 derived from necrotic cells can be 

acetylated on lysines at positions 2 and 11. While the whole protein actively secreted from 

monocytes can be acetylated in all positions, segments 27-43 and 178-184 are particulary 

affected, yielding at least 10 isoforms of the protein (75). These two positively charged 

segments act as nuclear localization signals (NLSs) and neutralization of these NLSs 

results in relocation of HMGB1 from the nucleus into the cytoplasm. Moreover, 

phosphorylated HMGB1 is also translocated into the cytoplasm and prevented from re-

entering the nucleus. However, phosphorylated HMGB1 has not been demonstrated 

extracellularly (76). Lastly, mono-methylation of HMGB1 on lysine 42 can occur in 

neutrophils. This methylated HMGB1 can be both relocated into the cytoplasm and 

secreted (77). All these modifications diminish HMGB1-chromatin interactions but it is 

not clear whether they are required for lysosomal and plasma membrane passage. HMGB1 

from metabolically stressed cells can also be translocated to the cytoplasm without 

undergoing acetylation or any other known modification (78).  

 

Intranuclear 

In the nucleus HMGB1 plays an important role in transcription regulation, modifying 

the structure of DNA and stabilizing nucleosomes (79) (74). HMGB1 binds the minor 

groove of DNA without sequence specificity and induces bends, but has a preference for 

binding sharply bent structures (80). This binding of HMGB1 to DNA facilitates physical 

interactions between DNA and transcription factors, including p53, homeobox-containing 

proteins, steroid hormone receptors and recombination activating gene 1/2 (RAG1/2) 

proteins which are needed for VDJ recombination in T and B lymphocytes (81). There is 
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one intriguing report about HMGB1 transactivating the human IL1-β gene promoter 

through association with an Ets transcription factor (82). There is also one publication 

demonstrating that HMGB1 may directly bind to the RRS sequence in the TNF promoter 

in osteoclasts to activate TNF transcription (83). 

Binding of HMGB1 to undamaged DNA is a rapid and transient process, while 

HMGB1 binds tightly to sites of distorted DNA (84). HMGB1 constantly shuttles within 

the nucleus and between the nuclear and cytoplasmic compartments (85). HMGB1 has 

two nuclear localisation signals that direct the protein to the nucleus and can in addition 

bind to calmodulin which also can target HMGB1 to the nucleus (75, 86). Export of 

HMGB1 from the nucleus to the cytoplasm is independent of protein synthesis and is 

mediated by the chromosome region maintenance 1 protein (CRM1) (76, 87). 

The nuclear function of HMGB1 has been demonstrated to be essential to life since 

HMGB1 knockout mice die 24-48 hours after birth  due to hypoglycemia (88). Phenotypic 

features include small size, ruffled and disorganised fur, long hind paws and absence of 

fat. Cells lines deficient in HMGB1 display a normal growth but have an impaired gene 

expression of different factors including the glucocorticoid receptors (88).  

 

Extracellular Release                                                                                                                                     

HMGB1 can be secreted from cells in two ways, either passively or actively (Figure 

3). Cells made necrotic release their HMGB1 passively whereas the original observation 

was that cells undergoing apoptotic cell death would not release HMGB1 due to 

sequestration of HMGB1 to the condensed chromatin (89, 90). However, it has recently 

been demonstrated that certain apoptotic cells undergoing secondary necrosis and may 

passively leak HMGB1, indicating that the originally described dichotomy between 

necrosis and apoptosis may not actually be so distinct (91). Furthermore, it has also 

recently been reported that cells exposed to metabolic stress (including hypoxemia) may 

translocate nuclear HMGB1 to the cytosol (78). If such a cell would undergo apoptotic 

cell death there would not be any HMGB1-DNA interaction that would prevent its release. 

In response to proinflammatory stimuli such as LPS, IFN-γ, IFN-α/β and nitric oxide 

HMGB1 can actively be released from a number of different cell types including 

macrophages, pituicytes, mature dendritic cells, NK cells and fibroblasts (92-94) 

(Wähämaa, personal communication) and protein synthesis is not required for to secretion 

(95). The mechanism underlying the active secretion is incompletely understood since 

HMGB1 lacks a classical signal sequence. Studies suggest HMGB1 release to be mediated 

30 
 



via a non-classical pathway by Ca2+ regulated endosome-like organelles termed secretory 

lysosomes (96). This route shares features with the IL-1β secretory pathway (97, 98). 

However, IL-1β release displays a somewhat faster kinetic response than does HMGB1 

release. The secretion of IL-1β is induced by autocrinally released ATP while HMGB1 

secretion is triggered by lysophosphatidylcholine (LPC) which is produced later than ATP 

(96). Secretory lysosomes are expressed in hemopoietic cells which do play an important 

role in immune and inflammatory events (99). The role of transporters in nonclassical 

protein secretion has been widely studied. One suggested transporter for HMGB1 is the 

ATP-binding cassette transporter 1 (100, 101). Inhibition of this transporter inhibits 

HMGB1 release from monocytes/macrophages (102). Furthermore, the ABC transporter, 

ABCC1 (aka multi-drug resistance protein-1 (MRP-1)) has been described to mediate 

HMGB1 secretion from macrophages (101).  

 

Active release Passive release 

 

Figure 3. Release of HMGB1. 

 

Receptors 

The first described receptor for HMGB1 was the receptor for advanced glycation end 

products (RAGE) (103). However, since RAGE-deficient cells were shown to still be able 

to respond to HMGB1 stimulation and anti-RAGE antibodies only partially suppressed the 

activity of HMGB1, RAGE is not believed to be the only receptor for HMGB1 (I) (104, 
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105). Recently, toll-like receptors (TLR) 2 and 4 were suggested to interact with HMGB1 

(Figure 4) (106-108). 

RAGE belongs to the immunoglobulin (Ig) superfamily and comprises of three 

extracellular Ig domains, a single transmembrane segment and a short cytoplasmic tail. 

