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ABSTRACT
Background  High-mobility group box 1 (HMGB1) is a 
multifunctional redox-sensitive protein involved in various 
intracellular (eg, chromatin remodeling, transcription, 
autophagy) and extracellular (inflammation, autoimmunity) 
processes. Regarding its role in cancer development/
progression, paradoxical results exist in the literature 
and it is still unclear whether HMGB1 mainly acts as an 
oncogene or a tumor suppressor.
Methods  HMGB1 expression was first assessed in 
tissue specimens (n=359) of invasive breast, lung and 
cervical cancer and the two distinct staining patterns 
detected (nuclear vs cytoplasmic) were correlated to the 
secretion profile of malignant cells, patient outcomes and 
the presence of infiltrating immune cells within tumor 
microenvironment. Using several orthotopic, syngeneic 
mouse models of basal-like breast (4T1, 67NR and 
EpRas) or non-small cell lung (TC-1) cancer, the efficacy 
of several HMGB1 inhibitors alone and in combination 
with immune checkpoint blockade antibodies (anti-PD-1/
PD-L1) was then investigated. Isolated from retrieved 
tumors, 14 immune cell (sub)populations as well as 
the activation status of antigen-presenting cells were 
extensively analyzed in each condition. Finally, the redox 
state of HMGB1 in tumor-extruded fluids and the influence 
of different forms (oxidized, reduced or disulfide) on both 
dendritic cell (DC) and plasmacytoid DC (pDC) activation 
were determined.
Results  Associated with an unfavorable prognosis in 
human patients, we clearly demonstrated that targeting 
extracellular HMGB1 elicits a profound remodeling of 
tumor immune microenvironment for efficient cancer 
therapy. Indeed, without affecting the global number of 
(CD45+) immune cells, drastic reductions of monocytic/
granulocytic myeloid-derived suppressor cells (MDSC) 
and regulatory T lymphocytes, a higher M1/M2 ratio of 
macrophages as well as an increased activation of both 
DC and pDC were continually observed following HMGB1 
inhibition. Moreover, blocking HMGB1 improved the 
efficacy of anti-PD-1 cancer monoimmunotherapy. We also 
reported that a significant fraction of HMGB1 encountered 

within cancer microenvironment (interstitial fluids) is 
oxidized and, in opposite to its reduced isoform, oxidized 
HMGB1 acts as a tolerogenic signal in a receptor for 
advanced glycation endproducts-dependent manner.
Conclusion  Collectively, we present evidence that 
extracellular HMGB1 blockade may complement first-
generation cancer immunotherapies by remobilizing 
antitumor immune response.

INTRODUCTION
High-mobility group box 1 (HMGB1) was 
originally identified in the early 70s as an ubiq-
uitous and abundant non-histone chromatin-
binding protein.1 Highly conserved (>95% 
identity) among all mammals, nuclear 
HMGB1 is involved in replication, gene 
expression, DNA repair and contributes 
actively to genome stability. Thirty years later, 
compelling data revealed the implication of 
HMGB1 in the pathogenesis of a variety of 
non-infectious, inflammatory/autoimmune 
disorders (eg, sepsis, rheumatoid arthritis, 
systemic lupus erythematosus, myositis),2–5 
supporting its additional role in immune 
responses. Actively secreted under inflamma-
tory/stress conditions or passively released 
from any type of injured cells, HMGB1 trig-
gers and amplifies these diverse inflammation-
associated diseases through both stimulating 
proinflammatory cytokine synthesis (eg, 
tumor necrosis factor-α (TNFα), inter-
leukin (IL)-1β, IL-6) and inducing immature 
immune cell activation and chemotaxis.6–8 
In addition to operate as an ‘alarmin’ via the 
receptor for advanced glycation endproducts 
(RAGE) and/or Toll-like receptor (TLR) 2, 
4 and 9 signaling(s), extracellular HMGB1 
may also regulate vascular growth and 
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axonal sprouting,9 10 extending its activity well beyond 
its pro-inflammatory function. More recently, the crucial 
importance of redox status of three cysteine residues at 
positions 23, 45 and 106 in the regulation of HMGB1 
cytokine activity was emphasized.11–14 As a result, three 
redox forms of HMGB1 have been described: reduced, 
disulfide (Cys-23 and Cys-45 forming an intramolecular 
bond) and oxidized HMGB1. Of note, this latter form 
can be partially (Cys-106) or completely oxidized at the 
critical amino acids. Reduced and disulfide HMGB1 have 
been shown to have chemotactic and pro-inflammatory 
activity, respectively,13 whereas reactive oxygen species 
(ROS)-dependent oxidation of HMGB1 at Cys-106 abro-
gates its immunostimulatory activity and contributes to 
apoptotic cell-mediated immunotolerance through still 
unknown mechanisms.11 These opposite roles displayed 
by mutually exclusive forms of HMGB1 are likely to 
explain the paradoxical results collected over the years, 
especially in the context of cancer development. Although 
increasing evidence reports that HMGB1 could enhance 
drug resistance and contribute to tumor progression 
and metastasis,15–20 a defective immunogenic cell death 
associated with a reduced efficacy of both anthracyclines 
and oxaliplatin following HMGB1 knockdown was also 
described.21 22 Therefore, it remains unclear whether 
extracellular HMGB1 acts as a pro-tumor or a tumor-
suppressor protein during carcinogenesis.23

