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ABSTRACT 21 

Background: High mobility group box 1 (HMGB1) is a nuclear protein released during cell 22 

stress and cell death, where it acts as an alarmin driving inflammatory signaling. HMGB1 and 23 

HMGB1-targeting autoantibodies are elevated in SLE sera and have been linked to disease 24 

activity. Yet, the epitope specificity of these autoantibodies remains unexplored. This is a 25 

notable gap, as the region an antibody targets may determine its functional effect by, for 26 

example, blocking receptor engagement or contributing to immune-complex formation. 27 

Aim: First, to determine the presence of HMGB1 autoantibodies and their epitope specificities 28 

in sera from patients with systemic lupus erythematosus (SLE) and for comparison in sera from 29 

healthy controls (HC). Secondly, to correlate defined specificities with different SLE features. 30 

 Methods: Sera from patients with SLE (n=210) and healthy controls (n=100) were screened 31 

by ELISA for HMGB1 autoantibodies using four recombinant HMGB1 variants: full-length, 32 

box A+B, A box, and B box. Top reactive samples were selected for high-resolution epitope 33 

mapping using a peptide microarray incorporating cyclic epitopes spanning the full HMGB1 34 

sequence (36 SLE, 10 HC). Clinical data for SLE patients were retrieved from the clinical lupus 35 

register KLURING. 36 

Results: Sera from SLE patients demonstrated higher anti-HMGB1 autoantibody reactivity 37 

compared with HC across all HMGB1 variants. Reactivity correlated weakly with disease 38 

duration but was not associated with age, SLEDAI-2K, SDI, complement levels, ANA status, 39 

or autoantibody profiles. 80% of patients reacted to multiple domains (168/210) as assessed by 40 

ELISA. Among selected high-reactivity sera, peptide mapping identified reactivity against 41 

Linker 2 together with B box/or C-terminal epitopes. No A box peptide met the positivity 42 

criteria. Linker 2 was recognised by 8/10 selected high-reactivity healthy controls. 43 

Conclusions: Our findings demonstrate increased and broad anti-HMGB1 reactivity in SLE 44 

and identify Linker 2 as an underappreciated immunodominant region for HMGB1 45 

autoantibodies in SLE and healthy controls. Epitope heterogeneity of HMGB1 autoantibodies 46 

may indicate the potential for pathogenic and protective autoantibody responses. However, 47 

functional studies are required to determine the biological consequences of autoantibody 48 

binding and their clinical relevance. 49 

KEYWORDS: HMGB1, alarmin, autoantibodies, systemic lupus erythematosus, epitope 50 

mapping 51 



 

 

INTRODUCTION 52 

Systemic lupus erythematosus (SLE) is a systemic autoimmune rheumatic disease (SARD) 53 

driven by a loss of tolerance to self-antigens, leading to a broad repertoire of autoantibodies 54 

against nuclear, cytoplasmic, and extracellular targets (1, 2). A recurring feature of this 55 

pathology is the release of damage-associated molecular patterns (DAMPs) from dying or 56 

activated cells, which sustain innate immune activation and perpetuate the inflammatory cycle 57 

(3). Among the DAMPs implicated in SLE, HMGB1 has attracted particular interest because 58 

of its reported role as an antigen (4, 5). 59 

HMGB1 is a conserved, ubiquitously expressed chromatin protein. In the nucleus, it stabilises 60 

nucleosomes and supports transcription, but during cellular stress such as hypoxia or oxidative 61 

stress, necrosis, or active secretion, it can enter the extracellular space. Extracellular HMGB1 62 

acts as a potent pro-inflammatory mediator through RAGE, TLR2, and TLR4 (6-8). The 63 

biological functions of HMGB1 are closely linked to its molecular structure. HMGB1 has two 64 

DNA-binding domains, the A box and the B box, joined by a short linker. A second linker sits 65 

between the B box and the acidic C-terminal tail. These regions have different functions: the 66 

B box mediates pro-inflammatory activity, while the A box can antagonise these effects. 67 

HMGB1 activity is further regulated by redox, with the disulfide form (S-S, SH) associated 68 

with the extracellular, inflammatory signaling most relevant to SLE (9).  69 

HMGB1 also connects directly to the broader autoantibody landscape of SLE. Anti-HMGB1 70 

autoantibodies were first reported in SLE and other autoimmune diseases, initiating interest in 71 

HMGB1 as an autoantigen (10, 11). Through its associations with nucleosomes on apoptotic 72 

cells and its ability to promote anti-dsDNA responses through TLR2, extracellular HMGB1 73 

may play a role in the development of autoreactive B-cell responses and autoantibody 74 

generation that characterize SLE (11, 12). Further, circulating HMGB1 is elevated in SLE and 75 

is positively associated with disease activity, marking it as a possible mediator and a candidate 76 

biomarker (5).  HMGB1 has also been shown to circulate in association with immunoglobulins, 77 

as IgG depletion sharply reduced measurable HMGB1 in serum (4), further supporting a 78 

relationship between extracellular HMGB1 and the humoral immune response.  79 

In a prior study from our group, comparing 188 patients with SLE with age-and sex-matched 80 

controls from the general population, anti-HMGB1 positivity was found in 23% of patients 81 

with SLE compared with approximately 5% of controls, demonstrating that these 82 



 

 

autoantibodies are more prevalent in SLE but can also occur in controls (13). Clinical 83 

associations of anti-HMGB1 autoantibodies, however, remain less clear. Levels of anti-84 

HMGB1 autoantibodies in SLE patient sera have been reported to correlate with SLEDAI (14), 85 

whereas associations with disease activity have not been consistent across cohorts. 86 

Given the distinct biological functions of the HMGB1 domains, the region targeted by an anti-87 

HMGB1 antibody may have functional consequences. Antibodies targeting either the A or B 88 

box could modulate HMGB1-mediated inflammatory signaling. Epitope location, in other 89 

words, may carry functional consequences (15, 16). This makes the specificity of the anti-90 