RAGE- deficient mice are viable and less susceptible to sepsis (109). As a pattern 

recognition receptor it interacts with several ligands such as multiple members of the S100 

protein family, amyloid-β and advanced glycation end products (reviewed in (110). RAGE 

is only highly constitutively expressed in lung and skin tissues, but can be up-regulated in 

almost every tissue (111).  

Binding of HMGB1 to RAGE has two main consequences: activation of intracellular 

signal transduction through mechanisms involving Cdc42 and Rac, guanosine 

triphosphatases that regulate cell motility and neurite outgrowth, and the other pathway 

activates mitogen-activated protein kinases (MAPKs) and nuclear factor κB (NF-κB) 

(112, 113). In macrophages, neutrophils and  Caco-2 epithelial cells the MAPKs activated 

by HMGB1-RAGE interaction are p38 and p42/44 kinases, stress-activated protein 

kinase/c-Jun N-terminal kinase and ERK1/2 (114-116). Smooth muscle cell migration 

mediated by HMGB1 involves MAPK pathways and a G-protein-coupled receptor (117). 

The only known adaptor molecules binding to the cytoplasmic tail of RAGE are ERK 1/2 

and diaphanous-1 (118). A soluble isotype splice form called sRAGE exists. The function 

of this isoform is incompletely understood but does provide protective effects in many 

diseases (as discussed later in this chapter). An HMGB1-dependent activation and 

recruitment of neutrophils has been demonstrated to require interplay between RAGE and 

Mac-1 (119), indicating the ability of HMGB1 to interact with other immunostimulatory 

molecules in order to amplify their activity.  

HMGB1 has been described, as mentioned above, to be a ligand of TLRs. There are 

currently ten different TLRs identified in humans (120). The cellular innate immune 

response is initiated by a limited number of pattern recognition receptors present in 

several various immune cell types. The TLRs are typical representatives of those 

receptors. TLRs are type I transmembrane glycoproteins composed of an extracellular 

domain, a single transmembrane domain, and an intracellular Toll-IL-1 Receptor domain 

(TIR). The extracellular domains contain leucine-rich repeats and are responsible for 

recognition of common structural patterns in diverse microbial molecules, but also 

unexpectedly of certain endogenous ligands. The TIR domain may engage adaptor 

molecules such as MyD88, TRIF and TRAM, activating downstream signalling cascades 
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ultimately leading to NFκB nuclear translocation leading to e.g. transcription of 

inflammatory genes and DC maturation (121).  

 

 

Figure 4. Signalling receptors for HMGB1. 

 

 

Cytoplasmic role 

HMGB1 plays an important role in migration, interaction with RAGE mediating 

cellular neurite outgrowth and tumor formation (73, 112-114). HMGB1 added to normal 

and dystrophic mouse muscles attracts mesoangioblasts, further supporting a role for 

HMGB1 as a chemoattractant (122, 123). In addition, HMGB1 promotes angiogenesis, the 

process leading to formation of new blood vessels during development, growth, tissue 

repair and tumor growth (124-126). Studies have placed HMGB1 in the antibacterial 

barrier defence system, HMGB1 purified from human adenoid glands eliminating bacteria 

within a few minutes in cultures (127).   
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Regenerative function 

Extracellular HMGB1 can function as a mitogen by attracting and activating stem 

cells to damaged tissue for repair. Supporting this theory is the finding that special beads 

coated with HMGB1 injected into murine normal healthy muscles recruit mesoangioblasts 

to the site (122). In another experiment colonization of mesoangioblasts in drystrophic 

muscles were observed after HMGB1 administration (123). In addition, in a mouse model 

of myocardial infarction local HMGB1 injection resulted in the accumulation of myocytes 

within the infarcted area, leading to a significant recovery of cardiac performance (128). 

 

Cytokine activity 

The first report of a proinflammatory role for HMGB1 came in 1999 from Kevin 

Tracey’s research group in New York. They reported HMGB1 being a late mediator of 

sepsis, being released from monocytes following stimulation with LPS (93) (which 

represents a well established gram-negative sepsis model). Moreover, injections of 

HMGB1 caused toxic shock in mice, particularly when combined with endotoxin (129). 

Supporting the proinflammatory role of HMGB1 in sepsis was the finding of HMGB1 

being a strong activator of human monocytes (130). HMGB1 stimulation of PBMCs led to 

release of TNF, IL-1α, IL-1β, IL-1RA, IL-6, IL-8, macrophage inflammatory protein 

(MIP)-1α, and MIP-1β. Moreover, a dose-dependent increase in ICAM, VCAM and 

RAGE expression on endothelial cells following HMGB1 stimulation has also been 

observed. 

HMGB1 can act as a mediator to initiate adaptive immune responses as the protein 

promotes maturation of dendritic cells (DCs), which are specialized in antigen 

presentation to T cells (131-134). The HMGB1 secreted by DCs was also required for the 

clonal expansion, survival, and functional polarization of naive T cells (135). 

Furthermore, DCs can stimulate natural killer (NK) cells through release of IL-18; the 

activated NK cell in turn releases HMGB1 which will induce DC maturation and protect 

DCs from lysis (92).  

However, recent studies indicate that highly purified HMGB1 may not by itself be 

active as a pro-inflammatory mediator. Several recent reports indicate that HMGB1 needs 

to form a complex with proinflammatory ligands to exert its synergistic influence. 

Reported ligands for HMGB1 to date include LPS, class A CpG oligodeoxynucleotides 

(ODN), CpG-DNA and IL-1β (136-139)(II). Futhermore, HMGB1 selectively forms 

complexes with its ligands since no associations were observed with TNF, RANKL, IL-18 

34 
 



or Poly I:C (II). The ability of HMGB1 to form complexes with ligands might illustrate a 

key function of this protein, as an enhancer of inflammatory responses by binding to other 

co-existing danger molecules. 

 

 

Table 4. Cells targeted by HMGB1 

Target cell Effect of HMGB1 

Astrocytes Proinflammatory activity, including chemotactic signals 

and MMP formation. 

Cardiac myocytes Negative inotropic effects. 

Involved in repair. 

Dendritic cells Maturation and capacity to home to lymph nodes. 

