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Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease of unknown 
cause which affects mainly women of childbearing age, with a female to male ratio 
of 9:1 (1). The disease is characterized by a wide array of clinical manifestations 
ranging from butterfly rash and arthritis to renal involvement (2) as reflected by 
the diagnostic criteria of American College of Rheumatology (ACR) (3) (table 1). 
Patients are diagnosed with SLE when at least four of these criteria are present. 
Glomerulonephritis leading to persistent proteinuria and chronic renal failure is one 
of the most severe complications and is associated with significant mortality (1).

Table 1: American College of Rheumatology (ACR) criteria for diagnosis of SLE.

criterion Definition

Malar rash butterfly-shaped rash across cheeks and nose

Discoid rash raised red patches

Photosensitivity skin rash as result of unusual reaction to sunlight

Oral ulcers oral or nasopharyngeal ulceration

Arthritis in two or more joints, along with tenderness, swelling, or effusion

Serositis inflammation of the lining around the heart (pericarditis) and/or 
lungs (pleuritis)

Renal disorder excessive protein in the urine, or cellular casts in the urine

Neurological disorder seizures and/or psychosis

Hematological disorder hemolytic anemia, low white blood cell count, or low platelet count

Immunological disorder antibodies to double stranded DNA, antibodies to Sm, 
or antibodies to cardiolipin

Presence of anti-nuclear 
antibodies

a positive test in the absence of drugs known to induce it

Genetic factors confer a predisposition to SLE, as genome wide association studies 
(GWAS) have found associations with several single nucleotide polymorphisms 
(SNPs) (1). For instance, variation in the ITGAM gene is one the strongest risk 
factors for SLE (4). ITGAM encodes for CD11-b, which is an important receptor 
for phagocytosis, and SNPs in ITGAM can lead to impaired phagocytosis (4). 
Environmental factors, such as sunlight exposure or smoking, can also contribute 
to the development of the disease (1,5). 

Furthermore, SLE is strongly associated with defects in clearance of apoptotic 
cells which is thought to be due to aberrant phagocytosis. Under homeostatic 
circumstances the detection and removal of apoptotic cells generally occurs 
rapidly and induces anti-inflammatory responses (6). Dying cells are removed by 
professional phagocytes, such as macrophages or dendritic cells (DC’s). In patients 
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with SLE, there is accumulation of apoptotic cells in the skin following exposure to 
ultraviolet radiation and an increase in spontaneous appearance of apoptotic cells 
in blood and lymph nodes (7,8). Evidence from animal models further substantiates 
these findings, as mice deficient in complement components, which are important 
for efficient phagocytosis, develop lupus-like disease (9). Moreover, in serum from 
SLE patients lower levels of complement factors are associated with a decrease in 
phagocytosis (10). Additionally, auto-antibodies against complement have been 
found in patients with active lupus nephritis (11) and in vitro these antibodies 
interfered with the phagocytosis of C1q opsonized apoptotic cells by macrophages 
(12). The resulting increase in apoptotic cells and delayed phagocytosis eventually 
leads to secondary necrosis and allows the release of intracellular contents. This 
leads to increased exposure of self-antigens to the adaptive immune system. This, 
in turn, can result in the generation of auto-antibodies, especially auto-antibodies 
directed against nuclear structures such as anti-double stranded DNA antibodies, 
which are a hallmark of the disease. The presence of these auto-antibodies results 
in immune complex formation that deposit in organs, such as the kidney. These 
immune complexes can activate innate immune cells by binding to Fc receptors 
and can initiate complement system activation. Consequently this leads to the 
release of toxic products, such as oxygen radicals and proteolytic enzymes, and the 
production of pro-inflammatory cytokines and chemokines resulting in progressive 
inflammation and eventually  tissue damage (5).

HIGH MoBILITy Group Box 1 anD SLE

High Mobility Group Box 1 (HMGB1) is a nuclear protein, which is ubiquitously 
expressed. Depending on its location and posttranslational modifications it can 
serve different functions. As a nuclear protein, HMGB1 stabilizes the nucleosomal 
structure enables the binding of transcription factors to their cognate DNA 
sequences, and facilitates gene transcription (13). HMGB1 can be released from 
the cell into the extracellular space where it acts as a damage-associated molecular 
pattern (DAMP) molecule or alarmin. Secretion can occur actively from macrophages 
and other immune cells upon stimulation by pro-inflammatory factors or passively 
during apoptosis and necrosis. When present in the extracellular space, HMGB1 
can bind to several receptors including the Receptor for Advanced Glycation End 
products (RAGE) and Toll Like Receptor 4 (TLR4) (14) and can promote several 
pro-inflammatory responses. For example, it stimulates the release of inflammatory 
cytokines like tumor necrosis factor (TNF-α) and interleukin (IL)-6 from monocytes/
macrophages (15-18). In addition, HMGB1 has been demonstrated to promote cell 

10



B
r

ief in
tr

o
d

u
c

tio
n

 a
n

d
 a

im
 o

f th
e th

e
sis

1
migration (19), to promote wound healing in the skin of diabetic mice (20), and to 
induce neovascularization (21). 

In the context of SLE, it has been shown that nucleosomes, bound to the 
nuclear protein HMGB1, induce not only immune but also inflammatory responses 
(22). Furthermore, several studies have demonstrated that, compared to healthy 
individuals, serum and urinary levels of HMGB1 are increased in SLE and correlate 
with disease activity (23-27). Finally, the occurrence of auto-antibodies against 
HMGB1 in SLE has been described (28-31), although the clinical relevance of 
these auto-antibodies is unclear. Collectively, these studies suggest that HMGB1 
is an important factor in the pathogenesis of SLE and could constitute a potential 
therapeutic target. However, the underlying mechanisms by which HMGB1 
contributes to SLE pathogenesis are not fully understood. 

aIM of THIS THESIS

The research presented in this thesis centers around the role of HMGB1 in the 
auto-inflammatory process in SLE. More specifically, within this thesis, the effects of 
HMGB1 on macrophage polarization, phagocytosis and cytokine production were 
studied. Furthermore, we evaluated whether HMGB1 is a potential therapeutic 
target in SLE and investigated whether auto-antibodies directed against HMGB1 
could be of clinical relevance in SLE patients.

In chapter 2 the literature on HMGB1, and its (potential) contribution to the 
pathogenesis of SLE is discussed. We hypothesized that increased HMGB1 levels, 
as seen in SLE, might lead to skewing of monocyte differentiation towards pro-
inflammatory M1 macrophages, instead of anti-inflammatory M2 macrophages. 
M1 macrophages are implicated in initiating and sustaining inflammation while M2 
macrophages are associated with resolution or smouldering chronic inflammation 
(32). As M1 macrophages are less efficient phagocytes this might fuel the 
inflammatory response in SLE. Therefore, in chapter 3 monocytes and macrophages 
of SLE patients were investigated regarding the expression of M1 and M2 specific 
surface markers and phagocytosis capacity. In addition, the direct effect of HMGB1 
on macrophage polarization and phagocytosis capacity was evaluated in vitro.

Although it has been demonstrated in previous studies that HMGB1 might 
be a potential biomarker for disease activity in SLE, little is known about the 
clinical implications of auto-antibodies against HMGB1. Therefore, as described 
in chapter 4, a cross-sectional study was performed to determine anti-HMGB1 
antibody levels in patients with SLE and to evaluate if these levels correlated with 
relevant clinical parameters.

11
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As HMGB1 levels are increased in SLE patients, and HMGB1 possibly contributes 

to the inflammatory response in SLE, HMGB1 might represent a potential 
therapeutic target. In chapter 5, the different strategies of HMGB1 inhibition in 
(auto)immune mouse models are discussed. Moreover, in chapter 6, we investigated 
whether blocking of HMGB1 with a neutralizing monoclonal antibody ameliorates 
disease progression in MRL/lpr mice. These mice carry the lymphoproliferation 
(lpr) mutation and develop a spontaneous autoimmune disease with similarities 
to human SLE. The mutation is present in the molecule First Apoptosis Signal 
(Fas, CD95), which is a cell surface-expressed receptor belonging to the TNF-
receptor family that induces apoptosis upon interacting with its ligand. On the 
MRL (MRL/lpr) background this mutation leads to extensive lymphoproliferation 
and the generation of autoreactive T cells (33-35). As this is a spontaneous model 
of the disease, the disease course is heterogeneous, affecting mostly female mice. 

Involvement of interleukin-17A (IL-17A) has been suggested in SLE. Since the 
IL-17 receptor A is part of the signaling pathway of many IL-17 family members we 
investigated the role of IL-17 receptor signaling in development of disease in mice 
on a B6/lpr background in chapter 7. C57BL/6-lpr (B6/lpr) mice were studied as an 
animal model of SLE representing a model with a milder disease phenotype than 
MRL/lpr mice with the first symptoms occurring around 16-20 weeks of age (36). 
As a relation between HMGB1 and Th17 cells has been reported, HMGB1 and anti-
HMGB1 levels were also investigated. Finally, in chapter 8 the results of this thesis 
are summarized and discussed, and suggestions for future research are proposed.
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aBSTracT

High Mobility Group Box 1 (HMGB1) is an important molecule for several nuclear 
processes. Recently, HMGB1 has gained much attention as a damage-associated 
molecular pattern (DAMP) and has been implicated in the pathogenesis of several 
(auto)-immune diseases, in particular, systemic lupus erythematosus (SLE). A main 
pathogenic feature in SLE is the accumulation of apoptotic cells. Since HMGB1 is 
released from apoptotic cells it has been hypothesized that HMGB1 might fuel the 
inflammatory processes, as seen in this disease, and play a fundamental role in 
the pathogenesis. In this review, we discuss evidence in support of the theory that 
HMGB1 is an important mediator in SLE and may be considered a new autoantigen.
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InTroDucTIon

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease, characterized 
by the involvement of many organs and the presence of autoantibodies directed to 
nuclear and cytoplasmic antigens. The pathogenesis is unknown, it is assumed that 
a disturbed clearance of apoptotic cells plays a central role. Several lines of evidence 
support that accumulation of apoptotic cells is instrumental in the development 
of SLE. In several animal models deficiency of proteins like complement factor 
C1q and serum amyloid P component (SAP) that are involved in opsonisation and 
thereby phagocytosis and clearance of apoptotic cells results in spontaneously 
development of lupus-like features, including production of autoantibodies and 
proliferative glomerulonephritis (1,2). Furthermore, injection of apoptotic cells 
result in development of SLE like disease (3). Also in human SLE accumulation of 
apoptotic cells has been found. In peripheral blood increased levels of apoptotic 
lymphocytes (4) and neutrophils (5) have been demonstrated. Moreover, in lymph 
nodes from lupus patients apoptotic lymphocytes are present (6). In the skin of 
lupus patients, after UVB irradiation, in comparison to healthy controls, increased 
numbers of apoptotic keratinocytes accumulate. Importantly, in the vicinity of these 
cells, inflammatory lesions occurred (7). Apoptotic cells express antigens on their 
cell surface that serve as targets of the auto-immune response that is typical of the 
disease, in part due to the fact that these antigens may undergo post-translational 
modifications during the process of apoptosis.

Moreover, when apoptotic cells are not cleared, these cells will turn into necrotic 
cells which lose their membrane integrity thereby releasing intracellular structures 
that can act as autoantigens. In this context nucleosomes, bound to the nuclear 
protein HMGB1 were shown to induce not only immune but also inflammatory 
responses that are relevant for the pathogenesis of SLE (8). In this review, after 
short summary of HMGB1 functions, we will discuss the (potential) contribution of 
HMGB1 in the different stages of development of SLE.

HMGB1

HMGB1 is a non-histone nuclear protein that has several functions, depending 
on its location and posttranslational modifications. HMGB1 is a highly conserved 
protein of 215 amino acids that is ubiquitously expressed in nuclei where it binds 
to DNA. The protein can be divided in three separate domains: the A box, B box 
and acidic tail. Box A serves as a competitive antagonist for HMGB1 and inhibits 
HMGB1 activity. Both A and B box are important for its DNA binding functions and 
are positively charged, while the tail is negatively charged giving the molecule a 
bipolar charge. HMGB1 is important in several DNA-related biological processes, 
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reflected by the fact that HMGB1 can bend promoter regions and can interact 
directly with nucleosomes, thereby altering the accessibility of the DNA (9). The 
importance of HMGB1 was demonstrated by the fact that mice deficient for the 
protein die within 24 hours after birth due to severe hypoglycemia. In contrast, 
fibroblast cell lines, derived from the same HMGB1-/-  mice, can proliferate and 
survive indicating that the effects might be cell specific (10).  

HMGB1 can be released from the cell into the extracellular space where it acts 
as a damage-associated molecular pattern (DAMP) or alarmin. Translocation from 
the nucleus to the cytoplasm occurs through acetylation of lysine residues where 
the protein is concentrated in vesicles for secretion (11,12). The extracellular release 
of HMGB1 can occur either passively or actively by secretion. More importantly, 
the manner of release determines posttranslational modifications of released 
HMGB1. Passive release of HMGB1 usually results from leakage due to damaged 
cell membranes. Active release by secretion occurs when immune cells are exposed 
to for instance PAMP’s (pathogen associated molecular pattern), tumor necrosis 
factor (TNF)-α or lipopolysaccharide (LPS), via non-classical pathways. When 
present in extracellular space HMGB1 exerts several functions, including cytokine 
release by monocytes (13-16), cell migration (17), wound healing (18), and neo-
vascularization (19).

InTEracTIon wITH rEcEpTorS; rEDox STaTuS of HMGB1

Extracellular HMGB1 can bind to several receptors, including Toll Like Receptor 
(TLR) 2, 4 and 9, Receptor for Advanced Glycation End products (RAGE) and 
chemokine receptor CXCR4 (17,20,21). RAGE, both in soluble and membrane form, 
was the first receptor demonstrated to bind HMGB1. RAGE is a transmembrane, 
multiligand member of the immunoglobulin superfamily expressed on monocytes, 
macrophages and other cells (22). Binding of HMGB1 to RAGE initiates cell migration 
dependent pathways via NF-κB activation (23,24). Moreover, cell migration can also 
occur when HMGB1 is complexed to chemokine CXCL12, then it acts synergistically 
through CXCR4 (17,25). 

Recently, binding of HMGB1 to its receptors was shown to be related to the 
different redox states of HMGB1. Several studies showed that when a disulfide bridge 
exists between cysteine’s C23 and C45, and cysteine C106 is in a thiol (reduced) 
state, HMGB1 exerts cytokine inducing properties via binding to TLR4 (25-27). 
Adding this cytokine HMGB1 to RAW 264.7 macrophages induced expression 
and release of TNF while completely reduced HMGB1, which can be produced in 
the presence of dithiotreitol (DTT), did not (25-27). HMGB1 has chemoattractant 
properties when all three cysteine’s are reduced. Using a migration assay, mouse 
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fibroblasts migrated towards increasing concentrations of all-thiol HMGB1 (17,25). 
Moreover, it was shown that the cytokine and chemoattractant properties of 
HMGB1 are mutually exclusive because of these different redox statuses of HMGB1: 
all-thiol HMGB1 failed to induce cytokine production while disulfide HMGB1 was 
not able to attract mouse fibroblasts (25). When HMGB1 is released from apoptotic 
cells, it induces immunogenic tolerance and has no chemotactic properties, as its 
three cysteine’s are terminally oxidized by ROS to sulfonates (11,25,27). However, 
when HMGB1 is released from necrotic cells it still has inflammatory properties, 
as shown by the fact that necrotic HeLa HMGB1-/- cells could not induce TNF 
production in monocytes while wild type cells could induce TNF (12). 

coMpLExED forMS of HMGB1 

Next to binding to CXCL12 as described before, HMGB1 can form complexes 
with several other molecules, including LPS, IL-1, CpG, double stranded DNA, 
and nucleosomes. Hreggvidsdottir et al showed that HMGB1 can form highly 
immunostimulatory complexes with LPS and Pam3CSK4, thereby increasing response 
in macrophages up to 100-fold. They furthermore showed that signaling of these 
complexes was primarily done by TLR4 and TLR2, and not by additional signaling 
cascades (28). In SLE formation of many immune complexes is well described and 
it has been shown that HMGB1 bound in these complexes is present in plasma and 
serum of SLE patients (29-31). Tian and colleagues showed that HMGB1 bound 
to CpG motifs induced cytokine production by interacting with RAGE, and not 
TLR2 or TLR4. Moreover, they showed that a monoclonal antibody to HMGB1 
significantly reduced IFN-α production in peripheral blood mononucleated cells 
(PBMC’s) stimulated with plasma from lupus patients containing HMGB1-CpG 
complexes (29). HMGB1 complexes were also implicated in the pathogenesis of 
lupus nephritis. Qing et al showed that the pathogenic anti-DNA antibody 1A3F 
could bind to HMGB1 and HMGB1-DNA complexes. HMGB1 and 1A3F exhibited 
a synergistic proinflammatory effect in the kidney, where increased expression of 
HMGB1 was found in lupus patients but not in patients with other types of renal 
disease. They concluded that HMGB1 may act as a proinflammatory mediator in 
antibody-induced kidney damage in SLE (32). More recently it was shown that 
HMGB1 has a role in autoantibody induction itself. In SLE patients circulating 
DNA-containing immune complexes were found to be able to induce anti-dsDNA 
antibodies. Importantly, HMGB1 in circulating DNA-containing immunecomplexes 
was crucial for anti-dsDNA antibody induction (31). Using Box A to block the effect of 
HMGB1, abrogated the production of anti-dsDNA antibodies in a dose dependent 
manner while adding HMGB1 to the culture system increased production of anti-
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dsDNA antibodies (31). However, unlike the previous study by Tian et al here it was 
shown that the effect was solely mediated through TLR2 and MyD88. The data in 
this study are in line with the results found by Urbonaviciute et al who showed that 
injecting HMGB1-nucleosome complexes induced anti-dsDNA production through 
TLR2 in BALB/c mice (30). Furthermore, incubating human monocyte-derived 
macrophages (MDM) with HMGB1- nucleosome complexes induced cytokine 
production, which could be blocked by adding Box A. While these studies focused 
on effects of HMGB1 on lymphocytes Sun et al investigated the effect of HMGB1-
containing immune complexes on human endothelial cells (33). They showed that 
stimulating endothelial cells with immune complexes from SLE patients increased 
pro-inflammatory cytokines such as IL-6 and IL-8. Furthermore, RAGE, vascular 
cell adhesion molecule (VCAM)-1 and inducible cell adhesion molecule (ICAM)-1 
showed higher expression on the cell surface. These effects could be blocked by 
adding Box A or soluble RAGE, indicating that HMGB1 plays an important role in 
mediating inflammation in endothelial cells. Taken together these studies show that 
HMGB1 mediates several roles by acting in immune complexes, depending on the 
effector cells and components which are present in these complexes. 

HMGB1 anD pHaGocyToSIS

Phagocytosis, or efferocytosis, is an important mechanism that enables innate 
immune cells to clear cell debris and ingest microbes. Impaired phagocytosis of 
apoptotic debris has been implicated in SLE pathogenesis and leads to secondary 
cell necrosis and exposition of intracellular contents of the necrotic cells to the 
surrounding tissue which in turn can induce a proinflammatory response (34). Serum 
factors such as complement are important for an effective phagocyotic response 
and were found to be decreased in SLE patients (35). HMGB1 has been described 
to be a factor which can contribute to a decrease in phagocytosis. In a serie of 
articles by the group of Abraham it was shown that HMGB1 has a negative effect 
on phagocytosis via different mechanisms. Firstly, it was shown that HMGB1 can 
bind to phosphatidylserine (PS) present on the surface of apoptotic neutrophils. 
The presence of PS on the outer leaflet of cells is one of the most important 
“eat me” signals for macrophages. Accordingly, efferocytosis was inhibited when 
HMGB1 masked PS (36). Next, it was shown that when macrophages were pre-
incubated with HMGB1 it decreased their ability to engulf apoptotic neutrophils 
and thymocytes. HMGB1 competed with the opsonin milk fat globule epidermal 
growth factor (MFG-E) 8 for binding to integrin αvβ3, a receptor important in 
recognizing PS. MFG-E8 was shown to act as a bridge between PS and to integrin 
αvβ3, thereby enhancing efferocytosis (37). RAGE deficient macrophages were 
shown to have a diminished capacity to phagocytose and the inhibitory effect 
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Figure 1: Role of HMGB1 in pathogenesis of Systemic Lupus Erythematosus.
In SLE release of HMGB1 can occur via different routes; 1: HMGB1 can be released from 
activated cells in an inflammatory environment; 2: in SLE apoptotic cells are not cleared 
properly due to impaired phagocytosis, which can lead to necrotic cells which in turn release 
HMGB1; 3: in SLE low-density granulocytes are present which can spontaneously can form 
NET (neutrophil extracellular traps), a process that leads to externalization of cellular content 
including HMGB1. In circulation or at inflammatory sites HMGB1 can form complexes with 
DNA, nucleosomes, LPS or cytokines. HMGB1 alone or in complex can induce inflammation for 
instance in the kidney or in the skin of lupus  patients (4), which in turn can lead to production 
of inflammatory cytokines. Also complexed HMGB1 can activate plasmacytoid dendritic cells 
to produce IFN-α (5), a driving cytokine in lupus pathogenesis. Lastly complexed HMGB1 can 
stimulate B-cells to produce autoantibodies (6). These activations lead to an inflammatory 
loop in which cytokines activate other cells, autoantibodies play a role in NETosis, and 
HMGB1 itself can also induce NETosis and can play a role in the impaired phagocytosis.
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of HMGB1 on phagocytosis was contributed to the C-terminal tail of the protein. 
When the C terminus was eliminated the inhibitory effect of HMGB1 was greatly 
diminished, attributed to the fact that HMGB1 was not able to bind to RAGE 
in vitro and in vivo (38). Moreover, it was shown that PARPylation of HMGB1 by 
PARP-1 (poly(ADP)-ribose polymerase) enhanced the capacity of HMGB1 to inhibit 
efferocytosis indicating that posttranslational modifications of HMGB1 play a role. 
PARP-1 has been implicated in inflammation and it has been known that activation 
of PARP-1 induces migration of HMGB1 from the nucleus to the cytoplasm. It was 
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shown that after stimulation of TLR4, PARPylated HMGB1 was secreted which could 
inhibit efferocytosis more efficiently than non-PARPylated HMGB1 by enhanced 
binding to PS and RAGE (39). Lastly, it was shown that intracellular HMGB1 can also 
diminish the phagocytosis by macrophages through interactions with Src and FAK 
(Focal Adhesion Kinase). Knockdown of intracellular HMGB1 by siRNA increased 
phagocytosis and cytoskeletal rearrangement, in which FAK plays an important 
role (40). As HMGB1 serum levels are increased in SLE patients (which will be 
discussed later on), it seems logical that serum HMGB1 can contribute to the 
impaired phagocytosis described in SLE patients. However, at this moment there 
are no reports which addressed this issue. 

HMGB1 anD nETS

In addition to apoptosis and necrosis a new form of cell death was described in 2004 
by Brinkmann et al (41). They showed that neutrophils can entrap microorganisms 
by a programmed externalization of chromatin fibers decorated with anti-
microbial proteins derived from granules. This process was called neutrophil 
extracellular trap (NET) formation or NETosis, and the processes involved leading 
to NETosis were investigated in detail (42). The first link between NETosis and 
autoimmunity was observed in small vessel vasculitis where it was shown NETs 
externalize the autoantigens proteinase 3 (PR3) and myeloperoxidase (MPO), and 
that anti neutrophil cytoplasmic antibodies (ANCA) induce NETosis (43). In 2011 
the relation between enhanced NETosis in SLE patients was described (44-46). 
Normally NETs are degraded by DNase-1 in the circulation but the ability to reduce 
NETs is diminished in SLE patients and is associated with disease activity (47). 
Villanueva et al showed that low-density granulocytes (LDG) spontaneously can 
form NETs (46). LDG are a neutrophil subset that can be found in the mononuclear 
cell fraction and they have been reported to be present in all SLE patients (48). 
Comparing gene array profiles of LDG to normal density neutrophils showed that 
LDGs significantly overexpress mRNA of various immunostimulatory bactericidal 
proteins and alarmins, relative to lupus neutrophils and control neutrophils.

Next to spontaneous NET formation in SLE patients it was shown that 
autoantibodies such as anti-RNP (anti-ribonucleoprotein antibodies) or immunogenic 
complexes composed of neutrophil derived antimicrobial peptides and self-DNA 
can induce NETosis (44,45). NETs can stimulate plasmacytoid dendritic cells (pDCs) 
to produce type I interferon (IFNα), which has an important role in pathogenesis of 
SLE (44-46). NETs contain DNA and large amounts of HMGB1 and LL37, a cationic 
antimicrobial peptide that converts self-DNA and self-RNA into TLR-activators (44). 
These neutrophil proteins facilitate the uptake and recognition of mammalian DNA 
by plasmacytoid DCs (pDCs). Next to being excreted by neutrophils, HMGB1 also 
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has shown to be able to induce NETosis in neutrophils by interaction through TLR4 
and but not through RAGE (49). This has not been confirmed by other studies until 
now and has not been investigated in neutrophils from SLE patients.

HMGB1 In SLE paTIEnTS anD oTHEr rHEuMaTIc DISEaSES

Different groups have shown that HMGB1 levels are elevated in serum and plasma 
samples from patients with SLE (50-54). In addition, it was shown that HMGB1 
correlated with SLE Disease Activity Index (SLEDAI) and anti-dsDNA, while there 
was an inverse correlation with complement C3 (50,55).

An important feature of SLE is the production of auto-antibodies against several 
different nuclear and cytoplasmic proteins. Indeed, also antibodies to HMGB1 
were found in SLE, which seems specific for the disease as these antibodies were 
not found in patients with systemic vasculitis (50,56,57). Interference of these 
antibodies with detection of serum HMGB1 by ELISA has been noted (50,58) 
and it seems that the best way to detect HMGB1 in the serum of SLE patients is 
by immunoblot. The presence of anti-HMGB1 antibodies correlates with serum 
HMGB1, SLEDAI and anti-dsDNA antibodies (50), indicating that these antibodies 
might have a pathogenic role. In sepsis however, a protective role of anti-HMGB1 
antibodies was found (59), initiating a debate about the role of these antibodies. 
Epitope mapping of the anti-HMGB1 antibodies revealed that the majority of the 
antibodies reacted against Box A (56), indicating that Box A is not a treatment 
option for SLE, as it might be expected that Box A in lupus will be neutralized. In 
contrast, in animal models in other diseases in which anti-HMGB1 antibodies are 
not present, like sepsis, administration of Box A is beneficial (60). 

Also in several other autoimmune diseases, such as Sjögren’s syndrome, juvenile 
arthritis, and rheumatoid arthritis (RA) it has been documented that serum levels 
of HMGB1 are increased in patients compared to healthy controls showing that 
increased HMGB1 levels are not a specific feature of SLE (61-65) (Table 1). Wibosono 
et al investigated HMGB1 levels in patients with antineutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis (AAV), and they found significant increased HMGB1 
levels in patients with active granulomatosus with polyangiitis (GPA), but not in 
patients with microscopic polyangitiis (MPA) (66). These data were confirmed by 
Bruchfeld et al who also found increase HMGB1 levels in GPA patients with renal 
involvement (67), and by Henes et al, who showed a correlation between HMGB1 
and the burden of granulomatous inflammation (68). Recently however HMGB1 was 
described not to be a useful biomarker in AAV, because HMGB1 levels were not 
associated with an increased risk for relapse in AAV (57). In ankylosing spondylitis 
patients HMGB1 levels were reported slightly elevated compared to HC as well 
(69). Importantly, when comparing amounts of HMGB1 in serum in these different 
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rheumatic diseases, levels are moderately increased compared to HC (Table 1). In 
contrast, we found in 33 quiescent SLE patients (SLEDAI <4), with low amounts of 
anti-HMGB1 an average level of HMGB1 of 6.2 ng/ml (range 1.3-32.3) measured 
by ELISA (50). As mentioned before ELISA is not suitable for measuring HMGB1 in 
active SLE patients, but from these data it is suggested that active SLE patients will 
have much higher amounts of HMGB1 in their serum. Recently increased HMGB1 
levels were reported in juvenile SLE patients (70). 

As mentioned above, redox status plays an important role in HMGB1 
functionality. Until now one report has investigated the redox status of HMGB1 
in serum of SLE patients. It was shown that oxidized HMGB1 is present in these 
serum samples. However, this study included only a small number of patients with 
severe disease activity (71). More research is needed in larger patient groups with 
different disease activity to investigate which isoforms of HMGB1 are present in 
serum of SLE patients.