HMGB1 response, rather than its presence alone, particularly relevant.  91 

Structured epitope mapping identified A box as the dominant target of anti-HMGB1 92 

autoantibodies found in sera from SLE patients (15). Additionally, reactivity of sera toward the 93 

linker region distinguished SLE from polymyositis/dermatomyositis (14). Another 94 

investigation confirmed and extended the A box pattern, linking A box reactivity to active 95 

disease and to anti-dsDNA autoantibody levels (17). The A box was not the only target, 96 

however. Antibodies to the B box were detectable in a substantial minority of patients and 97 

correlated with A box reactivity (16). Additional epitopes, including the linker, were 98 

recognized alongside the A box (15). The dominance of the A box is therefore relative, not 99 

exclusive. The acidic C-terminal tail was not examined in neither study. 100 

Taken together, these studies established anti-HMGB1 antibodies as a recurring feature of SLE 101 

serology. But their presence alone is not disease-defining, since low-level reactivity also occurs 102 

in healthy individuals. This shifts the relevant question away from mere presence, toward how 103 

much antibody is produced and, above all, where it binds. Despite previous evidence of A box 104 

and linker-region reactivity, the fine epitope specificity of the anti-HMGB1 response remains 105 

poorly defined.  In particular, the linker-region reactivity reported by Hayashi et al., which may 106 

correspond to the linker between the B box and the acidic tail, was never followed up (14).  107 

Previous studies have predominantly examined reactivity using whole HMGB1 or larger 108 

protein regions, leaving short linear epitopes unresolved. Peptide-level mapping of anti-109 

HMGB1 reactivity in SLE therefore remains limited. This gap is timely: the ongoing 110 

DYSALARM-322 trial (NCT05193591) is investigating the functional impact of anti-HMGB1 111 

antibodies purified from SLE sera, yet their epitope targets are unknown. As functional work 112 

increasingly depends on purified autoantibodies, resolving where they bind becomes essential.  113 



 

 

This study aimed to characterise anti-HMGB1 autoantibody responses in SLE at both domain 114 

and peptide-level resolution. Using an expanded cohort from the Clinical Lupus Register in 115 

Northeastern Gothia (Swedish acronym ‘KLURING’), we combined recombinant HMGB1 116 

variants comprising full-length HMGB1, the A+B box, the A box and the B box with high-117 

resolution peptide microarray mapping. We then examined how reactivity patterns relate to 118 

clinical parameters.  119 

METHODS 120 

Sample cohorts 121 

Peripheral blood was collected and allowed to clot, after which serum was separated and stored 122 

at -80oC until further analysis. Serum samples were obtained from SLE patients (n = 210) 123 

recruited through the prospective follow-up program “KLURING” (Clinical Lupus Register in 124 

Northeastern Gothia) at Linköping University Hospital, Sweden (18), and from Healthy donor 125 

controls (HC, n = 100) collected from the blood bank at Haukeland University Hospital, 126 

Bergen, Norway. All SLE patients fulfilled the 1982 American College of Rheumatology 127 

(ACR-82) (19) and /or the 2012 Systemic Lupus International Collaborating Clinics 128 

classification criteria (SLICC-22) (20). Disease activity and organ damage were evaluated 129 

using the SLE Disease Activity Index 2000 (SLEDAI-2K) and the SLICC/ACR Damage Index 130 

(SDI) (21, 22). Active disease was defined as SLEDAI-2K ≥ 5, in line with widely accepted 131 

criteria (23). The SLE cohort was further stratified by disease duration into early/recent-onset 132 

(≤ 2 years; n = 96) and established (≥ 8 years; n = 114) disease. Characteristics of all 133 

participants (SLE and HC) are summarized in Table 1.  134 

 135 

Table 1. Demographic, clinical, and treatment characteristics of the SLE cohort and healthy controls. Data 136 
are shown for 210 patients with SLE and 100 HC. Continuous variables are presented as median (interquartile 137 
range) [range]; categorical variables as number (percentage). Percentages are calculated within each group. 138 
Disease characteristics, laboratory markers, and treatments were assessed in the SLE cohort only and are not 139 
applicable to healthy controls (blank cells). Active disease was defined as SLEDAI-2K ≥ 5. ANA, antinuclear 140 
antibodies determined by indirect immunofluorescence (IF); C3 and C4, complement components 3 and 4; CRP, 141 
C-reactive protein. Patients could receive more than one treatment, so treatment categories are not mutually 142 
exclusive. 143 
  SLE (n =210) HC (n =100) 

Demographics 

Female/Male, n (%)  179 (85.2%) / 31(14.8%) 92 (92.0%) / 8(8.0%) 

Age, median (IQR), [range] years 49 (36-66), [18-90] 64 (58-68), [25-78] 

Disease Characteristics/variables 



 

 

SLE duration (years), median (IQR), 

[range]  

10 (1-18), [0-54]   

SLEDAI-2K, score, median (IQR), 

[range]  

2 (0-4) [0-24]   

Active disease (SLEDAI-2K ≥ 5),  

n (%) 

45 (21.4%)   

Positive/negative IF-ANA  

at sampling, n (%) 

180 (85.7%) / 30 (14.3%)   

SLICC/ACR damage index (SDI), 

score 

0 (0-2) [0-7]   

Laboratory markers/ variables 

C3, median (IQR) [range], g/L 0.97 (0.85-1.20) [0.38-2.40]   

C4, median (IQR) [range], g/L 0.17 (0.12-0.24) [0.02-0.83]   

CRP, median (IQR) [range], mg/L 9.96 (5.5-19.0) [0.17-63.0]    

Clinical phenotypes (ACR-82 definitions) 

1. Malar rash, n (%) 81 (38.6%)  

2. Discoid rash, n (%) 34 (16.2%)  

3. Photosensitivity, n (%) 98 (46.7%)  

4. Oral ulcers, n (%) 24 (11.4%)  

5. Arthritis, n (%) 153 (72.9%)  

6. Serositis, n (%) 76 (36.2%)  

7. Renal disorder, n (%) 60 (28.6%)  

8. Neurological disorder, n (%) 14 (6.7%)  

9. Hematological disorder, n (%) 133 (63.3%)  

10. Immunological disorder, n (%) 130 (61.9%)  

11. ANA, n (%) 205 (97.6%)  

Treatments 

Hydroxychloroquine (HCQ), n (%) 140 (66.7%)   

Corticosteroids, n (%) 138 (65.7%)   