B cells Potentiates activation by DNA-IgG complexes. 

Endothelial cells Proangiogenic. 

Upregulation of adhesion molecules. 

Epithelial cells Increased enterocyte permeability causing barrier 

dysfunction. 

Bactericidal effects. 

Monocytes/macrophages Potential proinflammatory cytokine production in 

collaboration with PAMP or DAMP molecules. Promotes 

transendothelial migrations of monocytes. 

Neurons  Induces neurite outgrowth. 

Neutrophils Enhances chemotaxis. 

Prevents apoptotis by binding to surface expressed 

phosphatidylserine (“eat me signal”). 

Osteoclasts Enhances osteoclast formation and TNF release by direct 

binding to the TNF promoter. 

Platelets Expressed on the cell surface by activated platelets. 

Smooth muscle cells Causes migration and proliferation. 

Stem cells Chemotaxis. 

Promotes differentiation. 

T cells Proliferation and polarisation toward TH1. 

Tumor cells Enhances invasiveness. 
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Diseases  

Several studies implicate HMGB1 in the pathogenesis of various inflammatory 

conditions and diseases (Table 5). Important characteristics of chronic synovitis are 

necrotic cell death, apoptosis and activation of macrophages. All these processes lead to 

release of HMGB1, which can in turn contribute to chronic arthritis inflammation. 

Extracellular and cytoplasmic expression of HMGB1 has been observed in tissue sections 

from synovitis in both human arthritis and in experimental models. In addition, the 

synovial fluid of RA patients contains high levels of HMGB1 (140, 141). Intra-articular 

injections of recombinant HMGB1 into murine knee joints induce a local, erosive arthritis 

(142). Longitudinal studies of synovial tissues from rats with CIA indicate a similar 

kinetic pattern of extracellular expression of HMGB1, IL-1β and TNF without a 

discriminative sequential order (143, 144). However the tissue localisation of these 

mediators appears to differ. Maximal HMGB1 expression at both mRNA and protein 

levels occurs in areas where the pannus tissue invades bone and articular cartilage. TNF 

expression peaks in the lining layer as well as in the sublining areas of the synovial 

membrane, whereas HMGB1 and IL-1β are also present in chondrocytes. HMGB1 can be 

detected in sera and synovia from DNase-/- x IFN-IR-/- mice, which spontaneously develop 

a disease sharing many features with human RA. Taken together these findings indicate a 

functional role of HMGB1 during the course of arthritis (III)(55).  

 

Therapy 

 Ever since the first report of the pathogenic role of HMGB1 in sepsis, the search for 

an HMGB1-targeted therapy has been vigorous. The search has so far generated 

promising results in multiple pre-clinical models but no HMGB1-specific therapy is yet 

available for patients. 

Neutralizing polyclonal antibodies ameliorate CIA in rodents, reducing clinical signs 

of established arthritis and attenuating TNF and IL-1β expression in joint tissues (143). 

Even though the results from polyclonal antibody treatment were very promising the 

sequential outcome when using monoclonal antibodies has been disappointing (Östberg 

unpublished data). Use of such antibodies in other diseases (endotoxemia, sepsis, acute 

lung injury and stroke) has also been shown to be beneficial (93, 129, 145-147). Different 

HMGB1-specific mAbs have provided excellent therapeutic results in experimental stroke 

(147) and sepsis (148). 
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Analysis of the structure-function of HMGB1 revealed that the proinflammatory 

properties of HMGB1 reside in the B box of the protein, while the DNA-binding A box 

acts in a antagonistic fashion, inhibiting the activities mediated by full-length HMGB1 

(105). When applied therapeutically in CIA, the A box diminished arthritic score, 

synovitis, IL-1β expression in synovia and cartilage destruction (143). Treatment with A 

box has also been successful in endotoxemia, sepsis (105, 129), hepatitis (149) and in 

myocardial and cerebral ischemia models (manuscripts in press).  

A novel way to therapeutically target HMGB1 is to induce its nuclear retention in 

order to inhibit the extracellular release. Oxaliplatin, a platinating anti-tumor compound, 

induces distorted DNA to which HMGB1 binds avidly. Administration of oxaliplatin 

reduces clinical signs and structural damage of murine CIA as long as extracellular 

HMGB1 expression is low due to therapy (IV). However, articular inflammation is 

drastically aggravated and disease flares when oxaliplatin treatment is interrupted. Ghrelin 

is an endogenous potent orexigenic peptide which unexpectedly also has strong anti-

inflammatory activity. Ghrelin decreases secretion of HMGB1 by blocking its cytoplasmic 

translocation. Therapeutic administration of ghrelin rescues mice from lethal sepsis and 

attenuates arthritis in mice (150). Certain therapies already used in clinical practice also 

inhibit HMGB1 release. In vitro studies have shown that gold salts can inhibit the nuclear 

export of HMGB1 in activated macrophages (V). In addition, chloroquine and 

dexamethasone restrain HMGB1 release (Schierbeck, unpublished data). 

Administration of sRAGE, the soluble splice isoform of RAGE, prevents HMGB1 

interaction with RAGE and ameliorates arthritis and decreases growth and invasiveness of 

tumors (113, 151). Furthermore, anti-RAGE mAb can also block experimental models of 

sepsis and EAE (109, 152)  

Thrombomodulin is a transmembrane protein which regulates enzymatic activities of 

thrombin and its anticoagulant properties by activating protein C. The N-terminal lectin-

like domain binds to HMGB1 and inhibits its proinflammatory activities (153). 

Administration of thrombomodulin prevents LPS-induced lethality and ameliorates 

experimental arthritis (153, 154). 

Ethyl pyruvate derived from pyruvic acid improves survival and ameliorates organ 

system dysfunction in mice, even when treatment is started as late as 12-24 hours after the 

onset of sepsis. Among several effects this compound blocks secretion of HMGB1 (155). 

