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A B S T R A C T

Many cellular proteins form homo- or hetero-oligomeric complexes through dimerization, and ligand oligo
merization is crucial for inducing receptor oligomerization. Intermolecular disulfide bond formation is critical for 
protein oligomerization that regulates biological functions. HMGB1 is a nuclear protein that acts as a DAMP 
when secreted. HMGB1 is redox-sensitive, contains three cysteines: Cys23, Cys45, and Cys106, and its function 
varies depending on the redox state of the extracellular space. However, the homo-dimerization of extracellular 
HMGB1 and its immunological significance have not been identified. In this study, we investigated the immu
nological significance of Cys106-mediated HMGB1 homo-dimerization. In the extracellular environment, LPS and 
LTA induced HMGB1 self-association leading to H2O2 anchoring Cys106–Cys106-mediated HMGB1 intermolecular 
disulfide bond formation. Despite treatment with H2O2, LPS, or LTA, HMGB1 dimerization was blocked in 
presence of Cys106 residue mutation, the ROS scavenger NAC, and the thiol-reducing agent DTT. Inflammatory 
stimulation induced the secretion of monomeric HMGB1 but not dimeric HMGB1. HMGB1 dimerization was 
promoted by PAMPs and H2O2 in the extracellular environment. Compared to monomeric HMGB1, 
Cys106–Cys106-linked dimeric HMGB1 significantly enhanced intracellular NF-κB signaling and cytokine pro
duction through increased direct binding affinity for TLR2 and TLR4 and effective HMGB1-mediated delivery of 
PAMPs to their receptors. Therefore, we have demonstrated that dimeric HMGB1 enhances its effect on pro- 
inflammatory signaling.

1. Introduction

Many proteins function as dimeric homo- or hetero-oligomeric 
complexes within cells, which often represent their active forms. 
These complexes enhance the diversity and specificity of cellular 
signaling by regulating gene expression [1,2], enzyme activity [3–5], 
and interactions with partner molecules [6,7]. Intermolecular disulfide 
bond formation is a key mechanism underlying the homo- and/or 
hetero-oligomerization of proteins.

High mobility group box 1 (HMGB1) is an abundant and ubiquitously 
expressed nuclear protein, functioning as a DNA chaperone within the 
nucleus. HMGB1 binds to DNA and participates in DNA replication, 
recombination, transcription, repair, and genomic stability [8,9]. 

HMGB1 consists of two homologous, positively charged DNA-binding 
domains (A- and B-box) and a highly acidic C-tail composed of 
repeated aspartate and glutamate residues [10]. The A- and B-boxes 
bind to the minor grooves of DNA without sequence specificity, whereas 
the C-tail binds to histone proteins, regulating DNA bending [11,12]. 
Excessive intracellular reactive oxygen species (ROS) induces intracel
lular HMGB1 homo-dimerization in the nucleus, which increases DNA 
binding affinity and prevents ROS-mediated DNA damage [13].

HMGB1 also serves as an extracellular signaling molecule [10,14,
15], being passively released by necrotic cells and actively secreted by 
immune cells such as monocytes and macrophages [16–20]. Various 
posttranslational modifications (PTMs) of HMGB1 enhance its interac
tion with the nuclear transport receptor chromosome region mainte
nance 1 (CRM1), leading to its cytoplasmic accumulation [10,21–23]. 
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The autophagy machinery and the formation of multivesicular bodies 
are crucial for the extracellular secretion of accumulated HMGB1 from 
the cytoplasm [24]. The released HMGB1 acts as a damage-associated 
molecular pattern (DAMP) by binding to various receptors, including 
receptor for advanced glycation endproducts (RAGE), toll-like receptor 
(TLR)-2, − 4, − 9, and the type I interleukin-1 (IL-1) receptor, either 
directly or in complex with selected ligands [25–32]. Receptor oligo
merization is an early step in intracellular signaling, accompanied by the 
recruitment of downstream signaling molecules. TLR2, TLR4, and RAGE 
are HMGB1 receptors that can be oligomerized by their respective li
gands, such as lipoteichoic acid (LTA), lipopolysaccharide (LPS), and 
S100 calcium-binding protein B (S100B), respectively [33–37]. Ligand 
oligomerization leads to receptor oligomerization and subsequent 
downstream signaling. S100B, a RAGE ligand, oligomerization induces 
high binding affinity for RAGE, resulting in robust activation of cell 
growth [36,38]. The oligomerized RagA pneumococcal pilus type 1 
protein can recognize TLR2 and induce an inflammatory response [39]. 
Recent studies using surface plasmon resonance (SPR) have reported 
that HMGB1 can be oligomerized (dimer and tetramer) at physiological 
ionic strength (150 mM) and pH 7.4 [40,41]. Additionally, HMGB1 
oligomerization is sensitive to divalent metal cations such as calcium, 
magnesium, and zinc [42]. Previously, we identified HMGB1 dimer
ization in mouse serum after LPS injection under non-reducing Western 
blot analysis [13]. However, HMGB1 oligomer binding to receptors and 
modulate their signaling has not been evidenced.

HMGB1 is a redox-sensitive protein that contains the following three 
cysteine residues: Cys23, Cys45, and Cys106. Peroxiredoxin (Prx) I/II- 
mediated intramolecular disulfide bond formation between Cys23 and 
Cys45 of HMGB1 is required for cytoplasmic translocation and extra
cellular secretion from the nucleus [23]. Additionally, the formation of 
the Cys23–Cys45 disulfide and free thiol of Cys106 are essential for NF-κB 
stimulation and TNF-α production in macrophages. Mutation of Cys106 

in HMGB1 abolishes TNF-α stimulating activity, despite the presence of 
Cys23-Cys45 disulfide bond [43,44]. The reduced state of all cysteine 
residues in HMGB1 allows it to form a complex with CXCL12, which 
binds to the CXCR4 and induces chemotaxis [45,46]. Thus, the redox 
status of HMGB1 significantly affects its function and determines its 
interactions with various receptors.

In this study, we demonstrate that inflammatory stimuli such as LPS 
from Gram-negative bacteria and LTA from Gram-positive bacteria serve 
as platforms for HMGB1 self-association by facilitating ROS-mediated 
Cys106-Cys106 intermolecular interactions. The Cys106-mediated dimer
ized HMGB1 (Di-HMGB1) exhibits higher binding affinity to TLR2 and 
TLR4 than to monomeric HMGB1. Di-HMGB1 significantly enhances NF- 
κB signaling and TNF-α production. Our data suggest that Di-HMGB1 

could be a novel therapeutic target for improving immune disorders.