Mycophenolate mofetil (MMF), n (%) 23 (11.0%)   

Rituximab, n (%) 10 (4.8%)   



 

 

Methotrexate, n (%) 13 (6.2%)   

Azathioprine, n (%) 6 (2.9%)   

Sirolimus, n (%) 4 (1.9%)   

Belimumab, n (%) 3 (1.4%)   

Cyclophosphamide, n (%) 2 (1.0%)   

Untreated, n (%) 12 (5.7%) 
 

Other treatments reported in single patients included tacrolimus, cyclosporine, and chloroquine. 144 
 145 
Production of recombinant human HMGB1 variants 146 

Recombinant human HMGB1 (rhHMGB1) variants were produced to map serum antibody 147 

reactivity to defined regions of the protein. Four variants were generated: full-length HMGB1 148 

(M1 - E215), the A and B boxes without the acidic C-tail (M1 - R163), the A box alone (M1 - 149 

I79), and the B box alone (P95 - R163). 150 

Each variant was expressed in Escherichia coli BL21(DE3) R3 pRARE2 from a pNIC-Bio3 151 

expression vector, carrying an N-terminal His tag and C-terminal Avi tag, and was co-152 

expressed with BirA for site-specific biotinylation (24). Expression was induced by adding 0.5 153 

mM IPTG and 150 µM Biotin at 18°C for 16 hours.  The protein was purified from soluble cell 154 

extracts by immobilised metal affinity chromatography (IMAC) followed by size-exclusion 155 

chromatography (SEC) (25). The reducing agent TCEP 0.5 mM was present throughout the 156 

purification to maintain the variants in their reduced form. Purity was confirmed by SDS-157 

PAGE, and absence of DNA contamination in the recombinant protein preparations was 158 

verified by agarose gel electrophoresis (Fig. S1). The protein concentration was determined by 159 

absorbance at 280 nm (NanoDrop). 160 

 161 
In-house ELISA protocol 162 

In-house ELISAs using Full-Length HMGB1 (FL) (M1 - E215), the A+B box (M1 - R163), 163 

the A box (M1 - I79), and the B box (P95 - R163) were performed to detect the presence of 164 

anti-HMGB1 antibodies in serum and assess reactivity against the different HMGB1 variants. 165 

In brief, 50 μl per well of 1 μg/ml of each variant in PBS was incubated at 4°C overnight in 166 

Maxisorp polystyrene 96-well plates (Merck, #M9410-ICS). The plates were then washed with 167 

PBS-0.05%Tween and blocked with 100 µl/well for 1 hour of casein blocker in PBS (Thermo, 168 

#37582, 1% casein) 100 µl/well for 1 hour, then washed with PBS-Tween. 169 

 170 



 

 

Serum samples were diluted 1:50 in casein blocker in PBS with 0.05% Tween and added in 171 

duplicate (50 μl/well). A humanised anti-HMGB1 monoclonal antibody (clone 2G7) was used 172 

as a standard on the full-length HMGB1-coated plate, starting at 50 ng/ml and serially diluted 173 

two-fold in casein blocker in PBS with 0.05% Tween (50 µl/well, in duplicate) (26). Incubated 174 

for 2 hours at room temperature. The wells were washed 3 times with PBS-Tween and 175 

incubated with an HRP-conjugated rabbit anti-human IgG (Dako P0214, 1/6000 dilution) 176 

antibody for 30 min at room temperature. Plates were then washed 4 times with PBS-Tween 177 

before bound antibodies were detected using 3,3′,5,5′-tetramethylbenzidine 178 

dihydrochloride/hydrogen peroxide (TMB/H2O2). Incubated for 30 minutes in the dark. The 179 

reaction was stopped with 1 M sulphuric acid, 50 µl/well and the absorbance was measured at 180 

450 nm. SLE samples were analysed at Karolinska University Hospital using a SpectraMax 181 

microplate reader (Molecular Devices, USA), and HC samples were analysed at the University 182 

of Bergen using a Synergy H1 (BioTek, USA). To correct for inter-plate variability, OD values 183 

were normalized across plates using a reference standard concentration of 6.25 ng/ml. The plate 184 

whose standard OD value was closest to the median of all the plates was selected as the 185 

reference. A normalization factor (NF) was calculated for each plate by dividing the reference 186 

plate OD by the respective plate OD at 6.25 ng/ml (NF = OD6.25 reference plate/OD6.25 187 

respective plate). Final normalized OD values for both SLE and HC samples were obtained by 188 

multiplying each sample’s OD by the corresponding plate NF. 189 

 190 
Identifying antibody epitopes 191 

For conformational epitope mapping of antibodies in the selected high-positive serum samples 192 

from SLE (n = 36) and HC (n = 10), a custom cyclic constrained peptide microarray was 193 

designed using the full-length hHMGB1 sequence (UniProtID: P09429) (27) and produced by 194 

PEPperCHIP® Custom Peptide Microarray (PEPperPRINT GmbH, Heidelberg, Germany). 195 

The library consisted of 110 cyclic constrained peptides generated by N-to C-terminal thioether 196 

cyclization to mimic natural conformations. Peptides were 12 amino acids in length with a 10-197 

amino-acid overlap (2-amino-acid shift), covering the full protein sequence, and were printed 198 

in duplicate (220 spots total) directly on the chip using PEPperCHIP® laser printing 199 

technology.  200 

The assay to identify serum IgG reactivity against individual HMGB1 peptides was performed 201 

at SciLife Labs, Stockholm, Sweden. Each serum sample was incubated on a peptide 202 

microarray containing the overlapping HMGB1 peptides described above. Prior to sample 203 



 

 

incubation, the microarray was pre-stained with the goat anti-human IgG Fc DyLight 650 204 

secondary antibody alone to identify and subtract background interactions resulting from direct 205 

binding of the secondary antibody to peptides on the array. Serum samples were diluted 1:1000 206 

in staining buffer, and the microarray was blocked with Rockland blocking buffer (MB-070) 207 

for 30 minutes at room temperature. Samples were incubated overnight at 4oC on an orbital 208 

shaker. Following washing with PBS-Tween (0.05%), the microarray was incubated with a 209 

goat anti-human IgG Fc DyLight650 secondary antibody (1:1000) for 45 minutes at room 210 

temperature in the dark to detect serum-derived human IgG bound to the peptides. Influenza 211 

hemagglutinin (HA) and polio control peptides were included as positive controls on the 212 

microarray. HA control peptides were detected using a monoclonal mouse anti-HA (clone 213 