 

 

37 
 



Table 5. diseases with HMGB1 involvement  

Diseases with HMGB1 involvement Successful anti-HMGB1 therapy References 

Acute lung injury + (145, 146, 156-163) 

Anorexia  (164) 

Arthritis + (9, 140-144, 159, 165-173) 

Atherosclerosis  (174-179) 

Cancer + (78, 113, 180-186) 

Endotoxemia  + (93, 129, 139, 187-191) 

Hepatic injury + (192-195) 

Hepatitis  + (149, 196, 197) 

Hemorrhagic shock + (193, 198-200) 

HIV  (201-204) 

Inflammatory bowel disease + (116, 183, 200, 205, 206) 

Malaria  (183, 207-210) 

Myocardial ischemia + (128, 211-215) 

Myositis   (187, 216, 217) 

Pancreatitis + (218-221) 

Sepsis + (93, 95, 129, 148, 150, 

158, 189, 190, 222-228) 

Stroke + (147, 213, 229-234) 

SLE and Sjögren’s syndrome  (138, 235-239) 

Thermal injury (burn) + (240, 241) 

 

 

Assays 

A conventional assay for measuring soluble mediators is enzyme-linked 

immunosorbent assay (ELISA). However, for HMGB1 the usefulness of this assay has 

been limited since other factors in biological fluids interfere with proper detection of 

HMGB1 (242). Instead, most of the studies of HMGB1 expression levels are based on 

other antibody-based assays such as Western blotting and microscopy. These semi-

quantitative methods enable studies of HMGB1 in biological fluids, cells and tissues. The 

detection of HMGB1 release at a single cell level requires more sensitive methods and 

today there is only one such assay available. The Elispot method is sensitive enough to 

detect individual cells secreting HMGB1 and provides a complement to other methods 

(243). Further, the Elispot enables kinetic studies of HMGB1 release. A new promising 

technique for HMGB1 detection was very recently described by a French research group; 
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the assay takes advantage of the high affinity binding between distorted DNA loops 

(hemicatenated) and HMGB1 and is analysed using a band-shift assay (244). Furthermore, 

the inventors of this assay also took advantage of the fact that HMGB1 has a unique 

quality among serum proteins to stand exposure to low pH and remain in solution without 

precipitating. They thus enriched and purified HMGB1 from serum samples through 

perchloric acid treatment. The recovered HMGB1 was not well recognized by HMGB1-

specific mAb, but did demonstrate unaltered DNA-binding capacity. 
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AIMS OF THE THESIS 
 
 

The general objective of my thesis work was to characterise the role of HMGB1 in 

inflammation and how it can be targeted. Specific aims were to: 

 

 
• Determine the surface receptors used by HMGB1 for its proinflammatory 

properties. 

 

• Analyse the enhancing actions of HMGB1 to alert the immune system to danger 

by forming complexes with immunocompetent molecules.    

 
 

• Study the role of HMGB1 in the pathogenesis of a novel spontaneous experimental 

arthritis model. 

 

• Investigate the therapeutic potential in collagen-induced arthritis of induced 

nuclear retention of HMGB1. 

 

• Scrutinize the effects of gold salts, an established anti-rheumatic therapy already 

used in clinical practice, on HMGB1 release.  
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METHOLOGICAL CONSIDERATIONS 
 
 
This section will illuminate a number of the methods used in the studies. Details are described 
in the separate papers.  
 
 
Investigation of complexed HMGB1 

HMGB1 is suggested to promote inflammation in complex with other molecules. To 

investigate this possibility we used highly purified HMGB1 from different sources, produced 

in E. coli (our own production and HMGBiotech, Milano, Italy), baculovirus (kind gift from 

H. Rauvala, Helsinki) and native bovine thymus HMGB1 (kind gift from M. Bustin, NIH). 

Each of the different HMGB1s was incubated with either LPS, Pam3CSK4, CpG DNA or IL-

1β at 4°C overnight before added to cell cultures. The incubation was crucial for the cytokine-

inducing properties of the complex. After 24-48h of HMGB1-ligand complex stimulation 

supernatants were harvested, cell debris was removed by centrifugation and stored at -20°C 

until IL-6 assessment was performed by ELISA. 

 

Evaluation of arthritis 

Clinical evaluation of experimental arthritis can be conducted in different ways. The 

system I have used is based on observations of erythema and swelling of joints and is the 

scoring system routinely used in our laboratory. Mice were observed for clinical signs of 

arthritis and were scored as follows: the intraphalangeal joints of digits, metacarpal joints and 

wrist in the forepaw and metatarsal and ankle joint in hind paw were each considered as one 

category of joint. Individual paws were evaluated using a scale ranging from 0–3 in which 0 = 

no signs of arthritis, 1 = one type of joint affected, 2 = two types of joints affected, and 3 = 

the entire paw affected, including signs of ankylosis. Thus the maximal score for each animal 

was 12. At several time points evaluation of arthritis was performed by staff members blinded 

to the identity of the animals.  

In contrast to other scoring systems such as radiography and measurements of paw 

swelling this method is easily performed. Furthermore, it has a high consistency and 

corresponds to the scoring assessment of RA in patients.  

 
Preparation of tissue samples 

Immunohistochemistry is a good method for evaluation of the localization of 

immunological mediators in tissues. Reproducible, reliable results require standardized tissue 
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handling and carefully selected reagents. We used two different methods to preserve tissues 

for further analysis. In the first, paws were collected and fixed in Zamboni solution 

(paraformaldehyde and picric acid) for 24 hours and thereafter washed in PBS until clear of 

picric acid. Demineralization was conducted for four weeks in 4% EDTA containing sodium 

cacodylate followed by 8 days in 20% sucrose solution. Subsequently, the tissues were frozen 

at –80°C until sectioning. In the second method, paws and spleen were collected, dissected 

and fixed in 4% formaldehyde at 4oC overnight. Thereafter paws were decalcified in EDTA 

buffer for 3-4 weeks before dehydration in 70% EtOH and paraffin embedding. Sections from 

paraffin-embedded material can be stained with hematoxylin/eosin after deparaffinization 

which visualizes cell nuclei and extracellular matrix, and for cytokines following antigen 

retrieval. 