2. Materials and methods

2.1. Cell culture and transfection

Human embryonic kidney 293T (HEK293T), HEK293-hTLR4A/ 
MD2/CD14 (Invivogen, 293-htlr4md2cd14), RAW264.7, and J774A.1 
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% FBS (Corning Cellgro, 35-015-CV), 100 U/mL 
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine, at 37◦C 
under 5% CO2. Additionally, HEK293-hTLR4A/MD2/CD14 cells were 
cultured in the above-mentioned culture medium supplemented with 
100 μg/mL Normocin™ (InvivoGen) and the selected antibiotics, 10 μg/ 
mL blasticidin and 50 μg/mL hygromycin B. For transfection, the cells 
were seeded for 24 h, grown to 80–90% confluency, and transfected 
using FuGeneHD reagent (Promega Corporation, E2311).

2.2. Plasmid construction

To determine the function of HMGB1 dimerization, Myc-, EGFP- 
tagged HMGB1, HMGB1:linker (LK):HMGB1 [(HMGB1)2], and the 
C106A mutant of HMGB1 (HMGB1C106A) were cloned using the pCMV- 
Myc (Clontech) vector for overexpression studies. Six His-tagged plas
mids were generated using the pRSET.B (Invitrogen) vector for recom
binant protein production. For (HMGB1)2, two repeats of HMGB1 with 
the same orientation were cloned via a LK, a Ser-(Gly)4-Ser for flexi
bility. The N-terminal half of GFP [amino acids 1–155 (GFPN)] and the 
C-terminal half of GFP [amino acids 156–238 (GFPC)]-tagged HMGB1 
plasmids had been cloned previously [13]. GFPN and GFPC were linked 
via the same linker fused at the 5′- or 3′-end of HMGB1 (GFPN-HMGB1, 
GFPC-HMGB1, or HMGB1-GFPC) and were subcloned into the 
pCMV-Myc vector to study the binding orientation of two HMGB1 
molecules.

2.3. Purification of recombinant HMGB1

The HMGB1, (HMGB1)2, and HMGB1C106A mutant proteins were 
purified as previously described [16,22]. They were expressed in Sol
uBL21 competent E. coli, lysed by sonication, and sequentially processed 
for purification via Ni2+-NTA, heparin, and gel-filtration column chro
matography. The intramolecular Cys23-Cys45 disulfide form of HMGB1 
(Ds-HMGB1) was produced and purified using cell lysis buffer without 
dithiothreitol (DTT) and elution buffer. In the HMGB1 purification 
process, endotoxin was removed by phase separation using 1% v/v 

Abbreviations:

CRM1 Chromosome region maintenance 1
DAMPs Damage-associated molecular patterns
Di-HMGB1 Dimerized HMGB1 (HMGB1 dimer via Cys106 linkage)
Ds-HMGB1 Disulfide HMGB1 (disulfide link between Cys23 and 

Cys45)
DTT Dithiothreitol
ELISA Enzyme linked immunosorbent assay
GFP Green fluorescent protein
Grx Glutaredoxin
HEK Human embryonic kidney
HMGB1 High mobility group box 1
(HMGB1)2 HMGB1:linker:HMGB1 (two HMGB1 linked by cloning)
IL-1 Interleukin-1
LK Linker
LPS Lipopolysaccharide

LTA Lipoteichoic acid
sLTA LTA from Staphylococcus aureus
bLTA LTA from Bacillus subtilis
MD2 Myeloid differentiation-2
NAC N-acetylcysteine
PAMP Pathogen-associated molecular pattern
Prx Peroxiredoxin
RAGE Receptor for advanced glycation endproducts
Re-HMGB1 Reduced HMGB1 (reduced residues of Cys23 and Cys45)
ROS Reactive oxygen species
SPR Surface plasmon resonance
S100B S100 calcium-binding protein B
TLR Toll-like receptor
Trx Thioredoxin
TrxR Thioredoxin reductase
TNF Tumor necrosis factor
WCL Whole cell lysate
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Triton X-114 [47] and confirmed as less than 1 EU/μg protein using the 
Limulus amebocyte lysate assay (Lonza Bioscience, 50–650U).

2.4. HMGB1 dimerization

To determine the binding affinity to TLRs and activation of NF-κB 
signaling, Di-HMGB1 was prepared by incubating HMGB1 protein in 
PBS containing 10 μM CuCl2 with 50 μM H2O2 at 37◦C for 18 h, or 50 μM 
H2O2 with 10 ng/mL LPS or LTA for 1 h and 17 h, respectively. To 
observe the facilitation of HMGB1 dimerization in vitro, 100 ng/μL 
HMGB1 and HMGB1C106A proteins were incubated at 37◦C in normal 
mouse serum with LPS from Escherichia coli 0111:B4 (Sigma-Aldrich, 
L5293) and lipoteichoic acids (LTAs) from Staphylococcus aureus (sLTA) 
(Invivogen, tlrl-pslta) and Bacillus subtilis (bLTA) (Sigma, L3265). 
Various concentrations of H2O2, 5 mM DTT, and 50 μM N-acetylcysteine 
(NAC) were used for oxidation or reduction. Polymyxin B (30 μg/mL) 
was used for LPS neutralization. Test samples were 20-fold diluted and 
100 ng of protein was loaded for Western blot analysis under non- 
denaturing conditions without β-mercaptoethanol.

2.5. Immunoprecipitation and immunoblotting

To identify the binding of HMGB1 to TLR4/MD2 (R&D Systems, 
3146-TM/CF), the proteins HMGB1, Di-HMGB1, and HMGB1C106A were 
incubated with a mixture of TLR4/MD2 in PBS at 37◦C for 2 h. The 
complex mixtures were then added to mouse anti-TLR4 antibody 
(Cayman, 13589), which had been conjugated to Dynabead protein G 
(Biorad, 1614023), at incubated at 4◦C for 18 h. The beads were washed 
three times with PBST and then mixed with protein sample buffer. After 
heating at 95◦C for 10 min, the proteins were separated by SDS-PAGE, 
and immunoblotted with rabbit anti-HMGB1 (Abcam, ab18256), rab
bit anti-MD2 (Abcam, ab24182), and rabbit anti-TLR4 (Sigma-Aldrich, 
SAB5700648) antibodies.