In the past decade, immunotherapy using immune 
checkpoint inhibitors (especially drugs blocking the 
programmed cell death protein 1 (PD-1)and its ligand 
(PD-L1)) has raised considerable interest for treating 
patients with advanced (metastatic) cancers or unre-
sponsive/resistant to targeted therapies. Despite tremen-
dous clinical successes with some cancer (sub)types 
(eg, Merkel cell carcinoma, melanoma, microsatellite 
instability-high colorectal cancer) and the progressive 
increase of eligible patients for anti-PD-1/PD-L1 mono-
clonal antibodies (from ~1% in 2011 to >40% in 2018), 
the overall response rate to checkpoint immunotherapy 
remains modest for most cancers (12.46% in 2018 among 
US patients).24 As an example, basal-like (also commonly 
called ‘triple negative’ due to the lack of expression of 
HER2 and nuclear hormone receptors) breast cancer has 
been shown to exhibit a high immunogenicity25 but the 
proportion of responders did not exceed 15% in several 
phase I–II clinical trials,26 27 reflecting that individual 
patient immunity is complex and, undoubtedly, leads to 
variability in response to treatment. Therefore, the combi-
nation of immune checkpoint inhibitors with standard 
cancer treatments (eg, chemotherapy) or drugs targeting 
another tumor-induced immune defect is frequently 
considered as a promising strategy for improving the effi-
cacy of future therapies (without, hopefully, excessively 
increasing the incidence of immune-related adverse 
events).28 In this regard, recent clinical data reported the 
beneficial effect of chemoimmunotherapy in the context 
of various solid tumors (eg, non-small-cell lung cancer 
and basal-like breast cancer).29 30 The combination of 

two immunomodulatory drugs (the therapy concurrently 
targeting PD-1 and cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) is, by far, the most vigorously exam-
ined) has also showed to improve both durable response 
rate and disease-free survival of responding patients 
compared with monotherapies.31 However, of note is 
that the combinational approach of several immunoreg-
ulatory blockers can also cause antagonistic instead of 
synergistic effects (eg, concurrent immunotherapy using 
anti-PD-1 antibody and CD134/OX40 agonist).32

The present study aims at clearly determining whether 
targeting extracellular HMGB1 with both direct and indi-
rect inhibitors may be efficient in cancer therapy. Partic-
ularly relevant for studying novel anticancer drugs with 
potential immunotherapeutic properties, several synge-
neic mouse models were used and the tumor immune 
microenvironment was precisely characterized in each 
condition. The efficacy of HMGB1 inhibitors in combina-
tion with immune checkpoint blockade antibodies (anti-
PD-1/PD-L1) was also assessed. Finally, the redox state of 
HMGB1 in tumor-extruded fluids as well as the influence 
of different forms on antigen presenting cell activation 
were determined.

MATERIALS AND METHODS
Tissue samples and clinical data retrieval
A total of 359 paraffin-embedded cancer specimens and 
180 paired normal tissues from the same patients were 
retrieved from the Tissue Biobank of the University 
Hospital Center of Liege (Belgium). These tissue samples 
included 120 normal breast tissues, 40 HPV-negative ecto-
cervical mucosae, 20 normal bronchial epithelia, 275 inva-
sive breast tumors (35 luminal A, 31 luminal B, 37 HER2+ 
and 172 basal-like), 57 cervical squamous cell carcinomas 
(SCC) and 27 non-small-cell lung cancers (adenocarci-
nomas). All cases were re-examined by experienced histo-
pathologists to confirm the diagnosis. Clinicopathological 
data (age at diagnosis, TNM classification, proliferation 
index, treatment details (surgery and/or (neo)adjuvant 
therapies) and follow-up data) for all women diagnosed 
with basal-like breast cancer were extracted from patient’s 
medical records (online supplemental table 1).