HMGB1 anD LupuS nEpHrITIS

In patients with renal involvement higher HMGB1 levels were observed in serum 
compared to patients without renal involvement (50,52). In kidney biopsies of 
patients with lupus nephritis cytoplasmic and extracellular HMGB1 was found 
(54,55) which was not present in control tissue. Furthermore, HMGB1 was 
detectable in urine of patients with lupus nephritis but not in healthy controls, 
and correlated positively with serum HMGB1, proteinuria, SLEDAI and inversely 
with complement C3 levels. Strong expression levels of the receptors for HMGB1 
(RAGE, TRL2 and -4) was seen in kidney tissue from patients with active lupus 
nephritis, indicating that HMGB1 can exert it functions (55). These studies suggest 
that HMGB1 might serve as a marker of disease activity in SLE patients, especially 
in those with renal involvement.

HMGB1 anD cuTanEouS LupuS

Research on the effects of ultraviolet (UV) irradiation on the skin of lupus 
patients showed that exposure to UV light induces apoptosis of keratinocytes 
and the release of pro-inflammatory cytokines (72). In susceptible patients, the 
presence or even accumulation of apoptotic cells after UV exposure results in 
the induction of characteristic inflammatory skin lesions, which might be due to 
a delayed and pro-inflammatory clearance of these apoptotic cells. A few studies 
analyzed the presence of HMGB1 in the skin of patients with cutaneous lupus. 
A higher expression of cytoplasmic and extracellular HMGB1 was observed 
in lesional skin of lupus patients. Extracellular HMGB1 was only observed in 
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lesional skin and not in healthy subjects (73). Moreover, in experimentally 
photoprovoked lesions the number of HMGB1 negative cells increased and 
cytoplasmic HMGB1 was significantly more present in active lesions (74). These 
two studies however only used skin of patients who were photosensitive, 
while the study by our group also investigated the role of HMGB1 in skin of 
lupus patients irrespective of having a history of photosensitivity (75). After 
irradiation the number of negative nuclei indicating translocation of HMGB1 to 
the cytoplasm, significantly increased in patients compared to healthy controls. 
In patients there was also a significant correlation between the presence of 
apoptotic keratinocytes, also called sunburn cells, and HMGB1 negative nuclei. 
Moreover, in patients there was a significantly higher influx of inflammatory cells 
compared to HC, but there was no correlation with number of negative nuclei 
indicating released HMGB1. Together, these studies show that HMGB1 plays a 
proinflammatory role in cutaneous lupus.

InTErVEnTIon/fuTurE

HMGB1, as has been shown in this review, plays an important role as an inflammatory 
mediator in SLE and can act alone or in complex with several other molecules. 
Currently most studies have focused on observations that HMGB1 is increased in 
lupus patients, either in serum, urine, kidney, or skin. To our knowledge there are 
no intervention studies blocking the effects of HMGB1 in lupus animal models 
or in SLE patients. Several different animal models of (autoimmune) disease use 
blocking agents, such as Box A or neutralizing antibodies against HMGB1 to 
alleviate symptoms of disease (60). Due to the increase of HMGB1 in serum of 
SLE patients this seems an appealing option. However, as anti-HMGB1 antibodies 
are present in sera from SLE patients that recognize Box A, these two treatments 
do not seem like a feasible option for SLE. In animal models other interventions 
have been tested such as small interference RNA (siRNA), metformin (an anti-
diabetic drug) and glycyrrhizin, a small molecule that can bind directly to HMGB1 
(60). Most work has been done in LPS mediated mice models or sepsis models, 
more research is needed to translate these findings to autoimmunity and SLE 
specifically. 

Exploring the mechanisms behind HMGB1 induced inflammation in SLE is 
needed, as there is still much unknown. Much knowledge about HMGB1 biology 
has already been amassed by in vitro studies which investigate the pathways, 
receptors and posttranslational modifications; however most of the studies have 
not been translated to disease models. Future studies, in lupus animal models 
and in SLE patients should focus on delineating the kinetics, cellular location and 
redox status of HMGB1.
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aBSTracT

Introduction

Decreased phagocytosis of apoptotic cells plays an important role in the 
pathogenesis of Systemic Lupus Erythematosus (SLE). This can lead to secondary 
necrosis and release of nuclear proteins, such as High Mobility Group Box 1 (HMGB1). 
We hypothesized that increased HMGB1 levels, as present in SLE, skew macrophage 
differentiation towards M1-like phenotypes and thereby diminish uptake of 
apoptotic cells. Therefore, the effect of HMGB1 on macrophage polarization and 
on phagocytic capacity of differentiated macrophages was investigated.

Methods 

SLE patients with quiescent disease (SLEDAI ≤4) and healthy controls (HC) were 
included. Monocytes and differentiated M1 and M2 macrophages were assessed 
for expression of M1 and M2 markers and for phagocytic capacity. HMGB1 was 
added during differentiation and during phagocytosis. 

Results

Expression of CD86 (M1) was not different, while CD163 (M2) was significantly 
lower on SLE monocytes. After differentiation no differences regarding surface 
receptor expression and phagocytic capacity were observed between M1 and 
M2 macrophages from SLE patients and HC. Addition of HMGB1 during M2 
differentiation resulted in high IL-6 and TNF-α mRNA expression and reduced 
phagocytic capacity of apoptotic cells. Furthermore, adding HMGB1 to apoptotic 
Jurkat cells diminished phagocytosis of these cells.

Conclusion

Circulating monocytes from SLE patients display a M1-like phenotype compared 
to HC, however  in vitro  differentiation abolishes this difference. HMGB1 
skews differentiation of M2-like macrophages towards M1-like phenotype and 
subsequently reduces phagocytosis of apoptotic cells. These data implicate that 
the phenotype of monocytes or macrophages is determined by their environment, 
such as presence of cytokines and HMGB1.
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InTroDucTIon

Systemic Lupus Erythematosus (SLE) is a chronic inflammatory disorder. It can affect 
the skin, joints, kidneys, lungs, nervous system, serous membranes, and other 
organs of the body. Immunologic abnormalities, especially production of a large 
number of antinuclear autoantibodies, are a prominent feature of the disease (1). 
Phagocytosis and clearance of immune complexes, apoptotic cells, and necrotic 
cell-derived material is an essential function of macrophages and has been shown 
to be decreased in patients with SLE (2). The decreased phagocytic capacity of 
macrophages has been implicated in the pathogenesis of SLE, because it can lead 
to prolonged exposure to auto-antigens and hence promote autoimmunity (2). 
The underlying mechanisms responsible for the decreased phagocytic capacity of 
macrophages in SLE patients are not completely known and both intrinsic factors 
such as polymorphisms in ITGAM gene (3,4) and extrinsic factors may contribute 
to this defect. For example, lower serum levels of complement can contribute to a 
decreased phagocytosis (5). Cytokines and other pro-inflammatory molecules might 
also influence efficiency of phagocytosis. Increased levels of the pro-inflammatory 
molecule High Mobility Group Box 1 (HMGB1) have been found in serum of SLE 
patients (6). HMGB1 is a nuclear DNA binding protein that is secreted by activated 
cells and released into the extracellular milieu from apoptotic and necrotic cells 
(7). As there is impaired clearance and accumulation of apoptotic debris in SLE 
this can lead to increased HMGB1 levels locally, for instance in kidney and skin, as 
well as systemically (8-12). 

Plasticity and functional polarization are hallmarks of the mononuclear 
phagocyte system. Cytokines and microbial products profoundly and differentially 
affect the function of mononuclear phagocytes. In response to interferons (IFNs) 
or Toll-like receptor (TLR) ligands macrophages undergo M1 (classical) activation 
while interleukin-4 (IL-4) or IL-10 signalling leads to M2 (alternative) activation. 
These two stages represent extremes of a continuum in macrophage activation 
states (13). M1 macrophages are implicated in initiating and sustaining inflammation 
and are defined by expression of CD86, iNOS, and production of the inflammatory 
cytokines IL-6 and tumour necrosis factor (TNF)-α. M2 or M2-like macrophages are 
associated with resolution or smouldering chronic inflammation. M2 macrophages 
are characterized by high expression of functional receptors such as the mannose 
receptor (MR or CD206) and the scavenger receptor CD163, and by production 
of IL-10 (14). Furthermore, it has been shown that M2-like macrophages have a 
greater capacity to phagocytose cells in vitro compared to M1 cells (15,16). M2 
macrophages preferentially internalize early apoptotic cells compared to late 
apoptotic cells and necrotic cells (17). 

37



H
M

G
B1 a

ffec
ts M

a
c

r
o

pH
a

G
e po

la
r

iz
a

tio
n

 a
n

d
 pH

a
G

o
c

y
tic

 a
c

tiv
it

y

3

Although distinct M1 or M2 macrophages can be induced in vitro, it is more likely 
that mixed phenotypes will be present in vivo, depending on the local cytokine 
milieu (18). In SLE, factors produced by macrophages and factors that are known to 
influence macrophage function are up- or downregulated due to inflammation. For 
instance, elevated serum levels of IL-6 and IL-10 are found in SLE patients (19,20) and 
expression of CD14, mannose receptor and MHCII on macrophages is decreased 
(21). The cytokine milieu in SLE is also characterized by increased levels of TNF-α, 
GM-CSF and IFN-γ (21), which represents a pro-inflammatory M1 milieu. However, 
high serum levels of IL-10 and immune complexes skew macrophages towards 
a M2 phenotype (18,19). Thus, available data do not conclusively point towards 
preponderance of one specific subtype of macrophages. Although abnormalities 
in monocyte function and phenotype have been described (21-24) little is known 
about M1/M2 macrophages in SLE.

HMGB1 can induce the secretion of pro-inflammatory cytokines IL-6 and 
TNF-α in monocytes (25) which is associated with a M1 phenotype. Therefore 
we hypothesised that increased levels of HMGB1 might lead to skewing of 
monocyte differentiation into M1 macrophages. This might explain the decreased 
phagocytic capacity of macrophages in SLE because M1 macrophages are 
less efficient phagocytes. To investigate whether the M1 phenotype is already 
present in monocytes of SLE patients, we determined expression of M1 and M2 
markers on peripheral blood monocytes of SLE patients. Moreover, differentiated 
macrophages of SLE patients were investigated for M1 and M2 markers and for 
their ability to phagocytose apoptotic cells. Finally, we tested whether HMGB1 
is a potential factor in skewing differentiation of macrophages towards the M1 
phenotype resulting in diminished phagocytic capacity.

METHoDS

Patients and controls

Consecutive SLE patients (n=48) visiting the outpatient clinic and age- and sex 
matched healthy controls (n=43) were included in the study. SLE patients fulfilled 
the criteria of the American College of Rheumatology for SLE (26) and disease 
activity at time of blood sampling was assessed by SLEDAI-2K (SLE Disease Activity 
Index). Patients with quiescent disease (SLEDAI 0-4) were included. Clinical data 
and medication use was retrieved from medical records. Levels of anti-dsDNA were 
measured by EliA assay (ThermoFisher Scientific, Nieuwegein, the Netherlands). 
Monocyte number and complement factors (C3, C4) were determined by routine 
techniques. Serum HMGB1 levels were measured by Western Blotting as described 
before (6). Serum soluble CD163 levels were determined by ELISA (IQ Products, 
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The Netherlands), according to the manufacturer’s instructions. The study was 
approved by the Institutional Review Board (M07.052492) of the UMCG and 
informed consent was obtained from all patients and HC. Characteristics of all 
patients and controls are summarized in table 1.

Table 1: Characteristics of the study population.

Healthy controls patients 

number
age
female (%)
SLEDaI

43
40 (21-63)
36 (84%)

48
48 (24-78)
45 (93%)
2 (0-4)

anti-dsDna, Iu/ml 4 (0-318)

c3, g/l 1.00 (0.5-2.16)

c4, g/l
Monocytes, (109/l)
HMGB1 (intensity) 1.7 (1.1-3.5)

0.17 (0.05 – 0.49)
0.34 (0.06 -0.97)
3.4 (1.1 - 43.5)

acr criteria, n (% of total number of pts)

Malar rash 11 (23%)

Discoid rash 21 (44%)

photosensitivity 16 (32%)

oral ulcers 7 (15%)

arthritis 32 (65%)

Serositis 13 (26%)

renal disorder 14 (30%)

neurologic disorder 1 (2%)

Hematologic disorder 36 (75%)

Immunologic disorder 44 (92%)

antinuclear antibody 48 (100%)

prednisolone use, n (%)
Daily median dose, mg

18 (37%)
7.5 (5-30)

Hydroxychloroquine use, n (%)
Daily median dose, mg

30 (61%)
400 (200-600)

azathioprine use, n (%)
Daily median dose, mg

7 (15%)
125 (50-150)

Unless otherwise indicated, data are expressed as median (range).
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In vitro differentiation and polarization of M1-like and M2-like macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 
centrifugation using Lymphoprep (Axis Shield PoC As, Oslo, Norway). Subsequently, 
monocytes were allowed to adhere to culture plates for a minimum of 2 hours, 
after which the non-adherent cells were removed. Adherent cells were maintained 
for 5 days in RPMI 1640 medium (Lonza, Walkersville, MD, USA) with 10% filtered 
fetal calf serum (FCS) and 10 mg/ml gentamicin (Invitrogen, USA), supplemented 
with 50 ng/ml macrophage colony stimulating factor (M-CSF, R&D systems) for 
differentiation into macrophages. Medium was replaced every two to three 
days. Subsequently, macrophages were polarized towards M1-like and M2-like 
phenotypes using 100 U/ml IFN-γ (PeproTech, USA) and 1 ng/ml lipopolysaccharide 
(LPS) (Sigma, Germany) or 20 ng/ml IL-4 and 10 ng/ml IL-10 (PeproTech) or 50 ng/ml 
M-CSF for an additional 48 hours as described before (27). 

Cells surface staining of monocytes and polarized macrophages

200 µl EDTA-whole blood cells were stained with anti-CD14 Pe-Cy7, anti-CD163 PE 
(Biolegend), anti-CD86 FITC (IQ-Products), or isotype matched control antibodies 
for 30 minutes. Next, red blood cells were lysed using FACS lysing solution (BD, 
Belgium) diluted 1:10 with demineralized water. Cells were washed with PBS 
supplemented with 1% BSA (Sigma Aldrich, Netherlands). Subsequently four-color 
flow cytometry was performed on a FACS Calibur, and monocytes were gated by 
size based on the forward-sideward scatter pattern. 

Cultured macrophages were washed with warm PBS, and harvested using 0.01% 
Trypsin (ICN Biomedicals, Netherlands). Afterwards cells were incubated with 
anti-CD86 FITC or anti-CD163 PE or isotype matched controls for 30 minutes and 
washed again with PBS supplemented with 1% BSA. Four-color flow cytometry was 
performed on a FACS Calibur, and mean fluorescence intensity (MFI) expression 
levels were determined using Cell Quest software (BD, USA) and WinList 6.0 
software. Delta MFI was calculated as measured MFI, corrected for isotype control. 

Cell sorting, RNA isolation, cDNA synthesis and qRT-PCR

PBMC isolation was done as described above in a representative subpopulation of 
19 patients (median age: 46 years, median SLEDAI: 2) and 16 age and sex matched 
HC. Monocytes were isolated by negative sorting (characterized as CD3- CD56- 
CD19-) by FACS cell sorting on a MoFlo XDP cell sorter. Purity was > 95%. After 
sorting, monocytes were lysed and RNA was isolated using RNeasy Plus Micro Kit 
(Qiagen, Westburg, Leusden, The Netherlands) according to the manufacturer’s 
instructions. cDNA was synthesized from total RNA using M-MLV Reverse 
Transcriptase and oligo(dT) 24 (Life Technologies, USA). One μl cDNA sample was 
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analysed in duplicate for amplification by the Taqman real time PCR system (ABI 
Prism 7900HT Sequence Detection system, Applied Biosystems, Foster City, CA, 
USA). Taqman primer/probe sets for glyceraldehyde 3-phosphatedehydrogenase 
(GAPDH), IL-6, TNF-α, IL-10, TLR2 and -4, CD86, CD163, and mannose receptor 
(CD206) were used (Applied Biosystems). Ct (threshold cycle) values were 
determined using the software program SDS 2.4 (Applied Biosystems). The amount 
of target was normalized to an endogenous reference (GAPDH) and expressed as 
relative expression (2–ΔCT).

Phagocytosis assay on coverslips

Jurkat cells were irradiated with ultraviolet B (UVB; 20W, 170 mJ/cm2) using a 
TL12 lamp (Philips, Best, The Netherlands) for 35 minutes to induce apoptosis, 
and were subsequently incubated for 4 hours at 37°C and 5% CO2 to obtain 
early apoptotic cells. The phagocytosis assay was performed with polarized 
macrophages on coverslips as described earlier (28). Preparations were scored 
blindly by two independent observers at 400x magnification using light 
microscopy. Phagocytosis was expressed as phagocytosis index (PI) indicating 
the number of Jurkat cells internalized by 100 macrophages. All experiments 
were performed in triplicate.

Phagocytosis assay measured by flow cytometry

The phagocytic capacity of macrophages was also analysed by flow cytometry. In 
this assay, apoptotic Jurkat cells were labeled with carboxyfluorescein succinimidyl 
ester (CFSE) (Invitrogen, USA), and added to polarized macrophages for 45 minutes 
at 37°C and 5% CO2. As a control, the assay was also performed at 4°C. Afterwards, 
the medium was aspirated, adhered cells were washed and trypsinised as 
described above. Cells were stained with anti-CD11b- PE (BD Biosciences) as a 
macrophage marker. Macrophages that had phagocytosed apoptotic Jurkat cells 
were defined as cells that were positive for both CFSE and CD11b. Two populations 
could be distinguished by CFSE fluorescence dependent on phagocytic capacity 
of macrophages, indicating good and moderate phagocytosis. In the results 
section, MFI of CSFE fluorescence and percentage of strong double positive cells 
is reported (R3, gating strategy shown in supplementary figure 1) . 

Effect of HMGB1 on differentiation of macrophages and subsequent 
phagocytosis

To study the effect of HMGB1 (Sigma, St. Louis, MO, USA) on differentiation, 
macrophages were cultured with M-CSF for 6 days. Next, medium was replaced by 
Opti-MEM medium and HMGB1 (0,1, 0.5 and 1 µg/ml) was added to macrophages 
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for 4 hours for mRNA measurement or for 24 hours for phagocytosis assay. For mRNA 
measurement, cells were lysed with TRIzol reagent according to the manufacturer’s 
instructions and RNA was isolated. DNAse treatment (Ambion, Huntingdon, 
Cambridgeshire, UK) was performed. cDNA synthesis and subsequent RT-qPCR 
were performed as described above for sorted monocytes. Phagocytic capacity 
of macrophages after incubation with HMGB1 was tested by flow cytometry as 
described above.  

Effect of preincubation of  apoptotic Jurkat cells with HMGB1 on 
subsequent  phagocytosis 

To study the effect of HMGB1on phagocytosis, apoptotic Jurkat cells were 
incubated with 1 µg/ml HMGB1 for 30 minutes at 37°C and 5% CO2 prior to 
phagocytosis by M-CSF differentiated macrophages. Phagocytosis assays using 
coverslips and flow cytometry were performed as described above. 

Statistical analysis

Data are presented as median (range) unless stated otherwise. Statistical calculations 
were performed used Graph Pad Prism version 5.00 (Graph Pad software Inc, USA). 
Differences between patients and controls were calculated using a Mann-Whitney 
test. Paired samples were compared using Wilcoxon Signed Rank Test. P values 
<0.05 were considered significant. 

rESuLTS

Membrane and mRNA expression of markers in peripheral monocytes

Absolute numbers of peripheral blood monocytes of SLE patients were determined 
by routine measurements. The median number of monocytes was 0.34 (109/l) with a 
range of 0.06 – 0.97 (109/l), which is in the normal range of 0.3-0.9 (109/l), indicating 
there was no monocytopenia (table 1). 

There was no difference in expression of CD86 (M1 marker) on peripheral blood 
monocytes of patients compared to HC (figure 1A). However, a lower expression 
of CD163 (M2 marker), expressed as delta MFI, on monocytes of SLE patients was 
observed (p<0.05) (figure 1B). Accordingly, sCD163 was increased in serum of SLE 
patients (figure 1C, p<0.001). To further characterize the monocytes, cells were 
isolated by negative sorting (characterized as CD3-, CD56-, CD19-) and analysed 
by RT-qPCR to determine mRNA levels of CD86, TLR2, TLR4, TNF-α, IL-6 (M1) and 
CD163, CD206, and IL-10 (M2). As shown in figure 1D, relative expression of CD206 
was very low in monocytes of both patients and controls. In contrast to the observed 
difference in the expression at protein level, there was no difference in CD163 
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Figure 1: Expression of M1 and M2 makers on peripheral monocytes from healthy controls 
(HC, open circles) and Systemic Lupus Erythematosus (SLE, black circles) patients.
A: Expression of CD86 (M1 marker) measured by flow cytometry in HC (n= 27) and SLE patients 
(n= 27) expressed as ΔMFI (mean fluorescence intensity), which is MFI corrected for the isotype 
control B: Expression of CD163 (M2 marker) measured by flow cytometry in HC (n= 27) and SLE 
patients (n= 27) expressed as ΔMFI (mean fluorescence intensity), which is MFI corrected for 
the isotype control C: Soluble CD163 (ng/ml) levels measured by ELISA in serum of HC (n=19) 
and SLE patients (n=21) D: mRNA levels of TNF-α, Interleukin-6 (IL-6), IL-10, CD86, CD163, Toll 
like receptor 2 (TLR2), TRL4 and CD206 analysed by RT-qPCR, from monocytes isolated by 
negative sorting (characterized as CD3- CD56- CD19-) in HC (n= 16) and SLE patients (n= 19)
* P <0.05 and *** P <0.001

mRNA expression between patients and controls (figure 1D). Furthermore, for the 
other receptors no differences between monocyte mRNA levels of patients and HC 
were found (figure 1D). However, both IL-6 and IL-10 mRNA levels were significantly 
upregulated in monocytes of SLE patients (p<0.001), whereas TNF-α mRNA levels 
were similar to levels detected in monocytes of HC. To investigate possible effects 
of medication patients were stratified into two groups: immunosuppressive therapy 
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(including prednisolon, azathioprine or combinations) or hydroxychloroquine 
only. There were no differences between patient groups for M1 and M2 markers 
investigated. Moreover, there were no differences for M1 and M2 markers between 
patient groups which were negative for anti-dsDNA or positive.

Membrane marker expression on in vitro differentiated macrophages

Monocytes from both SLE patients and HC were polarized in vitro towards M1 or 
M2 phenotypes, and membrane expression of CD86 (M1 marker) or CD163 (M2 
marker) was analysed. There was no difference in expression of CD86 or CD163 on 
macrophages from patients and HC (figure 2). As expected, M2-like macrophages, 
polarized either with IL-4 and IL-10 or M-CSF, showed higher expression of CD163 
compared to M1 polarized macrophages (p<0.05), both in patients and HC. CD86 
was higher expressed on M1 macrophages (p<0.001) compared to M2-like polarized 
macrophages (figure 2). Double staining of CD86 and CD163 (using quadrant dotplots) 
confirmed that there was no difference in expression between macrophages from 
patients and controls (data not shown) and that differentiation was successful. 

Phagocytosis of apoptotic Jurkat cells by polarized macrophages

Aberrant clearing of apoptotic material by macrophages plays an important 
role in the pathogenesis of SLE. Therefore, phagocytic capacity of polarized 
macrophages was assessed by two different methods. M2-like macrophages, 
polarized either with IL-4 and IL-10 or M-CSF, showed a higher phagocytic 
capacity compared to M1 macrophages as shown on representative pictures 
of coverslips (figure 3A). Comparing phagocytosis index (PI) of macrophages 
obtained from controls and patients respectively showed no differences in M1 
macrophages (p=0.4), and M2-like macrophages (M-CSF, p=0.7, figure 3B). 
M2-like macrophages from SLE patients displayed a higher PI (IL-4 and IL-10, 
p=0.004, figure 3B). These data were confirmed by flow cytometry demonstrating 
no differences in the percentages of CD11b and CFSE positive cells (figure 3C) 
between HC and SLE patients in both M1 and M2-like macrophages. Moreover, 
the MFI of CFSE, representing the phagocytosis of CFSE-labelled apoptotic 
Jurkat cells, was similar (figure 3D). 

HMGB1 affects macrophage polarization and inhibits phagocytosis 

As phagocytic capacity and expression of surface markers on in vitro differentiated 
M1 and M2 macrophages was similar for patients and HC the effect of HMGB1 
was studied for potential influence on macrophage polarization and phagocytosis. 
Confirming earlier studies, increased serum levels of HMGB1 were observed in SLE 
patients (table 1, p<0.01). HMGB1 was added to M-CSF differentiated macrophages 
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Figure 2: Expression of CD86 and CD163 on polarized macrophages from healthy controls 
(HC, open circles) and Systemic Lupus Erythematosus (SLE, black circles) patients.
A: Expression of CD86 (M1 marker) measured by flow cytometry in HC (n= 16-19) and SLE 
patients (n= 10-21) on M1 and M2-like polarized macrophages. Data are expressed as ΔMFI 
(mean fluorescence intensity), which is MFI corrected for the isotype control B: CD163 (M2 
marker) measured by flow cytometry in HC (n= 15-19) and SLE patients (n= 10-21) on M1 and 
M2-like polarized macrophages. Data are expressed as ΔMFI (mean fluorescence intensity), 
which is MFI corrected for the isotype control

during the last 4 or 24 hours. mRNA analysis demonstrated that 4 hours after 
HMGB1 addition both IL-6 and TNF-α mRNA levels were significantly upregulated 
in a dose dependent manner (figure 4A and B). Addition of HMGB1 during the last 
24 hours resulted in a dose-dependent decrease of phagocytosis of apoptotic cells 
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Figure 3: Phagocytosis measured on coverslips and by flow cytometry by macrophages form 
(HC, open circles) and Systemic Lupus Erythematosus (SLE, black circles) patients.
A: Representative examples of phagocytosis of apoptotic Jurkat cells on coverslips by M1 and 
M2-like polarized macrophages from HC B: Phagocytosis index (PI) of M1 and M2-like polarized 
macrophages in HC (n=11-12) and SLE patients (n= 13-19) C: Phagocytosis of apoptotic Jurkat 
cells labelled with CFSE as measured by flow cytometry and expressed as percentage of 
CD11b and CFSE double positive cells in M1 and M2-like polarized macrophages of HC 
(n=15) and SLE patients (n= 16) D: Phagocytosis of apoptotic Jurkat cells labelled with CFSE 
as measured by flow cytometry and expressed as mean fluorescence intensity (MFI) of CFSE 
in M1 and M2-like polarized macrophages of HC (n=15) and SLE patients (n=16)

Figure 4: HMGB1 (High Mobility Group Box 1) affects macrophage polarization and 
subsequent phagocytosis.
A-B: mRNA levels of Interleukin-6 (IL-6) (A) and TNF-α (B) of M2-like macrophages (n=9) 
treated with HMGB1 (0.1, 0.5 and 1 µg/ml) during the last 4 hours of differentiation. Data 
are presented as fold increase compared to untreated sample. Statistics were performed on 
relative expression levels. C: Phagocytosis of apoptotic Jurkat cells by M2-like macrophages 
(n=9) treated with  HMGB1 (0.1, 0.5 and 1 µg/ml) during the last 24 hours of differentiation 
measured by flow cytometry and expressed as mean fluorescence intensity (MFI) of CFSE. 
D: Phagocytosis of apoptotic Jurkat cells by M2-like macrophages (n=9) treated with  HMGB1 
(0.1, 0.5 and 1 µg/ml) during the last 24 hours of differentiation measured by flow cytometry 
and expressed as percentage of CD11b and CFSE double positive cells.
* P <0.05, ** P<0.01 and *** P <0.001

47



H
M

G
B1 a

ffec
ts M

a
c

r
o

pH
a

G
e po

la
r

iz
a

tio
n

 a
n

d
 pH

a
G

o
c

y
tic

 a
c

tiv
it

y

3

Figure 5: HMGB1 (High Mobility Group Box 1) inhibits phagocytosis of apoptotic Jurkat cells.
A: Phagocytosis of apoptotic Jurkat cells with and without pre-incubation of HMGB1 (1 µg/ml) 
by M2-like macrophages. Representative example of coverslips with and without pre-incubation 
of HMGB1with apoptotic Jurkat cells is shown. B: Phagocytosis of apoptotic Jurkat cells with and 
without pre-incubation of HMGB1 (1 µg/ml) by M2-like macrophages. Phagocytosis Index (PI) of 
apoptotic cells by M2-like polarized macrophages (n=8) is depicted. C: Phagocytosis of apoptotic 
Jurkat cells with and without pre-incubation of HMGB1 (1 µg/ml) by M2-like macrophages as 
measured by flow cytometry. MFI of CFSE of M2-like polarized macrophages (n=8) is depicted. 
* P <0.05 and ** P<0.01 

(figure 4C and D) as measured by flow cytometry. Incubation with HMGB1 showed 
a dose-dependent decrease on both MFI of CFSE and percentage of CD11b- and 
CFSE positive cells (figure 4C and D). 