HEK293T and HEK293-hTLR4A/MD2/CD14 cells were transfected 
with each plasmid in six-well plates using FuGene HD for 24 h. The cells 
were then lysed with 1 × radioimmunoprecipitation assay buffer (RIPA) 
buffer (GenDePOT, R4100) containing 150 mM NaCl, 1% Triton X-100, 
1% deoxycholic acid sodium salt, 0.1% SDS, 50 mM Tri-HCl (pH 7.5), 2 
mM EDTA, and a protease inhibitor cocktail (GenDEPOT, HY-K0010) 
along with a phosphatase inhibitor cocktail (Thermo Scientific™, 
78420). Whole-cell lysates (WCLs) were centrifuged at 20,000×g at 4◦C 
for 10 min. A protein sample buffer containing 100 mM Tris-HCl (pH 
6.8), 2% SDS, 25% glycerol, and 0.1% bromophenol blue was added to 
WCLs with or without 5% β-mercaptoethanol, followed by heating at 
95◦C for 10 min. The proteins were separated by SDS-PAGE and trans
ferred to a nitrocellulose membrane (GE Healthcare, 10600001). After 
blocking with Tris-buffered saline (TBS) with 5% skim milk (w/v) for 1 
h, the membranes were incubated with rabbit anti-HMGB1, mouse anti- 
Myc (Invitrogen, 13–2500), rabbit anti-MD2, rabbit anti-phos
pho–NF–κB p65 (Ser536) (Cell Signaling, 3033), rabbit anti–NF–κB p65 
(Cell Signaling, 8242), and rabbit anti-actin (Cell Signaling, 4967) an
tibodies overnight at 4◦C or for 2 h at room temperature (RT). The 
membranes were then washed with TBS containing 0.1% tween 20 
(TBST) and incubated at RT for 1 h with the appropriate secondary 
antibodies conjugated to horseradish peroxidase (Jackson laboratories, 
111-035-003 and 111-035-003). Enhanced chemiluminescent substrate 
(GenDEPOT, W3651-012) was used for visualization.

2.6. Confocal microscopy

To observe the subcellular localization of HMGB1, HEK293T, and 
HEK293-hTLR4A/MD2/CD14 cells were transfected with EGFP-tagged 
HMGB1 and (HMGB1)2 for 36 h in LabTek II chambers (Nalgene, 
154526 and 154534). Afterward, the cells were treated with 50 μM 
CuCl2/50 μM H2O2 or 1 μg/mL LPS for 6 h, and washed with ice-cold 
PBS. The cells were fixed with 4% paraformaldehyde in PHEM buffer 

(60 mM PIPES, 5 mM HEPES, 10 mM EGTA, and 4 mM MgSO4, pH 7.0) 
for 30 min at RT.

To investigate TLR4 oligomerization, RAW264.7 cells were incu
bated in LabTek II chambers with HMGB1 and (HMGB1)2, which had 
been treated with 10 μM CuCl2 and 50 μM H2O2 for 2 h, in the presence 
or absence of 5 mM DTT. The cells were then fixed in 4% para
formaldehyde, blocked with 1% BSA in PBS, and incubated with 
Alexa594-conjugated anti-mouse TLR4 antibody (R&D Systems, 
1203B). After mounting with 4′,6′-diamidino-2-phenylindole (DAPI) 
(Vector Laboratories, H-1200-10), TLR4 oligomerization was visualized 
using confocal FV1000 microscopy (Olympus).

To determine which HMGB1 molecule could activate the cells, 
RAW264.7 cells were treated with 1 μg/mL of HMGB1 and (HMGB1)2 in 
the presence or absence of DTT. The nuclear translocation of NF-κB p- 
p65 was then observed. The cells were fixed with 4% paraformaldehyde 
for 30 min, and permeabilized with 0.5% Triton X-100 for 20 min at RT. 
Following this, the cells were incubated with rabbit anti-p-p65 (Cell 
Signaling, 3033) at 4◦C for 18 h, and then with Alexa594-conjugated 
goat anti-rabbit IgG antibody (Invitrogen, 111-585-144) as a second
ary antibody.

2.7. Single-molecule pull-down assay

A single-molecular pull-down assay was conducted to confirm the 
orientation of HMGB1 when dimerized [13,48]. HEK293-hTL
R4A/MD2/CD14 cells were transiently transfected with GFPN-HMGB1 
and either GFPC-HMGB1 or HMGB1-GFPC plasmids for 36 h and treated 
with 1 μg/mL LPS for 24 h. Cell culture supernatants were collected and 
concentrated using Amicon ultra centrifugal filters (Merck Millipore, 
UFC500396). These supernatants were then incubated with 50 μM H2O2 
to induce HMGB1 dimerization. LabTek II chambers were coated with 
0.01% poly-L-lysine (w/v) (Sigma Aldrich, P4707) in PBS at RT for 30 
min, and after washing incubated with anti-GFP antibody (Abcam, 
ab5449) for 1 h. After blocking with 3% BSA-PBST, the supernatants 
were incubated at 4◦C for 18 h. GFP fluorescence was observed under 
confocal FV1000 microscopy (Olympus).

2.8. Enzyme-linked immunosorbent assay

To compare the binding affinity of HMGB1 with TLR4/MD2 and 
TLR2 (Sino Biological, 10061-H08B), Di-HMGB1 was prepared. A 96- 
well PolySorp microtiter plate (Invitrogen™, 44-2404-21) was coated 
with 1 μg/mL of TLR proteins and blocked with 3% BSA-PBST. A two- 
fold dilution of HMGB1 starting from 10 μg/mL was added to the 
TLRs-coated plate and incubated at 4◦C for 24 h. After washing with 
PBST, mouse anti-His antibody (Abcam, ab18184) was added with 1% 
BSA and incubated at 37◦C for 1 h. After another round of washing, HRP- 
conjugated anti-mouse IgG (Jackson ImmunoResearch, 115-035-003) 
was incubated with 1% BSA at 37◦C for 1 h. TMB solution was added 
after 5 washings, and the absorbance was measured at 450 nm.

2.9. Surface plasmon resonance analysis

To calculate the dissociation equilibrium constant (KD) of HMGB1, 
(HMGB1)2, and Di-HMGB1 with TLR4/MD2 and TLR2, we conducted an 
analysis using a Biacore™ T200 (GE Healthcare) instrument. For surface 
preparation, the recombinant hTLR4/MD2 complex and hTLR2 were 
immobilized on the CM5 sensor chip based on their molecular weights as 
the ligands. The CM5 sensor chip carries a matrix of carboxymethylated 
dextran covalently attached to a gold surface, in 10 mM sodium acetate 
buffer (pH 4.5). The surface of the CM5 sensor chip was activated with a 
mixture of 0.2 M 1-ethyl-3-(3-diethylaminopropyl)-carbodiimide and 
0.05 M N-hydroxysuccinimide. HMGB1 and (HMGB1)2 were serially 
diluted 2-fold from a 1.4 μM concentration and analyzed using HBS 
buffer (10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, and 0.005% Tween 
20, pH 7.4). To evaluate binding, HMGB1 was passed over the sensor 
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chip. Real-time recording and analysis of sensorgrams were performed 
using the Biacore™ T200 system’s control software. The data were then 
evaluated with the BIA evaluation Software (GE Healthcare).