 

Detection of HMGB1 

Examples of the methods used in this thesis for detection of HMGB1 are: 

immunocytochemistry, immunohistochemistry and an Elispot assay. All of these methods 

require HMGB1-specific antibodies. During our early studies of HMGB1 we used a 

polyclonal rabbit anti-HMGB1 from Pharmingen (San Diego, CA, US). However, the 

production of this antibody was unfortunately discontinued. In collaboration with Critical 

Therapeutics Inc. (Boston, MA, US) I then screened a panel  of anti-HMGB1-specific mAbs 

(approximately  60  different  monoclonal  antibodies)  and identified one antibody (2G7) that 

performed well in all our assays.  

The recently published in-house developed HMGB1 Elispot assay is a highly sensitive 

method for detecting HMGB1 released from individual cells and allows performance of 

kinetic studies (243).  Multiscreen, 96-well plates were coated with mouse mAb, 2G7, at 4°C 

overnight. Following washing, cells were added (1000 –3000/well). Oxaliplatin or Myocrisin 

were added to the plate 24h prior to stimulation with LPS and IFN-γ. After washing the 

plates, polyclonal antigen affinity purified rabbit anti-HMGB1 antibodies (BD Biosciences 

PharMingen, San Diego, CA, USA) were added, and the plates were incubated overnight at 

4°C. Thereafter followed incubation with biotinylated donkey anti-rabbit antibody (Jackson 

ImmunoResearch Lab, West Grove, PA, USA) and Streptavidin-alkaline phosphatase 

(Mabtech AB, Stockholm, Sweden). Colour development was via 5-bromo-4-chloro-3-indolyl 

phosphate p-toluidine salt/nitroblue tetrazolium chloride chromogen liquide substrate (Sigma-

Aldrich Chemie, Schnelldorf, Germany). The reaction was stopped with water, and the plates 

were dried at room temperature overnight. 
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RESULTS AND DISCUSSION 
 

HMGB1 promotes inflammation in synergy with endogenous and exogenous danger 

signals and acts via multiple receptors (Paper I and II) 

In the first study we investigated possible candidate receptors for HMGB1 on 

macrophages (Mφ) and defined pathways activated by HMGB1 ligation.  

Bone marrow-derived Mφ were stimulated with recombinant HMGB1. 

Proinflammatory mediators such as TNF and NO were up-regulated as a consequence of 

this stimulation. In addition, MHC class II expression was up-regulated on Mφ as a 

response to HMGB1 stimulation, indicating enhancement of a proinflammatory 

phenotype. Furthermore, three different MAP kinases, p38 MAPK, p44/42 MAPK and 

SAPK/JNK were phosphorylated and NF-κB was translocated from the cytoplasm to the 

nucleus following HMGB1 stimulation.  

We and most other groups in our research field have for many years used carefully 

purified recombinant HMGB1 produced in E.coli in our in vitro experimentation. 

However, since it is an inherent biological property of HMGB1 to bind LPS avidly it has 

not been possible to completely eliminate all contaminating endotoxin without causing 

unacceptable losses of HMGB1. We have had to accept HMGB1 preparations containing 

1-20 pg LPS per µg HMGB1 and have added polymyxin B to the cell cultures in 

quantities sufficient to quench ng amounts of LPS. Several research groups have 

fortunately recently refined the production and purification protocols for HMGB1 

providing highly purified native and recombinant protein preparations. These purified 

HMGB1 batches have demonstrated low or no cytokine- inducing capacity (245-247), in 

contrast to the previously used preparations.  

In the second paper we therefore investigated if the proinflammatory role of HMGB1 

in innate immunity could be to act in synergy with endogenous and exogenous danger 

signals. Highly purified HMGB1 from different prokaryotic and eukaryotic sources were 

added to cell cultures of PBMC or synovial fibroblasts and IL-6 release was measured as a 

read-out for HMGB1 activity. HMGB1 on its own could not induce detectable levels of 

IL-6 production. However, preformed HMGB1-complexes with distinct proinflammatory 

molecules including IL-1β, the TLR4-ligand LPS, the TLR9-ligand CpG-ODN or 

TLR1/TLR2-ligand Pam3CSK4 demonstrated strong enhancing effects on IL-6 production 

when added to cell cultures. No synergistic effects were observed when HMGB1 was co-
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cultured with TNF, RANKL, or IL-18, indicating proinflammatory HMGB1 complex 

formation to be a selective phenomenon. The ability of HMGB1 to form complexes and to 

act in synergy with other molecules has also recently been reported by other groups (136-

139). Our study extends the validity of these observations by demonstrating the functional 

importance of HMGB1 complex formation with chemically distinctly different molecules. 

Furthermore, we studied multiple different sources of highly purified HMGB1 

preparations with highly reproducible results. 

The role of RAGE as a signalling receptor for HMGB1 on Mφ was investigated in the 

first paper. Previous studies had reported RAGE being a receptor for HMGB1 in 

endothelial cells, neurons and certain tumor cells, ligation resulting in activation, neurite 

outgrowth and invasiveness, respectively. Bone marrow-derived Mφ from wild type mice 

and RAGE gene- deficient mice were challenged with HMGB1 and proinflammatory 

activities were measured. Mφ from RAGE-deficient mice produced significantly lower 

amounts than controls of TNF, IL-1β and IL-6 following HMGB1 stimulation. 

Interestingly, RAGE-deficient Mφ still produced noteworthy amounts of TNF, IL-1β and 

IL-6, indicating a role for additional receptors in HMGB1-mediated signaling. While IL-

1RI (127)and TLR2 (108) have been reported as receptors for HMGB1, we could not in 

this system detect any reduced cytokine production in Mφ derived from respective IL-

1RI- and TLR2 gene deficient mice. A functional collaboration between RAGE and other 

receptors to selectively enhance inflammation is an attractive possibility to explain the 

divergent biological effects mediated by the RAGE-HMGB1 interaction.  Recently, two 

separate studies have been published supporting this concept when HMGB1-CpG-ODN 

complexes were demonstrated to utilize combined RAGE-TLR9 activation in follicular 

DCs to induce IFN-γ production. The second report demonstrated a functional cell surface 

interplay between the beta 2-integrin Mac-1 and RAGE on neutrophils (119, 138).  