The capacity of HMGB1 to directly influence phagocytosis of apoptotic cells by 
M-CSF differentiated macrophages was studied by pre-incubating apoptotic Jurkat 
cells with HMGB1. Representative pictures of coverslips show decreased uptake 
of apoptotic cells (figure 5A), quantified by a decrease in PI (figure 5B, p<0.05). 
Results were confirmed by flow cytometry (figure 5C), where pre-incubating Jurkat 
cells with HMGB1 led to a decrease in the uptake of apoptotic cells represented 
by a decrease in the MFI of the CFSE signal (p<0.001). 
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DIScuSSIon

In the present study we show that peripheral blood monocytes from SLE patients 
displayed a more M1-like phenotype compared to HC. CD163 membrane 
expression on monocytes was lower and mRNA expression levels of IL-6 and 
IL-10 were increased in monocytes from SLE patients compared to HC. These 
differences disappear after in vitro differentiation towards a M1-like or M2-like 
macrophage phenotype. However, adding HMGB1 during differentiation of M-CSF 
differentiated macrophages resulted in upregulation of IL-6 and TNF-α mRNA 
levels and reduction in phagocytic capacity. Finally, pre-incubation of apoptotic 
cells with HMGB1 also resulted in reduced phagocytosis. 

Expression of CD163 was significantly lower on circulating monocytes from SLE 
patients, while there was no difference in CD86 expression. CD163 is a scavenger 
receptor and can be shed from the cell surface into its soluble form (29). Increased 
levels of sCD163 in serum of SLE patients have been described before (30,31) which we 
confirmed in our patient cohort. Thus, lower levels of membrane CD163 on monocytes 
in SLE patients could be explained by CD163 shedding leading to increased sCD163 
levels. Moreover, increased serum levels of sMer and sAxl, both also associated 
with phagocytosis, were also increased in serum of SLE patients (30). It has been 
demonstrated that immune complex stimulation of Fc-receptors can lead to activation 
of metalloproteinases resulting in shedding of CD163 (32). This could explain why lower 
membrane expression of the CD163 protein was observed, without differences at the 
mRNA level. Taken together, these results demonstrate that circulating monocytes 
from SLE patients display a pro-inflammatory M1-like phenotype.

Monocytes of both patients and controls showed the same capacity to 
differentiate into either pro-inflammatory (M1) or anti-inflammatory (M2) 
macrophages. This could indicate that the cells themselves are not intrinsically 
different but that differences are induced by the environment. This supports the 
hypothesis that environmental mediators play an important role in polarization and 
macrophage function, as proposed previously by others (13,18). 

Both types of M2-like macrophages showed a greater phagocytic capacity 
when compared to M1-like phenotypes, confirming previous observations (15,16). 
Several different types of M2 macrophages have been described, depending on 
the polarizing stimulus. The most efficient clearance of apoptotic cells occurs by 
cells differentiated with IL-10 and M-CSF, which have high expression of CD206 
and CD163 (33). There is no general consensus regarding surface markers on M2 
macrophages but both CD163 and CD206 are generally considered to be M2 
markers (13). Both types of M2 macrophages in our study expressed high levels of 
CD163 and CD206 (data not shown) suggesting efficient induction of phagocytes 
as described by others (33). 
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While previous studies have reported defects in phagocytic capacity of 

monocyte derived macrophages from SLE patients, we could not confirm this 

(34-36). The main difference between previous studies and ours might be that in 

our phagocytosis assays serum from a single healthy donor was used, instead of 

autologous serum or pooled serum from either patients or controls. Furthermore, 

apoptotic cells used in our phagocytosis tests were Jurkat cells, while other 

groups have also used autologous cells for the assay. Finally, other studies 

have used monocytes from both active and inactive patients, while this study 

only used monocytes from inactive patients. Standard conditions were chosen 

to explore whether decreased phagocytic capacity observed in SLE patients is 

caused by an intrinsic defect in monocytes and macrophages from these patients 

or whether this is due to factors in the local milieu. Previously, it has been 

shown that decreased complement levels (5) or the presence of auto-antibodies 

(37) in serum of patients can contribute to a decrease in phagocytic capacity. 

The possible importance of environmental factors is supported by our results 

demonstrating that HMGB1 affects M2 polarization by inducing the expression 

of pro-inflammatory cytokines generally associated with the M1 phenotype. 

Earlier studies have shown that HMGB1 can activate and induce production 

of IL-6 and TNF-α in monocytes (7,25) and in macrophages (38-40). While our 

results support these findings, it also reveals a different aspect of HMGB1 as it 

shows that HMGB1 can influence the function of macrophages, reflected by a 

decreased phagocytic capacity. Furthermore, pre-incubation of early apoptotic 

Jurkat cells with HMGB1 led to a decrease in phagocytosis of these cells. This 

is in line with the study by Liu et al (41), which showed an inhibitory effect 

of HMGB1 on phagocytosis of apoptotic neutrophils by peritoneal mouse 

macrophages and demonstrated that HMGB1 could bind to phosphatidylserine, 

a strong “eat-me” signal, thereby blocking efficient phagocytosis. As HMGB1 

is increased both locally (8-10,12) and systemically in SLE patients (6,42,43), 

our data indicate that HMGB1 can contribute to the impaired phagocytosis as 

seen in SLE patients by interfering with recognition of apoptotic cells and by 

influencing the macrophage itself. 

In summary, this study shows that while monocytes from SLE patients differ from 

HC in vivo, in vitro differentiation into macrophages abolishes these differences. 

This indicates that there is no intrinsic defect in monocytes and macrophages from 

these patients. However, local factors, such as cytokines and HMGB1 can skew 

macrophage polarization towards a pro-inflammatory phenotype and decrease 

phagocytosis of apoptotic cells and as such might contribute to the pathogenesis 

of SLE. 
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Key messages

•	 Monocytes from SLE patients have lower expression of CD163 and higher 
mRNA levels of IL-6 and IL-10

•	 In vitro differentiation into macrophages abolishes differences between SLE 
patients and HC

•	 HMGB1 skews differentiation of M2-like macrophages towards M1-like 
phenotype and subsequently reduces phagocytosis of apoptotic cells
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Supplementary figure 1: Gating strategy of phagocytosis measured by flow cytometry. 
Experiment carried out at 4° C, M1 and M2 differentiated macrophages showed two 
populations, and cells were divided into two populations, a low and high CFSE signal. MFI 
of CSFE and percentage of strong positive cells from (R3) were determined. Representative 
dotplots from a patient is shown. 
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aBSTracT

Objective

Auto-antibodies to nuclear structures are a hallmark of systemic lupus erythematosus 
(SLE) including auto-antibodies to the nuclear protein High Mobility Group Box 1 
(HMGB1). However, the clinical relevance of anti-HMGB1 antibodies is unclear and 
has not been extensively studied. Therefore, levels of anti-HMGB1 and reactivity 
to different parts of HMGB1, specifically Box A and Box B, were examined in SLE 
patients in association with disease activity and clinical parameters.

Methods

Eighty-six SLE patients and 44 age- and sex-matched healthy controls (HC) were 
included. Serum anti-HMGB1 IgM and IgG levels as well as anti-Box A and anti- Box 
B levels were measured during quiescent disease (SLEDAI ≤ 4, n=47), and active 
disease (SLEDAI ≥ 5, n=39) by ELISA. 

Results

Quiescent and active SLE patients had similar levels of IgG anti-HMGB1, but in 
both groups levels were increased compared to HC. Anti-Box A and anti-Box B 
levels in active SLE patients were higher compared to quiescent patients, and were 
significantly increased compared to HC. Positivity for anti-HMGB1 was associated 
with arthritis, whereas all patients with neurological involvement were negative 
for anti-HMGB1. Although no associations between total anti-HMGB1 levels and 
SLEDAI or anti-doublestranded DNA (dsDNA) levels could be established, anti-Box 
A levels correlated with SLEDAI and anti-dsDNA levels, and correlated negatively 
with complement C3 levels.

Conclusions

Although total anti-HMGB1 IgG levels are increased in SLE patients no clear relation 
with disease activity or clinical parameters was found. In contrast, antibodies 
reacting specifically with the Box A domain of HMGB1 might be an interesting 
new biomarker since these were associated with disease activity and its sensitivity 
in SLE was comparable to the sensitivity of anti-dsDNA
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InTroDucTIon

Systemic lupus erythematosus (SLE) is an autoimmune disease which can involve 
multiple organs. It is generally thought that aberrant clearance of apoptotic cells 
plays an important role in the pathogenesis of the disease. When apoptotic cells 
are not cleared efficiently, they can turn into necrotic cells which lose their structural 
integrity and release several potential auto-antigens (1,2). Exposure of these 
auto-antigens to immune cells may lead to auto-antibody production. The auto-
antibodies are used as serological markers in diagnosing SLE and during follow-up 
to predict disease activity. In SLE, several disease specific auto-antibodies have 
been documented and especially anti-double stranded DNA (anti-dsDNA) and 
anti-Sm (anti-Smith), both anti-nuclear antibodies (ANA), are of diagnostic value (1). 

High Mobility Group Box 1 (HMGB1) is a nuclear protein which can act as 
damage-associated molecular pattern when released into the extracellular milieu 
(3). The molecule consists of three separate domains: Box A, Box B and the acidic 
tail. Both Box A and B are important for the DNA binding function of the molecule. 
HMGB1 can be released after cell activation, damage, apoptosis or necrosis and 
has been implicated in the pathogenesis of several diseases including SLE (4). It 
has been shown that serum and urinary levels of HMGB1 are increased in SLE, 
and correlated with disease activity (5-7). Released HMGB1 can have different 
functions depending on the redox status of HMGB1. For cytokine activity of 
HMGB1 cysteines C23 and C45 in Box A must form a disulfide bond while cysteine 
C106 in Box B must be in the thiol state. HMGB1 has chemoattractant properties 
when all three cysteines are reduced (8). Extracellular HMGB1 can bind to several 
receptors including Receptor for Advanced Glycation End products (RAGE) and 
Toll Like Receptor 4 (TLR4), of which binding sites are located in the Box B domain 
(3). Recombinant Box A can serve as a competitive antagonist for HMGB1 and can 
inhibit HMGB1 activity (3).

Auto-antibodies against HMGB1 have been found in patients with several 
different autoimmune diseases including SLE (5,9-11), Sjögren’s Syndrome (12), 
Systemic Sclerosis (12,13), drug-induced autoimmunity (14), amyotrophic lateral 
sclerosis (15) and juvenile arthritis (16-18). In general, the clinical and/or pathological 
relevance of anti-HMGB1 antibodies is unclear but their presence can interfere with 
the detection of HMGB1 in ELISA systems (5,19). For SLE, we previously reported 
that anti-HMGB1 antibody levels  correlate with serum HMGB1 levels, disease 
activity, and anti-dsDNA levels suggesting that these autoantibodies may play 
a role in disease pathogenesis (5). Moreover, beneficial effects of anti-HMGB1 
antibody treatment on disease progression were demonstrated in a lupus mouse 
model as treatment with a monoclonal antibody against HMGB1 attenuated 
proteinuria, glomerulonephritis and decreased serum levels of pro-inflammatory 
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cytokines and anti-dsDNA (20). In other disease models, including rheumatoid 
arthritis, positive effects of anti-HMGB1 treatment on disease progression have 
been reported as well (20-24). 

Commercially available monoclonal or polyclonal antibodies against HMGB1 
are usually directed against either Box A or Box B of the molecule. Previously, it 
has been shown that treatment with a monoclonal antibody against box A as well 
as recombinant Box A can inhibit cell migration with no influence on the cytokine 
production induced by HMGB1 (25) suggesting that antibody reactivity to different 
parts of the molecule may have differential effects. 

While increased levels of auto-antibodies to HMGB1 have been detected in SLE 
patients, the clinical relevance of these auto-antibodies is unclear. Additionally, 
reactivity to Box A or Box B has not been extensively studied. Therefore, the 
present study was designed to determine anti-HMGB1 antibody levels and their 
reactivity to Box A and Box B in SLE patients and healthy controls (HC). Moreover, 
associations with specific clinical symptoms as defined by American College of 
Rheumatology (ACR) criteria, disease activity, auto-antibody levels and medication 
use were explored. 

MaTErIaLS anD METHoDS

Patients and controls

Eighty-six SLE patients and forty-four age- and sex-matched HC were included. 
SLE patients fulfilled the ACR criteria for SLE (26). The study was approved by 
the Institutional Review Board of the UMCG and informed consent was obtained 
from all patients and HC. Disease activity at time of blood sampling was assessed 
by using the SLEDAI (SLE Disease Activity Index). Serum samples were collected 
between 2001 and 2013 and stored at –20 °C until analysis. Forty-seven consecutive 
outpatients with SLEDAI ≤ 4 were included in the quiescent patient group. Thirty-
nine active patients were retrospectively selected with a SLEDAI ≥ 5. Further clinical 
data and medication use was obtained from medical records. 

Levels of anti-dsDNA were measured by EliA assay (ThermoFisher Scientific, 
Nieuwegein, the Netherlands). Total IgG, C-reactive protein (CRP), serum creatinine 
and complement factors (C3, C4) were determined by routine techniques. IgM 
rheumatoid factor was measured by an in-house ELISA, as described previously 
(27). Characteristics of all patients and controls are summarized in table 1.
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Table 1: Characteristics of the study population. 

 

SLE patients

Healthy controls Quiescent active

number 44 47 39

age, years 38 (20-67) 44 (21-69) 35 (16 -77)

female, n (%) 32 (72) 43 (91) 32 (82)

Disease duration, years 12 (0-43) 4 (0-51)

SLEDaI 2 (0-4) 8 (5-13)

anti-dsDna, Iu/ml 6 (0-166) 50 (0 - 439)

c3, g/l 1.02 (0.52 -1.4) 0.65 (0.2 – 1.82)

c4, g/l 0.16 (0.05 -0.54) 0.09 (0.01 – 0.35)

Serum creatinine, µmol/l 64 (36-298) 68 (42-269)

rheumatoid factor IgM, Iu/ml 0.8 (0-46) 4 (0-128)

Total IgG (g/l) 12.1 (3.7-26.6) 14.9 (3.9-46.6)

renal active / not renal active, n    22/16

no. with/without treatment 36/11 25/14

prednisolone use, n (%) 13 (28) 17 (44)

   Daily median dose, mg 10 (3–150) 7.50 (3-60)

Hydroxychloroquine use, n (%) 25 (54) 14 (36)

   Daily median dose, mg 400 (200 -600) 400 (200-600)

azathioprine use, n (%) 6 (13) 10 (26)

   Daily median dose, mg 50 (5-150) 100 (50 -200)

acr criteria, n (% of total number of pts)

   Malar rash 15 (32) 10 (26)

   Discoid rash 13 (28) 16 (41)

   photosensitivity 24 (51) 10 (26)

   oral ulcers 9 (19) 6 (16)

   arthritis 28 (60) 24 (62)

   pleuritis 15 (32) 14 (36)

   renal disorder 13 (28) 19 (49)

   neurologic disorder 5 (10) 3 (8)

   Haematologic disorder 39 (83) 31 (80)

   Immunologic disorder 40 (85) 36 (92)

   antinuclear antibody 47 (100) 39 (100)

Data are displayed as median (range), unless stated otherwise. 
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Detection of anti-HMGB1 antibodies by ELISA

Anti-HMGB1 antibodies were measured using in-house ELISA. Greiner Bio-one 
plates were coated for at least 48 hours with 1 µg/ml recombinant HMGB1 
(Sigma, St. Louis, MO, USA). After blocking with bovine serum albumin (BSA), 
serum samples were diluted and were added in duplicate (1:100) to both 
coated and uncoated wells. Detection of antibodies was done with goat anti-
human IgG-HRP (Bethyl Labs, A80-104P). Bound antibodies were detected 
with 3,3’,5,5’-tetramethylbenzidine dihydrochloride and H2O2; the reaction was 
stopped with 2M H2SO4. Absorbance was measured at 450nm using a micro-plate-
spectrophotometer and concentrations were calculated with Softmax software. 
Levels of anti-HMGB1 were calculated against a standard curve using serum of 
a SLE patient with high anti-HMGB1 levels, corrected for reactivity to uncoated 
wells and expressed as Arbitrary Units (AU).

For IgM anti-HMGB1, Costar plates were coated overnight with 1 µg/ml 
recombinant HMGB1 (Sigma, St. Louis, MO, USA). After blocking with bovine serum 
albumin (BSA), serum samples were diluted and were added in two dilutions. 
Detection of antibodies was done with mouse anti-human IgM-HRP (Southern 
Biotech, Birmingham, AL, USA). Afterwards, measurement of bound antibodies 
was performed as described above.

Anti-Box A and anti-Box B ELISA

Antibodies directed against Box A and Box B were detected using in-house ELISA. 
Costar plates were coated for overnight with 1 µg/ml recombinant Box A or Box 
B (HMGBiotech Srl, Milan, Italy). After blocking with BSA serum samples were 
diluted in incubation buffer and were added in four dilutions (1:50, 1:150, 1:450 
and 1:1350). Detection of antibodies was done with mouse anti-human IgG-HRP 
(Southern Biotech) for 30 minutes at room temperature. Afterwards, measurement 
of bound antibodies was performed as described above.

Statistical analysis

Data are presented as median (range) unless stated otherwise. Positivity was 
determined as upper 95% percentile of the HC values. Statistical calculations were 
performed using SPSS (version 22, SPSS Inc, Chicago IL, USA). Differences between 
patients and controls were calculated using Mann-Whitney test. Paired samples 
were compared using Wilcoxon Signed Rank Test. Kruskal-Wallis test was used for 
differences between groups larger than two. Spearman rank correlation was used 
for correlations and for non-continuous variables a Chi-squared test was used. 
P values < 0.05 were considered significant. 
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rESuLTS

Anti-HMGB1, anti-Box A and anti-Box B levels in SLE and HC

Compared to HC IgG anti-HMGB1 levels were significantly increased in quiescent 
(p<0.001) and active SLE patients (p<0.001) (figure 1A). No significant differences 
were found between quiescent and active patients regarding absolute values or 
after determining the percentage of positive individuals (defined as upper 95% 
percentile of the HC values) (figure 1A). Sensitivity for IgG anti-HMGB1 in quiescent 
patients was 40% and 48% in active patients, while specificity was 93% for both. 
IgM anti-HMGB1 levels did not differ between HC and patients (figure 1B).

Figure 1: Serum levels of IgG and IgM anti-HMGB1 in HC, quiescent and active SLE patients.
A: Serum levels of IgG anti-HMGB1, expressed in Arbitrary Units (AU), in HC (n=44), quiescent 
(n=47) and active (n=39) SLE patients measured by in-house ELISA B: Serum levels of IgM 
anti-HMGB1, expressed in Arbitrary Units (AU), in HC (n=44), quiescent (n=47) and active 
(n=39) SLE patients measured by in-house ELISA C: Serum levels of anti-Box A expressed in 
Arbitrary Units (AU), in HC (n=44), quiescent (n=47) and active (n=39) SLE patients measured 
by in-house ELISA D: Serum levels of anti-Box B expressed in Arbitrary Units (AU), in HC 
(n=44), quiescent (n=47) and active (n=39) SLE patients measured by in-house ELISA 
HC = Healthy Control and SLE = Systemic lupus erythematosus
Dotted line represents cut-off value for positivity. ** P<0.05 ** P<0.01 and *** P<0.001 
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To investigate whether anti-HMGB1 antibodies of SLE patients recognize a 
specific part of the HMGB1 molecule, reactivity to Box A or Box B was measured. 
Anti-Box A and anti-Box B levels were significantly increased in quiescent and 
active SLE patients compared to HC (figure 1C-D). Moreover, active patients had 
higher levels of anti-Box A and anti-Box B compared to quiescent patients (p<0.01 
and p<0.05, respectively). Anti-Box A showed a sensitivity of 54% and 72% for 
quiescent and active patients respectively, with a specificity of 95% for both. 
Anti-Box B demonstrated a sensitivity of 25% and 41% in quiescent and active 
patients respectively, with a specificity of 95% for both. 

Possible effects of medication were investigated by stratifying patients into 
the following groups: no medication, immunosuppressive therapy (including 
prednisolon, mycophenolate mophetil, cyclophosphamide, azathioprine or 
combinations) and hydroxychloroquine only. No effect of therapy was observed 
on the absolute levels of IgG anti-HMGB1, IgM anti-HMGB1, anti-Box A or anti-Box 
B or regarding positivity. Sub-analysis also revealed no difference when patients 
were further divided based on active or quiescent disease.

Associations between anti-HMGB1 and serological parameters 
and ACR criteria

To assess whether anti-HMGB1 antibodies are associated with disease parameters, 
anti-HMGB1 levels were analyzed in relation to clinical and serological parameters. 
There was no significant correlation between IgG anti-HMGB1 levels and SLEDAI 
(figure 2A rho: 0.13, p=0.22) or anti-dsDNA antibodies (figure 2B rho: 0.20, p=0.08). 
IgM anti-HMGB1 levels were negatively correlated with both SLEDAI (figure 2C rho: 
-0.24, p<0.05) and anti-dsDNA levels (figure 2D rho: -0.24, p<0.05). Both anti-Box 
A and B were positively associated with SLEDAI (figure 2E rho: 0.38, p<0.001, 
figure 2G rho: 0.31, p<0.01 respectively) and anti-dsDNA levels (figure 2F rho: 0.47, 
p<0.001, figure 2H rho: 0.36, p<0.01 respectively).

No significant correlations between complement C4, disease duration, CRP, 
IgM Rheumatoid Factor or creatinine and IgG or IgM anti-HMGB1, anti-Box A or 
anti-Box B levels were observed (p>0.1). Moreover, there was also no correlation 
between complement C3 and IgG or IgM anti-HMGB1 levels, but both anti-Box A 
and anti-Box B were negatively associated with complement C3 (rho: -0.31, p<0.05 

Figure 2: Correlations between IgG anti-HMGB1 (AU) levels with SLEDAI and anti-dsDNA 
(IU/ml) in SLE patients.
A: No correlation between IgG anti-HMGB1 (AU) levels and SLE Disease Activity Index 
(SLEDAI) in 86 SLE patients (rho: 0.13, p=0.22). B: No correlation between IgG anti-HMGB1 
(AU) and anti-dsDNA (IU/ml), as measured by EliA assay, in 71 SLE patients (rho: 0.20, 

64



A
n

ti-H
M

G
B1 A

n
tiB

o
d

ie
s in

 sLe

4

p=0.08). C: Negative correlation between IgM anti-HMGB1 (AU) levels and SLE Disease 
Activity Index (SLEDAI) in 86 SLE patients (rho: -0.24, p<0.05). D: Negative correlation 
between IgM anti-HMGB1 (AU) and anti-dsDNA (IU/ml), as measured by EliA assay, in 
71 SLE patients (rho: -0.24, p<0.05). E: Positive correlation between anti-HMGB1 Box A 
antibody (AU) levels and SLE Disease Activity Index (SLEDAI) in 86 SLE patients (rho: 0.38, 
p<0.001). F: Positive correlation between anti-HMGB1 Box A antibody (AU) levels and anti-
dsDNA (IU/ml), as measured by EliA assay, in 71 SLE patients (rho: 0.47, p<0.001). G: Positive 
correlation between anti-HMGB1 Box B antibody (AU) levels and SLE Disease Activity Index 
(SLEDAI) in 86 SLE patients (rho: 0.31, p<0.01). H: Positive correlation between anti-HMGB1 
Box B antibody (AU) levels and anti-dsDNA (IU/ml), as measured by EliA assay, in 71 SLE 
patients (rho: 0.36, p<0.01).
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and rho: -0.34, p<0.01). Total IgG levels were not associated with IgG anti-HMGB1 
or anti-Box B, but were weakly associated with anti-Box A (rho: 0.25, p<0.05).  

To investigate whether positivity of IgG anti-HMGB1, anti-Box A or anti-box B 
antibodies were associated with specific organ involvement, patients were divided 
according to ACR criteria. Skin involvement was defined as positivity for either 
malar rash, discoid rash, photosensitivity or oral ulcers. There was no relation with 
nephritis or skin involvement for IgG anti-HMGB1, anti -Box A or anti-Box B. However, 
there were more patients positive for IgG anti-HMGB1 who had arthritis (p<0.01). 
Furthermore, 8 patients with neurological involvement were all negative for IgG anti-
HMGB1 (p<0.01). Positivity for either anti-Box A or anti-Box B was not associated with 
any of the ACR criteria. No differences in positivity for IgG anti-HMGB1, anti-Box A 
or anti-Box B were observed when comparing patients with active nephritis (n=22) 
versus non-nephritic active disease (n=17). Sensitivity for nephritis compared to non-
nephritic exacerbations was 45.5% vs 41.2% for IgG anti-HMGB1, 72.7% vs 70.6% for 
anti-Box A and 40.9% vs 41.2% for anti-Box B respectively.  

As IgM anti-HMGB1 levels were similar between patients and controls it was 
not possible to determine positivity, therefore absolute values of IgM anti-HMGB1 
were investigated for relation with specific organ involvement. IgM anti-HMGB1 
levels were higher in patients without nephritis (929 (10-18444) AU) compared to 
patients with nephritis (362 (19-16458) AU) (p<0.01). On the contrary, levels of IgM 
anti-HMGB1 were higher in patients with arthritis (875 (10-18444) AU) compared to 
patients without arthritis (460 (19-3323) AU) (p<0.05). There were no correlations 
between IgM anti-HMGB1 and other ACR criteria. 

Levels of anti-HMGB1 antibodies during and after active disease

Anti-HMGB1 levels were compared during active and subsequent quiescent 
disease (4 to 8 months later) in 23 SLE patients. No significant increase or decrease 
could be observed in anti-HMGB1 levels in these 23 patients (p=0.6) (figure 3A). 
Further analysis showed that in 13 patients anti-HMGB1 levels decreased after 
exacerbation, while in 10 patients levels increased. These two patient groups were 
compared for differences at exacerbation and during remission. No differences 
in SLEDAI, C3, C4 or anti-dsDNA were observed at both time points (table 2). 
Furthermore, in both groups similar numbers of renal active patients were present 
(n=6 vs n=7) and medication (including no medication, immunosuppressive therapy 
or hydroxychloroquine only) was not different. 

Anti-Box A and anti-Box B levels were significantly decreased after active 
disease (p<0.01) (figure 3B-C). In only 3 patients anti-Box A levels increased after 
exacerbation but two of these patients were noncompliant with the treatment 
regime. 
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Figure 3: Levels of IgG anti-HMGB1, anti-Box A and anti-Box B in active disease and 
subsequent remission in SLE patients.
Levels of IgG anti-HMGB1, anti-Box and anti-Box were measured by in-house ELISA, and 
expressed in Arbitrary Units (AU), in 23 Systemic lupus erythematosus (SLE) patients during 
active and subsequent remission(4 to 8 months later).
A: No clear pattern of increase or decrease of IgG anti-HMGB1 (AU) levels after active disease 
(p=0.6) B: Anti-Box A levels (AU) decreased after active disease. C: Anti-Box B levels (AU) 
decreased after active disease.
** P<0.01

DIScuSSIon

In this study, we demonstrated that patients with SLE have increased levels of IgG 
anti-HMGB1 but not of IgM anti-HMGB1 irrespective of current treatment. Total 
IgG anti- HMGB1 levels are not associated with disease activity. However, anti-Box 
A antibodies are associated with SLEDAI, anti-dsDNA and negatively associated 
with complement C3 levels. Moreover, anti-Box A antibodies displayed higher 
sensitivity for active SLE compared to IgG anti-HMGB1 and anti-Box B. 

Previous studies have also demonstrated increased anti-HMGB1 levels in SLE 
patients (5,9-11). In a previous study, we showed a relation with disease activity as 
anti-HMGB1 levels were weakly correlated to SLEDAI and anti-dsDNA (5). In the 
present study in another patient cohort, no correlation was found between disease 
activity and IgG anti-HMGB1 levels. However, we did find a significant correlation 
between disease activity and anti-Box A levels. The differences between the 
present and previous studies may be explained by a modification of the ELISA 
assay for anti-HMGB1, which currently includes a correction for unspecific binding. 
The difference between the anti-HMGB1 assay and the anti-Box A assay might be 
explained by the fact that HMGB1 is a sticky protein that can also bind several 
other serum factors non-specifically, which is not the case for the Box A subunit. 