12CA5, Cy3, 1:2000), while polio control peptides served as controls for serum IgG binding 214 

and were detected by the goat anti-human IgG Fc DyLight650 secondary antibody. The 215 

microarray was washed, rinsed with 1 mM Tris buffer, and air-dried before scanning with an 216 

InnoScan 1100 microarray scanner (Innopsys). Sample signal (DyLight650) was detected 217 

using the 635 nm laser channel, with fluorescence intensities recorded as foreground median 218 

minus background median (F635 – B635). The HA positive control (Cy3) was detected using 219 

the 532nm laser channel. Non-binding scrambled peptides and control peptides were included 220 

to assess background signal and non-specific binding. 221 

 222 

Microarray analysis 223 

PEPperCHIP® microarray images were analyzed with MAPIX Software. Spots indicating 224 

peptide-antibody binding were detected based on spot diameter, background ring size, and 225 

signal threshold. For each serum sample, the fluorescence intensities were averaged for each 226 

HMGB1 peptide duplicate. A sample-specific positivity threshold was calculated as the mean 227 

fluorescence intensity of all HMGB1 peptides plus two standard deviations (mean + 2SD). 228 

Peptides with averaged fluorescence intensities above this threshold were considered reactive, 229 

and a minimum of two consecutive overlapping reactive peptides was required to define a 230 

reactive epitope region. Binding sites were categorized based on known HMGB1 receptor, 231 

nuclear localization signal (NLS), and DNA binding locations, and HMGB1 structural domains 232 

(A box, linker 1, B box, linker 2, and C-terminal acidic tail). 233 

 234 

 235 



 

 

Statistical analysis  236 

All analyses were performed in R (version 4.5.2, R Foundation for Statistical Computing, 237 

Vienna, Austria) (28). Anti-HMGB1 reactivity was expressed as normalised OD. As the 238 

reactivity values were non-normally distributed, non-parametric tests were used throughout, 239 

and continuous data were summarised as median and interquartile range (IQR). All tests were 240 

two-sided, and p<0.05 was considered significant. 241 

 Reactivity was compared between two groups (SLE versus healthy controls; ANA-positive 242 

versus ANA-negative) using the Mann-Whitney U test, and across more than two groups 243 

(serological subgroups and reactivity-pattern groups) using the Kruskal-Wallis test. 244 

Associations between reactivity and continuous clinical variables (age, disease duration, 245 

SLEDAI-2K, SDI, C3, C4) were assessed by Spearman’s rank correlation.  246 

To define reactivity of the SLE samples, cut-off values for each variant were defined using a 247 

healthy control- derived cut-off, set at the 75th percentile (full-length > 0.215, A+B box > 248 

0.104, A box > 0.072, B box > 0.047). A sample was scored positive for a variant when its 249 

normalised OD exceeded the corresponding cut-off. Patients were classified into five mutually 250 

exclusive groups based on reactivity to the isolated A box and B box domains: multiple 251 

domains (positive for both A box and B box), A box only, B box only, full-length only (negative 252 

for both isolated domains but positive for the full-length protein), and no reactivity (negative 253 

for all variants). Group assignment was based solely on reactivity to the isolated domains; 254 

therefore, patients classified as A box only or B box only could also be positive for the full-255 

length protein. As several groups were small (n ≤ 4), only the overall Kruskal-Wallis test is 256 

reported for group comparisons, and no pairwise post-hoc tests were performed. 257 

For the epitope mapping, high-reactivity samples were selected. Samples above the 75th 258 

percentile of the SLE cohort and samples above the 95th percentile of the control cohort were 259 

selected, yielding 36 SLE and 10 control samples. This selection restricts the analysis to 260 

samples that were positive for at least one antigen variant and therefore characterises epitope 261 

specificity rather than reactivity prevalence. 262 

 263 

 264 

 265 
 266 



 

 

RESULTS 267 
 268 

Anti-HMGB1 reactivity is elevated in SLE across full-length and domain-specific variants 269 

The domain organization of HMGB1 and the four recombinant variants used in this study are 270 

shown in Fig.1A and 1B. To determine whether concentrations and specificity of anti-HMGB1 271 

antibodies in serum from SLE patients and healthy donors differ, we measured the serum 272 

reactivity against four recombinant HMGB1 variants by ELISA: full-length HMGB1 (M1 - 273 

E215), the A+B box (M1 - R163), the isolated A box (M1 - I79), and B box (P95 - R163) using 274 

ELISA. 275 

Reactivity was significantly higher in serum from SLE patients (n = 210) than in HC (n = 100) 276 

for every variant (Mann-Whitney, all p < 0.0001). Median normalized OD values in SLE versus 277 

HC were 0.240 vs 0.077 (FL), 0.201 vs 0.030 (A+B box), 0.172 vs 0.017 (A box) and 0.200 vs 278 

0.007 (B box) (Fig. 1C-F). Healthy controls showed low but detectable reactivity across all 279 

variants, indicating a low baseline level of anti-HMGB1 antibodies. SLE samples displayed 280 

higher reactivity than HC, and similarly, reactivity was not confined to a single region, with 281 

sera reacting to the full-length protein and to each isolated domain, showing a broad, multi-282 

domain response rather than a single-domain specificity. The per-patient distribution of this 283 

reactivity, ordered by disease duration (for SLE) and by age (for HC), is shown in Fig. S2. 284 

Heatmaps display a subset of SLE patients showing elevated reactivity to all four HMGB1 285 

variants, which was more frequent among those with longer disease duration. No comparable 286 

gradient towards age was seen in controls. 287 



 

 