In conclusion, HMGB1 complexed with certain endogenous and exogenous molecules 

expresses proinflammatory properties and these complexes may act via several receptors 

including RAGE. 

 

A novel model for the involvement of HMGB1 in arthritis (Paper III) 

In the third study we investigated the role of HMGB1 in a newly described model of 

arthritis. In late October 2006, Professor Shigekazu Nagata and his research group 

described the DNase II-/- x IFN-IR-/- mice in Nature (55). Shortly after, in Paris at the 

Death, Danger and Immunity meeting, we met Professor Nagata and initiated 
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collaboration and subsequently had the mice imported to Stockholm. We hypothesized 

that HMGB1 released from accumulated undigested apoptotic bodies or secreted from 

activated macrophages may contribute to the progression of arthritis in this model. 

Mice with combined gene deficiency for DNase II-/- x IFN-IR-/- spontaneously develop 

a disease with remarkably strong resemblance to human RA. The disease had a somewhat 

faster kinetics in our animal facility compared to the original publication, with a disease 

onset of about two months. The mice display symmetric polyarthritis, initially affecting 

the digits, followed by arthritis in larger joints. Histology of affected joints reveals 

synovitis with villus proliferation accompanied by pannus formation and eroded joint 

anatomy. As described earlier, sera from DNase II x IFN-IR deficient mice contain high 

levels of anti-CCP, TNF, IL-1β, IL-6, IL-10, RF and MMP-3.  

The involvement of HMGB1 in this model was studied in DNase II-/-xIFN-IR-/- mice 

and compared to heterozygous and wild type controls. HMGB1 expression in articular 

tissue was analysed by immunohistochemistry. Sections from non-arthritic mice of all 

genotypes displayed a HMGB1 expression restricted to the nucleus. No influx of 

inflammatory cells or abnormal macrophages could be visualised in non-arthritic DNase 

II-/- x IFN-IR-/- mice. In contrast, DNase II-/-x IFN-IR-/- mice that had developed symmetric 

polyarthritis with destructive synovitis demonstrated strong aberrant cytosolic and 

extracellular HMGB1 expression in synovial tissue. Furthermore, destruction of cartilage 

and bone was observed and a clear correlation between severity of disease and 

extracellular HMGB1 could be demonstrated. 

Mice with a deficiency in DNase II suffer from splenomegaly, originating from an 

accumulation of engulfed undigested chromosomal DNA from apoptotic cells or erythoid 

precursor cells in their macrophages. Since HMGB1 is known to bind DNA we 

investigated whether this engulfed DNA was associated with HMGB1. However, specific 

staining of splenic tissue sections revealed that vacuoles with undigested DNA were 

devoid of HMGB1. Macrophages harvested from the peritoneum displayed a similar 

pattern, with occasional exceptions when HMGB1 was demonstrated to co-localise with 

engulfed DNA. However, both cytoplasmic HMGB1 and IL-1β were observed in 

peritoneal macrophages from both arthritic and non-arthritic DNase II-/-x IFN-IR-/- mice, 

indicating that these cells were activated. The absence of HMGB1 in compartments with 

engulfed DNA could have different explanations. HMGB1 is normally only weakly 

adherent to DNA and chromatin and may have leaked out from these DNA-filled cells, 

either together with DNA or on its own. DNA has previously been demonstrated as a 
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component present at µg/ml levels in sera from these mice. An active secretion of 

HMGB1 is also feasible, since the presence of intracellular IL-1β indicates macrophage 

activation. There is also a possibility of proteolytic degradation of the HMGB1 associated 

with the engulfed DNA to explain the absence of HMGB1 in the phagozytosed apoptotic 

material. Furthermore, HMGB1 associated to DNA might have undergone modifications 

which changed the structure of the epitope recognized by the anti-HMGB1 antibody used.  

HMGB1 and anti-HMGB1 antibodies (Abs) in the DNase II-/-xIFN-IR-/- mice serum 

samples were collected at three different time points, before onset, at onset and during 

established arthritis in order to study kinetic expression patterns. HMGB1 was already 

detected at the earliest time point, two weeks before onset of disease, peaked at onset of 

disease and declined during established arthritis. This finding is in concordance with 

previous reports of fluctuations of TNF and DNA content in sera from DNase II-/-x IFN-

IR-/- mice (55). 

Anti-HMGB1 Abs have been reported in systemic rheumatic diseases, with HMGB1 

being a target for pANCA (171). The presence of anti-HMGB1 Abs was therefore 

analysed and detected in sera at all time points investigated. Notably, high levels of 

HMGB1 in sera before onset of arthritis correlated significantly with high levels of anti-

HMGB1 Abs during established arthritis in the same individual animals, when serum 

HMGB1 had declined. Free HMGB1 at this late time point in established arthritis may 

have formed complexes with the anti-HMGB1 Abs or other serological factors; these 

complexes may possibly have been removed during the filtration step prior to  the 

Western blot assay and have thereby been eliminated from detection. It is also possible 

that serum HMGB1, with or without anti-HMGB1 Abs, had bound to cellular receptors.  

In conclusion, these results implicate HMGB1 in the pathogenesis of the RA-like 

disease occurring spontaneously in DNase II-/-x IFN-IR-/- mice, further supporting 

HMGB1 as a central arthritogenic mediator. 

 

Nuclear retention, a novel way to therapeutically target HMGB1 (Paper IV and V) 

Targeting HMG1 in arthritis and other inflammatory diseases is an appealing 

therapeutic strategy. Therapies based on HMGB1 antagonists such as polyclonal anti-

HMGB1 antibodies, A box, sRAGE and thrombomodulin have yielded encouraging 

results in studies of experimental arthritis (143, 151, 154). However, despite our long 

search for a potent monoclonal anti-HMGB1 antibody that can ameliorate arthritis no such 
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candidate has yet fulfilled our expectations. Thus in the fourth and fifth studies we 

investigated whether there was any novel approach to target HMGB1, including 

established anti-rheumatic drugs already used in clinical practice. 