The presence of a multitude of auto-antibodies is a hallmark of SLE. In 
particular, auto-antibodies directed to dsDNA are very specific for the disease. 
These antibodies are important for diagnosis, as well as in monitoring disease 
activity (1,28). Although we observed a high specificity for anti-HMGB1 antibodies, 
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we only compared anti-HMGB1 antibodies in SLE patients to HC. Earlier studies 
have shown that anti-HMGB1 antibodies are also present in other auto-immune 
diseases (12,13,18), however these have not studied the presence of anti-Box A or 
anti-Box B. Therefore, to demonstrate the specificity of anti-Box A and anti-Box 
B for SLE these antibodies should be studied in patients with other autoimmune 
diseases. Our data indicates that sensitivity of antibodies directed to anti-Box A 
was similar to the sensitivity of anti-dsDNA in active and quiescent SLE patients 
(28,29). Moreover, sensitivity of anti-Box A during nephritis was equal to the 
sensitivity during non-nephritic exacerbations, while anti-dsDNA levels are more 
often increased during nephritis compared to non-nephritic exacerbations. These 
results should be validated in a larger cohort of SLE patients. Furthermore, whether 
an increase in anti-Box A will predict an exacerbation and whether anti-Box A 
might serve as an additional biomarker next to anti-dsDNA has to be further 
investigated prospectively.  

While IgG anti-HMGB1 levels were increased in SLE, IgM anti-HMGB1 levels 
were similar between patients and controls. The presence of IgM anti-HMGB1 in 
HC might indicate that IgM anti-HMGB1 is a natural autoantibody. This could also 
explain why negative correlations with SLEDAI and anti-dsDNA antibodies were 
found. In general, IgG and not IgM auto-antibodies are considered to be more 
pathogenic in SLE (30-34). In an animal model of lupus nephritis, administration 
of IgM anti-dsDNA antibodies has been found to reduce renal pathology (32). 
Furthermore in patients, it has been postulated that progression to or worsening 
of SLE may be preceded by a switch from IgM to IgG antibodies (33,34). As such it 
has been demonstrated that IgM anti-dsDNA levels are significantly higher in SLE 
patients without renal disease (31), which we also observed for IgM anti-HMGB1. 

In a recent study IgG and IgM anti-HMGB1 antibodies in SLE patients with skin 
involvement were investigated (9). Similar levels of antibodies in patients with and 
without skin involvement and other clinical parameters were shown. This is in line 
with our data, as we also did not find a correlation between anti-HMGB1 antibodies 
and skin involvement in our cohort. In our study both IgG and IgM anti-HMGB1 
antibodies were found to be associated with arthritis. This is interesting as earlier 
studies have shown that anti-HMGB1 antibodies are also present in patients with 
rheumatoid arthritis (12,16). However, IgM rheumatoid factor levels were similar 
in SLE patients with and without arthritis and no correlation was found between 
rheumatoid factor and anti-HMGB1 levels. 

All patients with neurological involvement were negative for anti-HMGB1. 
There were however only 8 patients with neurological involvement in our cohort. 
Therefore it is difficult to draw a definitive conclusion. Several studies did describe 
that neurological SLE has a very specific set of auto-antibodies, which might explain 
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the low anti-HMGB1 levels (35). As both anti-Box A and anti-Box B positivity were 
not associated with any clinical parameters, and the associations for IgG anti-
HMGB1 were inconsistent, this indicates that anti-HMGB1 is not a sensitive measure 
for organ involvement. 

In this study, total anti-HMGB1 antibodies were not associated with disease 
activity. However, there might be a role for more specific anti-HMGB1 antibodies. 
These antibodies might interfere in different processes since each domain of 
HMGB1 has its own function and effect. We found that antibodies from SLE patients 
(62%) predominantly recognized Box A, which is in line with previous observations 
(10). Box A is the DNA binding domain of the molecule, but can also serve as 
a competitive antagonist of HMGB1 and several studies in animal models have 
shown beneficial effects of Box A on disease progression (36,37). As previously 
mentioned, HMGB1 consists of Box A and B, and also of a C-acidic tail and a 
linker region which plays a role in binding RAGE. Previously, it was demonstrated 
that auto-antibodies against the C-acidic tail and linker region are also present in 
SLE patients (10). We confirmed the presence of anti-Box A and B antibodies in 
SLE. Furthermore, our results indicate that anti-Box A antibody levels are a more 
sensitive marker of active disease in SLE when compared to IgG anti-HMGB1 or 
anti-Box B. Moreover, anti-Box A levels significantly decreased after active disease. 
As mentioned above, the role of anti-Box A as a marker of active disease should 
be validated in prospective longitudinal studies.

Why specifically anti-Box A levels are increased during active disease is unclear, 
but this may relate to the various posttranslational modifications that HMGB1 
can undergo influencing its function. HMGB1 exists in three different isoforms 
which have mutually exclusive functions; cytokine inducing, chemo-attracting or 
immunologically silent (25). These isoforms are distinguished by differences in 
redox status, resulting in different conformations. Cytokine activity of HMGB1 is 
dependent on the disulfide bond of cysteines C23 and C45 in Box A while cysteine 
C106 in Box B must be in the thiol state (25,38). Antibodies to Box A can inhibit 
the cytokine activity of HMGB1 as has been demonstrated before (8). In active 
SLE, an increase in circulating HMGB1 has been demonstrated (5), and in a small 
study it has been observed that in active SLE oxidized HMGB1 is present (39). Since 
oxidation may generate neo-epitopes in the HMGB1 molecule, this may promote 
autoimmune responses. The disulfide bond on which cytokine activity is dependent 
is located in Box A, therefore it could be that an increase in the cytokine form of 
HMGB1 subsequently leads to an increase in auto-antibodies that recognize Box A. 

In conclusion, although we observed that total anti-HMGB1 antibodies are 
increased in SLE, no association was found with disease activity. However, 
antibodies to Box A had a higher sensitivity in SLE and especially during active 
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disease. Moreover, anti-Box A was positively associated with SLEDAI, anti-dsDNA 
and negatively with complement C3. Anti-HMGB1, anti-Box A or anti-Box B 
positivity does not seem to be a useful marker in evaluating organ involvement in 
SLE patients, as defined by ACR criteria. Taken together, these results indicate that 
anti-HMGB1 antibodies in SLE patients cannot be regarded as a cross-sectional 
biomarker of clinical parameters or disease activity, but the role of antibodies 
directed to Box A warrants further investigation. 
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aBSTracT

Purpose of the review 

High Mobility Group Box 1 is a molecule that has gained much of attention in 
the last couple of years as an important player in innate immune responses and 
modulating factor in several (auto)-immune diseases. Furthermore, advancements 
have been made in identifying the diverse functions HMGB1 can play in the body 
by studying its receptors, pathways and effects. This review will focus on the 
modulation of HMGB1 in animal models of (auto)-immune diseases. 

Recent findings 

In different disease models like sepsis, ischemia/reperfusion and arthritis HMGB1 
blocking therapies have been tested and the disease course was shown to be 
ameliorated. 

Summary 

These findings indicate that HMGB1 is an important mediator in innate immunity, 
inflammation and sterile injury. Furthermore HMGB1 might be a new therapeutic 
target in inflammation and auto-immune diseases, which may be translated to the 
clinic. 

Key points

•	 HMGB1 serum levels are increased in several (auto)immune diseases, and are 
mostly correlated with disease activity.

•	 Inhibition of HMGB1 has been investigated in several different animal models, 
with beneficial effects on survival and the disease course. 

•	 Nuclear retention of HMGB1 inhibits its translocation to the cytoplasm and 
extracellular release, thereby inhibiting its inflammatory properties.

•	 Box A is the most used antagonist of HMGB1, which competes with receptors 
for binding with HMGB1. 
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InTroDucTIon

HMGB1 (high mobility group box 1) is a non-histone nuclear protein that, depending 
on its location and posttranslational modifications, has several functions. HMGB1 is 
ubiquitously expressed in nuclei, where it binds and stabilizes DNA. Mice deficient 
for HMGB1 die within 24 hours after birth due to severe hypoglycemia, attributed 
to an impaired glucose metabolism. In contrast fibroblast cell lines, derived from 
the same HMGB1-/-  mice, can proliferate and survive. However, activation of gene 
expression by the glucocorticoid receptor was diminished indicating that the 
effects on transcription are cell-type specific. Thus HMGB1 is not essential for 
cell growth or survival, but plays a role in the accessibility of DNA by transcription 
factors (1).

HMGB1 can be translocated from the nucleus to the cytoplasm and extracellular 
space. When released it has been shown to act as a damage-associated molecular 
pattern (DAMP). Secretion can occur actively from macrophages and other 
immune cells or passively during apoptosis and necrosis. When present in the 
extracellular space HMGB1 promotes several responses, for example the release 
of inflammatory cytokines like TNF-α and Interleukin (IL)-6 (2-5). Other mechanisms 
of action include cell migration (6), wound healing and neovascularization (7). It 
has been shown that lower levels of HMGB1 in diabetic skin were correlated with 
impaired wound healing, while topical application of HMGB1 to the skin of the 
diabetic mice accelerated wound healing. In the skin of normal mice the application 
of HMGB1 had no effects, while inhibition of HMGB1 impaired wound healing in 
normoglycemic mice (8). 

Several different receptors have been implicated in HMGB1-mediated 
functions, including RAGE (receptor for advanced glycation end products) and 
TLR2 (Toll-like receptor 2), TLR4, and TLR9 (9). Recent studies show that TLR4 
is required for HMGB1 induced cytokine release (10-12) while HMGB1 induced 
cell migration is the result of activation of CXCR4 by HMGB1-CXCL12 complexes 
(6,10). Moreover, it has been shown that HMGB1 mediated leukocyte migration or 
proinflammatory cytokine release are mutually exclusive and dependent on the 
redox state of HMGB1. Reduction of the cysteines on location 23, 45 and 106 turns 
HMGB1 into a chemoattractant, while a disulfide bond between the cysteines on 
location 23 and 45 makes it a proinflammatory cytokine (10). HMGB1 can also be 
terminally oxidized by reactive oxygen species (ROS), which abrogates both the 
chemoattractant properties as well as the proinflammatory properties. This form 
of HMGB1 can be released during apoptosis and as its inflammatory properties are 
abrogated it is thought to play a role in the immunological tolerance of apoptotic 
cells (10,13).
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Independent of its redox state, HMGB1 can form complexes with several immune 
stimulants like LPS (lipopolysaccharide), CpG, double stranded DNA, nucleosomes 
and IL-1 (3,4,14-16). These complexes enhance cytokine production in immune cells 
and fibroblasts when compared to HMGB1 alone and have been shown to signal 
through the same surface receptors as required for the noncomplexed ligand (14). 

In autoimmune diseases like systemic lupus erythematosus (SLE), Sjögren’s 
syndrome and rheumatoid arthritis (RA) it has been documented that serum 
levels of HMGB1 are increased in patients compared to healthy controls (17-19). In 
patients with RA it has been shown that extracellular HMGB1 is present in synovial 
tissue. After intra-articular injections with glucocorticoids, the levels of extracellular 
HMGB1 decreased and beneficial clinical effects were observed (20). Another study 
obtained synovial fibroblasts from RA patients and stimulated these with HMGB1 
alone or in complex with IL-1α or IL-1β. HMGB1 in complex with IL-1 increased IL-6, 
IL-8, TNFα and matrix metalloproteinase 3 production compared to HMGB1 alone. 
The presence of HMGB1 together with IL-1α or IL-1β in the inflamed joints in RA 
could contribute to tissue destruction and enhance joint inflammation (15). In SLE 
it was shown that patients with active lupus nephritis had higher levels of HMGB1 
in serum and urine compared to healthy controls which correlated positively with 
disease activity (18,21). Furthermore, anti-HMGB1 antibodies, HMGB1 complexed 
with nucleosomes or DNA were found in the serum of SLE patients (18,22,23). 
Injection of these complexes in non-autoimmune mice could induce anti-DNA 
antibody production whereas DNA alone was inactive (23). These findings indicate 
that HMGB1 might be an important factor in the pathogenesis of SLE.

Given the detrimental proinflammatory effects of HMGB1 a number of recent 
studies have investigated whether intervention in HMGB1 mediated effects is of 
benefit in dampening inflammation. In this review we will discuss the deleterious 
effects of HMGB1 in the context of autoimmune diseases and the relevance of 
inhibition of HMGB1 as it has been reported in several animal models of autoimmune 
and inflammatory diseases.

HMGB1 in arthritis models

Studies have shown elevated HMGB1 levels in both serum and synovial fluid of RA 
patients (19). Gold salts were one of the first widely used therapies for RA; however 
toxicity has limited its use which has declined with the introduction of drugs like 
methotrexate and biologicals. Gold salts were shown to inhibit HMGB1 translocation 
from the nucleus to the cytoplasm in macrophages (24). Gold nanoparticles, which 
are thought to be non-toxic, seem to use the same mechanism as gold salts (25). 
This mode of action was verified in vitro using activated monocytes. Such studies 
also showed that besides gold salts, dexamethasone and chloroquine can also 
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inhibit HMGB1 release from monocytes (26). Another agent which has shown 
beneficial effects on RA and causes nuclear retention of HMGB1 is oxaliplatin 
(27). This agent is also in use as an anti-cancer drug which acts through inhibiting 
cell division by creating inter- and intra- strand cross links in DNA. Thus, several 
existing therapies seem to also have an effect via HMGB1 retention. 

The clinical effects of neutralizing anti-HMGB1 antibodies have been investigated 
in rodent models of collagen-induced arthritis (CIA). In these studies both rats and 
mice were injected twice daily with neutralizing HMGB1 antibodies or the Box 
A antagonist. Box A is an antagonist for HMGB1 binding to its receptor RAGE, 
and inhibits HMGB1 effects. Beneficial effects were observed as both mice and 
rats showed decreased mean arthritis scores, less weight loss and less articular 
cartilage destruction in comparison to vehicle treated animals (28,29). Another 
model employed mice deficient for both DNase II and Interferon type 1 receptor 

Figure 1: Schematic presentation of release and signaling of HMGB1 including ways to 
intervene.
Cells contain HMGB1 in the nucleus, bound to nucleosomes. HMGB1 can be secreted by 
the activation of cells or passively by apoptosis or necrosis. Outside the cell, HMGB1 can 
bind to inflammatory mediators and subsequently to receptors such as TLR2, TLR4 and 
RAGE, leading to cell activation and proliferation. These actions can be inhibited by using 
anti-HMGB1 antibodies or by drugs that promote nuclear retention of HMGB1.
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(IFNRI). These double knock-out mice spontaneously develop chronic, destructive 
polyarthritis which shares many features with rheumatoid arthritis. Mice were 
injected with either the antagonist Box A or anti-HMGB1 antibodies for five weeks. A 
protective effect on joint destruction was shown and the clinical course of the arthritis 
was ameliorated (29,30). Taken together the studies described above demonstrate 
the proof of concept that HMGB1 blockade, either through already existing drugs, 
like gold salts or oxaliplatin or via experimental procedures specifically targeting 
HMGB1, can mediate beneficial effects on arthritis development.

Endotoxemia

Mice exposed to lethal levels of endotoxin (LPS) die within a couple of days. In 
this process HMGB1 was identified as a late mediator of lethality, in contrast to 
TNFα or IL-1 which are considered early mediators. Mice showed increased serum 
levels of HMGB1 from 8 to 32 hours after endotoxin exposure (3). Nontoxic doses 
of HMGB1 administered together with non-lethal doses of LPS acted in synergy to 
cause toxicity, indicating that HMGB1 played a critical role in lethality. Furthermore, 
treatment with anti-HMGB1 antibodies significantly improved survival, even when 
given after LPS injection (3). Metformin, a known anti-diabetic drug, has been 
shown to beneficially influence the survival of LPS-injected mice by systemic 
inhibition of HMBG1 release. In contrast, no improved survival could be observed 
when mice were injected with HMGB1 and metformin (31). Another compound that 
caused retention of HMGB1 from LPS-stimulated macrophages is DIC (3-(3-chloro-
phenyl)-5-(4-pyridyl)-4,5-dihydroisoxazole) (32). This recently discovered new anti-
inflammatory compound was also shown to inhibit TNF-α and IL-6 release after LPS 
stimulation. However, more research is needed to fully investigate the potential 
therapeutic value of this compound.

Sepsis 

A representative mouse model of sepsis is induced by infection with replicating 
bacteria, using cecal ligation and puncture (CLP). Similar to the endotoxin 
model, the administration of anti-HMGB1 antibodies or the Box A antagonist 
increased survival in this model (33). Furthermore, it was shown that anti-
HMGB1 antibodies also have positive effects on the cognitive impairment of 
sepsis survivors (34). Glucan phosphate (GP) attenuates cardiac dysfunction 
and increases survival in CLP-induced septic mice by nuclear sequestering 
of HMGB1. Inhibition of NF-κB, an important transcription factor in the TLR4 
signaling pathway, reduced HMGB1 translocation. Furthermore, TLR4 expression 
is upregulated in CLP mice, while treatment with GP attenuated CLP-induced 
increases in TRL4 expression (35).
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Another model which can be used for systemic inflammation is a model of crush 
injury. Patients with crush injury often present with systemic inflammatory response 
syndrome and develop multiple organ failure. In this model both hindlimbs of 
rats are compressed for 6 h and then released. Afterwards the levels of HMGB1 
in the sera of these rats were elevated. Treatment with anti-HMGB1 antibodies 
improved survival and lowered cytokine levels. Moreover, 24 hours after crush 
injury there was decreased RAGE expression in treated animals compared to 
untreated animals (36).

Ischemia/reperfusion injury

Ischemia-reperfusion injury is a direct, adverse consequence of transplantation, 
which can negatively impact both short- and long-term graft survival. The initial 
sterile injury leads to activation of the innate immune system and results in the 
release of cytokines which mediate the development of systemic inflammatory 
responses and local tissue damage. HMGB1 is released as an early mediator of 
ischemia-reperfusion injury and is shown to translocate from the nucleus to the 
cytoplasm, particularly in vascular and tubular cells (37-41). In two models of renal 
ischemic injury the beneficial effects of blocking HMGB1 were demonstrated 
both showing improved renal function (37,39) albeit by different methods. One 
study used ethyl pyruvate which causes nuclear retention of HMGB1 (37) while 
another employed neutralizing antibodies against HMGB1 (39). Also, in a model 
of intestinal ischemia-reperfusion injury serum HMGB1 levels were found to be 
increased and peaked 3 hours after ischemia-reperfusion injury. Moreover, a 
high degree of positive HMGB1 staining was observed in the epithelial cells 
of the damaged villi compared to the sham treated group. In this model, anti-
HMGB1 antibodies increased survival and significantly reduced the damage to 
the villi (41). 

concLuSIonS

HMGB1 has been shown to play an important role as an inflammatory mediator, 
which can act alone or in complex with several other molecules. Much knowledge has 
already been amassed by in vitro studies which investigate the pathways, receptors 
and posttranslational modifications of HMGB1. As shown in this review and table 1, 
this knowledge has been used in pre-clinical studies in several different animal 
models using blocking agents or neutralizing antibodies against HMGB1 to alleviate 
symptoms of disease. However, in order to use these agents as a therapeutic drug 
in humans more studies have to be performed. These studies should investigate 
how to specifically block the unwanted effects of HMGB1 while keeping in mind 
that both intracellular and extracellular HMGB1 have important roles in the early 
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Table 1: Experimental disease models using several different modes of therapies to 
target HMGB1

Experimental model Mode of therapeutic HMGB1 targeting references

Arthritis anti-HMGB1 monoclonal antibody (29)

anti-HMGB1 polyclonal antibody (28)

Box A antagonist (28) (30)

nuclear retention (27) (24)

Endotoxemia inhibition of HMBG-1 release (31)

CLP anti-HMGB1 monoclonal antibody (34)

glucan phosphate (nuclear sequestering of HMGB1) (35)

Crush injury/systemic 
inflammation

anti-HMGB1 polyclonal antibody (36) 

Ischemia reperfusion  
(kidney)

nuclear retention (37)

anti-HMGB1 polyclonal antibody (39)

Ischemia reperfusion 
(intestine)

anti-HMGB1 polyclonal antibody (41)

Hepatoxicity  anti-HMGB1 polyclonal antibody (42) 

Pain systemic injection of glycyrrhizin (binds to HMGB1) (43)

anti-HMGB1 polyclonal antibody (44) (45)

Islet transplantation anti-HMGB1 monoclonal antibody (46)

Atherosclerosis anti-HMGB1 monoclonal antibody (47)

Ischemia (brain) siRNA for HMGB1 (48)

anti-HMGB1 monoclonal antibody (49)

Brain injury/damage to the 
blood brain barrier 

Box A antagonist (50)

anti-HMGB1 monoclonal antibody (51)

Intestinal tissue damage anti-HMGB1 polyclonal antibody, nuclear retention (52)

detection of invasion by pathogens and injury that culminates in activating innate 

immunity. It has been recently shown that it is possible to block specific actions 

of HMGB1 with different molecules. The Box A antagonist for instance has been 

shown to only block the chemo attractant form of HMGB1 without interfering 

with the cytokine inducing activity (10). Thus it is conceivable that the therapeutic 

effects of Box A described in the studies in this review can be entirely attributed to 

reduced recruitment of inflammatory cells in the inflamed tissue. For the different 

monoclonal and polyclonal antibodies used it should be investigated whether the 

beneficial effects of HMGB1 blocking can be attributed to chemoattractant or 

cytokine inhibitory properties. Lastly, side-effects and long-term analysis also have 

to be investigated; most animal studies tend to run for only a couple of weeks to 
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investigate the direct effects of HMGB1. For diseases like sepsis and ischemia/
reperfusion this poses no problem, as those are acute diseases. In contrast, RA and 
many other autoimmune diseases are chronic and thus future research has to focus 
on the long term effects of HMGB1 blocking. The study using oxaliplatin to treat 
the collagen type II induced arthritis in mice was the only one to report a relapse, 
which occurred one week after injection with oxaliplatin. The relapse coincided 
with the presence of extracellular HMGB1, and was associated with an increase 
incidence of arthritis in the treated animals. The mechanism behind this relapse was 
not investigated, although it was shown that there was no difference in the presence 
of apoptotic and necrotic cells in the treated and untreated animals (27). Thus more 
studies, delineating the kinetics and pharmacological properties of HMGB1 should 
be performed. Hopefully, it will be possible in the future to translate the progress 
made in animal studies into therapeutics for clinical trials in humans. 
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aBSTracT

Objective

High Mobility Group Box 1 (HMGB1) is a nuclear DNA binding protein which acts 
as an alarmin when secreted. HMGB1 is increased in SLE and might represent 
a potential therapeutic target. We investigated whether treatment with an anti-
HMGB1 antibody affects the development of lupus nephritis in MRL/lpr mice.

Materials and methods

Seven week old MRL/lpr mice were injected intraperitoneally twice weekly for 10 
weeks with 50 µg monoclonal anti-HMGB1 (2G7, mouse IgG2b) (n=12) or control 
antibody (n=11). Control MRL/MPJ mice (n=10) were left untreated. Every two weeks 
blood was drawn and urine was collected at week 7, 11 and 17. Mice were sacrificed 
at 17 weeks for complete disease evaluation.

Results

Plasma HMGB1 and anti-HMGB1 levels were increased in MRL/lpr mice compared 
to control MRL/MPJ mice. There were no differences in albuminuria, urine HMGB1 
and plasma levels of complement C3, anti-dsDNA and pro-inflammatory cytokines 
between untreated and treated mice at any time point. Lupus nephritis of mice 
treated with anti-HMGB1 mAb was classified as class III (n=3) and class IV (n=9), 
while mice treated with control mAb were classified as class II (n=4), class III (n=2) 
and class IV (n=5). IgG and C3 deposits in kidneys were similar in mice treated with 
anti-HMGB1 mAb or control mAb. 

Conclusion

Treatment with monoclonal anti-HMGB-1 antibody 2G7 does not affect development 
of lupus nephritis, disease progression or pro-inflammatory cytokine levels in MRL/
lpr mice. This indicates that blocking of HMGB1 by this neutralizing antibody does 
not affect lupus nephritis in MRL/lpr mice.
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InTroDucTIon

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease characterized 
by presence of auto-antibodies against nuclear components, leading to circulating 
immune complexes that are deposited in organs, causing tissue damage. SLE 
can affect multiple organs, including skin, joints and kidneys. Glomerulonephritis 
leading to persistent proteinuria and chronic renal failure is one of the most severe 
complications and is associated with significant mortality (1). 

High mobility group box 1 (HMGB1) is a non-histone nuclear protein that has 
a dual function. Inside the cell it is ubiquitously expressed in the nucleus where 
it binds to DNA. HMGB1 can bend promoter regions and interacts directly with 
nucleosomes, thereby altering the accessibility of the DNA (2). HMGB1 can also 
be released extracellularly upon activation, damage, apoptosis or necrosis (3). It 
then acts as a damage-associated molecular pattern (DAMP) or alarmin and can 
initiate and perpetuate inflammatory responses. In several inflammatory conditions, 
such as sepsis and rheumatoid arthritis, serum and tissue levels of HMGB1 are 
increased (4-6). In animal models of autoimmune and inflammatory diseases it has 
been shown that blocking  HMGB1 can attenuate disease. For instance, treatment 
with anti-HMGB1 antibodies inhibited joint destruction in arthritis models (7). In 
sepsis models, inhibition of HMGB1 by anti-HMGB1 antibodies suppressed pro-
inflammatory cytokine release and improved survival (8,9). 

In SLE patients several studies have shown that serum levels of HMGB1 are 
increased, and levels associate with disease activity (10-14). It has been hypothesized 
that impaired clearance and accumulation of apoptotic debris in SLE might lead 
to increased HMGB1 levels locally and systemically. Furthermore, higher levels of 
HMGB1 were observed in serum from patients with renal involvement compared to 
patients without renal involvement (10,13). Kidney biopsies from patients with lupus 
nephritis showed strong expression of HMGB1 at cytoplasmic and extracellular sites 
suggesting active release of HMGB1 (11). Collectively, these studies suggest that 
HMGB1 is an important factor in the pathogenesis of SLE, and that it represents 
a potential therapeutic target.

The MRL/MpOlaHsd-Tnfrsf6lpr (MRL/lpr) mouse is a frequently used mouse 
strain which develops a severe spontaneous autoimmune disease similar to SLE 
(15). The lpr mutation in the FAS gene results in loss of FAS function leading 
to a defect in FAS-mediated apoptosis. On the MRL genetic background this 
leads to extensive lymphoproliferation and generation of autoreactive T cells. The 
ensuing disease is characterized by lymphadenopathy, autoantibody production, 
complement activation, and immune complex glomerulonephritis that usually 
manifests between 14-18 weeks of age (16-18). 
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We hypothesized that HMGB1 represents a potential therapeutic target in SLE 
and that inhibition of HMGB1 will attenuate renal involvement in SLE. In this study 
we therefore investigated whether treatment with a neutralizing monoclonal anti-
HMGB1 antibody could beneficially affect the development of lupus nephritis in 
MRL/lpr mice.

MaTErIaLS anD METHoDS

Mice

Five week old female MRL/lpr mice were obtained from Harlan (Horst, the 
Netherlands) and 5 week old female MRL/MPJ were obtained from The Jackson 
Laboratory (Bar Harbor, Maine, USA). Mice were group-housed in a temperature 
and humidity controlled environment with a 12-hour light/dark cycle. Animals 
were allowed ad libitum access to drinking water and standard chow. Animal 
experiments were approved by the local Animal Care and Experimentation 
Committee (DEC 6464A).  

Neutralizing anti-HMGB1 antibody

Monoclonal anti-HMGB1 antibody (clone 2G7, IgG2b, gift from dr. K Tracey, the 
Feinstein Institute for Medical Research, NY, USA)  was used for treatment in MRL/
lpr mice. This antibody has been extensively characterized previously with respect 
to its HMGB1 neutralizing activity in in vitro and in vivo studies. The neutralizing 
activity of anti-HMGB1 mAb has been tested in cell culture assays, with both human 
and mouse macrophages, and in animal models of HMGB1-mediated damage, such 
as sepsis (8,19-24). Moreover, anti-HMGB1 mAb 2G7 has been shown to neutralize 
the cytokine isoform of HMGB1 (19). 