2.10. HMGB1 secretion

To analyze the secreted HMGB1 in the culture supernatants, 
HEK293T and HEK293-hTLR4A/MD2/CD14 cell culture media were 
replaced with serum-free OPTI-MEM (Gibco™, 31985070) and trans
fected with Myc-tagged HMGB1, (HMGB1)2, and HMGB1C106A plasmids 
for 36 h. HEK293T cells were treated with 50 μM CuCl2 and 50 μM H2O2, 
whereas HEK293-hTLR4A/MD2/CD14 cells were treated with 1 μg/mL 
LPS for stimulation. After 18 h, each culture supernatant was incubated 
with 1 μg/mL LPS and 50 μM H2O2, respectively, and concentrated with 
a Centricon filter (Merck Millipore, UFC500396). Samples were sub
jected to SDS-PAGE in non-reducing conditions with or without 5 mM 
DTT.

2.11. Measurement of TNF-α

RAW264.7 and J774A.1 murine macrophage cells were cultured in 
24-well plates at a density of 5 × 105 cells and 3 × 105 cells per well, 
respectively. Both cell types were treated with HMGB1, (HMGB1)2, and 
HMGB1C106A, which had been incubated with LPS and CuCl2/H2O2 at 
37◦C for 2 h. To cleave the disulfide bond, 5 mM DTT was used, and to 
eliminate ROS, 50 μM NAC was employed. TNF-α concentration in the 
culture supernatants was determined using a sandwich enzyme-linked 
immunosorbent assay (ELISA) system (Invitrogen, 88-7324-88).

2.12. Mouse study

Animal studies were conducted using 7-8-week-old female C57BL/6 
mice in accordance with procedures approved by the Institutional Ani
mal Care and Use Committee of Yonsei Laboratory Animal Research 
Center (YLARC, 2018-0293). The mice were maintained under 
pathogen-free conditions with a 12:12 h light-dark cycle. To detect 
HMGB1 dimerization in the serum, the mice were intraperitoneally 
injected with 1 mg/kg LPS, and serum samples were collected 18 h after 

Fig. 1. Dimerization of HMGB1 in vitro and in vivo. (A) Study scheme: Different levels of ROS sequentially generated Ds-HMGB1 and Di-HMGB1 in the intra
cellular space. We investigated how Di-HMGB1 is formed in the extracellular space, whether Di-HMGB1 can be secreted, and what the pro-inflammatory function of 
Di-HMGB1 is in this study. (B) Two BALB/c mice were intraperitoneally injected with 1 mg/kg LPS. Blood samples were obtained after 24 h for non-reducing SDS- 
PAGE followed by immunoblotting with anti-HMGB1 antibody. Re-HMGB1 (Re–H), Ds-HMGB1 (Ds-H), and Di-HMGB1 (Di-H) were marked. (C and D) Re- and Ds- 
HMGB1 were purified and incubated with or without 5 mM DTT. Samples were separated using non-reducing SDS-PAGE for immunoblotting (C). Re- and Ds-HMGB1 
(100 ng/μL) were incubated with 50 ng/mL LPS in normal mouse serum for 8 h at 37◦C. Samples were diluted 20-fold and 100 ng of protein per well was separated 
using non-reducing SDS-PAGE (D). (E) Recombinant HMGB1 produced from E. coli (HMGB1), insect SF9 cells (Insect-HMGB1), and eukaryotic HEK293F cells (Euk- 
HMGB1) at 100 ng/μL were incubated with 50 ng/mL LPS in normal mouse serum for 8 h at 37◦C. Samples were diluted and 100 ng of protein per well was separated 
using non-reducing SDS-PAGE for immunoblotting.

M.S. Kwak et al.                                                                                                                                                                                                                                Redox Biology 80 (2025) 103521 

4 



the LPS injection. HMGB1 dimerization was identified in 10-fold diluted 
serum using non-reducing SDS-PAGE.

2.13. Statistical analysis

Statistical analysis was performed using the Student’s t-test in 
GraphPad Prism software version 5.0. All data represents the mean ±
SEM of at least three individual measurements. The mean values are 
specified in the respective figure legends.

3. Results

3.1. Di-HMGB1 can be observed in extracellular space

PrxI and II induce the formation of a Cys23-Cys45-mediated intra
molecular disulfide bond in HMGB1, known as Ds-HMGB1, under mild 
oxidative stress inside cells [23]. Excessive ROS in the nucleus can 
induce Cys106-mediated intermolecular dimerization of HMGB1, 
referred to as Di-HMGB1, which helps protect against DNA damage 
(Fig. 1A) [13]. Through non-reducing SDS-PAGE analysis, both 
Ds-HMGB1 and Di-HMGB1 were detected in mouse serum samples that 
were obtained 24 h after intraperitoneal LPS injection, while no HMGB1 
bands were detected in serum of LPS untreated mice (Fig. 1B). These 
results suggest that Di-HMGB1 can be formed from monomeric HMGB1 

Fig. 2. Formation of Cys106-mediated HMGB1 dimerization is facilitated by anchoring platforms in the presence of H2O2. (A–C) HMGB1 and HMGB1C106A at 
100 ng/μL were incubated with various concentrations of LPS (A) and H2O2 (B), and various incubation times (C) in normal mouse serum at 37◦C. (D) HMGB1 at 100 
ng/μL was incubated with 20 ng/mL LPS and 50 μM H2O2 in normal mouse serum. 50 μM NAC or 5 mM DTT was used for 8 h at 37◦C. (E) HMGB1 at 100 ng/μL was 
incubated with 50 μM H2O2 and different concentrations of LPS for 4 h at 37◦C in normal mouse serum or citric buffered mouse serum at pH 3 and pH 4. (F–I) HMGB1 
and HMGB1C106A at 100 ng/μL were incubated with various concentrations of sLTA and bLTA for 4 h at 37◦C (F, H), or with various incubation time in the presence of 
50 μM H2O2 (G, I). (J) HMGB1 at 100 ng/μL was incubated with 10 ng/mL sLTA or bLTA and 50 μM H2O2 in normal mouse serum. 50 μM NAC and 5 mM DTT were 
used to treat for 2 h at 37◦C. Samples were diluted 20-fold and 100 ng of protein per well was separated using non-reducing SDS-PAGE for immunoblotting.
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in the extracellular space. We further investigated the mechanism of 
Di-HMGB1 formation and its functional role.