 

HMGB1 is known to bind undamaged DNA in a transient manner. HMGB1 constantly 

shuttles within the nucleus and between the cytoplasmic and nuclear compartments. In 

contrast, HMGB1 binds distorted DNA avidly (84). Oxaliplatin and other anti-tumor 

platinated compounds generate adducts in DNA, leading to nuclear sequestration of 

HMGB1 (248, 249). In the fourth study we used this knowledge to investigate if 

oxaliplatin had any beneficial effects on collagen-induced arthritis (CIA) and if those 

might be HMGB1-dependent. 

DBA/1 mice were challenged with collagen to induce CIA. At expected onset of 

disease the mice received one intraperitoneal injection of oxaliplatin and therapy was 

evaluated in CIA by clinical scoring. The administration of oxaliplatin in early arthritis 

ameliorated the clinical score and delayed onset of disease with an effect lasting one 

week. The studies were repeated with an additional injection of oxaliplatin to investigate 

if the effect could be prolonged. Duplicated administration of oxaliplatin only affected the 

clinical score but not the onset of arthritis. In both settings an aggressive flare was 

observed one week after the last dose of oxaliplatin was given. Analysis of articular 

HMGB1 demonstrated that beneficial results were obtained with oxaliplatin treatment as 

long as HMGB1 was mainly retained intranuclearally and unable to reach the extracellular 

compartment. During later stages of the observation period, when clinical relapse 

occurred, an extensive cytoplasmic and extracellular localisation of HMGB1 was 

apparent. We have no defined mechanism for this dramatic flare but suggest the nuclear 

entrapment of HMGB1 to be a reversible process leading to massive release at a later 

stage. The doses of oxaliplatin used in the in vivo experiment correlated with those used in 

the in vitro experiments and determined not to affect cell viability. However, one could 

not exclude toxicity followed by non-programmed cell death, leading to passive release of 

HMGB1 which in turn would recruit inflammatory cells and other mediators. An 

alternative explanation could be that the origin of the proinflammatory extracellular 

HMGB1 came from novel, oxaliplatin-unexposed cells that were recruited to the articular 

compartment. There is one study reporting that cells dying by apoptosis after treatment 

with oxaliplatin release HMGB1 after caspase activation (106). 
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To evaluate the effect mediated by oxaliplatin on localisation and secretion of 

HMGB1 we performed two assays, Elispot and immunoflourescent staining. Co-culturing 

of RAW 264.7 cells and oxaliplatin resulted in a strong nuclear retention of HMGB1. 

Furthermore, a dose- dependent extracellular reduction of HMGB1 release in cultures 

containing oxaliplatin was observed. In contrast, parallel in vitro studies demonstrated that 

TNF secretion was unaffected by oxaliplatin treatment. 

Cultures with lymph node cells challenged with ovalbumin were strongly suppressed 

by oxaliplatin, indicating an inhibitory role of oxaliplatin in antigen-induced proliferation. 

This is an important finding, since induction of CIA is a T lymphocyte-dependent process. 

It is presently unknown to what extent the impaired proliferative capacity of T cells is an 

HMGB1- dependent process. 

 

Gold salt compounds were the first widely used disease-modifying anti-rheumatic 

drug (DMARD) to treat RA.  Although the clinical efficacy of gold salts (GST) in certain 

RA patients is well established, their mechanisms of action are still poorly understood.  In 

vitro studies demonstrate suppression of formation of proinflammatory mediators such as 

IL-1β, NO, inhibition of PGEs and increased production of IL-10 (250). In the fifth study 

we explored whether GST could affect HMGB1 release as a mode of action.  

 To address this issue, Myocrisin, the most commonly used therapeutic gold-

containing compound, was incubated with macrophage-like cells (RAW 264.7 and THP-

1). GST caused a dose-dependent inhibition of extracellular HMGB1 translocation from 

unstimulated and activated RAW 264.7 cells and from activated THP-1 cells as evaluated 

by Elispot. Parallel experiments were performed to specify the inhibition, to determine 

whether GST also modulates TNF secretion from these cells. The results indicate a 

divergent effect of GST on TNF or HMGB1 secretion. GST neither affected spontaneous 

TNF release nor LPS-IFN-γ-induced release from RAW 246.7 cells or THP-1 cells. 

Poly(I:C), a ligand of TLR-3, induced HMGB1, IFN-β and NO release from RAW 246.7 

cells, but the responses were strongly diminished in cultures supplemented with GST. In 

contrast, TNF release as a response to Poly(I:C) was not affected. AuCl3 administration to 

cells gave similar results to Myocrisin regarding NO release, indicating this is a general 

mechanism of action for gold salt compounds.  

It has been shown that both NO and IFN-β  can induce HMGB1 release (251). 

However, neither NO or IFN-β was able to induce HMGB1 release from RAW246.7 cells 

treated with GST, indicating that GST acts atb more than one level than release. 
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To verify the results observed in the Elispot assay and to elucidate HMGB1 location 

immunocytochemical staining of intracellular HMGB1 was performed. Activated cells 

incubated with GST displayed an intense nuclear and faint cytoplasmic HMGB1 staining 

in contrast to stimulated cells untreated with GST which demonstrated the reversed 

pattern. 

 

We have validated the concept of HMGB1 sequestration in an experimental model of 

RA and in vitro assays for the platinum-based compound oxaliplatin and for gold salt 

compounds, drugs which are already in clinical use. However, therapeutic treatment with 

oxaliplatin in arthritis gave rise to rebound phenomena which coincided with extracellular 

HMGB1 release at late time-points following drug administration. Despite this, nuclear 

retention may provide a novel pathway to inhibit HMGB1 release. 
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
 

During my thesis work I have studied the endogenous, ubiquitously expressed protein 

HMGB1 and its role in inflammation. I have demonstrated the following: 

• The proinflammatory activity of HMGB1 is to a major part, but not solely, 

facilitated by ligation to the receptor RAGE. 