Treatment of the mice with anti-HMGB1 antibody

Ten MRL/lpr mice were followed from week 7 till 17 without any intervention. 
Two groups of 12 MRL/lpr mice were injected intraperitoneally twice weekly, for 
10 weeks, with 50 µg/mouse monoclonal anti-HMGB1 antibody (clone 2G7, IgG2b) 
or control IgG2b antibody (BioXCell, West Lebanon, USA). A control group of MRL/
MPJ mice (n=10) was left untreated. Before start of treatment, at week 7, blood 
and urine was collected. Then, every two weeks plasma (EDTA) was collected from 
the saphenous vein. Urine was collected during 18 hours at 7, 11, and 17 weeks. At 
sacrifice, spleens and kidneys were harvested. One half of each kidney was fixed 
in formalin and embedded in paraffin, the remaining half was snap frozen in liquid 
N2 and stored at −80°C.
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Laboratory measurements

Automated total and differential white blood cell counts (WBC) were determined in 
whole blood obtained at sacrifice using the Sysmex XT-1800iV (Sysmex Nederland 
BV, Etten-Leur, Netherlands). Plasma levels of complement C3 (GenWay Biotech, 
San Diego, USA) and anti-dsDNA IgG (Alpha Diagnostic International, San Antonio, 
USA) were measured by ELISA, according to the manufacturers’ instructions. Serum 
blood urea nitrogen (BUN) levels were determined by the Quantichrom DIUR 500 
kit (BioAssay Systems, Hayward, CA). Albuminuria was determined by ELISA (Bethyl 
Laboratories, Montgomery, TX), according to the manufacturer’s instructions. 
Plasma levels of the cytokines IL-4, IL-6, IL-17A, IFN-α, and TNF-α were measured 
with a Multiplex panel (ProcartaPlex Mouse Simplex; Affymetrix eBioscience, Vienna, 
Austria) according to the manufacturer’s instructions. Samples were measured using 
the Luminex 100 System (Luminex, Austin, TX, USA) and data were analyzed with 
StarStation software, version 2.3 (AppliedCytometry, Birmingham, UK). Plasma levels 
of anti-HMGB1 were measured by an in-house developed ELISA. In short, Costar 
polystyrene plates were coated overnight with 1 μg/ml recombinant HMGB1 (Sigma, 
St. Louis, MO, USA). Mouse plasma samples were added in duplicate at 500 fold or 
7500 fold (for anti-HMGB1 treated mice) dilutions. Detection of antibodies was done 
with rabbit anti-mouse IgG-HRP (Dako, Glostrup, Denmark). Levels of anti-HMGB1 
were calculated against a standard curve of a known concentration of monoclonal 
anti-HMGB1 antibody (2G7, mouse IgG2b).

Plasma and urine levels of HMGB1 were measured by Western Blotting as 
described previously (10), using polyclonal anti-HMGB1-biotin (Thermoscientific, 
Etten-Leur, the Netherlands) for detection. 

Gene expression analysis by quantitative RT-PCR

Total RNA was extracted from twenty 10-µm thick kidney cryo-sections using the 
RNeasy Mini plus Kit (Qiagen, Westburg, Leusden, The Netherlands) according to 
the manufacturer’s instructions. RNA yield, cDNA synthesis and quantitative PCR 
amplifications were performed as described previously (25). The following Assay-
On-Demand primers were used: glyceraldehyde 3-phosphatedehydrogenase 
(GAPDH); monocyte chemoattractant protein-1 (MCP-1), kidney injury molecule-1 
(KIM-1),  neutrophil gelatinase-associated lipocalin (NGAL), IL-6 and TNF-α. The 
amount of target was normalized to an endogenous reference (GAPDH) and 
expressed as relative expression (2–ΔCT).

Renal histopathology

Two-µm paraffin kidney sections were routinely stained with haematoxylin or eosin 
(H&E) and periodic acid-Schiff (PAS). The slides were evaluated in a blinded manner 
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by an expert renal pathologist and kidney pathology was evaluated using the lupus 
nephritis classification system as described by Weening et al (26). HMGB1 staining 
was performed as described previously (11).

Complement C3 and IgG staining was performed on 5-µm frozen kidney 
sections with 1 µg/ml rabbit anti-C3 antibody (Thermoscientific) followed by goat-
anti-rabbit IgG-HRP (Dako). For IgG rabbit anti-mouse IgG-HRP (Dako) was used. 
Peroxidase activity was detected with DAB and sections were counterstained with 
Mayer’s hematoxylin. All sections were scored digitally after examination using 
a Nanozoomer Digital Pathology Scanner (NDP Scan U10074-01, Hamamatsu 
Photonics K.K., Japan) and quantified ((number of positive cells* 0.5) + number of 
strong positive cells / total cells) with software of ImageScope Viewer (V11.2.0.780 
Aperio, e-Pathology Solution, CA, USA).

Statistics 

Data was analyzed using SPSS (version 22, SPSS Inc, Chicago IL, USA). Data are 
expressed as median and range and were analyzed using Mann-Whitney U or Kruskal 
Wallis test. For non-continuous variables a Fisher exact test was used. Generalized 
estimating equations were used to analyze changes over time within mice, and 
the exchangeable matrix correlation structure was used. When residuals were not 
normally distributed, parameters were transformed (square root or logarithmic) before 
entered in the equation. P-values <0.05 were considered statistically significant.  

rESuLTS

Plasma HMGB1 and anti-HMGB1 levels increase over time in lupus-prone 
MRL/lpr mice 

We first analyzed plasma levels of HMGB1 by Western blotting in a separate 
cohort of 10 MRL/lpr mice from 6 till 17 weeks of age. As shown in Figure 1, 
plasma HMGB1 (Figure 1A) and anti-HMGB1 (Figure 1B) were clearly detectable in 
6-week-old mice. Moreover, plasma HMGB1 levels increased with age and disease 
progression. These results indicate that MRL/lpr mice have increasing plasma levels 
of HMGB1 over time and therefore represent an appropriate model to investigate 
whether intervention with an anti-HMGB1 antibody has beneficial effects on the 
development of lupus nephritis.

HMGB1 mAb treatment does not affect plasma parameters of disease activity

Plasma levels of anti-dsDNA and complement C3 were analyzed at four time 
points in both MRL/lpr groups and MRL/MPJ mice (Figure 2A-B) by Generalized 
estimating equations (GEE) analysis. At all time points, starting at week 7, MRL/lpr 
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Figure 1: Plasma HMGB1 and anti-HMGB1 antibody levels increase with age in MRL/lpr mice. 
A: Plasma HMGB1 levels were measured by Western Blot, at week 6, 7, 9, 11, 13, 15 and 
17 in MRL/lpr mice (n=11). HMGB1 levels are presented as values of fluorescence intensity 
and were normalized against a standard of jurkat cell lysate. B: Plasma anti-HMGB levels 
(ng/ml) were measured by ELISA at week 6, 7, 9, 11, 13, 15 and 17 in MRL/lpr mice (n=11). 
Anti-HMGB1 levels are presented as values of fluorescence intensity and were normalized 
against a standard of monoclonal anti-HMGB1 antibody.

mice had significantly higher levels of anti-dsDNA than MRL/MPJ mice (p<0.001, 
Figure 2A). In MRL/lpr mice levels of anti-dsDNA increased over time and were 
highest at week 17, whereas in MRL/MPJ mice the levels of anti-dsDNA increased 
until week 13 and remained at a similar level at week 17. Levels of anti-dsDNA were 
similar in MRL/lpr mice treated with anti-HMGB1 mAb or control mAb (p=0.09, 
Figure 2B). In MRL/lpr as well as MRL/MPJ mice, complement C3 levels decreased 
over time (p<0.001) and were lowest at week 17. Overall, Complement C3 was 
significantly decreased in MRL/lpr compared to MRL/MPJ (p<0.01), but was not 
different between mice treated with anti-HMGB1 mAb treated mice and control 
mAb (p=0.55, Figure 2B). 
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Figure 2: Anti-HMGB1 mAb treatment of MRL/lpr mice does not affect plasma levels of 
HMGB1, anti-dsDNA antibodies and complement C3, while increasing HMGB1 antibody 
levels.
A: Plasma anti-dsDNA (units/ml) was measured by ELISA in MRL/MPJ (n=10) and MRL/lpr 
mice (n=10-12) at week 7, 9, 13 and 17. B: Plasma Complement C3 (mg/ml) was measured 
by ELISA in MRL/MPJ (n=10) and MRL/lpr mice (n=10-12) ) at week 7, 9, 13 and 17. C: Plasma 
HMGB1 was measured by Western Blotting in MRL/MPJ (n=10) and MRL/lpr mice (n=10-12) at 
week 7, 9, 11, 13, 15 and 17. HMGB1 levels are presented as values of fluorescence intensity 
and were normalized against a standard of jurkat cell lysate. D: Plasma anti-HMGB1 (ng/ml) 
was measured by ELISA in MRL/MPJ (n=10) and MRL/lpr mice (n=10-12) at week 7, 9, 11, 13, 
15 and 17. Anti-HMGB1 levels are presented as values of fluorescence intensity and were 
normalized against a standard of monoclonal anti-HMGB1 antibody.
Depicted are the median values with range at each time point. 

Plasma levels of HMGB1 were analyzed at 6 time points (Figure 2C). GEE analysis 
demonstrated that HMGB1 significantly increased over time in all three groups 
(p<0.001). As expected, at all time points MRL/lpr mice had higher levels of HMGB1 
than MRL/MPJ mice (p<0.05), however no significant differences were observed 
between MRL/lpr mice treated with anti-HMGB1 mAb or control mAb (p=0.32). 

Plasma levels of anti-HMGB1 were measured at six time points by ELISA 
(Figure 2D). Anti-HMGB1 significantly increased over time in MRL/lpr mice (p<0.001) 
but not in MRL/MPJ mice. At week 7, before start of treatment in MRL/lpr mice, 
plasma levels of anti-HMGB1 were similar in all MRL/lpr and MRL/MPJ mice. At all 
of the time points anti-HMGB1 levels were substantially higher in MRL/lpr mice 
treated with anti-HMGB1 mAb than with control mAb (p<0.001, Figure 2D). In MRL/
MPJ mice levels of anti-HMGB1 did not change over time, whereas in MRL/lpr mice 
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treated with control mAb anti-HMGB1 levels gradually increased until week 15, 
after which they stabilized. 

Plasma levels of several proinflammatory cytokines were analyzed with a 
multiplex assay as shown in Figure 3. At week 7, the levels of IFN-α, IL-17A and 
IL-6 were similar in MRL/lpr and MRL/MPJ mice, whereas TNF-α was higher in 
MRL/lpr mice (p<0.001). IL-6 levels (Figure 3A) increased over time in MRL/MPJ 
as well as in MRL/lpr mice, however no difference were observed between MRL/
lpr mice treated with anti-HMGB1 mAb or control mAb. IL-17A levels (Figure 3B) 
decreased over time in MRL/MPJ as well as MRL/lpr mice, however no differences 
were observed between treated groups. In MRL/lpr mice, but not in MRL/MPJ mice, 
IFN-α (Figure 3C) and TNF-α (Figure 3D) levels increased significantly (p<0.01) over 
time, however, no differences were observed between MRL/lpr mice treated with 
anti-HMGB1 mAb or mice treated with control mAb. To summarize, although MRL/
lpr mice treated with anti-HMGB-1 mAb displayed massively increased circulating 
anti-HMGB-1 antibody levels, no effect was observed on plasma levels of HMGB1, 
anti-dsDNA, complement C3 and pro-inflammatory cytokines.

Figure 3: Anti-HMGB1mAb treatment of MRL/lpr mice does not affect plasma levels of pro-
inflammatory cytokines.
Plasma levels of the cytokines IL-17 (A), IL-6 (B), IFN-α (C) and TNF-α (D) were measured by 
multiplex in MRL/MPJ and MRL/lpr mice at week 7, 9, 13 and 17.
Box and Whiskers plot, median and interquartile range are shown for n= 6-8 mice per group. 
Separate dots indicate outliers.
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HMGB1 mAb treatment does not affect body and spleen weight and 
distribution of white blood cells

To investigate whether treatment with anti-HMGB1 had an effect on body weight, 
mice were weighed every week. As shown in Supplementary Figure 1A, all three 
groups of mice had increasing body weight from week 7 until sacrifice at week 17 
and no differences between the groups were observed. As expected, average 
spleen weight at sacrifice was increased in MRL/lpr mice compared to MRL/MPJ 
mice (p<0.0001), however average spleen weight was similar between MRL/lpr mice 
treated with anti-HMGB1 mAb or control mAb (Supplementary Figure 1B). Total white 
blood cell count and differential white blood cell counts were also similar between 
anti-HMGB1 and control mAb treated MRL/lpr mice (Supplementary Table 1). These 
results demonstrate that treatment with monoclonal anti-HMGB1 antibody does not 
influence body and spleen weight or white blood cell composition.  

HMGB1 mAb treatment does not affect kidney pathology and 
proteinuria

Kidney pathology was evaluated using the lupus nephritis classification system 
as described by Weening et al (26). MRL/MPJ mice, as expected, did not show 
any lupus nephritis, while both groups of MRL/lpr did (Figure 4A). Lupus nephritis 
of MRL/lpr mice treated with anti-HMGB1 mAb was classified as class III (n=3) 
and class IV (n=9), while mice treated with control mAb were classified as class II 
(n=4), class  III (n=2) and class IV (n=5). In all mice mostly proliferative lesions 
were found and all displayed mononuclear cell infiltration. In both groups 2 mice 
showed vasculitis. In addition, chronicity was low, two mice in both groups showed 
sclerosing lupus nephritis. None of the mice developed tubulointerstitial disease, 
or glomerular and/or fibrous crescents. 

Renal deposits of IgG and complement C3 were determined by 
immunohistochemistry (Figure 4A-B). As expected, extensive glomerular IgG and 
C3 deposits were detected in MRL/lpr mice when compared to the control MRL/
MPJ mice. However, the extent of glomerular IgG and C3 deposits was similar in 
MRL/lpr mice treated with anti-HMGB1 mAb or control mAb. As expected, HMGB1 
staining showed nuclear staining in kidneys from MRL/MPJ mice (Supplementary 
Figure 2). In kidneys from MRL/lpr mice extracellular HMGB1 was observed. 
Moreover, there were also HMGB1 negative nuclei (blue staining) present, which 
suggests active release of HMGB1 from these cells, but there was no difference 
between mice treated with anti-HMGB1 mAb or control mAb. 

Renal function was determined by measuring blood urea nitrogen (BUN) levels 
at week 7, 11 and 17 (figure 5A). At week 7 BUN levels were similar between in 
MRL/lpr and MRL/MPJ mice, while at week 11 and 17 BUN levels were increased 
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Figure 4: Anti HMGB1 mAb treatment of MRL/lpr mice does not affect renal pathology and 
renal immune complex deposition. 

A: Representative pictures of PAS, HE, C3 and IgG staining in kidney sections of 17 weeks old 
MRL/MPJ and MRL/lpr mice (10x). Inserts show a glomerulus in detail (40x). B: Quantitative 
analysis of C3 and IgG deposition in kidney sections of 17 weeks old MRL/MPJ and MRL/
lpr mice. Box and Whiskers plot, median and interquartile range are shown for n= 8-11 mice 
per group. A Kruskal Wallis test was used to test for overall differences between the three 
groups. To investigate which group was different further testing was performed to compare 
groups separately using Mann-Whitney.  *P<0.05
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Figure 5: HMGB1mAb treatment of MRL/lpr mice does not affect albuminuria and HMGB1 
urine levels.
A: Renal function was determined by measuring  blood urea nitrogen (BUN) levels  at week 
7, 11 and 17. B: Albumin was measured by ELISA in 18-hours urine of MRL/MPJ (n=10) and 
MRL/lpr mice (n=10-12) at week 7, 11 and 17. C: HMGB1 was measured by Western Blotting 
in 18-hours urine of MRL/MPJ (n=10) and MRL/lpr mice (n=10-12) at week 7, 11 and 17. 
HMGB1 levels are presented as values of fluorescence intensity and were normalized against 
a standard of Jurkat cell lysate.
A Kruskal Wallis test was used to test for overall differences between the three groups at 
each time point. To investigate which group was different further testing was performed to 
compare groups separately using Mann-Whitney U.  
Box and Whiskers plot, median and interquartile range are shown for n= 8-12 mice per group. 
Separate dots indicate outliers. *** P<0.0001 

in both groups MRL/lpr mice compared to MRL/MPJ mice (p<0.01). There were 
no differences in BUN levels between mice treated with anti-HMGB1 mAb or 
control mAb.

Renal injury was also evaluated by 18-hour albumin excretion into the urine 
(Figure 5B). At week 7 and week 11, urinary albumin excretion was similar in 
MRL/lpr and MRL/MPJ mice. At week 17, urinary albumin excretion was highly 
increased in the MRL/lpr mice but not in MRL/MPJ mice (p<0.0001). However, 
albuminuria was similar in MRL/lpr mice treated with anti-HMGB1 mAb or control 
mAb. Urine HMGB1 levels were analyzed by Western blotting (Figure 5C). At 
week 7 and week 11, urine HMGB1 was undetectable in all mice. At week 17, urine 
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HMGB1 levels were increased in MRL/lpr mice, however no difference between 
treated groups were seen. To summarize, MRL/lpr mice displayed renal injury 
characteristic of lupus nephritis which was unaffected by treatment with anti-
HMGB1 mAb. 

HMGB1 mAb treatment does not affect pro-inflammatory cytokine and 
injury-related gene expression in the kidney

To further investigate renal inflammation, mRNA levels of the pro-inflammatory 
cytokines IL-6, TNF-α and MCP-1 and of renal injury-related biomarkers NGAL 
and KIM-1 were assessed in kidneys (Figure 6). As expected, levels of IL-6, TNF-α, 
NGAL, and MCP-1 were higher in MRL/lpr mice compared to MRL/MPJ mice 
(p<0.05). However, KIM-1 levels (Figure 6E) were comparable between MRL/MPJ 
and MRL/lpr mice, confirming renal histology in which no tubulointerstitial disease 
was observed. No differences were found in expression levels of all investigated 
genes between MRL/lpr mice treated with anti-HMGB1 mAb or control mAb 
(Figure 6), confirming the results of renal histology that treatment with anti-HMGB1 
mAb does not influence kidney damage.

Figure 6: Anti HMGB1mAb treatment of MRL/lpr mice does not affect renal mRNA levels of 
IL-6, TNF, MCP-1, NGAL or KIM-1. 

Expression levels of TNF-α (A), IL-6 (B), MCP-1 (C), NGAL (D) and KIM-1 (E) mRNA were 
analysed in kidney tissues of MRL/MPJ mice (n=8) and MRL/lpr mice treated with control 
mice (n=11) and mice treated with monoclonal anti-HMGB1 (n=9). 
Data are shown as relative expression compared to GAPDH. Box and Whiskers plot, median 
and interquartile range are shown. Separate dots indicate outliers. A Kruskal Wallis test was 
used to test for overall differences between the three groups. To investigate which group was 
different further testing was performed to compare groups separately using Mann-Whitney 
U.  *P<0.05 ** P<0.01
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DIScuSSIon

Lupus nephritis is one of the most severe complications of SLE and is associated 
with significant mortality. In SLE, HMGB1 serum levels are associated with 
disease activity and renal involvement, and therefore it has been proposed that 
HMGB1 might represent a potential therapeutic target in SLE (11,12,27). Using the 
lupus-prone MRL/lpr mouse model, we show that administration of neutralizing 
monoclonal anti-HMGB1 antibodies does not affect development of lupus nephritis, 
disease progression or pro-inflammatory cytokine expression. 

In accordance with observations in patients with SLE (10-14), plasma HMGB1 
levels were increased in lupus-prone MRL/lpr mice compared to the control 
MRL/MPJ mice that do not develop disease. Moreover, HMGB1 levels increased 
with disease progression, which again is in agreement with observations in SLE 
patients where serum HMGB1 levels correlate with the SLE disease activity index 
(SLEDAI) (10,14). Upon development of lupus nephritis at week 17, HMGB1 was 
also detectable in urine as was also shown in patients (11). In line with renal 
HMGB1 immunohistochemistry in patients, we observed HMGB1 expression at 
extracellular sites in kidneys from MRL/lpr mice, which suggests active release of 
HMGB1. Collectively, these data indicate that HMGB1 release occurs in the MRL/
lpr mouse model and that, also with respect to HMGB1, this mouse model reflects 
human disease. 

However, as we describe here, intraperitoneal administration of the monoclonal 
anti-HMGB1 antibody 2G7 to lupus-prone MRL/lpr mice (50 µg/mouse twice 
weekly from week 7 till 17) did not ameliorate development of lupus nephritis. 
Previously, the monoclonal anti-HMGB1 antibody 2G7 has been successfully used 
in various models of inflammation in which a pro-inflammatory effect of HMGB1 
was suspected. For example, intraperitoneal administration of mAb 2G7 in a mouse 
model of Rheumatoid Arthritis (RA) ameliorated development of arthritis. In this 
specific study either 100 µg/mouse was injected every second day for 5 weeks or 
70 µg/mouse daily for 1 week (7,28). Moreover, intraperitoneal administration of a 
single dose of mAb 2G7 (10 µg/mouse) 24 hours after cecal ligation and puncture, 
significantly improved survival in this sepsis model (29). In addition, mAb 2G7 has 
been shown to prevent TLR4-mediated early graft failure after pancreatic islet 
graft transplantation, although in this specific study the antibody (50 µg/mouse) 
was injected into the portal vein of the liver together with the transplanted islets 
(28). Collectively, these studies demonstrate that the anti-HMGB1 mAb 2G7, in 
comparable dosages and employing similar administration routes, is able to confer 
protective effects in various inflammatory disease models. 

In addition, a number of studies, albeit using different anti-HMGB1 antibodies 
which also recognize a different epitope, have shown beneficial effects of treatment 
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with anti-HMGB1 antibodies in mouse models of sepsis and renal ischemia/
reperfusion (8,30). In these models, it has been demonstrated that HMGB1 is an 
early mediator of damage and that neutralization of HMGB1 inhibits downstream 
effects, such as release of pro-inflammatory cytokines. However, these models 
represent reversible acute disease models, whereas our lupus nephritis model 
represents a chronic irreversible disease. In acute diseases, HMGB1 may act as 
an early alarmin that can initiate downstream pro-inflammatory signaling. In SLE, 
disease development occurs gradually and is multifactorial, and hence HMGB1 
represents only one of the many pro-inflammatory factors which can activate the 
immune system and cause damage. This contention is supported by our finding that 
neutralization of HMGB1 does not halt or improve lupus nephritis development.

Inhibition of HMGB1 activity can be achieved in different ways. In our study 
we used anti-HMGB1 antibodies to neutralize HMGB1. An alternative approach 
is to use the competitive receptor antagonist Box A in order to prevent binding 
of HMGB1 to its receptor RAGE. In mouse models of arthritis (31,32) and sepsis 
(8) administration of Box A exerted beneficial effects on disease progression. It 
should be noted, however, that RAGE is only one of the receptors for HMGB1, and 
hence it is likely that not all effects of HMGB1 will be inhibited when using Box A. 

In addition, Li et al. recently reported that blocking serum HMGB1 with 
glycyrrhizin, a traditional herbal medicine which blocks HMGB1, alleviated lupus 
nephritis in ALD-DNA  induced  lupus mice (33). In this model, lupus nephritis is 
induced by active immunization of mice with DNA from lymphocytes that have 
undergone activation-induced cell death (ALD-DNA) in CFA. After induction, serum 
HMGB1 levels gradually increased. Glycyrrhizin treatment attenuated HMGB1 as 
well as circulating  proinflammatory cytokine levels and alleviated renal pathology. 
However, for glycyrrhizin a range of biological effects have been reported, including 
anti-inflammatory, antioxidant, free radical-scavenging, antiulcer, antihepatotoxic, 
antimicrobial, cytoprotective and cytotoxic activities (34,35). Therefore, it is unclear 
whether glycyrrhizin exerts its beneficial effects solely via blocking of HMGB1 in 
this ALD-DNA induced lupus mouse model. 

The results presented here appear to contradict a recent study by  Zhang et al. 
showing that treatment with anti-HMGB1 antibodies reduced lupus-like disease, 
including proteinuria and glomerulonephritis, in lupus-prone BXSB mice (36). 
Lupus in BXSB mice is characterized by lymph node and spleen enlargement, 
hypergammaglobulinemia, anti-nuclear antibodies, and immune complex 
glomerulonephritis, which usually becomes evident at around 5 months of age. 
A duplicated copy of the TLR7 gene is primarily responsible for the autoimmune 
phenotype. In MRL/lpr we demonstrated that plasma HMGB1 levels are elevated 
upon disease development, but it is unclear whether the same holds true for the 
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BXSB lupus mouse model. Moreover, the source of the anti-HMGB1 antibody used 
in the study be Zhang et al is different from ours and a different treatment regimen 
was employed consisting of 10 µg/mouse injected intraperitoneally three times 
a week from week 16 till week 26. Therefore, the differences between our study 
and the data from Zhang et al might be explained by differences in mouse model, 
anti-HMGB1 antibody and treatment regimen. These inconclusive or contradictive 
results warrant further studies in different mouse models of SLE such as mice that 
lack MFGE8. 

Plasma HMGB1 levels, measured by Western Blotting, were unaffected in MRL/
lpr mice treated with neutralizing monoclonal anti-HMGB1 antibodies. We used 
Western Blotting to detect HMGB1 since we and others have previously shown that 
serum proteins and antibodies interfere in the HMGB1 ELISA (10,37). However, due 
to denaturation and high temperatures in Western blotting, immune complexes 
are dissociated and the HMGB1 measured probably consists of free HMGB1 and 
previously complexed HMGB1. Our findings seem to implicate that complexes 
of HMGB1-anti-HMGB1 that are formed during treatment are not cleared from 
the circulation, which can be explained by the fact that the antibody used is a 
neutralizing but not a depleting antibody. 

MRL/lpr mice develop lymphadenopathy leading to the presence of autoreactive 
lymphocytes. Activated lymphocytes are a source of extracellular HMGB1 (38), 
which can contribute to high levels of HMGB1 in the spleen or lymph nodes. 
Therefore, due to high levels of HMGB1 locally, the dose of mAb 2G7 used here 
may have been insufficient to neutralize HMGB1 completely. Although we cannot 
exclude this possibility, previous studies in BXSB lupus mice and a sepsis model 
have clearly shown a positive effect of anti-HMGB1 antibody treatment despite 
the development of splenomegaly (21,36).

In untreated MRL/lpr mice, plasma levels of HMGB1 and anti-HMGB1 increase 
over time with disease progression, which is in line with data from SLE patients 
(10,39). In the disease models described by Li et al and Zhang et al, which do show 
a positive effect of blocking HMGB1, it is unclear whether anti-HMGB1 antibodies 
are also present (33,36). At present the role of endogenously formed anti-HMGB1 
antibodies in disease pathogenesis is unclear and warrants further investigation. It 
is also possible that rheumatoid factors, which can be present in serum from MRL/
lpr mice, can interfere with the activity of the anti-HMGB1 mAb. However, earlier 
studies using this antibody in animal models of RA did  not observe a reduced 
effect of anti-HMGB1 mAb (7).

Since HMGB1 is known to induce pro-inflammatory cytokine release from 
immune cells we also measured plasma pro-inflammatory cytokine levels. In vitro, 
HMGB1 has been shown to induce TNF-α release from mouse macrophages (40,41) 
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and IFN-α production from dendritic cells (42). In MRL/lpr mice we observed 
increasing plasma levels of TNF-α and IFN-α over time. However, it is unclear 
whether these pro-inflammatory cytokines are induced solely by HMGB1 and/or 
are derived from autoreactive lymphocytes that are continuously present in MRL/
lpr mice. Regardless of the source, we observed no effect of anti-HMGB1 antibody 
treatment on plasma pro-inflammatory cytokine levels.   

Taken together, our data show that, although HMGB1 levels are increased in 
MRL/lpr mice, treatment with a monoclonal anti-HMGB1 antibody does not inhibit 
development or affect progression of lupus nephritis. Further studies are needed 
to validate these results in other mouse models of SLE. 
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Supplemental figure 2: HMGB1mAb treatment of MRL/lpr mice does not affect renal HMGB1 
protein expression. 

Representative pictures of HMGB1 staining in kidney sections of 17 weeks old MRL/MPJ and 
MRL/lpr mice (10x). Arrows indicate extracellular release of HMGB1, which is present in MRL/
lpr mice but not in MRL/MPJ mice.

Supplemental figure 1: HMGB1mAb treatment of MRL/lpr mice does not affect bodyweight 
or spleen weight. 

A: Body weight (gram) of MRL/MPJ (n=10) and MRL/lpr (n=12) mice, lines represent median 
with interquartile range. Mice were weighed every week from week 7 till 17. B: Spleen weight 
(gram) of MRL/MPJ (n=10) and MRL/lpr (n=12) mice at week 17, Box and Whiskers plot, 
median and interquartile range are shown. A Kruskal Wallis test was used to test for overall 
differences between the three groups. To investigate which group was different further 
testing was performed to compare groups separately using Mann-Whitney U.  *** P<0.0001

SuppLEMEnTary MaTErIaL
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Supplementary table 1: HMGB1mAb treatment of MRL/lpr mice does not affect the 
composition and number of circulating white blood cells. 