For in vitro analysis of Di-HMGB1 formation, Re-HMGB1 and Ds- 
HMGB1 were produced in E. coli and purified, either in the presence 
or absence of DTT (Fig. 1C). Interestingly, Di-HMGB1 formation was 
observed when Re-HMGB1 and Ds-HMGB1 (100 ng/μL) were incubated 
with 50 ng/mL LPS in normal mouse serum (Fig. 1D). HMGB1 is known 
to bind well to LPS [25]. Di-HMGB1 formation was also observed with 
HMGB1 from various sources, including insect cells (Insect-HMGB1) and 
mammalian eukaryotic cells (Euk-HMGB1) when incubated with LPS in 
normal mouse serum (Fig. 1E). These results suggest that HMGB1 could 
be dimerized with the help of the binding platform of LPS in a cell-free 
environment.

3.2. Cys106-mediated formation of Di-HMGB1

Di-HMGB1 was readily observed upon the addition of a binding 
ligand to HMGB1. We then investigated the mechanism underlying Di- 
HMGB1 formation. HMGB1 contains three cysteine residues (Cys23, 
Cys45, and Cys106), with Cys23 and Cys45 involved in intramolecular 
disulfide bond formation [23,49]. To observe Di-HMGB1 formation in 
the extracellular space, HMGB1 and HMGB1C106A were incubated with 
LPS and H2O2 in normal mouse serum for 4 h at 37◦C. Di-HMGB1 for
mation was observed in a dose-dependent manner with both LPS and 
H2O2 from HMGB1, but not from HMGB1C106A, and increased with 
longer incubation times (Fig. 2A–C). NAC treatment reduced Di-HMGB1 
formation (Fig. 2D). Low pH (pH 3 and pH 4), due to NAC’s acidic 
carboxyl group with a pKa of 3.14 [50], showed no effect on Di-HMGB1 
formation (Fig. 2E).

In addition to LPS, the Gram-positive bacterial cell wall component 
LTA was used as an HMGB1 binding platform [30]. Di-HMGB1 was 
produced in a dose-dependent manner with both sLTA and bLTA in the 
presence of H2O2, whereas HMGB1C106A showed no formation 
(Fig. 2F–I). Additionally, NAC abolished HMGB1 dimerization (Fig. 2J). 
All these results indicate that HMGB1 could be dimerized via 
Cys106-mediated interactions with pathogen-associated molecular 
pattern (PAMP) molecules such as LPS and LTA.

3.3. Dimerization of secreted HMGB1 in the opposite direction

Here, we investigated whether HMGB1 is secreted in a monomeric or 
dimeric form into the extracellular space. To do this, we used EGFP- or 
Myc-tagged HMGB1 and a (HMGB1)2 plasmid for transfection (Fig. 3A) 
[13], where (HMGB1)2 consists of two HMGB1 molecules linked by LK, 
mimicking Di-HMGB1. HEK293-hTLR4A/MD2/CD14 cells were over
expressed with Myc-tagged HMGB1 or (HMGB1)2 for 24 h, followed by 
treatment with LPS for 18 h to collect the supernatant. This supernatant 
was then treated with 20 μM H2O2 for 4 h. Non-reducing immunoblot
ting revealed that monomeric HMGB1 was secreted and subsequently 
converted to Di-HMGB1 upon H2O2 treatment (Fig. 3B). When cells were 
overexpressed with (HMGB1)2, neither secretion nor nucleocytoplasmic 
translocation of (HMGB1)2 was observed, even after LPS treatment 
(Fig. 3B and C). Similarly, when HEK293T cells were subjected to 
oxidative stress (50 μM CuCl2/50 μM H2O2) instead of LPS for 18 h, the 
results were consistent (Fig. 3D and E). The data suggest that HMGB1 is 
secreted as a monomer and dimerized into Di-HMGB1 under LPS or 
oxidative treatment in the supernatants.

Next, we performed a single-molecule pull-down assay to verify the 
binding orientation of two HMGB1 molecules in Di-HMGB1. Bimolec
ular fluorescence complementation (BiFC) constructs, consisting of 
GFPN-HMGB1 and either GFPC-HMGB1 or HMGB1-GFPC, were co- 
transfected into HEK293-hTLR4A/MD2/CD14 cells. The cells were 
then exposed to LPS to induce HMGB1 secretion. The culture superna
tants from cells overexpressing GFPN-HMGB1 and HMGB1-GFPC showed 
a GFP signal, which was intensified with 50 μM H2O2 (Fig. 3F and G). 
These results indicate that two HMGB1 proteins form a dimer in an 

antiparallel orientation in the extracellular space under oxidative 
conditions.

3.4. Di-HMGB1 binds to TLR4/MD2 and TLR2 stronger than HMGB1

Extracellular HMGB1 binds to TLR4 and mediates NF-κB signaling 
[51]. The Cys106 residue of HMGB1 is a critical residue for HMGB1-TLR4 
binding [43]. Co-treatment with HMGB1 and PAMPs, such as LPS, LTA, 
and CpG complex, synergistically induces cytokine production 
compared to treatment with either HMGB1 or PAMPs alone [25,30,52]. 
To investigate the effect of Di-HMGB1 on NF-κB signaling, we first 
measured the binding affinity of Di-HMGB1 to TLR4. Di-HMGB1 and 
oligomeric HMGB1 were produced by incubating HMGB1 with 10 μM 
CuCl2 and 50 μM H2O2 for 18 h [13], resulting in approximately 64.7% 
of Di-HMGB1 and oligomeric HMGB1 as determined by the ImageJ 
program (Fig. 4A). Microtiter plates were coated with the TLR4/MD2 
complex, and equal amounts of HMGB1 and Di-HMGB1 were added to 
the wells. Both HMGB1 and Di-HMGB1 exhibited dose-dependent 
binding to the TLR4/MD2 complex, with Di-HMGB1 showing stronger 
binding than that of HMGB1. However, mutant HMGB1C106A, which is 
known to not bind to TLR4/MD2, displayed no binding to the 
TLR4/MD2 complex (Fig. 4B).