 288 
Figure 1. Serum reactivity is elevated in SLE patients across all HMGB1 variants. (A) Three-dimensional 289 
structure of full-length HMGB1 predicted by AlphaFold (UniProtID: P09429; model AF-P09429-F1-v6) and 290 
rendered in UCSF ChimeraX (v1.12), showing the A box, B box, Linker 1, and Linker 2. Colour indicates per-291 
residue model confidence (predicted Local Distance Difference Test - pLDDT): dark blue - very high, light blue 292 
- high, yellow - low, orange - very low. (B) Schematic representation of the four recombinant HMGB1 variants: 293 
full-length HMGB1 (M1 - E215), A+B box (M1 - R163), A box (M1 - I79), and B box (P95 - R163), showing the 294 
A box, Linker 1 (L1), B box, Linker 2 (L2), and C-terminal acidic tail. (C – F) Anti-HMGB1 reactivity 295 
(normalized OD) in SLE patients (n = 210, red) and healthy controls (HC) (n = 100, blue), measured by in-house 296 
ELISA against four recombinant HMGB1 variants. (C) full-length, (D) the A+B box, (E) A box, and (F) B box. 297 
Violin plots show the distribution of values; black points and error bars indicate the median and interquartile 298 
range, with median values annotated. Reactivity was significantly higher in SLE than in HC for all four variants 299 
(Mann-Whitney U test, ****p < 0.0001). 300 
 301 
 302 
Anti-HMGB1 reactivity is associated with disease duration but is independent of age, disease 303 

activity, and complement proteins 304 

To determine whether the magnitude of anti-HMGB1 reactivity related to clinical 305 

characteristics, we correlated normalized OD values for each variant with age, disease duration, 306 

SLEDAI-2K, SDI, and complement protein levels (C3, C4) using Spearman’s rank correlation.  307 

As indicated in the reactivity heatmaps, disease duration correlated with the reactivity (Fig. 308 

2A). A weak but significant positive correlation was present for all four variants (FL: rho = 309 

0.167, p = 0.016; A+B box: rho = 0.183, p = 0.008; A box: rho = 0.204, p = 0.003; B box: rho 310 

= 0.216, p = 0.002), indicating that anti-HMGB1 reactivity tends to increase with longer disease 311 

duration in accordance with the gradient seen in the duration-ordered heatmap (Fig. S2). 312 



 

 

As SLE and control cohorts were not age-matched, the association between age and HMGB1 313 

reactivity was examined. No significant correlations with age were observed for any HMGB1 314 

variant in either SLE patients (Fig. 2B) or in healthy controls (Fig. 2C). 315 

In contrast to disease duration, reactivity was independent of disease activity and organ 316 

damage. No variant correlated with SLEDAI-2K or SDI and was not associated with C3 or C4 317 

(Fig. S3). The full correlation structure is summarized in Fig. 2D, in which disease duration is 318 

the sole variable to reach significance across variants.  319 

 320 

321 
Figure 2. Disease duration, but not age, correlates with anti-HMGB1 reactivity. Spearman rank correlations 322 
between anti-HMGB1 reactivity (normalized OD) and clinical variables, for each of the four HMGB1 variants 323 
(full-length, A+B, A box and B box). Each point represents one individual; the line shows the linear fit with a 324 
95% confidence band; rho and p values are given per variant. In A and B, points are coloured by disease duration 325 
group (SLE) [orange - early disease ≤ 2 years, grey - established disease ≥ 8 years]. Correlation plot of SLE 326 
patients (n = 210): OD values/reactivity vs (A) disease duration and (B) age. (C) Healthy controls (n = 100): OD 327 
values/reactivity vs age, coloured by variant. (D) Spearman correlation matrix summarizing associations between 328 
the four variants and all clinical variables in SLE (disease duration, age, SLEDAI-2K, SDI, C3, C4); colour 329 
indicates the correlation coefficient (rho) and asterisks denote significance (*p < 0.05, **p < 0.01, ***p < 0.001) 330 

331 



 

 

Anti-HMGB1 reactivity is independent of the autoantibody profile  332 

Having found that anti-HMGB1 reactivity was independent of disease activity, we next 333 

examined whether it related to the patients’ autoantibody profile. We compared reactivity by 334 

ANA status and across different serological subgroups. Anti-HMGB1 reactivity did not differ 335 

between ANA-positive (n = 180) and ANA-negative (n = 30) patients for any variant (Mann-336 

Whitney, all p ≥ 0.26) (Fig. 3A). To determine whether reactivity was associated with any 337 

specificity, we stratified patients into six mutually exclusive groups (anti-dsDNA, ANA-338 

positive without defined specificity, seronegative, anti-SSA/Ro, anti-RNP/Sm and other). The 339 

reactivity was again comparable across all groups for every variant (Kruskal-Wallis, all p ≥ 340 

0.37) (Fig. 3B). We further examined reactivity according to ANA staining pattern and 341 

observed no significant differences between the different patterns for any of the four variants 342 

(Kruskal-Wallis, all p ≥ 0.55) (Fig. 3C). 343 

Notably, seronegative patients showed anti-HMGB1 reactivity comparable to that of antibody-344 

defined patients, indicating that anti-HMGB1 antibodies are not restricted to any particular 345 

autoantibody specificity.  346 

 347 
Figure 3. Anti-HMGB1 reactivity is independent of ANA status and autoantibody specificity in SLE. Anti-348 
HMGB1 reactivity (normalized OD) in SLE patients, shown for each of the four HMGB1 variants (full-length, 349 
A+B box, A box, B box). Data shown as box plots (median, interquartile range (IQR), 1.5×IQR whiskers) with 350 
individual patients overlaid as points. (A) Reactivity by ANA status: ANA- (n = 30) vs ANA+ (n = 180). 351 
Reactivity did not differ between groups for any variant (Mann-Whitney U test; p values shown per panel). (B) 352 
Reactivity across six mutually exclusive serological subgroups: anti-dsDNA (n = 85), ANA-positive without 353 
defined specificity (n = 52), seronegative (n = 15), anti-SSA/Ro (n = 42), anti-RNP/Sm (n = 14), and other (n = 354 
2). Reactivity did not differ across subgroups for any variant (Kruskal-Wallis test; p values shown per panel). (C) 355 
Reactivity across ANA staining patterns: Homogeneous (n = 120), Speckled (n = 45), and Other (n = 45). 356 



 

 

Reactivity did not differ across ANA staining patterns for any variant (Kruskal-Wallis test; p values shown per 357 
panel). 358 
 359 