  MrL/lpr +  control mab MrL/lpr + HMGB1 mab

White blood cells (103/ul) 16.9 (9.8-41.7) 22.7 (1.3-32.27) 

Lymphocytes (%) 82.1 (67.9-89.6) 83.9 (77.1-91.5) 

Monocytes (%) 7.4 (4.6-11.9) 6.5 (4.6-8.2) 

Neutrophils (%) 9.9 (3-16) 9 (3-13) 

Eosinophils and basophils (%) 0.9 (0.1-4.2) 0.9 (0.1-2.3) 
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aBSTracT

Defects in Fas function correlate with susceptibility to systemic autoimmune 
diseases like autoimmune lymphoproliferative syndrome (ALPS) and systemic lupus 
erythematosus (SLE). C57BL/6 lpr (B6/lpr) mice are used as an animal model of 
ALPS and develop a mild SLE phenotype. Involvement of interleukin-17A (IL-17A) has 
been suggested in both phenotypes. Since IL-17 receptor A is part of the signaling 
pathway of many IL-17 family members we investigated the role of IL-17 receptor 
signaling in disease development in mice with a B6/lpr background. B6/lpr mice 
were crossed with IL-17 receptor A deficient (IL-17RA KO) mice and followed over 
time for disease development. IL-17RA KO/lpr mice presented with significantly 
enhanced lymphoproliferation compared with B6/lpr mice, which was characterized 
by dramatic lymphadenomegaly/splenomegaly and increased lymphocyte numbers, 
expansion of double-negative (DN) T-cells and enhanced plasma cell formation. 
However, the SLE phenotype was not enhanced, as anti-nuclear antibody (ANA) 
titers and induction of glomerulonephritis were not different. In contrast, levels 
of High Mobility Group Box 1 (HMGB1) and anti-HMGB1 autoantibodies were 
significantly increased in IL-17RA KO/lpr mice compared to B6/lpr mice. These data 
show that lack of IL-17RA signaling aggravates the lymphoproliferative phenotype 
in B6/lpr mice but does not  affect the SLE phenotype. 
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InTroDucTIon

Defects in Fas function correlate with susceptibility to several systemic autoimmune 
diseases such as autoimmune lymphoproliferative syndrome (ALPS) and systemic 
lupus erythematosus (SLE) (1). 

ALPS is characterized by immune dysregulation due to an inability to regulate 
lymphocyte homeostasis through abnormalities in lymphocyte apoptosis or 
programmed cell death. This defect leads to lymphoproliferative disease with 
clinical manifestations that can include lymphadenopathy, splenomegaly, increased 
risk of lymphoma and autoimmune disease. Another hallmark for ALPS is expansion 
of T cells that express the alpha/beta T cell receptor but lack CD4 and CD8 (double 
negative (DN) T cells) in peripheral blood and tissue (2). Moreover, lupus prone 
mice, often present with an ALPS like phenotype.

SLE is a systemic autoimmune disease that is characterized by accumulation 
of large numbers of DN T cells and production of multiple autoantibodies, mostly 
directed against nuclear antigens. Lupus nephritis is one of the most serious 
manifestations (3). The cause of the disease is unknown, but both genetic and 
environmental factors play a role. Anti-nuclear antibodies (ANAs) and immune 
complexes can promote T cell activation and the production of interferon (IFN) type 
I by plasmacytoid dendritic cells (pDCs)(4,5). IFN type I expression (signature) is 
increased in approximately half of SLE patients (6). Monocyte derived DCs (mDCs) 
are activated by IFN type I and can induce T helper cell differentiation, enhanced 
B cell activation and survival through B cell activating factor (BAFF) production (7). 
This leads to the production of auto-reactive antibodies, mostly ANAs, which form 
immune complexes and deposits in small capillaries in for example the kidneys, 
inducing inflammation and tissue damage (8). Tissue damage, or disturbed clearance 
of apoptotic cells, can lead to the release of damage associated molecular pattern 
(DAMP)  molecules, such as High Mobility Group Box 1 (HMGB1). HMGB1 can be 
released from activated, apoptotic and necrotic cells. Recently it was demonstrated 
that HMGB1 levels are increased in serum and urine of SLE patients and are related 
to disease activity (9,10).

Both ALPS and SLE phenotypes can spontaneously develop in lpr mouse 
models, carrying mutations in the Tnfrsf6 gene, encoding the Tumor Necrosis 
factor (TNF)-family receptor protein Fas or CD95 that has the capacity to induce 
apoptosis. These lpr mice are often referred to as lupus mice and display 
lymphoproliferation, expansion of DN T cells and autoimmune nephritis, including 
anti-dsDNA autoantibodies (11). It is known that MRL/lpr mice are severely affected 
and develop autoimmune manifestations that both serologically and pathologically 
show similarities to human SLE but also demonstrate the lymphoproliferative 

111



IL-17R
A

 sIg
n

A
LIn

g
 LIm

Its Lym
ph

o
pR

o
LIfeR

A
tIo

n
 In

 C
57B

L/6
-LpR m

IC
e

7

phenotype that characterizes ALPS (12). C57BL/6-lpr (B6/lpr) mice are also used 
as an animal model of ALPS and present a milder SLE phenotype (13).  

Interleukin 17A (IL-17A) is a pro-inflammatory cytokine implicated in different 
autoimmune disorders (14-16) and can be produced by several immune cells, 
including several T cell subsets such as T helper 17 (Th17) cells, CD8 + T cells, 
natural killer (NK) cells, and DN T cells (17,18). IL-17A is a member of the IL-17 
cytokine family and signals through a heterodimeric receptor complex composed 
of the IL-17 receptor A (IL-17RA) and IL-17RC subunits (19). The IL-17RA subunit 
appears to be the common receptor subunit for most if not all IL-17 cytokine 
family members although the signaling pathways for IL17B and IL-17D are not fully 
elucidated (19). Maintenance of Th17 cells, the predominant producers of IL-17 in 
autoimmunity, depends on IL-23 signaling (20). 

Several lines of evidence indicate that IL-17A is involved in ALPS and 
SLE pathology. IL-17A inhibits Fas-induced cell death and its neutralization 
enhances lymphocyte apoptosis in patients with ALPS. In MRL/lpr mice anti-
IL-17A antibody treatment ameliorates the autoimmune manifestations and 
to a lesser extent the lymphoproliferative phenotype, prolonging survival of 
MRL/lpr mice (12). In SLE patients, IL-17A plasma levels and numbers of IL-17A 
producing peripheral blood mononuclear cells (PBMCs) are reported to be 
increased and correlate with disease severity (21-23). Furthermore, IL-17A 
producing DN T cells have been found in the kidneys of lupus nephritis patients 
(17). However, there are also studies that do not observe a relation between 
IL17-A and disease activity (24,25). In murine models of SLE increased levels 
of IL-17A, and IL-23 receptor-positive cells have been observed (26,27). It was 
demonstrated that B6/lpr mice lacking IL-23 receptor (IL-23R) signaling were 
completely protected against SLE development (28). These mice had decreased 
numbers of IL-17A producing cells in the lymph nodes and decreased anti-DNA 
antibody production, suggesting a crucial role for the IL-23/IL-17A axis in SLE 
pathogenesis in this model (28). 

Although different studies suggest a role for IL-17A in SLE or ALPS, the role 
of other IL-17A family members in SLE or ALPS has not been directly studied 
in mice. Since the IL-17RA subunit is a common receptor unit for most if not all 
IL-17 family members (19), we investigated the phenotype in aging B6/lpr mice 
lacking IL-17RA. Our data show that B6/lpr mice lacking IL-17RA develop a severely 
lymphoproliferative phenotype without effecting ANA levels. Furthermore, an 
increase in serum HMGB1 was noted, indicating that activated immune cells might 
secrete HMGB1.
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MaTErIaLS anD METHoDS

Mice

C57BL/6-lpr/lpr (B6/lpr) mice were purchased from The Jackson Laboratory, USA, 
and IL-17 receptor A knock-out (IL-17RA KO) mice on a C57BL/6 background were 
kindly provided by dr. J. Tocker, Amgen, Seattle, USA. For genotyping of the 
IL-17RA construct, 5’-CTTGTGTAGCGCCAAGTG, 5’-AGCTGCTGTTAGCACTTTGC 
and 5’-CGTACGCACACACTCTCGA primers were used. For genotyping of the lpr 
construct, 5’-GTAAATAATTGTGCTTCGTCAG, 5’-TAGAAAGGTGCACGGGTGTG 
and 5’- CAAATCTAGGCATTAACAGTG primers were used. The mouse lines 
were crossed to generate IL-17RA KO B6/lpr mice. Mice were housed under SPF 
conditions in the Erasmus Medical Center Animal Facility (EDC) and provided 
with food and water ad libitum. All experiments were approved by the Erasmus 
MC Animal Ethical Committee (DEC). Mice were sacrificed at the age of 10, 20 
or 30 weeks. Blood was drawn for collection of serum and spleens, kidneys and 
cervical lymph nodes were harvested. 

Flow cytometry for B- and T cells

Spleens were harvested and single cell suspensions prepared using 100µm filters. 
Flow cytometry for B and T cells was performed as previously described (29). Anti-
CD19, anti-B220, anti-CD21, anti-CD23, anti-IgM, anti-CD3, anti-CD4, anti-CD8, 
anti-IL-17A, anti-IL-4 and anti-IFN-γ antibodies were obtained from eBioscience 
(San Diego, CA, USA), anti-IgD, anti-CD95, anti-CD138, anti-IgG1 and anti-IgG2ab 
antibodies from BD BioSciences, anti-IL-10 antibody was purchased from Biolegend 
(San Diego, CA, USA) and biotinylated peanut agglutinin (PNA) from Sigma-Aldrich 
(St Louis, USA). 

Samples were measured on a FACS Canto II HTS or a LSR II flow cytometer 
(BD BioSciences) and analysis was performed using FlowJo v7.6 research software 
(Tree Star Inc. Ashland, OR).

Histology 

Kidney tissue samples from 30 week-old female IL-17RA KO lpr and B6/lpr mice 
were frozen in Tissue-Tec O.C.T. Compound (Sakura Finetek Europe B.V) and stored 
at -80 °C or embedded in formalin. Two µm sections of formalin-fixed, paraffin-
embedded kidney tissues were cut and were routinely stained with haematoxylin 
or eosin (H&E) and periodic acid-Schiff (PAS) for evaluation of kidney pathology. 
Complement C3 and IgG staining was performed on 5µm frozen kidney sections 
with 1 µg/ml rabbit anti-C3 antibody (Thermoscientific) followed by goat-anti-
rabbit IgG-HRP (Dako). For IgG staining rabbit anti-mouse IgG-HRP (Dako) was 
used. Peroxidase activity was detected with DAB and sections were counterstained 
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with Mayer’s hematoxylin. All sections were scored digitally after examination using 
a Nanozoomer Digital Pathology Scanner (NDP Scan U10074-01, Hamamatsu 
Photonics K.K., Japan) and quantified ((number of positive pixels* 0.5) + number 
of strong positive pixels / total pixels) with software of ImageScope Viewer 
(V11.2.0.780 Aperio, e-Pathology Solution, CA, USA).

HMGB1 and CD3 staining was performed on 2µm paraffin sections using 
polyclonal anti-HMGB1 (Abcam, Cambridge, UK) and polyclonal anti-CD3 
(Dakocytomation).

RNA isolation 

Total RNA was extracted from 20 10µm thin kidney cryo-sections using RNeasy 
Mini plus Kit (Qiagen, Westburg, Leusden, The Netherlands) according to the 
manufacturer’s instructions. Integrity of RNA was determined by agarose 
gel electrophoresis. RNA quantity (OD-260) and quality (OD-260/OD-280) 
were determined using an ND-1,000 UV-Vis spectrophotometer (NanoDrop 
Technologies, Rockland, DE). cDNA was synthesized from 1 µg RNA using M-MLV 
Reverse Transcriptase and oligo(dT) 24 (Life Technologies, USA). mRNA expression 
of IFN-γ, TNF-α, IL-6, HMGB1, MCP-1 (monocyte chemotactic protein-1), KIM-1 
(kidney injury molecule-1), NGAL (neutrophil gelatinase-associated lipocalin) and 
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was measured by the 
real-time quantitative PCR system (ABI Prism 7900HT Sequence Detection System, 
Applied Biosystems, USA) with specific Taqman probes. The amount of target 
was normalized to an endogenous reference (GAPDH) and expressed as relative 
expression (2–ΔCT).

Serum analysis

ANA titers were measured by immunofluorescence on HEp-2000 coated glass 
slides (Biomedical Diagnostics, Eindhoven, the Netherlands), using serial dilutions 
of mouse serum in PBS, and rabbit anti-mouse IgG-FITC (Dako, Glostrup, Denmark) 
for detection. Complement levels were measured using a commercial ELISA, 
according to the manufactures instructions (GenWay Biotech, San Diego, USA).

Serum cytokine levels were quantified with a Multiplex panel (ProcartaPlex 
Mouse Simplex; Affymetrix eBioscience, Vienna, Austria) according to the 
manufacturer’s instructions. Samples were measured on a Luminex 100 System 
(Luminex, Austin, TX, USA) and data was analyzed with StarStation software, 
version 2.3 (AppliedCytometry, Birmingham, UK). The following cytokines were 
assessed: IL-4, IL-6, IL-10, IL-17A, IL-22, IFN-γ and TNF-α. 

HMGB1 levels were measured by Western Blotting as described previously for 
human serum (9). Detection of HMGB1 on blots was performed with polyclonal anti-
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HMGB1-biotin (Thermoscientific, Etten-Leur, the Netherlands), and streptavidin-
IRDye800 (LI-COR Biotechnology, Lincoln, NE, USA). Blots were scanned with 
an Odyssey infrared Imaging System (LI-COR Biotechnology) and analyzed with 
Odyssey software. In each blot a cell lysate made of Jurkat cells was run as a 
standard. HMGB1 levels were presented as the fluorescence intensity against 
the standard.

Levels of anti-HMGB1 were measured by in-house ELISA. Costar polystyrene 
plates were coated with 1 µg/ml recombinant HMGB1 (Sigma, St. Louis, MO, USA) 
and mouse sera were added in dilutions of 20 and 80 times. Detection of antibodies 
was done with rabbit anti-mouse IgG-HRP (Dako, Glostrup, Denmark) and TMB 
color reaction. Levels of anti-HMGB1 were calculated against a standard curve of 
a monoclonal anti-HMGB1 (R&D systems, Abingdon, United Kingdom)

Statistical analysis

Data was analyzed using Prism software v5.04 (GraphPad Software Inc. La Jolla, 
CA). For comparisons, a non-parametric Mann-Whitney U test was used. P-values 
<0.05 were considered significant.  

rESuLTS

Increased cell numbers in lymphoid organs of IL-17RA KO/lpr mice 
compared to B6/lpr mice

B6/lpr and IL-17RA KO/lpr mice were followed over time and sacrificed at 10 weeks 
(no disease development in B6/lpr), 20 weeks (sub-clinical development of disease 
in B6/lpr mice) and 30 weeks of age (established disease in B6/lpr mice). At 
30 weeks of age, the spleens and lymph nodes from IL-17RA KO/lpr mice were 
greatly enlarged compared to spleens and lymph nodes of B6/lpr mice (figure 1A). 
The total number of splenocytes was comparable between wild-type mice with 
and without the lpr mutation at 10 weeks of age. This number did not markedly 
increase over time in B6/lpr mice. However, the number of splenocytes in IL-17RA 
KO/lpr mice increased significantly over time to about threefold compared with 
B6/lpr mice at 30 weeks of age (figure 1B). This increase could be attributed to a 
significant increase in total numbers of T cells and B cells in IL-17RA KO/lpr mice 
(figure 1C-D). 

Increased numbers of DN T and CD4+ T cells in IL-17RA KO/lpr mice

Both DN T and CD4+ T cells have been shown to play a role in the pathogenesis 
of SLE in patients (30). To determine whether these subpopulations were increased 
in IL-17RA KO/lpr mice, we analyzed the splenic T cell compartment of these mice 
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Figure 1: Increased spleen and lymph node size in IL-17RA KO/lpr mice. 
A Spleens and cervical lymph nodes from 30 week old B6/lpr (left and top) and IL-17RA KO/
lpr (right and bottom). [B-D] Total number of splenocytes (all live cells in spleen) [B], T cells 
(CD3+) [C] and B cells (CD19+) [D] at different ages. Bars depict wild type B6 (black) and 
IL-17RA KO (open) mice at 10 weeks of age. Mean and SEM are shown for n = 3 – 21 mice 
per group; *p<0.05; **p<0.01.

by flow cytometry. The increased number of T cells in IL-17RA KO/lpr mice, when 
compared with B6/lpr mice, was due to an increase in the total numbers of DN 
T cells, and to a lesser extent of CD4+ T cells (figure 1C and figure 2A). 

There was also an increase in numbers of IL-17A-producing DN T cells and CD4+ 
T cells in IL-17RA KO/lpr mice (figure 2B). These increased numbers are in line with 
the total increased numbers of DN T cells. This might indicate that lack of IL-17RA 
influenced the proliferation of CD4+ and especially DN T cells (figure 2A-B). The 
numbers of IFN-γ and IL-4 producing DN T cells and CD4+ T cells were similar in 
IL-17RA KO/lpr and B6/lpr mice (figure 2C-D).

Serum cytokine levels are increased in IL-17RA KO/lpr mice 

To further asses the cytokine profile in B6.lpr and IL-17RA KO/lpr mice, serum 
cytokine levels were measured by multiplex assay. As expected, levels of IL-17A 
were significantly increased in IL-17RA KO/lpr mice at 10 weeks of age (figure 3). 
In addition, in young IL-17RA KO/lpr mice, IFN-γ, TNF-α and IL-22 were increased 
(figure 3). IL-6 was significantly increased at week 20, but surprisingly none of the 
other cytokines analysed were significantly different between the two groups of 
mice at week 30, despite the difference in disease phenotype at that age. No 
difference was observed for IL-4 (data not shown), and IL-10 (figure 3). 
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Figure 2: Expansion of T cell populations in IL-17RA KO/lpr mice. 
[A] Total numbers of splenic DN T (CD3+CD4-CD8-)(left) and CD4+ T cells (CD3+CD4+CD8-) 
(right) [B-D] Subpopulations of IL-17A, IFN-γ and IL-4 producing T cells in splenic DN T 
(CD3+CD4-CD8-)(left) and CD4+ T cells (CD3+CD4+CD8-) (right) in  B6/lpr (black bars) and 
IL-17RA KO/lpr (open bars) mice at different ages. Mean is shown for n = 9-21 animals per 
group; *p<0.05; **p<0.01.
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Figure 3: IL-17A, IL-6, IL-10, TNF-α, IFN-γ, and IL-22 levels in B6/lpr and IL-17RA KO/lpr mice. 
Serum cytokine levels as measured by multiplex at 10, 20 and 30 weeks of age in B6.lpr (black 
circles) and IL17RA KO/lpr (open circles) *p<0.05; **p<0.01. 

Plasma cell formation is enhanced in IL-17RA KO/lpr mice

As we found increased IL-6 levels in serum of IL-17RA KO/lpr mice at early disease 
onset and increased B cell numbers in these mice, we further analyzed activation 
of the splenic B cell compartment. Analysis of CD21 and CD23 expression by flow 
cytometry (31) showed that the increase in number of B cells could be attributed 
primarily to an increase in the number of follicular B cells (CD19+B220+CD21-
CD23+) and marginal zone B cells (CD19+B220+CD21+CD23-). Although at week 
30 also the size of the transitional B cell fraction (CD19+B220+CD21-CD23-) 
was increased in IL-17RA KO/lpr mice (figure 4A-C). Analysis of germinal centre 
formation showed that after an initial rise at 20 weeks of age the numbers of 
germinal centre B cells (PNA+CD95+CD19+) were decreased in B6/lpr mice at 30 
weeks of age, but not significantly lower than in IL-17RA KO/lpr mice (figure 4D). 
However, flow cytometry analysis for Ig subclasses showed that the numbers of 
IgM, IgG1 and IgG2 plasma cells present in the spleen at 30 weeks of age was 
significantly higher in IL-17RA KO/lpr mice compared with B6/lpr mice (figure 4E-G). 
Together, these data show increased B cell activation in the absence of IL-17RA 
signaling in B6/lpr mice.
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[A-C] Total numbers of splenic follicular (CD19+B220+CD21-CD23+) [A], marginal zone 
(CD19+B220+CD21+CD23-) [B] and transitional (CD19+B220+CD21-CD23-) B cells [C] in 
B6/lpr and IL-17RA KO/lpr mice at different ages. [D] Total numbers of germinal centre B cells 
(CD19+B220+PNA+CD95+) at different ages. [E-G] Total numbers of IgM [E], IgG1 [F] and 
IgG2 [G] producing CD138+ plasma cells at different ages. Mean and SEM are shown for 
n = 9-21 animals per group; *p<0.05; **p<0.01; ***p<0.001.

Autoimmune pathology is not enhanced in B6/lpr mice in absence of 
IL-17RA signaling

SLE is characterized by circulating ANA and consumption of complement C3. 
Complement C3 levels did not decrease over time in B6/lpr or IL-17RA KO/lpr mice 
(data not shown). Serum ANA titers increased with age in both groups (figure 5), 
but ANA titers were not significantly higher in IL-17RA KO/lpr mice than in B6/lpr 
mice at any age. To investigate whether the increase in cytokine producing T cells 
and plasma cells in the spleen was associated with enhanced kidney pathology in 
IL-17RA KO/lpr mice, kidney slides were stained and evaluated (figure 6A). By light 
microscopic analysis no thickening of the glomerular basal membrane in IL-17RA 
KO/lpr mice could be observed, indicating absence of kidney damage (figure 6A). 
Moreover, no increased influx of CD3-positive cells was seen in kidneys from 
IL17RA KO/lpr mice compared to B6/lpr mice (figure 6A). In addition, we found no 
enhanced C3 complement deposition and no enhanced IgG antibody deposition 
in kidneys sections from 26-week-old IL-17RA KO/lpr mice compared to B6/lpr 
(figure 6A-B). 

To further investigate renal inflammation, mRNA levels of the pro-inflammatory 
cytokine MCP-1 and the renal injury-related biomarkers NGAL and KIM-1 were 
assessed in kidneys. Moreover, mRNA levels of CD68 were measured to determine 
influx of macrophages. There was no significant difference in expression of NGAL and 
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Figure 5: ANA titers are comparable between IL-17RA KO/lpr and B6/lpr mice.
Serum ANA titers by immunofluorescence for B6/lpr mice (black bars) and IL-17RA KO/lpr 
(open bars). Mean and SEM are shown for n = 5-9 animals per group. 

Figure 6: No induction of kidney damage in both IL-17RA KO/lpr and B6/lpr mice.
[A] Representative PAS staining, HE staining, CD3 staining, C3 deposition and IgG deposition 
in kidneys of 30 week old B6.lpr and IL-17RA KO/lpr (10x). Inserts show a glomerulus in detail 
(40x). Representative pictures are shown for n = 6 animals per group. [B] Quantitative analysis 
of C3 and IgG deposition in kidney sections of 30 week old B6.lpr and IL-17RA KO/lpr. Box 
and Whiskers plot, median and interquartile range are shown for n= 5-9 mice per group.

KIM-1 in kidneys of B6/lpr compared to IL17-RA KO/lpr compared, indicating no overt 
kidney damage in both groups (supplementary table 1), confirming renal histology. 

120



IL-17R
A

 sIg
n

A
LIn

g
 LIm

Its Lym
ph

o
pR

o
LIfeR

A
tIo

n
 In

 C
57B

L/6
-LpR m

IC
e

7

HMGB1 levels in serum are increased in B6/lpr mice lacking IL-17RA 
signaling    

HMGB1 levels were determined in serum by Western blot. HMGB1 was undetectable 
in control C57BL/6 wild type or IL-17RA KO mice (data not shown). Remarkably, 
at 10 weeks of age HMGB1 levels were already increased in IL-17RA KO/lpr mice 
compared to B6/lpr mice (figure 7A). Furthermore, anti-HMGB1 antibody levels, 
which were undetectable in C57BL6 and IL-17RA KO mice (data not shown) 
increased in IL-17RA KO/lpr mice with age and reached a significantly higher 
level than in B6/lpr mice (figure 7A). To investigate the source of HMGB1, both 
kidney and spleen sections of (the same) mice were stained for HMGB1 (figure 7B). 
Similar nuclear HMGB1 expression, no cytoplasmic HMGB1 and no apparent 

Figure 7: HMGB1 levels are increased in serum of IL-17RA KO/lpr mice.
[A] Serum HMGB1 levels measured by Western Blot and serum anti-HMGB1 levels measured 
by ELISA. Bar indicates median. [B] Kidney and spleen HMGB1 staining 30 week old B6.lpr 
and IL-17RA KO/lpr (10x). Representative pictures are shown for n = 6 animals per group.  
*p<0.05; **p<0.01; ***p<0.001.
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release of extracellular HMGB1 due to activation were observed in kidneys of 

both IL-17RA KO/lpr and B6/lpr mice (figure 7B). In spleen sections however, there 

was extracellular HMGB1 observed. Moreover, there were HMGB1 negative nuclei 

(blue staining) present, which suggests active release of HMGB1 from these cells, 

but there was no difference in HMGB1 expression between IL-17RA KO/lpr and 

B6/lpr mice (figure 7B).

DIScuSSIon

This study demonstrates that deletion of IL-17RA signaling markedly aggravates 

the lymphoproliferation in B6/lpr mice, but does not affect SLE pathology. The 

greatly increased spleen and lymph node size in IL-17RA KO/lpr mice, characterized 

by expansion of CD4+ T cells, CD8+ T cells, DN T cells and B cells indicates an 

important role for IL-17RA signaling in limiting the lymphoproliferative phenotype 

in B6/lpr mice. Remarkably however, neither serum ANA titers, antibody deposition 

in the kidney nor kidney damage were different between IL-17RA KO/lpr and B6/

lpr mice, showing that these hallmarks of SLE are independent of IL-17RA signaling 

in this model. Furthermore, increased serum HMGB1 levels followed by elevated 

anti-HMGB1 antibody levels were seen in IL-17RA KO/lpr mice compared to B6/

lpr mice. 

A strong lymphoproliferative phenotype was found in IL-17RA KO/lpr mice 

leading to visible lymphadenomegaly. The phenotype was accompanied by 

increased lymphocyte numbers of which enhanced DN T cell proliferation was 

most prominent. Total numbers of IL-17A-cytokine producing DN T cells and 

CD4+ T cells were increased at 20 and 30 weeks of age in IL-17RA KO/lpr mice 

compared with B6/lpr mice. This increase is most likely a consequence of loss of a 

negative feedback loop limiting IL-17A production through IL-17RA signaling. This 

indicates that IL-17RA signaling plays a more significant role in generating negative 

feedback to regulate the IL-17 inflammatory response rather than functioning in 

effector signaling to aggravate or initiate disease in these mice. It might be that 

IL-17RA signaling can limit cell proliferation or survival of CD4+ and DN T cells in 

particular. In normal transgenic IL-17RA KO mice, loss of this regulatory function 

can apparently be rescued by other factors, however, additional loss of FAS-FASL 

signaling induces expansion of immune cells. 

A role for IL-17RA signaling has been shown in disease progression in lupus 

prone BXD2 mice (32,33). When crossed with IL-17RA KO mice, BXD2 mice are 

partially protected against disease development. This can be attributed to impaired 

germinal center reactions in these mice. In the present study, no decrease in the 

number of PNA+ germinal center B cells in the spleens of IL-17RA KO/lpr mice was 
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found at any age. Instead, the number of germinal center B cells appeared to be 
slightly increased, albeit not significantly. Importantly, ANA titers are not decreased 
in IL-17RA KO/lpr mice, suggesting that in B6/lpr mice ANA development is IL-17RA 
independent. As BXD2 mice have a mixed C57BL/6 and DBA genetic background, 
it is possible that strain specific genes can explain these discrepancies, as normal 
germinal center formation in IL-17RA KO mice on a C57BL/6 background in collagen 
induced arthritis and after influenza infection were found (29). 

Schmidt et al reported that IL-17A deficiency did not affect the morphologic 
or functional parameters in MRL/lpr mice with lupus nephritis, nor did IL-17A 
neutralization affect the clinical course of nephritis in NZB/NZW mice (34), which 
is in line with our results. 