Immunoprecipitation studies demonstrated that Di-HMGB1 bound to 
TLR4/MD2 complexes more effectively than HMGB1 at the same con
centration, whereas HMGB1C106A showed no binding (Fig. 4C). Next, 
recombinant 6xhis-tagged (HMGB1)2 was produced and purified to 
further confirm the effect of Di-HMGB1 (Fig. 4D). HMGB1, (HMGB1)2, 
and Di-HMGB1 were then applied to a CM5 dextran sensor chip 
immobilized with TLR4/MD2. The sensograms demonstrated that 
HMGB1, (HMGB1)2, and Di-HMGB1 bound to TLR4/MD2 in a dose- 
dependent manner, with KD values of 2.986 × 10− 7 M, 2.100 × 10− 7 

M, and 8.600 × 10− 8 M, respectively (Fig. 4E–G). HMGB1C106A did not 
bind to TLR4/MD2, consistent with a previous report [43] (Suppl. 
Fig. 1). Additionally, CuCl2/H2O2-treated (HMGB1)2 showed stronger 
TLR4 oligomerization compared to CuCl2/H2O2-treated HMGB1 at the 
same concentration in RAW264.7 cells, as observed by confocal micro
scopy (Fig. 4H). When examining the binding of HMGB1, (HMGB1)2, 
and Di-HMGB1 to TLR2, (HMGB1)2 and Di-HMGB1 exhibited stronger 
binding to TLR2 than monomeric HMGB1 in both ELISA and SPR assay 
(Fig. 4I–L). The KD values for HMGB1, (HMGB1)2, and Di-HMGB1 and 
binding to TLR2 were 4.956 × 10− 7 M, 1.772 × 10− 7 M, and 1.523 ×
10− 8 M, respectively. Collectively, these findings indicate that dimeric 
HMGB1 binds more strongly to TLR4 and TLR2 receptors than mono
meric form. HMGB1 could bind LPS and deliver it into the cytosol for the 
activation of caspase 11 via RAGE [53]. We observed the effect of 
Di-HMGB1 binding to RAGE. The binding of Di-HMGB1 to RAGE and its 
oligomerization were enhanced compared to monomeric HMGB1 
(Suppl. Fig. 2).

3.5. Di-HMGB1 induces strong NF-κB signaling

To compare the effects of HMGB1 and Di-HMGB1 on pro- 
inflammatory signaling, we observed the levels of phosphorylated-p65 
(p-p65) in RAW264.7 cells after treatment with both forms of HMGB1. 
Both CuCl2/H2O2-treated HMGB1 and (HMGB1)2 significantly induced 
higher p-p65 levels compared to non-treated controls (Fig. 5A–C). 
Treatment with the antioxidant NAC and the reducing agent DTT 
reduced the p-p65 induction by CuCl2/H2O2-treated HMGB1 and 
(HMGB1)2 to baseline levels (Fig. 5A and B). Additionally, CuCl2/H2O2- 
treated (HMGB1)2, which forms a Cys106-Cys106 bond, exhibited a 
stronger p-p65 induction than that of monomeric HMGB1 (Fig. 5C). 
When RAW264.7 cells were co-treated with LPS and either HMGB1 or 
(HMGB1)2 in the presence or absence of H2O2, the levels of p-p65 were 
significantly increased in the presence of H2O2 (Fig. 5D and E). HMGB1 
enhances pro-inflammatory cytokine production by facilitating the 
transfer of LPS to CD14 [25]. Confocal microscopy showed that the 
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Fig. 3. HMGB1 secretion and its dimerization in the extracellular space. (A) Cartoon depicting (HMGB1)2 construct. (B) HEK293-hTLR4A/MD2/CD14 cells 
were transfected with Myc-tagged HMGB1, (HMGB1)2, and HMGB1C106A plasmids for 24 h. The cells were stimulated with 1 μg/mL LPS for 18 h. The supernatants 
were harvested and treated with 50 μM CuCl2/50 μM H2O2 for 4 h, followed by non-reducing SDS-PAGE and immunoblotting. Sup., supernatant; Con., concentration; 
WCLs, Whole cell lysates. (C) HEK293-hTLR4A/MD2/CD14 cells were transfected with each plasmid for 24 h and treated with LPS for 6 h for confocal microscopy. 
(D) HEK293T cells were transfected with each plasmid for 24 h and stimulated 50 μM CuCl2/50 μM H2O2 for 18 h. The supernatants were treated with LPS and DTT 
for 4 h followed by non-reducing SDS-PAGE and immunoblotting. (E) HEK293T cells were transfected with each plasmid for 24 h and then stimulated with 50 μM 
CuCl2/50 μM H2O2 for 6 h. EGFP fluorescence was observed by confocal microscopy. The percentage of cytoplasmic EGFP-HMGB1 was determined by counting over 
100 cells (C and E). (F and G) Single-molecule pull-down assay using bimolecular fluorescence complementation (BiFC) signal (F). HEK293-TLR4A/MD2/CD14 cells 
were co-overexpressed with both GFPN-HMGB1 and HMGB1-GFPC or GFPC-HMGB1 plasmids for 24 h and treated with 1 μg/mL LPS for 18 h. The culture super
natants were harvested and incubated on LabTek II chambers coated with anti-GPF antibody in the presence or absence of 50 μM H2O2. H2O2 was added to the 
supernatants for HMGB1 dimerization. BiFC signal of GFP was observed under confocal microscopy. Co-transfection of both GFPN-HMGB1 and HMGB1 plasmids was 
used as a negative control (G).

M.S. Kwak et al.                                                                                                                                                                                                                                Redox Biology 80 (2025) 103521 

7 



(caption on next page)

M.S. Kwak et al.                                                                                                                                                                                                                                Redox Biology 80 (2025) 103521 

8 



nuclear translocation of p-p65 was more pronounced following treat
ment with (HMGB1)2 compared to HMGB1 at the same concentration 
(Fig. 5F). These results suggest that the formation of Di-HMGB1 under 
high oxidative stress induces stronger TLR4/MD2-mediated signaling 
compared to monomeric HMGB1.