Anti-HMGB1 reactivity spans multiple domains and broadens with disease duration 360 

Having found that HMGB1 serum reactivity was not associated with clinical disease activity 361 

or autoantibody profile, we next characterised the reactivity itself: its breadth across the 362 

HMGB1 domains and its relationship to disease duration. 363 

Each SLE patient was classified by comparing their normalized OD for each variant with the 364 

75th percentile of HC reactivity for that variant (full-length 0.215, A+B box 0.104, A box 365 

0.072, B box 0.047). Based on reactivity to the isolated A and B boxes, patients were classified 366 

into five mutually exclusive reactivity patterns: multi-domain (positive for both A box and B 367 

box, irrespective of full-length or A+B box reactivity), A box only, B box only, full-length 368 

only, and no reactivity. 369 

Most patients reacted to multiple domains (168/210, 80%). Single-domain reactivity was 370 

uncommon (B box only 9.0%, full-length only 1.9%, A box only 0.5%), and 8.6% showed no 371 

reactivity (Fig. 4A). The response therefore engaged more than one region of HMGB1 in most 372 

patients. Isolated A box reactivity was found in a single patient, which argues against the A 373 

box as a domain target in this cohort. 374 

Multi-domain and full-length-only reactors had longer disease duration (median ~11-12 years) 375 

than single-domain reactors (~1 year), though the difference across the five groups were not 376 

significant (Kruskal-Wallis, p = 0.105) (Fig. 4B). Disease activity showed no such relationship: 377 

SLEDAI-2K and C3 did not differ across groups (p = 0.847 and 0.342), whereas multi-domain 378 

reactors had higher SDI (p = 0.034) and lower C4 (p = 0.020) (Fig. S4). Together, these findings 379 

suggest that broader anti-HMGB1 reactivity may relate more closely to disease duration and 380 

accumulated damage than to current disease activity. 381 



 

 

382 
Figure 4. Most SLE patients target multiple HMGB1 domains, linked to disease duration. SLE patients (n 383 
= 210) were classified into five groups by comparing normalized OD for each variant against the 75th percentile 384 
HC cut-off for that variant (see Methods). (A) Number of patients in each reactivity group: multiple domains (n 385 
= 168), full-length only (n = 4), A box only (n = 1), B box only (n = 19), and no reactivity (n = 18). Values above 386 
bars show the percentage of the cohort. (B) Disease duration across reactivity groups. No significant difference 387 
between groups was observed (Kruskal-Wallis, p = 0.105). Data shown as box plots (median, interquartile range 388 
(IQR), 1.5×IQR whiskers) with individual patients overlaid as points.  389 
 390 
Anti-HMGB1 antibodies target the Linker 2 region of HMGB1 391 

The variant-based ELISA analysis showed that most patients mount a broad, multi-domain 392 

response. To map the response at peptide resolution, we used a cyclic constrained peptide 393 

microarray spanning the full HMGB1 sequence, tested on 36 SLE patients and 10 healthy 394 

controls selected for high reactivity (SLE above the 75th percentile of SLE reactivity, controls 395 

above the 95th percentile of control reactivity) (Fig. S5). The three-dimensional structure of 396 

the full-length HMGB1 is shown for reference (Fig. 1A). 397 

Reactivity converged on a single region, with Linker 2 (~aa 163-185) was the dominant 398 

epitope, recognized by 86% of SLE sera (31/36) and far exceeded every other region (Fig. 5A). 399 

Mapping along the full HMGB1 sequence showed that reactivity clustered predominantly 400 

within Linker 2, with the flanking A box, B box, and Linker 1 was rarely or never recognised 401 

(Fig. 5B). At higher resolution, reactive peptides clustered within aa 172 -185 (Fig. 5C). 402 

Peptides within the A box was not targeted in any SLE serum (0/36), despite frequent reactivity 403 

to A-box variants detected by ELISA. The peptide mapping localised the response to Linker 2 404 

rather than the folded HMG boxes.  405 

Beyond Linker 2, a subset of sera extended to neighbouring regions (Fig. 5C). B box reactivity 406 

was detected in 19% of SLE sera (7/36) and C-tail reactivity in 22% (8/36); the C tail was 407 

recognised only in SLE and by no control (0/10), marking it as a disease-associated target. 408 



 

 

Reactivity in healthy controls was largely restricted to Linker 2 (80%, 8/10), while broader, 409 

multi-region recognition and C-tail targeting are features of the SLE response. 410 

 411 
Figure 5. Epitope mapping localises the anti-HMGB1 response to Linker 2. (A) Frequency of reactivity to 412 
each HMGB1 region in SLE (red, n = 36) and healthy controls (blue, n = 10), expressed as the percentage of 413 
samples reactive; the number of reactive samples is shown above each bar. (B) Per-sample epitope map across 414 
the full HMGB1 sequence (amino acid position, x-axis) for each SLE patient (top) and control (below the black 415 



 

 

line); coloured bars mark reactive peptides, shaded by region (A box - blue, B box - orange, Linker 1 and 2 - 416 
green, C-tail - purple). (C) Expanded view of the Linker 2 region (aa 163- 185), showing the reactive peptides per 417 
sample. Samples were selected for high reactivity and mapped cyclic constrained peptide microarray (see 418 
Methods). 419 
 420 
Broader epitope recognition is observed in patients with longer disease duration 421 

As Linker 2 was the most frequently recognised region among SLE sera, we next examined 422 

whether recognition beyond Linker 2 was associated with clinical characteristics. Mapped SLE 423 

patients were grouped according to reactivity pattern: Linker 2 region only (L2 only, n = 22), 424 

Linker 2 plus additional regions in the B box or C-tail (L2 + other, n = 9), or regions outside 425 

Linker 2 only (other only, n = 5). 426 

Sera with reactivity to Linker 2 and additional epitopes were from patients with the longest 427 

disease duration (median 16 years), compared with a median of 1 year in both the L2-only and 428 

others-only groups (Fig. 6). A similar trend was observed for accumulated organ damage, with 429 

the L2+others showing a higher SDI (median 2) than the L2-only group (median 1) (Fig. S6). 430 

No differences were observed in disease activity or complement levels (SLEDAI-2K, C3 and 431 