In MRL/lpr mice, HMGB1 levels correlate with disease progression (35). In the 
present study HMGB1 and anti-HMBG1 levels were significantly increased in lpr 
mice lacking IL-17RA while no difference in ANA levels were observed between 
IL-17R KO/lpr and B6/lpr mice. A morphological hallmark of human and experimental 
lupus nephritis is the trafficking of inflammatory cells into the kidneys which was not 
observed in both B6/lpr and IL-17RA KO/lpr mice. Thus, in both B6/lpr and IL-17RA 
KOL/lpr mice there was no induction of lupus nephritis which suggests that there 
is no direct involvement of HMGB1 and potential immune complex formation with 
anti-HMGB1 in driving nephritis in these models. HMGB1 can be released from 
the spleen as was observed in IL-17RA KO/lpr mice. Subsequently, HMGB1 can 
have an effect on apoptosis of cells or interfere in phagocytosis of apoptotic cells 
(36-38) which may partly explain the enhanced lymphoproliferative phenotype in 
IL-17RA KO/lpr mice. Importantly, in a sepsis induced mouse model it was shown 
that administration of recombinant HMGB1 induced splenomegaly, lymphocytosis 
and splenocyte priming (39). Previously, a role for IL-23 and IL-23R signaling in the 
SLE phenotype of B6/lpr and MRL/lpr mice was reported (27,28,40). In IL-23R KO/
lpr mice, which do not develop lupus, the total number of DN T cells as well as 
the total number of IL-17A producing DN T cells and CD4+ T cells was decreased. 
This was accompanied by lower serum IgG and ANA levels, decreased IgG and 
complement deposition in the kidneys and absence of kidney damage (28). These 
data suggest an important role for IL-17A in the IL-23 targeting approach of SLE 
although direct effects of IL-23 in disease development cannot be excluded. 

By deletion of IL-17RA potentially several IL-17 family members are not 
functional as this subunit is involved in signaling of many if not all IL-17 family 
members. Therefore, this study goes beyond the role of IL-17A alone. Interestingly, 
IL-23 signaling is not deficient in the IL-17RA KO/lpr mice. It has been shown that 
CISK (Act1) knockout mice on a FcγRIIB background showed greatly improved 
survival and were largely protected from the development of glomerulonephritis 
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(41). CISK (Act1) is part of the IL-17 receptor signaling pathway and loss of CISK 
blocks signaling by all IL-17 cytokines and to a lesser extent loss of IL-17A (41). 
However, BAFF can activate B cells and myeloid cells via the BAFF receptor to 
activate CISK (Act1), indicating that the CISK/Act1 KO may have a broader impact 
in different signaling pathways in the development of SLE than the IL-17RA KO/
lpr in our study (14). A proposed mechanism is that IL-17RAKO induces enhanced 
lymphoproliferation and that this leads to release of HMGB1 from activated 
or dying cells in spleens and lymph nodes, inducing a pro-inflammatory loop. 
However, evidence for this mechanism is not investigated in the present study. It 
is also possible that other IL-17 family member(s) are involved in controlling the 
lymphoproliferative phenotype in B6/lpr mice. Further studies are needed to 
identify these mechanisms. However, our data clearly demonstrate that IL-17RA 
signaling is involved in the regulation of the lymphoproliferative phenotype in B6/
lpr mice indicating that caution should be taken to modulate IL-17RA signaling in 
lymphoproliferative prone individuals. 

acKnowLEDGMEnTS

We thank H. Moorlag, J. Bijzet, and M.D. Brem for excellent technical support. 

rEfErEncES 
1. Gravano DM, Hoyer KK. (2013) Promotion 

and prevention of autoimmune disease 
by CD8+ T cells. J. Autoimmun. 45: 68-
79. 

2. Shah S, Wu E, Rao VK, Tarrant TK. (2014) 
Autoimmune lymphoproliferative 
syndrome: an update and review of the 
literature. Curr. Allergy Asthma Rep. 14: 
462,014-0462-4. 

3. Lisnevskaia L, Murphy G, Isenberg D. 
(2014) Systemic lupus erythematosus. 
Lancet. 384: 1878-88. 

4. Bjorck P, Beilhack A, Herman EI, Negrin 
RS, Engleman EG. (2008) Plasmacytoid 
dendritic cells take up opsonized 
antigen leading to CD4+ and CD8+ T 
cell activation in vivo. 181: 3811-7. 

5. Means TK, Latz E, Hayashi F, Murali MR, 
Golenbock DT, Luster AD. (2005) Human 
lupus autoantibody-DNA complexes 
activate DCs through cooperation of 
CD32 and TLR9. 115: 407-17. 

6. Bennett L, et al. (2003) Interferon and 
granulopoiesis signatures in systemic 
lupus erythematosus blood. 197: 711-23. 

7. Ronnblom L, Pascual V. (2008) The innate 
immune system in SLE: type I interferons 
and dendritic cells. 17: 394-9. 

8. Yung S, Chan TM. (2008) Anti-DNA 
antibodies in the pathogenesis of lupus 
nephritis--the emerging mechanisms. 7: 
317-21. 

9. Abdulahad DA, Westra J, Bijzet J, 
Limburg PC, Kallenberg CG, Bijl M. (2011) 
High mobility group box 1 (HMGB1) 
and anti-HMGB1 antibodies and their 
relation to disease characteristics in 
systemic lupus erythematosus. 13: R71. 

10. Abdulahad DA, et al. (2012) Urine 
levels of HMGB1 in Systemic Lupus 
Erythematosus patients with and 
without renal manifestations. 14: R184. 

11. Theofilopoulos AN, Dixon FJ. (1985) 
Murine models of systemic lupus 

124



IL-17R
A

 sIg
n

A
LIn

g
 LIm

Its Lym
ph

o
pR

o
LIfeR

A
tIo

n
 In

 C
57B

L/6
-LpR m

IC
e

7

erythematosus. Adv. Immunol. 37: 269-
390. 

12. Boggio E, et al. (2014) IL-17 protects T 
cells from apoptosis and contributes to 
development of ALPS-like phenotypes. 
Blood. 123: 1178-86. 

13. Izui S, Kelley VE, Masuda K, Yoshida H, 
Roths JB, Murphy ED. (1984) Induction of 
various autoantibodies by mutant gene 
lpr in several strains of mice. J. Immunol. 
133: 227-33. 

14. Lubberts E. (2015) The IL-23-IL-17 axis 
in inflammatory arthritis. Nat. Rev. 
Rheumatol. 

15. Martin JC, Baeten DL, Josien R. (2014) 
Emerging role of IL-17 and Th17 cells 
in systemic lupus erythematosus. Clin. 
Immunol. 154: 1-12. 

16. Hemdan NY, et al. (2010) Interleukin-17-
producing T helper cells in autoimmunity. 
Autoimmun. Rev. 9: 785-92. 

17. Crispin JC, et al. (2008) Expanded 
double negative T cells in patients with 
systemic lupus erythematosus produce 
IL-17 and infiltrate the kidneys. 181: 
8761-6. 

18. Harrington LE, et al. (2005) Interleukin 
17-producing CD4+ effector T cells 
develop via a lineage distinct from the T 
helper type 1 and 2 lineages. 6: 1123-32. 

19. Gaffen SL, Jain R, Garg AV, Cua DJ. 
(2014) The IL-23-IL-17 immune axis: from 
mechanisms to therapeutic testing. Nat. 
Rev. Immunol. 14: 585-600. 

20. Stritesky GL, Yeh N, Kaplan MH. (2008) 
IL-23 promotes maintenance but not 
commitment to the Th17 lineage. J. 
Immunol. 181: 5948-55. 

21. Chen XQ, et al. (2010) Plasma IL-17A is 
increased in new-onset SLE patients 
and associated with disease activity. 
30: 221-5. 

22. Yang J, et al. (2009) Th17 and natural Treg 
cell population dynamics in systemic 
lupus erythematosus. 60: 1472-83. 

23. Shah K, et al. (2010) Dysregulated 
balance of Th17 and Th1 cells in systemic 
lupus erythematosus. 12: R53. 

24. Cheng F, Guo Z, Xu H, Yan D, Li Q. (2009) 
Decreased plasma IL22 levels, but not 
increased IL17 and IL23 levels, correlate 
with disease activity in patients with 
systemic lupus erythematosus. Ann. 
Rheum. Dis. 68: 604-6. 

25. Zhao XF, et al. (2010) Increased serum 
interleukin 17 in patients with systemic 
lupus erythematosus. Mol. Biol. Rep. 37: 
81-5. 

26. Wen Z, Xu L, Xu W, Yin Z, Gao X, Xiong 
S. (2013) Interleukin-17 expression 
positively correlates with disease 
severity of lupus nephritis by increasing 
anti-double-stranded DNA antibody 
production in a lupus model induced 
by activated lymphocyte derived DNA. 
PLoS One. 8: e58161. 

27. Zhang Z, Kyttaris VC, Tsokos GC. (2009) 
The role of IL-23/IL-17 axis in lupus 
nephritis. J. Immunol. 183: 3160-9. 

28. Kyttaris VC, Zhang Z, Kuchroo VK, 
Oukka M, Tsokos GC. (2010) Cutting 
edge: IL-23 receptor deficiency 
prevents the development of lupus 
nephritis in C57BL/6-lpr/lpr mice. 184: 
4605-9. 

29. Corneth OB, et al. (2014) Absence of 
interleukin-17 receptor a signaling 
prevents autoimmune inflammation 
of the joint and leads to a Th2-like 
phenotype in collagen-induced arthritis. 
Arthritis Rheumatol. 66: 340-9. 

30. Shivakumar S, Tsokos GC, Datta SK. 
(1989) T cell receptor alpha/beta 
expressing double-negative (CD4-
/CD8-) and CD4+ T helper cells in 
humans augment the production of 
pathogenic anti-DNA autoantibodies 
associated with lupus nephritis. 143: 
103-12. 

31. Oliver AM, Martin F, Gartland GL, 
Carter RH, Kearney JF. (1997) Marginal 
zone B cells exhibit unique activation, 
proliferative and immunoglobulin 
secretory responses. 27: 2366-74. 

32. Hsu HC, et al. (2008) Interleukin 
17-producing T helper cells and 

125



IL-17R
A

 sIg
n

A
LIn

g
 LIm

Its Lym
ph

o
pR

o
LIfeR

A
tIo

n
 In

 C
57B

L/6
-LpR m

IC
e

7

interleukin 17 orchestrate autoreactive 
germinal center development in 
autoimmune BXD2 mice. 9: 166-75. 

33. Ding Y, et al. (2013) IL-17RA Is Essential 
for Optimal Localization of Follicular Th 
Cells in the Germinal Center Light Zone 
To Promote Autoantibody-Producing B 
Cells. 

34. Schmidt T, et al. (2015) Function of the 
Th17/interleukin-17A immune response 
in murine lupus nephritis. Arthritis 
Rheumatol. 67: 475-87. 

35. Jiang W, Pisetsky DS. (2008) Expression 
of high mobility group protein 1 in the 
sera of patients and mice with systemic 
lupus erythematosus. 67: 727-8. 

36. Zhu X, et al. (2015) Cytosolic HMGB1 
controls the cellular autophagy/
apoptos i s  check po in t  du r ing 
inflammation. J. Clin. Invest. 125: 1098-
110. 

37. Liu G, et al. (2008) High mobility group 
protein-1 inhibits phagocytosis of 

apoptotic neutrophils through binding 
to phosphatidylserine. J. Immunol. 181: 
4240-6. 

38. Friggeri A, Yang Y, Banerjee S, Park YJ, 
Liu G, Abraham E. (2010) HMGB1 inhibits 
macrophage activity in efferocytosis 
through binding to the alphavbeta3-
integrin. Am. J. Physiol. Cell. Physiol. 
299: C1267-76. 

39. Valdes-Ferrer SI, et al. (2013) HMGB1 
mediates splenomegaly and expansion 
of splenic CD11b+ Ly-6C(high) 
inflammatory monocytes in murine 
sepsis survivors. J. Intern. Med. 274: 
381-90. 

40. Kyttaris VC, Kampagianni O, Tsokos GC. 
(2013) Treatment with anti-interleukin 23 
antibody ameliorates disease in lupus-
prone mice. 2013: 861028. 

41. Pisitkun P, et al. (2012) Interleukin-17 
cytokines are critical in development 
of fatal lupus glomerulonephritis. 
Immunity. 37: 1104-15. 

126



IL-17R
A

 sIg
n

A
LIn

g
 LIm

Its Lym
ph

o
pR

o
LIfeR

A
tIo

n
 In

 C
57B

L/6
-LpR m

IC
e

7

Supplementary table 1: iL-17RA KO does not affect renal mRNA levels of CD68, 
MCP-1, NGAL or KiM-1. 

  B6.lpr IL-17ra Ko/lpr

CD68 0.0009 (0.0003-0.027) 0.007 (0-0.024)

MCP-1 0.0002 (0-0.003) 0.0005 (0-0.009)

NGAL 0.0001 (0-0.018) 0.001 (0-0.018)

KIM-1 0.0001 (0-0.0221) 0 (0-0.0221)

mRNA analysis in kidney tissue of B6.lpr and IL-17RA KO/lpr mice (n=8) for CD68, MCP-1 (monocyte 
chemotactic protein-1), KIM-1 (kidney injury molecule-1), NGAL (neutrophil gelatinase-associated lipocalin). 
Data are presented as median (range), as relative expression compared to GAPDH (glyceraldehyde-3-
phosphate dehydrogenase).
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In this thesis we investigated the role of High Mobility Group Box 1 (HMGB1), 
in the auto-inflammatory process in Systemic Lupus Erythematosus (SLE). An 
overview of the current literature on the role of HMGB1 in SLE is given in chapter 2. 
More specifically, we studied the effects of HMGB1 on macrophage polarization, 
phagocytosis and cytokine production (chapter 3). Furthermore, we evaluated 
whether auto-antibodies directed against HMGB1 could be of clinical relevance in 
SLE patients (chapter 4) and evaluated whether HMGB1 is a potential therapeutic 
target in SLE (chapter 6). Per chapter the results are discussed, limitations are 
described and future perspectives are given.

cHapTEr 2: SLE anD HMGB1: an oVErVIEw 

SLE is a systemic autoimmune disease, characterized by hyperactivation of immune 
cells, production of anti-nuclear auto-antibodies, and multiple organ damage 
triggered by immune complex deposition  (1,2). It is assumed that a disturbed 
clearance of apoptotic cells plays a central role in the pathogenesis (3). When 
apoptotic cells are not cleared, these cells will turn into necrotic cells which lose 
their membrane integrity thereby releasing intracellular structures, which contain 
modified proteins that can act as autoantigens. These structures can be captured 
by antigen presenting cells, and through interactions with T- and B cells lead 
to auto-antibody production. These auto-antibodies can cause formation of 
circulating immune complexes that deposit in organs, such as the kidney and skin 
resulting in inflammation and tissue damage (4). 

HMGB1 and  other damage associated molecular pattern (DAMP) molecules 
can be released due to disturbed clearance of apoptotic cells or tissue damage. 
HMGB1 can be released from activated, apoptotic and necrotic cells. When 
released, HMGB1 can recruit immune cells to the site of inflammation and activate 
these cells to secrete pro-inflammatory cytokines (5). HMGB1 can induce cytokine 
production via two different pathways. First, HMGB1 can engage and activate 
DAMP receptors including TLR2, TLR4, TLR9 and the Receptor for Advanced 
Glycation Endproducts (RAGE), depending on its post-translational modifications 
such as acetylation, phosphorylation, methylation and redox changes of cysteine 
residues. Second, HMGB1 can form complexes with other molecules, for instance 
lipopolysaccharides (LPS) or interleukin (IL)-1, which will subsequently amplify the 
pro-inflammatory effects of these molecules when they bind to their receptors. 
These findings suggest that HMGB1 plays a pivotal role in initiating inflammation 
in response to tissue damage. Compared to healthy controls (HC), levels of serum 
HMGB1 are increased in SLE patients (6-8). Moreover, increased extracellular 
levels of HMGB1 have been found locally in the skin (9-11) and kidneys (12,13), 
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organs typically effected by the disease process. Finally, increased levels of auto-
antibodies to HMGB1 have been detected in sera of SLE patients compared to 
healthy individuals but the clinical relevance of these auto-antibodies is still unclear 
(6,14,15). Taken together, the available data suggest that HMGB1 production and/
or its release is increased in SLE, which will lead to an excessive inflammatory 
response and progressive tissue damage. Thus, HMGB1 could be a potential target 
for intervention. 

cHapTEr 3: HMGB1 anD ITS EffEcT on MacropHaGE 
poLarIZaTIon anD pHaGocyToSIS 

In this chapter we investigated whether increased HMGB1 levels result in a more 
pro-inflammatory phenotype of macrophages. As there is impaired clearance and 
accumulation of apoptotic debris in SLE this can lead to increased HMGB1 levels 
locally. Moreover, it has been reported that HMGB1 can contribute to a decrease in 
phagocytic capacity of macrophages by masking phosphatidylserine on apoptotic 
cells (16), a strong eat-me signal for macrophages. Thus, in SLE a vicious circle might 
be operant that is initiated by tissue damage resulting in formation of apoptotic 
debris that will stimulate HMGB1 secretion which in turn will hamper, by altering 
phagocytic capacity of macrophages, the clearance of the apoptotic material. 
Also, increased HMGB1 levels might skew differentiation of monocytes into M1 
macrophages, instead of M2 macrophages and as M1 macrophages are less 
efficient phagocytes than M2 macrophages this might further fuel the inflammatory 
response in SLE.  

Therefore, the effect of HMGB1 on macrophage polarization and on phagocytic 
capacity of differentiated macrophages was investigated. Our results indicate 
that circulating monocytes from SLE patients display a more M1-like phenotype 
compared to HC, but  in vitro differentiation abolishes this difference. In vitro, 
HMGB1 was able to skew the phenotype of M2-like (M-CSF) differentiated 
macrophages towards a pro-inflammatory M1-like macrophage as evidenced by 
increased mRNA levels of IL-6 and TNF-α. Addition of HMGB1 during differentiation 
led to M1-like macrophages with reduced phagocytic capacity. Our data also 
indicate that HMGB1 can contribute directly to the impaired phagocytic capacity 
as seen in SLE patients by interfering with recognition of apoptotic cells, as pre-
incubation of apoptotic cells with HMGB1 resulted in reduced phagocytosis. These 
data suggest that HMGB1, when present locally, may play a role in sustaining the 
inflammatory loop through either increasing the apoptotic load (by a decreased 
phagocytosis) or by skewing the phenotype of M2-like macrophage towards a more 
pro-inflammatory M1-like macrophage. 
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Limitations

It should be noted that the redox status of the HMGB1 preparation used in our study 
is unknown. Recent studies have indicated that post-translational modifications to 
HMGB1 can alter its function and localization. For example, several studies have 
demonstrated that when a disulfide bridge exists between cysteines C23 and C45, 
and cysteine C106, HMGB1 is in a thiol (reduced) state and exerts cytokine inducing 
properties via binding to TLR4 (17-19). As shown in chapter 3 the commercially 
available HMGB1 preparation used in our experiments was able to induce cytokine 
production from macrophages, indicating that the HMGB1 employed in these 
experiments was most probably in the cytokine inducing form. Two other forms of 
HMGB1 exist, one which has chemoattractant properties when all three cysteines 
are reduced, and one which is immunologically silent (19,20). This immunologically 
silent form of HMGB1 can be released from apoptotic cells. It has no chemotactic 
properties, as its three cysteines are terminally oxidized by reactive oxygen species 
(ROS) to sulfonates (18,19,21). However, when necrotic cells release HMGB1,  it still 
exerts pro-inflammatory properties (22) and can form complexes with nucleosomes 
(23) or DNA (24,25). In the context of SLE, these findings are important as aberrant 
phagocytosis leads to formation of secondary necrotic cells which can consequently 
lead to HMGB1 containing immune complexes or HMGB1 initiated inflammation. 

Future perspectives

Until now only one study reported the redox status of HMGB1 in serum of SLE 
patients. In this study it was demonstrated that in four patients with active 
disease the oxidized form of HMGB1 was present (26). As this was only a small 
study, further research is needed to determine the redox status of HMGB1 in 
SLE patients. Particularly, it will be interesting to investigate whether there are 
differences in HMGB1 redox status between active and quiescent SLE patients, as 
this may give further insights into the role of HMGB1 in the pathogenesis of SLE. 
Furthermore, the kinetics of HMGB1 isoforms could be studied in a longitudinal 
study since HMGB1 isoforms might change over time from chemoattractant to 
cytokine-inducing forms during or before an exacerbation. In four patients with 
the macrophage activation syndrome (MAS) different isoforms of HMGB1 were 
measured longitudinally by  tandem mass spectrometry, before and after treatment 
(27). This study, albeit in a small number of patients, demonstrated that during 
active disease cytokine-inducing HMGB1 was present while after treatment with 
etoposide, a topoisomerase inhibitor that boosts apoptotic cell death, the oxidized 
non-inflammatory isoform emerged (27). Studying different isoforms of HMGB1 
can help to elucidate the source of HMGB1 in SLE. For example, it is unclear 
whether HMGB1 in the kidneys, is derived from apoptotic cells or activated renal 
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and inflammatory cells or both. As the redox status of HMGB1 released from 
apoptotic cells is different from HMGB1 secreted from activated cells (19), tandem 
mass spectrometry could be used to investigate these differences.

Another mechanism by which locally released HMGB1 can contribute to 
inflammation is by inducing cell death directly. In cancer research it has been 
demonstrated that excessive extracellular accumulation of HMGB1 is toxic to cells 
and causes cell death (28). Furthermore, tumor cells triggered by pro-apoptotic 
agents are sensitive to HMGB1-induced cell death characterized by the formation 
of giant mitochondria (29,30) although the exact mechanisms underlying the 
increased sensitivity of tumor cells to HMGB1 induced cell death are currently 
unknown. However, these studies indicate that under specific circumstances, 
HMGB1 may increase cell death, which might lead to further accumulation of 
necrotic material in SLE although so far this has not been studied.

cHapTEr 4: auTo-anTIBoDIES To HMGB1 aS a MarKEr 
of DISEaSE? 

As mentioned above, HMGB1 is considered an important pro-inflammatory 
mediator in the pathogenesis of SLE and a potential biomarker of disease activity. 
Interestingly, a number of studies have also demonstrated the occurrence of auto-
antibodies against HMGB1 in SLE (6,14,15,31). In a previous study from our group, 
a relation was found with disease activity as anti-HMGB1 levels, albeit weakly, 
correlated with the SLE disease activity index (SLEDAI) and anti-dsDNA levels (6) 
which was confirmed in a recent Swedish study (31). In this chapter we investigated 
the clinical relevance of auto-antibodies against HMGB1 in SLE further as well as the 
specific reactivity to Box A and Box B, which are the major domains of the HMGB1 
molecule. Anti-HMGB1 levels were measured in a newly established patient cohort 
and, in line with previous studies, we found that anti-HMGB1 antibody levels in 
SLE were increased compared to HC. However, no correlation was found between 
variables of disease activity and IgG anti-HMGB1 levels. Also, associations with 
organ involvement, as defined by ACR criteria, were inconsistent. Patients with 
neurological disorders had lower levels of anti-HMGB1 whereas patients with 
arthritis had higher levels of anti-HMGB1 but no relation with disease activity, 
serum complement C3 levels or anti-dsDNA antibodies was observed. 

The reasons for these apparent discrepancies between the present and previous 
studies are unclear but may be explained by differences in the SLE patient cohorts 
studied and the assay system used to detect anti-HMGB1 antibodies. In the anti-
HMGB1 assay presented in this chapter care was taken to correct for unspecific 
binding and data were expressed as arbitrary units against a reference serum 
sample from a SLE patient with high anti-HMGB1 IgG levels. 
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In conclusion, based on the data presented in this chapter, we confirm that 

levels of anti-HMGB1 are elevated in SLE but measuring these levels does not 

constitute a reliable indicator for disease activity. In contrast to total anti-HMGB1 

levels, antibody levels specifically directed to the Box A domain did show a 

positive correlation with disease activity and demonstrated a high sensitivity 

for SLE. Therefore, anti-Box A antibody levels might be a better biomarker 

compared to total anti-HMGB1. However, these results clearly need to be 

confirmed in larger and, preferably,  independent cohorts of SLE patients 

which also should include disease controls to determine whether anti-Box A 

antibodies are specific for SLE. Additionally, longitudinal studies are needed to 

investigate whether anti-Box A levels might be a novel marker for active disease 

in individual patients.

Limitations

In our study we did not investigate whether anti-HMGB1-HMGB1 complexes were 

present in the serum of SLE patients. Potentially, such complexes can interfere with 

the detection of anti-HMGB1 antibodies. To explore this hypothesis, a competition 

ELISA system could be used in which increasing concentrations of recombinant 

HMGB1 are added to serum in which high levels of anti-HMGB1 antibodies 

are present. 

Future perspectives

As mentioned previously, in SLE patients circulating HMGB1 levels are also 

increased. At present, it is not clear whether an increase in HMGB1 levels 

precedes an increase in anti-HMGB1 levels or whether these changes occur in 

parallel. Theoretically, increased levels of the autoantigen HMGB1 could stimulate 

the formation of anti-HMGB1 antibodies. To further investigate this, longitudinal 

studies in which HMGB1 and anti-HMGB1 are measured concurrently in the same 

patient could performed. This may give insight into whether HMGB1 and anti-

HMGB1 levels change over time in a similar pattern. 

As we observed a relation between disease activity and anti-Box A antibodies, 

further investigations should focus on why specifically anti-Box A levels are 

increased during active disease and whether this might interfere with the cytokine 

inducing properties of HMGB1. In this respect, more detailed mapping of the 

epitopes recognized by the anti-HMGB1 autoantibodies may be helpful to reveal 

whether epitope specificities exist that potentially impact the disease course. 

Until now only one study has investigated anti-HMGB1 autoantibody epitopes in 

SLE showing that in SLE patients antibodies are predominantly directed against  

Box A (15). 
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cHapTEr 5: HMGB1 aS a TarGET for InTErVEnTIon, 
a rEVIEw 

Although the exact role of endogenously formed anti-HMGB1 antibodies in the 
pathogenesis of SLE still needs more clarification, data from animal studies indicate 
that treatment with monoclonal or polyclonal anti-HMGB1 antibodies can ameliorate 
disease development in various models of inflammation and autoimmunity (32-35). 