3.6. Di-HMGB1 enhances TNF-α production

Next, we assessed the effect of CuCl2/H2O2-treated HMGB1 and 
(HMGB1)2 on TNF-α production in RAW264.7 cells. Both CuCl2/H2O2- 
treated HMGB1 and (HMGB1)2 induced TNF-α production in a dose- 

Fig. 4. Di-HMGB1 binding to TLR4/MD2 and TLR2. (A) Di-HMGB1 was produced by incubating HMGB1 with 10 μM CuCl2 and 50 μM H2O2 for 18 h at 37◦C. (B) 
The TLR4/MD2 complex (1 μg/mL) was coated on a polystyrene microplate for 18 h at 4◦C. HMGB1, Di-HMGB1, and HMGB1C106A proteins were then serially diluted 
and used for ELISA. BSA was used as a control protein. N = 3. (C) The TLR4/MD2 complex (400 ng/mL) was incubated with various HMGB1 proteins (each 100 ng/ 
mL) for 2 h at 37◦C. The mixture was then immunoprecipitated with an anti-TLR4 antibody for immunoblotting using anti-HMGB1, anti-MD2, and anti-TLR4 an
tibodies. The relative band intensities of HMGB1/MD2 were calculated using ImageJ software (NIH). (D) His6-tagged HMGB1 and (HMGB1)2 proteins were produced 
in E. coli. The proteins were observed at the expected size by Coomassie blue staining (left) and Western blotting (right) after SDS-PAGE. (E–G) SPR analysis was 
conducted to study HMGB1 binding to TLR4/MD2. HMGB1 (E), (HMGB1)2 (F) and Di-HMGB1 (G) were serially diluted starting from 1.4 μM and flowed over TLR4/ 
MD2-immobilized CM5 dextran sensor chip. (H) Confocal analysis showing TLR4 oligomerization in RAW264.7 cells. The cells were treated with HMGB1 and 
(HMGB1)2, which had been incubated with 10 μM CuCl2 and 50 μM H2O2 for 2 h, in the presence or absence of 5 mM DTT. TLR4 was stained with Alexa594- 
conjugated anti-mouse TLR4 antibody. The fluorescence intensity was calculated using ImageJ software, and the mean fluorescence intensity (MFI) was pre
sented as mean ± SEM (N = 3). *p < 0.01, **p < 0.001, t-test. (I) TLR2 (1 μg/mL) was coated on a polystyrene microplate for 18 h at 4◦C. Serially diluted HMGB1, 
Di-HMGB1, and HMGB1C106A mutant proteins were added and binding was evaluated by ELISA, with BSA as a control protein. N = 3. (J–L) SPR analysis of HMGB1 
binding to TLR2. HMGB1 (J), (HMGB1)2 (K), and Di-HMGB1 (L) were flowed over TLR2-immobilized CM5 dextran sensor chip. HMGB1 and (HMGB1)2 were serially 
diluted starting from 1.4 μM and flowed over TLR4/MD2-immobilized CM5 dextran sensor chip.

Fig. 5. Di-HMGB1 induces strong NF-κB signaling. (A and B) HMGB1 (A) and (HMGB1)2 (B) were incubated with 10 μM CuCl2 and 50 μM H2O2 in the presence or 
absence of 50 μM NAC or 5 mM DTT for 2 h and then treated on RAW264.7 cells for 30 min. Whole-cell lysates (WCLs) were immunoblotted with anti-p-p65, anti- 
p65, and anti-β-actin antibodies after SDS-PAGE analysis. The p-p65/p65 ratio was compared. Polymyxin B was used to neutralize endotoxin. (C) RAW264.7 cells 
were treated with HMGB1 and (HMGB1)2 for 30 min, which were prepared as like (A) and (B) in the presence or absence of 10 μM CuCl2 and 50 μM H2O2 for 2 h. (D 
and E) HMGB1 (D) and (HMGB1)2 (E) were incubated with 10 ng/mL LPS and 50 μM H2O2 in the presence or absence of 50 μM NAC or 5 mM DTT for 2 h and then 
treated on RAW264.7 cells for 30 min. All band intensities were calculated using ImageJ software and presented as the mean ± SEM (N = 3). *p < 0.05, **p < 0.01, 
***p < 0.001. (F) HMGB1 and (HMGB1)2 were incubated with 10 μM CuCl2 and 50 μM H2O2 in the presence or absence of 5 mM DTT for 2 h and then treated on 
RAW264.7 cells for 30 min. Cells were permeabilized and incubated with an anti-p-p65 antibody for confocal microscopy. Mean fluorescence intensity (MFI) was 
presented as mean ± SEM (N = 3). ***p < 0.001, t-test. Nuclei were stained with DAPI.
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dependent manner compared to untreated controls (Fig. 6A). CuCl2/ 
H2O2-treated (HMGB1)2 significantly increased TNF-α production 
compared to monomeric HMGB1, and this effect was abolished by DTT 
and NAC (Fig. 6A and B). These data suggest that the presence of Di- 
HMGB1 is crucial in the pro-inflammatory response. Co-treatment of 
either H2O2-treated HMGB1 or (HMGB1)2 with LPS led to higher TNF-α 
production than LPS alone, and these pro-inflammatory effects were 
reduced by DTT and NAC (Fig. 6C and D). The HMGB1C106A mutant 
failed to induce TNF-α production (Fig. 6A–D).

Finally, we produced Di-HMGB1 by incubating HMGB1 with 50 μM 
H2O2 and 10 ng/mL LPS, sLTA and bLTA for 1 h and 17 h, referred to as 
HMGB1/H2O2/LPS-1 or -17 and HMGB1/H2O2/LTA-1 or -17. After 17 h 
of incubation, HMGB1 molecules were dimerized or oligomerized by 
approximately 70–90% (Fig. 7A–C). When RAW264.7 and J774A.1 cells 
were treated with HMGB1/H2O2/LPS-17 for 2 h, TNF-α levels in the 
culture supernatant increased dose-dependently, significantly more than 
those treated with LPS or LTA alone. Additionally, TNF-α levels in the 
culture supernatant with HMGB1/H2O2/LPS-17 were significantly 
increased compared to HMGB1/H2O2/LPS-1 treatment (Fig. 7D and E). 
Similarly, HMGB1/H2O2/sLTA and HMGB1/H2O2/bLTA stimulations 
produced similar results (Fig. 7F–I). All these results indicate that the 
amount of Di-HMGB1 stimulation produces a strong pro-inflammatory 
response.

In summary, extracellular HMGB1 is secreted in monomer form by 
pro-inflammatory stimuli and efficiently forms a dimeric structure in an 
anti-parallel orientation mediated by Cys106-Cys106 under oxidative 
conditions. This dimerization is facilitated by anchoring platforms such 
as LPS and LTA. These Di-HMGB1 molecules bind more effectively to 
TLR4/MD2 and TLR2, delivering NF-κB signaling for TNF-α production 
more robustly than monomeric HMGB1 (Fig. 8). These results elucidate 
a new paradigm in the pathogenesis of HMGB1-mediated inflammation 
in both sterile and septic conditions.