C4). None of these comparisons reached statistical significance (Kruskal-Wallis test, all p > 432 

0.05, disease duration p = 0.277, SDI p = 0.058). 433 

 434 
Figure 6. Disease duration by epitope-reactivity group in mapped SLE patients. Disease duration across SLE 435 
patient groups by epitope reactivity: Linker 2 alone (L2 only, n = 22), Linker 2 with other regions (L2 + other, n 436 
= 9), and others only (n =5). Boxes show the median and interquartile range, whiskers extend to 1.5×IQR, and 437 
points represent individual patients. Groups were compared by the Kruskal-Wallis test (p value shown in plot). 438 
 439 
DISCUSSION 440 



 

 

High mobility group box 1 (HMGB1) is a chromatin-associated protein that, once released, 441 

acts as a DAMP and promotes inflammation through receptors including RAGE, TLR2, and 442 

TLR4 (6). Autoantibodies against HMGB1 have been reported in SLE, although their clinical 443 

associations and relative epitope specificities remain incompletely resolved (4, 13, 14, 17). In 444 

this study, we characterised anti-HMGB1 reactivity against the full-length protein and 445 

individual domain variants in a large SLE cohort and mapped the response at peptide 446 

resolution. Anti-HMGB1 reactivity was higher in SLE than in healthy controls across all 447 

domain variants and showed a weak association with disease duration, but not with current 448 

disease activity, accumulated damage, complement levels, ANA status, or autoantibody 449 

subgroup. Peptide-mapping of high-reactivity sera identified Linker 2 as the dominant region 450 

of antibody recognition.  451 

The increased anti-HMGB1 reactivity in SLE is consistent with previous studies identifying 452 

HMGB1 as a recurrent autoantigen  (4, 13, 14, 17). However, reported associations with 453 

clinical disease activity have been inconsistent. Anti-HMGB1 antibodies have been associated 454 

with SLEDAI scores, anti-dsDNA antibodies, complement consumption, active disease, and 455 

disease exacerbations in some cohorts  (4, 13, 14, 17, 29). Conversely, longitudinal 456 

comparisons found no significant difference between samples obtained at the highest and 457 

lowest recorded disease activity, and no relationship was observed with cutaneous 458 

manifestations (13, 30). In the present cohort, disease duration was the only clinical variable 459 

consistently related to reactivity across all four variants, although the correlations were weak. 460 

These results do not support anti-HMGB1 reactivity as a marker of current disease activity in 461 

this cohort. Differences in cohort composition, treatment, antigen preparation, assay 462 

thresholds, and the HMGB1 variants examined may contribute to the variability between 463 

studies. 464 

At the protein domain level, most SLE patients showed reactivity to both the A and B boxes 465 

rather than to a single isolated domain, indicating broad recognition of HMGB1 by ELISA. At 466 

peptide resolution, recognition was concentrated predominantly within Linker 2 (aa 163-185), 467 

which was recognized in 31/36 selected SLE sera, whereas no A box peptide met the positivity 468 

criteria. Previous epitope mapping have reported A box as the major target but also reported 469 

preferential recognition of a “joiner” region by SLE sera (14). This joiner, situated between the 470 

B box and acidic C-terminal tail, largely overlaps with the Linker 2 region identified in the 471 

present study. Our findings therefore extend, rather than completely contradict, the earlier study 472 



 

 

by identifying Linker 2 as the dominant region of linear antibody recognition in the present 473 

cohort. Differences in the relative prominence of the A box may partly reflect methodology. 474 

Recombinant-domain ELISA can detect conformational epitopes that may not be represented 475 

by short peptides, whereas the peptide array directly resolves short sequence-defined epitopes. 476 

The absence of A box peptide recognition therefore does not exclude A box antibodies that 477 

recognize conformational epitopes.  478 

Linker 2 was also recognized by 8/10 in the healthy control group. This indicates that the 479 

recognition of the region is not itself specific to SLE. However, these controls were selected 480 

for high reactivity and are therefore not suited to estimate the prevalence of Linker 2 antibodies 481 

in the general healthy population. SLE sera showed greater overall HMGB1 variant reactivity 482 

and more frequent recognition of additional regions, including the B box and acidic C-terminal 483 

tail. These observations suggest that the magnitude and breadth of the response may distinguish 484 

SLE more clearly than recognition of Linker 2 alone, although this requires confirmation in 485 

unselected and appropriately matched groups.  486 

The location of the dominant epitope is nevertheless biologically notable. Linker 2 lies between 487 

the B box and acidic C-terminal tail, contains the second nuclear localization sequence, and 488 

overlaps a reported RAGE-interacting region spanning aa 150 – 183 (31, 32). The adjacent 489 

acidic tail forms dynamic interactions with the A and B boxes and contributes to the regulation 490 

of HMGB1 structure and DNA binding (33, 34). Antibody binding within Linker 2 could 491 

therefore influence extracellular HMGB1 activity, although this was not addressed in the 492 

present study. The functional relevance of this region is supported by the monoclonal antibody 493 

DPH1.1, which targets HMGB1 aa 165 – 181 and consequently overlaps Linker 2 and part of 494 

the core epitope identified here. DPH1.1 inhibited HMGB1-mediated cell migration in vitro 495 

and reduced inflammatory-cell recruitment in experimental models (35, 36). These findings 496 

demonstrate that antibody binding within Linker 2 can modify selected HMGB1 functions 497 

experimentally, but they do not establish that naturally occurring SLE autoantibodies have the 498 

same effects. Direct functional studies using affinity-purified Linker 2 antibodies or 499 

monoclonal antibodies derived from patients will be required to determine whether they alter 500 

HMGB1-RAGE interactions, cell migration, DNA binding, or other HMGB1 activities. More 501 

broadly, epitope location may also carry therapeutic relevance: the recombinant A box acts as 502 

an HMGB1 antagonist, making it a candidate template for HMGB1-directed inhibitors (16).  503 



 

 

Broader reactivity extending beyond Linker 2 was observed in patients with longer disease 504 

duration and greater accumulated damage (than those recognizing Linker 2 alone or epitopes 505 

outside Linker 2). However, these differences did not reach statistical significance. The 506 

findings warrant further investigation into whether epitope breadth changes over the disease 507 

course, as the present cross-sectional data does not demonstrate progressive epitope spreading. 508 