In a broader perspective, it is interesting to note that there are multiple ways 
to achieve inhibition of HMGB1. One example is glycyrrhizin, a traditional herbal 
medicine which can bind directly to HMGB1 and thereby inhibit its chemoattractant 
activities (36). Treatment with glycyrrhizin has been shown to alleviate lupus 
nephritis in an activated lymphocyte derived (ALD)-DNA induced lupus mice model 
(37). However, a range of biological effects have been reported for glycyrrhizin, 
including anti-inflammatory, anti-ulcerative, cytoprotective and cytotoxic activities 
(36,38). Therefore, it is unlikely that glycyrrhizin exerts its beneficial effects solely via 
blocking of HMGB1. Another approach to block HMGB1 mediated effects is using 
recombinant Box A, which acts as a competitive antagonist for HMGB1 binding to its 
receptor RAGE. Treatment with Box A has shown beneficial effects in mouse models 
of sepsis (39) and arthritis (32,40). Soluble RAGE (sRAGE) is another therapeutic 
option which can be explored since it has been demonstrated that sRAGE can 
bind uncomplexed HMGB1 in serum (41). Furthermore, it has been shown that 
sRAGE levels are decreased in SLE compared to HC (42-44). Indeed, treatment with 
sRAGE significantly improved proteinuria and renal damage, reduced glomerular 
immune complex deposition and serum concentrations of lupus nephritis–related 
auto-antibodies in NZBxNZW mice, a mouse strain that spontaneously develops a 
lupus like syndrome (45). However, in this study it is unclear whether treatment with 
sRAGE did indeed bind HMGB1, as HMGB1 levels were not measured. Moreover, 
RAGE has several other ligands, and it is therefore unclear whether the positive 
effects demonstrated in this study can be solely attributed to blocking HMGB1. 
Furthermore, deletion of RAGE in B6/lpr mice exacerbated lupus nephritis and 
the autoimmune lymphoproliferative syndrome (46), clearly indicating that more 
studies are required to evaluate whether blocking RAGE is a safe option in SLE 
patients. Finally, HMGB1 can be targeted by drugs which inhibit its translocation 
from the nucleus. These include for instance metformin, a known anti-diabetic 
drug (47), and compounds that inhibit the Calcium/calmodulin-dependent protein 
kinase (CaMK) IV pathway (48). Metformin has demonstrated promising effects 
in two mouse models of SLE, where it normalized T cell metabolism (49) and 
proved beneficial as an add-on therapy in SLE patients (50). Inhibition of CAMK IV 
reduced mortality in MRL/lpr mice and limited production of IL-17 (51). However, 
the role of HMGB1 was not investigated directly in these studies and it is unknown 

136



Su
m

m
a

r
y, d

iSc
u

SSio
n

 a
n

d
 fu

tu
r

e per
Spec

tiv
e

S

8

whether inhibition of translocation of HMGB1 from the nucleus contributed to the 
positive effects observed. It must be noted that HMGB1 has cytosolic functions, 
thus by inhibiting translocation not only extracellular release of HMGB1 will be 
affected. It has recently been discovered that HMGB1 plays an important role 
in the promotion of autophagy (52), a conserved programmed survival pathway 
evoked following environmental and intracellular stress, while inhibiting apoptosis 
(52,53). Several lines of evidence point towards an increase in autophagy in SLE as 
well (54-58). Given the link between cytosolic HMGB1 and increased autophagy 
(52,53), this suggests that retention of HMGB1 in the nucleus might be beneficial in 
SLE. However, the absence of cytosolic HMGB1 has also been associated with an 
increase in apoptosis (52,53), and as the load of apoptotic debris is already elevated 
in SLE caution should be taken to deplete HMGB1 in the cytosol. 

cHapTEr 6: nEuTraLIZInG HMGB1 In MrL/Lpr MIcE

Although there is indirect evidence that inhibition of HMGB1 might be beneficial 
in SLE, only few studies have directly addressed this topic. Therefore, in this 
chapter, we tested the hypothesis that lupus nephritis and disease progression 
in lupus prone mice is ameliorated by anti-HMGB1 monoclonal antibodies 
that neutralize HMGB1. In this study, MRL/lpr mice, which develop a SLE-like, 
systemic autoimmune disease with lymphadenopathy, auto-antibody production, 
complement activation and glomerulonephritis, were treated with monoclonal anti-
HMGB1 (2G7) or isotype control antibodies. The anti-HMGB1 monoclonal antibody 
2G7 has been extensively characterized previously with respect to its HMGB1 
neutralizing activity in cell culture assays, of both human and mouse macrophages, 
and in animal models of HMGB1-mediated damage, such as sepsis (17,39,59-63). 
Moreover, the 2G7 anti-HMGB1 mAb has been shown to specifically neutralize 
the cytokine isoform of HMGB1 (17). Contrary to our expectations, intraperitoneal 
administration of anti-HMGB1 2G7 to lupus-prone MRL/lpr mice (50 µg/mouse 
twice weekly during 10 weeks) did not ameliorate glomerulonephritis. Also, no 
differences were observed with respect to circulating levels of complement C3, 
anti-dsDNA antibodies and pro-inflammatory cytokines between mice treated with 
control antibody or mice treated with mAb 2G7 at any time point. Interestingly, it 
has been reported that  MRL/lpr mice deficient for either TLR2 or TLR4  develop  
glomerulonephritis to a similar extent as wildtype MRL/lpr mice (64). As both 
TLR2 and TLR4 are known receptors for HMGB1, this could potentially explain our 
negative findings. However, as HMGB1 can also signal through TRL9 or RAGE, this 
only indicates that HMGB1 – TLR2/4 signaling might not be important in disease 
development in  MRL/lpr mice. Clearly, further studies are needed to validate our 
results in other mouse models of SLE.
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Limitations

One explanation for these negative results might be that in this chronic mouse 
model disease develops gradually and that HMGB1 most likely represents only 
one of many pro-inflammatory factors which can activate the immune system and 
cause damage. Another explanation might be that with systemic administration of 
an antibody only circulating HMGB1 is targeted. HMGB1 staining in the kidneys of 
our mice indicated local release of HMGB1 as extracellular presence of HMGB1 was 
observed. Furthermore, activated lymphocytes can secrete HMGB1, and high levels 
of HMGB1 can be present locally in spleen and lymph nodes. This locally released 
HMGB1 might not be efficiently targeted by the intraperitoneally administered 
monoclonal anti-HMGB1 antibodies although previous studies in BXSB lupus mice 
and a sepsis model have clearly shown a beneficial effect of anti-HMGB1 antibody 
treatment despite development of splenomegaly (60,65). 

Although MRL/lpr mice are considered a robust model for lupus nephritis, the 
pathogenic process is largely dependent on the accumulation of autoreactive 
CD4 T cells and B cells due to the defect in apoptosis (66). As shown in chapter 3, 
HMGB1 plays a role in the pathogenesis of SLE by decreasing phagocytosis and 
therefore it might be an interesting option to choose a mouse model in which 
altered phagocytosis is known to play a role. For example, mice lacking C1q or 
Milk fat globule-EGF factor 8 protein (MFGE8) develop lupus like syndromes due 
to defects in phagocytosis, which might resemble the pathogenic process of SLE 
more accurately (67). 

Future perspectives

Another approach to investigate the role of HMGB1 in SLE is to use mouse 
models with tissue or cell specific ablation of HMGB1. Full HMGB1 knock-out 
mice die within 24 hours after birth due to severe hypoglycemia, but fibroblast 
cell lines derived from these mice can proliferate and survive indicating that 
these effects might be cell specific (68). Recently, Hmgb1-floxed (Hmgb1f/f) 
mice have been generated that enable the cell- and tissue-specific deletion of 
the gene when crossed with an appropriate Cre recombinase transgenic strain 
(53,69,70). As HMGB1 is an important mediator for many different immune cells 
(71), it might be worthwhile to investigate whether mice which are deficient 
for HMGB1 in the hematopoietic compartment are protected against SLE. 
It could also be interesting to generate mice in which specific immune cells, 
such as macrophages, are made deficient for HMGB1. These mice can then be 
backcrossed with mouse strains that spontaneously develop chronic SLE or be 
used in models in which lupus nephritis is induced by for instance injection of 
pristine (66) or ALD-DNA (72). 
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cHapTEr 7: HMGB1 anD IL-17 

Studies have indicated that IL-17 plays a role in SLE pathogenesis and blocking 
IL-17A exerted positive effects in mouse models of SLE (73-76). Although a role 
for IL-17A in SLE has been suggested, the role of other IL-17A family members in 
SLE has not been directly studied in mice. Since the IL-17RA subunit is a common 
receptor unit for most if not all IL-17 family members (77), this chapter investigated 
the role of IL-17 receptor A (RA) signaling in the pathogenesis of SLE. Recently, 
several studies reported possible links between IL-17 and HMGB1 (78-80) and it 
has been demonstrated that blocking HMGB1 in animal models leads to a decrease 
in IL-17 levels in serum and bronchoalveolar lavage fluid (81,82). It is thought that 
HMGB1 can induce production of IL-17 through TLR2-IL-23 (79,83) or TLR4-IL-6 
(80) interactions. We crossed B6/lpr mice with IL17RA KO mice to investigate the 
role of IL17RA signaling in SLE. The results show that IL-17 signaling might limit 
lymphoproliferation as IL17RA KO/lpr mice showed increased lymphadenopathy and 
splenomegaly. In contrast, there was no change in ANA titers and in both IL17RA 
KO/lpr and B6/lpr mice no development of glomeronephritis was seen. A significant 
increase in HMGB1 and anti-HMGB1 antibodies was noted before clinical signs of 
lymphoproliferative disease were observed. One explanation for the increased 
HMGB1 levels might be that these reflect the lymphadenopathy/splenomegaly seen 
in IL17RA KO/lpr mice as activated lymphoid cells can actively secrete HMGB1 (71). 

At 30 weeks of age the IL17RA KO/lpr mice displayed high levels of anti-HMGB1 
antibodies, which were comparable to levels observed in untreated MRL/lpr mice 
at 17 weeks as described in chapter 6. Interestingly, the increased levels of anti-
HMGB1 antibodies did not seem to have an effect on SLE features in IL17RA KO/
lpr, although it should be noted that the SLE phenotype is milder in B6/lpr mice 
compared to MRL/lpr mice (66,84) making it difficult to draw direct parallels 
between the studies. Also, in chapter 4, no correlations between circulating levels 
of anti-HMGB1 antibodies and clinical parameters in SLE patients were found. 

Limitations

Noticeably, the high levels of HMGB1 detected in the IL17RA KO/lpr and B6/lpr 
mice were not related to ANA titers. Previous studies have suggested that HMGB1, 
present in immune complexes, can contribute to ANA, and specifically anti-dsDNA, 
formation (24,85). It has been demonstrated that the presence of HMGB1 in these 
complexes is required for induction of anti-dsDNA antibodies (24). As we did not 
measure immune complex formation and the presence of HMGB1 therein, it is 
difficult to draw firm conclusions at this stage. However, it can be concluded that an 
increase in HMGB1 per se does not directly lead to an increase in ANA, indicating 
that other factors are needed as well. 
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Future perspectives

To investigate whether the lymphadenopathy and splenomegaly in IL17RA KO/lpr is 
due to an increase in lymphoproliferation or decrease in apoptosis further studies 
are needed. For instance, T cells from the lymph nodes of IL17RA KO/lpr mice and 
B6/lpr mice could be isolated and stimulated ex vivo with anti-CD3 and anti-CD28. 
Afterwards, cells can be labeled with carboxyfluorescein succinimidyl ester (CFSE) 
to measure proliferation, or Annexin 5 and propidium iodide (PI) staining can be 
used to measure apoptosis. To investigate whether HMGB1 contributes to increased 
lympoproliferation, recombinant HMGB1 could be added to these cultures. 

Furthermore, more studies are required to investigate the mechanism behind 
the increased HMGB1 levels observed and the possible existence of a negative 
feedback loop between IL-17RA signaling and HMGB1. As has been proposed in 
the literature, HMGB1 release is most likely upstream from IL-17 signaling (78-80). 
Therefore, it might be interesting to block HMGB1 in (young) IL17RA KO/lpr mice 
to investigate effects on IL-17 levels in the absence of IL-17 RA signaling. To further 
investigate whether IL-17RA signaling itself has an effect on HMGB1 levels, IL-17 can 
be added or blocked in cell cultures from lymph nodes of B6/lpr mice. Although 
such experiments may not give direct evidence towards the existence of a negative 
feedback loop they may provide first clues.

concLuDInG rEMarKS

In summary, the results in this thesis provide further evidence that HMGB1 is 
involved in SLE pathogenesis. In particular, it was demonstrated that HMGB1 
contributes to the impaired phagocytosis capacity of macrophages, as seen in 
SLE, by interfering with recognition of apoptotic cells as well as by influencing 
the macrophage itself. As such, HMGB1 can be considered an important factor 
in sustaining the auto-inflammatory processes in SLE. However, treatment with 
a neutralizing monoclonal anti-HMGB1 antibody does not inhibit development 
or affect progression of lupus nephritis in MRL/lpr mice but further studies are 
warranted in other mouse models of SLE to validate these results. Finally, in SLE 
patients, auto-antibodies against total HMGB1 do not seem a useful indicator 
for disease activity. These observations suggest that anti-HMGB1 antibodies 
do not directly affect the disease process but develop as a bystander effect of 
the immunological aberrations and severe inflammation seen in SLE. However, 
antibodies directed against the Box A domain of HMGB1 might be a promising 
new biomarker. Further research should focus on delineating the kinetics, cellular 
location and redox status of HMGB1 in SLE and a more detailed analysis of the 
epitope specificities of the anti-HMGB1 autoantibodies. 
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In dit proefschrift is de betrokkenheid van High Mobility Group Box 1 (HMGB1) 
in het auto-inflammatoire proces in Systemische Lupus Erythematodes (SLE) 
onderzocht. De doelstelling van dit proefschrift en een korte uitleg over SLE en 
HMGB1 wordt beschreven in hoofdstuk één. Een overzicht van de huidige literatuur 
over de rol van HMGB1 in SLE wordt in hoofdstuk twee besproken, waarbij de 
potentiële bijdrage van HMGB1 in de verschillende ontwikkelingsstadia van  SLE 
wordt bediscussieerd. In de daarop volgende hoofdstukken worden verschillende 
experimentele studies over de rol van HMGB1 in SLE beschreven.

acHTErGronD 

Algemene beschrijving van afweersysteem en processen 

Onder normale omstandigheden beschermt het afweersysteem ons tegen 
lichaamsvreemde indringers zoals bacteriën en virussen. Hiervoor kan het lichaam 
verschillende soorten cellen en stoffen gebruiken. Zo gebruikt ons lichaam 
bijvoorbeeld antistoffen om ziekteverwerkers te vernietigen. Antistoffen zijn 
eiwitten, die ons lichaam maakt als reactie op lichaamsvreemde stoffen en in ons 
bloed voorkomen. 

In sommige gevallen valt het lichaam zichzelf aan, dus de gezonde cellen, in 
plaats van ziekteverwerkers omdat het lichaamseigen cellen als lichaamsvreemd 
ziet. Deze afweerreactie wordt een auto-immuunreactie genoemd en hierbij zijn de 
antistoffen tegen eigen cellen of weefsels gericht. SLE is een auto-immuunziekte, 
waarbij er antistoffen gericht tegen lichaamseigen bestandsdelen in het bloed 
van patiënten aan te tonen is. Deze antistoffen worden auto-antistoffen genoemd.

Bij de aanleg en ontwikkeling van ons immuunsysteem is apoptose een 
belangrijk proces. Apoptose is een vorm van geprogrammeerde celdood. 
In bijvoorbeeld de embryonale ontwikkeling zorgt apoptose ervoor dat niet 
noodzakelijke of ongewenste weefsels verdwijnen. Een voorbeeld hiervan zijn de 
zwemvliezen, die bij mensen in aanleg aanwezig zijn, maar tijdens de ontwikkeling 
van het embryo verdwijnen. Een cel die apoptose ondergaat, krimpt, zakt ineen 
en de restjes worden verpakt in blaasjes. De celinhoud komt daarom niet vrij in de 
omgeving. Deze apoptotische cellen moeten snel worden opgeruimd, voordat er 
een ontstekingsreactie ontstaat. Stervende cellen worden opgeruimd (fagocytose) 
door gespecialiseerde cellen, ook wel fagocyten genoemd. De grootste groep 
fagocyten zijn macrofagen. Deze macrofagen ontstaan uit een groep witte 
bloedcellen die monocyten heten. Macrofagen ‘patrouilleren’ in de weefsels, waar 
ze niet alleen dode cellen, maar ook bacteriën en virussen opruimen. 
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HoofDSTuK 1 En 2: SySTEMIScHE LupuS EryTHEMaToDES 
(SLE) 

SLE is een zeldzame auto-immuunziekte en wordt gekenmerkt door een 
ontstekingsproces dat overal in het lichaam kan optreden. Het is een chronische 
ziekte, die niet kan worden genezen. Vrouwen krijgen de ziekte negen keer vaker 
dan mannen. SLE begint in meer dan de helft van de gevallen tussen de 16 een 55 
jaar. Verschillende factoren kunnen bijdragen tot het ontwikkelen van SLE, maar 
de precieze oorzaak is tot op heden nog onbekend. Diverse genetische factoren 
kunnen de kans op SLE bevorderen. Het is onwaarschijnlijk dat al deze factoren 
worden overgeërfd, SLE is daarom geen erfelijke ziekte. Als een familielid SLE heeft, 
is de kans op het ontstaan van de ziekte wel groter dan als niemand in de familie 
SLE heeft. Verder spelen omgevingsfactoren, zoals bijvoorbeeld blootstelling aan 
UV straling (zonlicht) een rol in het ontstaan van de ziekte. Tenslotte is bekend dat 
hormonale factoren kunnen bijdragen aan het ontstaan van de ziekte. Vrouwelijke 
hormonen bevorderen de ziekte terwijl mannelijke hormonen juist bescherming 
lijken te bieden. 

Doordat SLE zowat elk orgaan in het lichaam kan aantasten, kent het veel 
verschillende uitingsvormen. Gewrichtsklachten, huidafwijkingen, spierpijnen en 
algemene vermoeidheid behoren tot de meest voorkomende klachten. Daarnaast 
kunnen patiënten met SLE ook last hebben van hun hart of longen of van een 
nierontsteking. Niet alle symptomen komen voor bij iedere patiënt en meestal 
blijft het beperkt tot enkele klachten. De verscheidend aan symptomen kunnen 
de diagnose SLE bij een patiënt bemoeilijken. Er zijn daarom meerdere parallelle 
onderzoeken nodig om met zekerheid te kunnen zeggen of iemand SLE heeft. De 
klachten van de patiënt gecombineerd met de bevindingen bij lichamelijk- en gericht 
laboratorium onderzoek, eventueel aangevuld met röntgen- en weefselonderzoek 
(biopt) kunnen tot de diagnose SLE leiden. Bij meer dan 95% van de patiënten met 
SLE zijn er auto-antistoffen aanwezig, vooral antistoffen tegen dubbelstrengs DNA 
zijn specifiek voor SLE. De hoeveelheid anti-dsDNA antistoffen kan fluctueren in 
het bloed van SLE patiënten gelijktijdig met de ziekteactiviteit. 

Met leefregels en (tijdelijke) medicijnen zijn veel verschijnselen te 
onderdrukken. Meestal heeft SLE een op- en neergaand verloop. Opvlammingen, 
ook wel exacerbaties genoemd, worden afgewisseld met rustige periodes. De 
behandeling is er vooral op gericht om nieuwe opvlammingen en dus eventuele 
nieuwe schade, te voorkomen. De meeste patiënten worden behandeld met een 
combinatie van verschillende medicijnen, -afhankelijk van ziekteactiviteit- , die het 
immuunsysteem onderdrukken. Doordat SLE tegenwoordig goed te behandelen 
is, is de levensverwachting van patiënten praktisch gemiddeld. De zware vormen 
van SLE, die via ernstige ziekteactiviteit in hersenen of nieren tot de dood leiden 
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zijn uitzonderlijk geworden. Het zijn nu de complicaties (meestal infecties) of een 
te laat gestarte behandeling van een opvlamming die fataal kunnen zijn.

Men denkt dat bij SLE dat het opruimen apoptotische cellen afwijkend verloopt. 
Zo is er in het bloed van SLE patiënten een verhoogd aantal van deze apoptotische 
cellen gevonden. Daarnaast hebben dierproeven met ratten of muizen uitgewezen 
dat deze dieren spontaan SLE-achtige symptomen ontwikkelen,als je grote 
hoeveelheden apoptotische cellen in spuit. De toename van apoptotische cellen 
leidt uiteindelijk tot necrose. Bij necrose komt in tegenstelling tot apoptose 
de intracellulaire inhoud wel vrij en kan dit een ontsteking tot gevolg hebben. 
Deze ontstekingsreactie kan herkenning van lichaamseigen bestandsdelen 
teweegbrengen, dat weer productie van de eerder genoemde auto antistoffen 
tot gevolg kan hebben. Deze auto-antistoffen kunnen samen met het bestandsdeel 
waar ze tegen gericht zijn immuuncomplexen vormen. Deze complexen kunnen 
neerslaan in organen, zoals de nieren. Deze immuuncomplexen kunnen macrofagen 
activeren. Deze geactiveerde macrofagen zorgen voor productie van pro-
inflammatoire cytokines, met als uiteindelijke gevolg weefselbeschadiging.

HoofDSTuK 1 En 2: HIGH MoBILITy Group Box 1

HMGB1 is een eiwit dat voorkomt in elke celkern, waar het gebonden is aan DNA. 
Het belang van HMGB1 werd aangetoond door het feit dat muizen die het eiwit 
missen binnen 24 uur na de geboorte sterven. HMGB1 heeft verschillende functies 
afhankelijk van de locatie. HMGB1 kan buiten de cel komen, waar het door het 
immuunsysteem kan worden herkend en dan bijdraagt aan de ontwikkeling van een 
ontstekingsreactie. Uitscheiding van HMGB1 kan tijdens apoptose en necrose passief 
plaats vinden, maar ook actief via secretie door macrofagen of andere immuuncellen. 

Een aantal studies hebben aangetoond dat serum en urine niveaus van HMGB1 
zijn verhoogd bij SLE, en gerelateerd waren met de ziekte activiteit. Tenslotte zijn 
auto antilichamen tegen HMGB1 waargenomen. Gezamenlijk suggereren deze 
studies dat HMGB1 een belangrijke factor is in het ontstaan van SLE. Daarnaast 
is het mogelijk om HMGB1 spiegels met medicijnen te beïnvloeden. Dit biedt de 
mogelijkheid om te evalueren of beïnvloeding van spiegels HMGB1 een potentieel 
therapeutisch effect oplevert.

HoofDSTuK 3:  HMGB1 En HET EffEcT op MacrofaaG 
poLarISaTIE En faGocyToSE

In dit hoofdstuk hebben we onderzocht of de locaal verhoogde HMGB1 spiegels 
bij SLE patiënten,  kunnen leiden tot het ontstaan een meer pro-inflammatoir 
type macrofaag. Door de verhoogde aanwezigheid van apoptotische cellen bij 
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SLE patienten kunnen HMGB1 spiegels plaatselijk verhoogd zijn. Daarnaast is 
beschreven dat HMGB1 de fagocytose van apoptotische cellen door macrofagen 
kan verminderen. 

Wij hebben eerst monocyten uit het bloed van SLE patiënten vergeleken met 
die van gezonde controles. We namen waar dat de monocyten van SLE patiënten 
een meer pro-inflammatoire karakter hadden dan die van gezonde controles. 
Vervolgens hebben we deze monocyten opgekweekt tot macrofagen onder 
standaard omstandigheden. Macrofagen kunnen ruwweg worden onderverdeeld 
in twee populaties: de klassiek geactiveerd macrofaag (M1) en de alternatief 
geactiveerde macrofaag (M2). M1 macrofagen zijn meer pro-inflammatoir, terwijl 
de M2 macrofaag meer betrokken is bij vermindering van de ontstekingsreactie en 
wondheling. Daarnaast is de M2 macrofaag een betere fagocyt van apoptotische 
cellen. Wanneer we M1 en M2 macrofagen van SLE patiënten vergeleken met 
gezonde controles konden we geen verschillen aantonen. Vervolgens hebben 
we apoptotische cellen aan de macrofagen van zowel SLE patiënten als gezonde 
controles gegeven en fagocytose gemeten. Ook hier hebben we geen verschil 
gemeten tussen patiënten en gezonde controles. Dit lijkt aan te geven dat er geen 
verschil is tussen macrofagen zelf van SLE patiënten en gezonde controles, maar 
dat wellicht omgevingsfactoren het verschil maken. Daarom hebben we het effect 
van HMGB1, dat alleen aanwezig is in weefsels van SLE patiënten, onderzocht op 
zowel macrofagen zelf als hun capaciteit om te fagocyteren. Zodra M2 macrofagen 
worden bloot gesteld aan HMGB1 gaan ze pro-inflammatoire cytokines maken, 
die meer geassocieerd zijn met het M1 fenotype. Daarnaast gaat hun capaciteit 
van fagocytose achteruit. Vervolgens hebben we ook de apoptotische cel zelf 
blootgesteld aan HMGB1, en de fagocytose door macrofagen gemeten. Ook hier 
zagen we een verminderde fagocytose. Onze resultaten suggereren dat HMGB1, 
dat plaatselijk aanwezig is, een rol speelt bij het in stand houden (of initiëren) van 
de inflammatoire cascade. Dit kan specifiek voor SLE zijn, aangezien de klaring van 
apoptotische cellen een belangrijke rol in de ziekte speelt.

HoofDSTuK 4: auTo-anTISToffEn GErIcHT TEGEn 
HMGB1 aLS MarKEr Voor ZIEKTE

In dit hoofdstuk onderzochten we de klinische relevantie van auto-antistoffen 
tegen HMGB1 bij patiënten met SLE. In eerdere studies waren deze antistoffen 
al ontdekt bij patiënten met SLE, maar ook bij patiënten met andere reumatische 
aandoeningen. We hebben ook specifiek onderzocht of patiënten antistoffen 
maakten tegen verschillende gedeeltes van HMGB1. HMGB1 bestaat namelijk uit 
drie onderdelen, Box A, Box B en een staart. Wij vonden dat er in SLE patiënten 
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meer anti-HMGB1 antistoffen aanwezig waren, vergeleken met gezonde controles. 
Ook waren meer antistoffen gericht tegen Box A en Box B aanwezig. Patiënten die 
een opvlamming van de ziekte ervoeren hadden hogere spiegels van anti-Box A 
en anti-Box B. Vervolgens hebben we onderzocht of hogere (of lagere) spiegels 
van de auto-antistoffen gerelateerd waren aan specifieke orgaan betrokkenheid. 
We vonden bij patiënten met gewrichtsklachten vaak hogere spiegels anti-HMGB1, 
terwijl patiënten met neurologische klachten juist lagere spiegels van anti-HMGB1 
hadden. Het gebruik van medicijnen had geen invloed op de spiegels van anti-
HMGB1. Tot slot vonden we wel een relatie tussen anti-Box A antistoffen en anti-
dsDNA maar niet tussen anti-HMGB1 en anti-dsDNA. Concluderend kunnen we 
stellen dat anti-Box A wellicht een interessante marker is voor ziekteactiviteit in SLE.

HoofDSTuK 5 En 6: HMGB1 aLS poTEnTIEEL 
THErapEuTIScH TarGET

Hoofdstuk vijf beschrijft een overzicht van studies, waarin in verschillende 
diermodellen HMGB1 is geremd of weggevangen. Deze studies lieten een positief 
effect op ziekte en ziektebeloop zien als HMGB1 werd geremd. Aangezien HMGB1 
verhoogd is bij SLE patiënten veronderstelden wij dat het neutraliseren van HMGB1 
(met een anti-HMGB1 antilichaam) een positief effect op de ziekte zou hebben in 
SLE muizen. 

Wij hebben in hoofdstuk zes gebruik gemaakt van de MRL/lpr muis. Deze 
muizen ontwikkelen spontaan SLE-achtige verschijnselen, met onder andere auto-
antistoffen en immuuncomplexen. Daarnaast is een belangrijk kenmerk van de 
MRL/lpr muis dat ze glomerulonephritis ontwikkelen als ze ongeveer 15-17 weken 
oud zijn. Glomerulonephritis is een ontsteking van de glomeruli, een onderdeel 
van het filtratiesysteem van de nier. Dit is een zeer ernstige complicatie in SLE 
patiënten, en kan zelfs leiden tot overlijden van de patiënt.

Tegen onze verwachting in, hadden de injecties, met een anti-HMGB1 
antilichaam,  die wij twee maal per week aan de muizen gaven geen effect op 
de ziekte of ziektebeloop. We hebben verschillende ziekteparameters bepaald, 
waaronder anti-dsDNA antistoffen en verschillende spiegels van pro-inflammatoire 
cytokines in het bloed, op verschillende tijdspunten. Daarnaast hebben we 
albuminurie, als marker voor nierschade gemeten in de urine van de muizen. 
Albumine is een eiwit dat normaal gesproken voorkomt in het bloed, maar zodra 
er nierschade is, kan dit eiwit ook voorkomen in de urine. Wij vonden voor geen 
van deze parameters een verschil tussen onbehandelde en behandelde muizen. 
Door toediening van anti-HMGB1 in de buikholte heeft de behandeling wellicht 
alleen effect op HMGB1 in het bloed en niet in de weefsels. Dit zou kunnen 
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verklaren waarom er geen effect van de behandeling zichtbaar is. Vervolgstudies 
zouden andere manieren van HMGB1 remming kunnen onderzoeken, in andere 
muismodellen. 

HoofDSTuK 7: HMGB1 En IL-17

In hoofdstuk zeven bestudeerden wij het effect van de IL-17 receptor in SLE-
achtige muizen. Een receptor is een soort slot, waar de cytokine (de specifieke 
sleutel) in past. Zodra er binding is tussen de receptor en de cytokine start een 
signaal cascade in de cel. Afhankelijk van de receptor kan dit verschillende effecten 
hebben. IL-17 is recent beschreven als cytokine dat een belangrijke rol speelt bij 
auto-immuniteit. Er zijn verschillende aanwijzingen voor een pathogene rol van 
IL-17 in zowel patiënten als muismodellen van SLE. In ons onderzoek werd de 
receptor voor IL-17 uitgezet,- een zogenaamde knock out (IL17RAKO)-, in muizen 
die SLE ontwikkelen. Vervolgens hebben wij deze IL17RAKO muizen vergeleken 
met muizen, waarbij deze receptor nog wel functioneert. Wij vonden dat het 
uitzetten van de IL-17 receptor geen effect had op de SLE-achtige verschijnselen 
die deze muizen ontwikkelden. Deze muizen hadden wel een zeer grote toename 
van immuuncellen.

Interessant is dat deze IL17RAKO muizen wel veel hogere spiegels van HMGB1 
en antistoffen tegen HMGB1 hadden. Dit lijkt te suggereren dat HMGB1 bij het 
ontwikkelen van SLE-achtige verschijnselen geen belangrijke rol speelt in dit model. 

concLuSIES

Samenvattend kunnen wij (uit dit proefschrift) concluderen dat terwijl HMGB1 
betrokken lijkt te zijn bij het ontstaan van SLE, door de fagocytose van apoptotische 
cellen negatief te beïnvloeden. Neutralisatie van HMGB1 in het serum van muizen 
heeft geen effect op het verloop van de ziekte. Studies in andere muismodellen voor 
SLE zijn nodig om onze resultaten te bevestigen. Daarnaast lijken auto-antistoffen 
gericht  tegen HMGB1 geen goede marker voor ziekteactiviteit in patiënten met 
SLE. Antistoffen gericht tegen Box A zijn wellicht wel een interessante marker voor 
ziekteactiviteit. Verder onderzoek zal moeten uitwijzen welk mechanisme belangrijk 
is voor HMGB1 geïnduceerde ziekte in SLE. 
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