4. Discussion

HMGB1 is a redox-sensitive protein containing three cysteine resi
dues Cys23, Cys45, and Cys106. PrxI/II can induce the formation of an 
intramolecular disulfide bond between Cys23 and Cys45 residues of 
HMGB1 in the nucleus under mild oxidative stress. This Ds-HMGB1 is 
then translocated into the cytoplasm for secretion [23]. It is known that 
the Cys23-Cys45 intramolecular disulfide bond and the Cys106 thiol form 
are required for HMGB1 to induce pro-inflammatory cytokines [21,43]. 
Our recent study recently showed that HMGB1 dimerization via the 
Cys106-Cys106 intermolecular disulfide bond prevents DNA damage from 
oxidative stress in the nucleus [13]. This demonstrates the formation of 
Di-HMGB1 and its physiological role in cellular stress.

Fig. 6. Di-HMGB1 enhances TNF-α production. (A and B) HMGB1, (HMGB1)2, and HMGB1C106A were incubated with 10 μM CuCl2 and 50 μM H2O2 in the 
presence or absence of 5 mM DTT (A) or 50 μM NAC (B). RAW264.7 cells were stimulated with the indicated amount of HMGB1, (HMGB1)2, and HMGB1C106A 

mixture for 2 h. Polymyxin B was used for endotoxin removal. (C and D) HMGB1, (HMGB1)2, and HMGB1C106A were incubated with or without 10 ng/mL LPS and 50 
μM H2O2 in the presence or absence of 5 mM DTT (C) or 50 μM NAC (D). RAW264.7 cells were stimulated with the indicated amount of HMGB1, (HMGB1)2, and 
HMGB1C106A mixture. Supernatants were collected after 2 h of treatment and TNF-α levels were quantified using a commercial ELISA kit. *p < 0.001 vs (HMGB1)2 by 
two-way ANOVA followed by Tukey’s test.
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In this study, we found that HMGB1 is secreted extracellularly in the 
monomeric form and can be dimerized into Di-HMGB1 under oxidative 
conditions with the aid of binding platforms such as LPS and LTA. 
HMGB1 proteins in Di-HMGB1 are dimerized in an anti-parallel direc
tion. Di-HMGB1 exhibited a higher binding affinity to TLR4, TLR2, and 
RAGE than to monomeric HMGB1. Treatment with (HMGB1)2, the 
mimic form of Di-HMGB1, resulted in strong TLR4 oligomerization, 
increased nuclear p-p65, activation of NF-κB signaling, and elevated 
TNF-α production. TLR2, TLR4, and RAGE are known to be oligomerized 
by their respective ligands to activate signaling, leading to the recruit
ment of downstream signaling molecules [33,35,54,55]. Therefore, 
extracellular HMGB1 dimerization or oligomerization under oxidative 
stress is crucial for the inflammatory reaction. Ligand oligomerization 
enhances the corresponding receptor oligomerization for improved 
signaling pathways. For example, S100B, a RAGE receptor ligand, forms 
a tetramer with a greater binding affinity for RAGE than its monomeric 
form. Additionally, the RagA pneumococcal pilus type 1 protein can 

oligomerize to effectively bind to TLR2 [36,38,39]. This is why treat
ment with fresh recombinant monomeric HMGB1 showed low 
pro-inflammatory cytokine production both in vitro and in vivo. This 
study represents the first report on the extracellular dimerization of 
HMGB1, which triggers strong pro-inflammatory signaling through re
ceptor oligomerization. We are currently investigating the role of 
Di-HMGB1 in intracellular signaling after RAGE-dependent endocytosis, 
which has important implications for caspase-11-dependent lethality in 
sepsis [53].

A previous report demonstrated that Ds-HMGB1, which contains the 
free thiol group of Cys106, induces TLR4-mediated pro-inflammatory 
signaling through Cys106-mediated binding to TLR4 [43]. The absence of 
the Cys106 thiol in HMGB1 abolishes these pro-inflammatory effects. 
Although the specific mechanism by which the Cys106 thiol of HMGB1 is 
required to induce pro-inflammatory signals via TLR4 has not been 
identified, our study shows that Di-HMGB1, which contains a 
Cys106-mediated disulfide bond and lacks a free thiol, still exhibits 

Fig. 7. Di-HMGB1 formed from monomeric HMGB1 enhances TNF-α production. (A–C) Various concentrations of HMGB1 dimeric forms were produced by 
incubation with 50 μM H2O2 and 10 ng/mL LPS from Escherichia coli 0111:B4 (A) or LTA from Staphylococcus aureus (B, sLTA) or Bacillus subtilis (C, bLTA) for 1 or 17 
h at 37◦C. Percentages of band intensities were calculated using ImageJ software (NIH). (D–I) RAW264.7 (D, F, H) and J774A.1 (E, G, I) cells were stimulated with 
0.1 or 1 μg/mL of HMGB1 mixture incubated with LPS (D, E) or sLTA (F, G), or bLTA (H, I) for 2 h. Supernatants were collected and TNF-α levels were quantified 
using a commercial ELISA kit. Stimulation with 10 ng/mL of LPS (D, E) or sLTA (F, G) or bLTA (H, I) was used as a positive control. *p < 0.001 vs PAMPs incubated- 
Di-HMGB1 by two-way ANOVA followed by Tukey’s test.
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binding affinity for TLR4 and TLR2, contributing to pro-inflammatory 
signaling. Furthermore, the reduction of Di-HMGB1 via DTT treatment 
decreases its binding affinity to the TLR4 receptor, p-p65 formation, and 
TNF-α production. Additionally, the degree of HMGB1 dimerization 
correlates with ROS levels [13], and the levels of ROS generation and 
HMGB1 oxidation correspond to the severity of sepsis [56].

We do not yet have a definitive explanation for why HMGB1, lacking 
a free thiol group at Cys106, such as in Di-HMGB1, can bind to TLR4/ 
MD2. TLR4 primarily utilizes hydrophobic or ionic interactions when 
binding to its partners such as MD2, CD14, and LPS, but does not bind its 
ligand via intermolecular disulfide bond formation to the best of our 
knowledge [57,58]. Considering that sulfonylated HMGB1, which has 
the –SO3 group at Cys23, 45, and 106, was bound to MD2 with KD of 25 
μM [59], Di-HMGB1 containing Cys-Cys bond did not significantly affect 
the interaction with TLR4/MD2. Further in-depth investigation is 
required to explore this phenomenon in detail.

Overall, these results suggest that Di-HMGB1 may form in extracel
lular spaces under oxidative conditions and play an important pro- 
inflammatory role as a DAMP. Further analysis is required to detect 
Di-HMGB1 in human septic patients and evaluate the disease severity. 
The development of an assay to detect Di-HMGB1 in samples is crucial 
for clinical diagnosis and treatment.
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