This study has some limitations. The peptide-mapped subset was small and selected for high 509 

reactivity, meaning that the mapping describes epitope specificity among selected reactive 510 

individuals rather than epitope prevalence in the wider SLE population. The SLE and control 511 

mapping subsets were also selected using different enrichment thresholds, limiting direct 512 

comparisons between them. Short peptides cannot reproduce all conformational epitopes, and 513 

the bacterially expressed recombinant variants lack mammalian post-translational 514 

modifications that may affect HMGB1 antigenicity. Finally, the cross-sectional design does 515 

not establish how anti-HMGB1 reactivity or epitope breadth changes over time. Validation in 516 

larger, longitudinal cohorts using unselected matched controls and complementary competition 517 

assays will be needed to confirm the epitope specificity and determine whether epitope breadth 518 

changes over time. Despite these limitations, combining domain-resolved ELISA in a large 519 

cohort, clinically characterized SLE cohort with peptide-resolution mapping provided a 520 

comprehensive characterization of anti-HMGB1 reactivity and identified Linker 2 as an 521 

important target for future functional studies.  522 

CONCLUSION  523 

We report our findings that HMGB1 autoantibody reactivity is increased in a cohort of SLE 524 

patients and is detectable towards multiple regions of HMGB1 but was largely independent of 525 

current clinical disease activity or conventional serological markers. Peptide-mapping 526 

identified Linker 2 as the dominant region of linear antibody recognition in both SLE and 527 

healthy controls, whereas recognition extending beyond Linker 2 was more characteristic of 528 

SLE. This broader epitope recognition was observed in patients with longer-standing disease 529 

and greater accumulated damage, although these associations were not statistically significant. 530 

Whether anti-HMGB1 autoantibodies have pathogenic or protective effects remains to be 531 

determined. 532 

 533 

 534 



 

 

SUPPLEMENTARY DATA 535 

Supplementary figures 536 

 537 

Figure S1. Purified recombinant HMGB1 variants used for ELISA. (A) SDS-PAGE showing the purified 538 
recombinant HMGB1 variants and their relative molecular sizes, with a molecular-weight marker (kDa). (B) 539 
Agarose gel electrophoresis of the purified HMGB1 variants and positive/negative controls to assess residual 540 
DNA contamination, with a size marker size marker (kbp). 541 



 

 

 542 

Figure S2. Sample-level anti-HMGB1 reactivity across different HMGB1 variants in SLE and healthy 543 
controls. Heatmaps of anti-HMGB1 reactivity (normalized OD) for each individual against the four recombinant 544 
variants (full-length HMGB1, A+B box, A box, and B box – as columns), measured by in-house ELISA. Each 545 
row represents one participant, and colour intensity reflects reactivity (orange scale, right). (A) SLE patients (n = 546 
210) ordered top to bottom by disease duration (DD) (green scale). The dashed line separates recently diagnosed 547 
patients (≤ 2 years) from those with established disease (≥ 8 years). (B) Healthy controls (n = 100), ordered by 548 
age (blue scale). Reactivity in SLE is elevated across all four variants relative to the uniformly low signal in 549 
controls and appears more pronounced in patients with longer disease duration, whereas no comparable gradient 550 
is seen with age in controls. 551 

 552 



 

 

553 
Figure S3. Anti-HMGB1 reactivity is independent of disease activity, damage, and complement. Spearman 554 
rank correlations between anti-HMGB1 reactivity (normalized OD) and clinical measures in SLE patients (n = 555 
210), for each of the four HMGB1 variants. Each point represents one patient; the line shows the linear fit with a 556 
95% confidence band; rho and p values are given per variant. Points are coloured by disease duration group 557 
[orange - early disease ≤ 2 years, grey - established disease ≥ 8 years]. (A) SLEDAI-2K, (B) SDI, (C) C3, (D) C4. 558 
No variant correlated significantly with any variable (all p > 0.05). 559 



 

 

560 
Figure S4. Clinical characteristics across anti-HMGB1 reactivity groups. Clinical measures across the five 561 
reactivity groups defined in Figure 4 (multiple domains, B box only, no reactivity, full-length only, A-box only) 562 
in SLE patients (n = 210): (A) SLEDAI-2K, (B) SDI, (C) C3, and (D) C4. Box plots show the median and 563 
interquartile range; whiskers extend to 1.5×IQR, and points represent individual patients; group sizes (n) are given 564 
under each label. SLEDAI-2K was available for all patients; SDI was missing for 1 patient and C3 and C4 for 2 565 
patients each, who were excluded from the respective panels. Groups were compared by the Kruskal-Wallis test 566 
(p shown per panel). SLEDAI-2K and C3 did not differ across groups, whereas SDI and C4 differed significantly 567 
(p = 0.034 and p = 0.020). Because several groups were small (n ≤ 4), only the overall test is reported, and no 568 
pairwise post-hoc comparisons were performed. 569 



 

 

570 
Figure S5. Selection of high-reactivity samples for epitope mapping. Normalised OD values across the four 571 
HMGB1 variants (full-length, A+B box, A box and B box) for the samples selected for peptide microarray 572 
analysis. (A) SLE patients (n = 36), selected as those with reactivity above the 75th percentile of the SLE cohort. 573 
(B) Healthy controls (n = 10), selected as those above the 95th percentile of the control group. Colour intensity 574 
reflects normalized OD (scale, right). These reactive samples were mapped at peptide resolution in Figure 5; the 575 
selection restricts the array to reactive individuals, so it characterises epitope specificity within reactors rather 576 
than reactivity prevalence. 577 



 

 

578 
Figure S6. Clinical parameters by epitope-reactivity group in mapped SLE patients. (A) SLEDAI-2K, (B) 579 
SDI, (C) C3 and (D) C4 across the three epitope- reactive groups (L2 only, n = 22; L2 + other, n = 9; Other only, 580 
n = 5). Box plots show the median and interquartile range, whiskers extend to 1.5×IQR, and points represent 581 
individual patients. Groups were compared by the Kruskal-Wallis test (p value shown per panel). 582 
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