• To be able to initiate inflammatory responses HMGB1 needs to be complexed with 

distinct endogenous and exogenous pro-inflammatory mediators. 

• HMGB1 may be involved in the pathogenesis of a novel spontaneous arthritis 

model.  

• Experimental arthritis can be ameliorated by inducing nuclear retention of 

HMGB1 through oxaliplatin treatment. Nuclear retention is thus a valid strategy 

for development of HMGB1-targeting anti-rheumatic drugs. 

• Gold salt, a well-established anti-rheumatic drug in clinical practice, can inhibit 

HMGB1 secretion in vitro and functions in part via nuclear retention. 

 

We and others have demonstrated that RAGE is a receptor of major importance for 

HMGB1 signalling. The results from our studies with RAGE-deficient cells indicate that 

HMGB1 may also interact with other receptor(s) than RAGE as RAGE deficiency did not 

completely suppress HMGB1-induced cytokine production. Suggested additional 

receptors for this interaction are TLR2 and TLR4 (106-108). However, TLR2 deficiency 

did not affect HMGB1-induced cytokine production in our system. In order to evaluate the 

interplay of these receptors with HMGB1 we generated double and triple gene deficient 

mice (RAGExTLR2, RAGExTLR4 and RAGExTLR2xTLR4). These mice will be used to 

study both HMGB1- and HMGB1-complex responses using in vitro cell culture systems 

but also to study the role of HMGB1 signalling in arthritis pathogenesis. In collaboration 

with KJ Tracey’s group in New York, the mice will also be used to study the role of 

HMGB1 in sepsis. 

An important issue for future studies is to clarify how HMGB1 can induce migration 

and stem cell differentiation without inflammation in certain systems, while in other 

systems it can induce strong proinflammatory cytokine production. My data presented in 

this thesis have contributed to the emerging view that the biological function of HMGB1 
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are dependent on its formation of a complex with other active mediators, its ability (or 

possibly the HMGB1-complexes’ ability) to simultaneously interact with multiple 

receptors as well as its redox status and modification status. The different receptor-

deficient mice we have bred will provide a tool to elucidate these questions. An appealing 

thought is that complexed HMGB1 will cause dual recognition by bringing two kinds of 

receptors in close proximity and thereby making them interact and enhance a 

proinflammatory response. In contrast, uncomplexed HMGB1 might bind RAGE solely 

without engaging any other type of receptor. The resulting outcome of such signalling 

might be migration/stem cell differentiation only without cytokine production.  

Another fascinating question is why HMGB1 forms complexes with some endogenous 

and exogenous mediators and not others. For example, why does HMGB1 bind to IL-1β 

but not to IL-18 or TNF? At present we do not know why, but the question deserves 

further thought.   

A third and intriguing aspect is that RAGE is evolutionarily a novel receptor present 

only in opossums and placental mammals. In contrast, HMGB1 is an evolutionarily 

ancient protein. It is thus a distinct possibility that there are as yet unidentified HMGB1 

receptors to be discovered.  

 

DNase II-/- x IFN-IR-/- mice develop spontaneous arthritis around 8 weeks of age. We 

have demonstrated the involvement of HMGB1 through our findings of cytoplasmic and 

extracellular HMGB1 expression in articular joints from arthritic mice. HMGB1 and anti-

HMGB1 antibodies were even detected before disease was established, suggesting a role 

for HMGB1 in disease induction. We do not yet know the role of the anti-HMGB1 

antibodies demonstrated in the sera in these mice. To investigate if they have neutralising 

capacity these antibodies could be purified and administrated to arthritic mice. This model 

provides a unique opportunity to evaluate new therapies directed against HMGB1 and this 

under current investigation. Crossing of them onto different TLR-deficient mouse strains 

did not change the phenotype. In contrast, deletion of the MyD88 gene prevented the 

development of arthritis (personal communication Dr Nagata). Immunising RAGE- 

deficient mice with collagen gave rise to a milder disease with delayed onset compared to 

arthritis in wild type mice (Östberg, unpublished data). However, in this model it is 

difficult to know if the evident amelioration of disease was due to the absent HMGB1-

RAGE interaction or if other factors also contributed. To address this matter I have 
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initiated crossings between DNase II-/- x IFN-IR-/- mice and RAGE- deficient mice and 

will in the future follow development of clinical arthritic course. 

 

A number of HMGB1 blocking therapies have been tested in several experimental 

models of different diseases to date. Despite enormous efforts none of these therapies 

have yet been translated to clinical practice. The outcome of pre-clinical trials in different 

experimental models has so far been most successful and consistent using A box-based 

therapy. I have demonstrated that oxaliplatin ameliorated experimental arthritis through 

nuclear retention of HMGB1. However, an aggressive relapse was observed one week 

later. This may not make oxaliplatin a suitable therapy for patients with RA but our study 

can be considered a proof-of-concept. We have also shown that an established therapy in 

RA, gold salts, act by targeting HMGB1 and inhibiting nuclear release. We are therefore 

currently investigating several other therapies used to treat RA patients to study their 

HMGB1 blocking capacities. So far, chloroquine and dexamethasone have been shown to 

restrain HMGB1 release (Schierbeck, personal communication). During my years as a 

graduate student I have also evaluated numerous monoclonal antibodies in experimental 

models of arthritis, but unfortunately none of the antibodies tested have provided the right 

properties to be able to significantly ameliorate arthritis. 

 

Finally, because of the work presented in this thesis and of contemporary work 

published by other groups, it is my opinion that HMGB1 is a prototypic member of a new 

class of molecules: endogenous molecules that besides their non-immune function(s) also 

have been evolutionarily selected to enhance and strengthen various aspects of an 

inflammatory response. This is performed by autonomous actions or by interaction with 

other immunocompetent molecules. 

I believe that HMGB1 will be as abundantly detected in and associated with 

inflammatory conditions as TNF and IL-1 are today and that the future will include 

HMGB1-specific therapy as a treatment option for several inflammatory conditions. 
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