Mouse and human cell cultures
The 4T1, 67NR (mouse basal-like breast cancer cells) and 
TC-1 (mouse lung cancer cells expressing HPV16 E6 and 
E7 oncoproteins) cells were kindly provided by Dr Nath-
alie Bendriss-Vermare (INSERM U1052, Claude Bernard 
Lyon 1 University, France) and Dr Sophie Hallez (Labo-
ratory of Chemical Biology, Université Libre de Bruxelles, 
Belgium), respectively. These latter cell lines were main-
tained in Roswell Park Memorial Institute (RPMI) 1640 
medium (Gibco, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) containing 10% fetal calf serum 
(Lonza, Basel, Switzerland), 1% non-essential amino 
acid (Gibco, 100X), 1 mM sodium pyruvate (Gibco), 
2 mM L-glutamine (Gibco), 50 µM β-mercaptoethanol 
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(Gibco) and 1% penicillin-streptomycin (Gibco, 100X). 
Neu15 cells (kindly provided by Dr Nathalie Bendriss-
Vermare) were cultured in RPMI 1640 supplemented 
with 10% fetal calf serum, 1% non-essential amino acids, 
1 mM sodium pyruvate, 2 mM L-glutamine, 1% insulin-
transferrin-selenium (Gibco, 100X) and 1% penicillin-
streptomycin. Both EpRas and EpH4 (kindly provided by 
Professor Hartmut Beug, University of Vienna, Austria) 
as well as RAW264.7 cells were grown in Dulbecco's Modi-
fied Eagle Medium (DMEM) containing 10% fetal calf 
serum and supplied with 1% non-essential amino acids, 
1 mM sodium pyruvate and 1% penicillin-streptomycin. 
Normal human mammary epithelial cells (HMEC and 
MCF10A) and human breast cancer cell lines (Luminal 
A: T-47D and MCF7; HER2+: SK-BR-3; basal-like: MDA-
MB-468, BT-549, MDA-MB-231, MDA-MB-157, HCC70, 
HCC1143 and Hs578T) were obtained from the Amer-
ican Type Culture Collection (Manassas, Virginia, USA) 
or were kindly provided by Dr Akeila Bellahcene (Metas-
tasis Research Laboratory, University of Liege, Belgium), 
Dr Christine Gilles (Laboratory of Tumor and Develop-
ment Biology, University of Liege, Belgium) or Dr Alain 
Chariot (Laboratory of Medical Chemistry, University of 
Liege, Belgium). MDA-MB-231, HCC70 and HCC1143 
were cultured in RPMI 1640 supplemented with 10% fetal 
calf serum, 1% non-essential amino acids, 1 mM sodium 
pyruvate, 50 µM β-mercaptoethanol and 1% penicillin-
streptomycin. MCF7 and Hs578T were maintained in 
DMEM containing 10% fetal calf serum, 1% non-essential 
amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 
10 µg/mL insulin (Sigma Aldrich, Saint Louis, Michigan, 
USA) and 1% penicillin-streptomycin. MDA-MB-157 and 
MDA-MB-468 were grown in DMEM containing 10% fetal 
calf serum and supplied with 1% non-essential amino 
acids, 2 mM L-glutamine and 1% penicillin-streptomycin. 
HMEC cells were cultured in Mammary Epithelial Cell 
Growth Basal Medium (Lonza) containing all requested 
supplements and growth factors (0.25% bovine pitu-
itary extract, 20 ng/mL epidermal growth factor (EGF), 
5 µg/mL insulin, 0.2 µg/mL hydrocortisone, 30 µg/mL 
gentamicin and 15 ng/mL amphotericin B (Lonza)). 
MCF10A was maintained in 1:1 mixture of DMEM and 
Ham’s F12 medium (Gibco) containing 5% horse serum 
(Sigma Aldrich), 1% non-essential amino acids, 0.5 µg/
mL hydrocortisone, 2.5 mM L-glutamine, 20 ng/mL 
EGF, 0.1 µg/mL cholera toxin, 10 µg/mL insulin and 
1% penicillin-streptomycin. T-47D cells were cultured in 
RPMI 1640 containing 10% fetal calf serum, 7.692 µg/
mL insulin, 1% non-essential amino acids, 1 mM sodium 
pyruvate and 1% penicillin–streptomycin. SK-BR-3 cells 
were grown in McCoy 5A (Gibco) supplemented with 
10% fetal calf serum, 1% non-essential amino acid, 1 mM 
sodium pyruvate and 1% penicillin-streptomycin. BT-549 
cells were cultured in RPMI 1640 containing 10% fetal 
calf serum and supplied with 0.88 µg/mL insulin, 1% 
non-essential amino acids, 1 mM sodium pyruvate and 
1% penicillin–streptomycin. All cell lines were authenti-
cated by Short Tandem Repeat (STR) analysis (Eurofins 

Genomics, Ebersberg, Germany) and tested negative 
for mycoplasma contamination (MycoAlert Mycoplasma 
Detection Kit, Lonza).

Assessing HMGB1 inhibitor efficacy in vitro
The neutralizing activity of glycyrrhizin (direct HMGB1 
inhibitor) (Sigma Aldrich) as well as RAGE antagonist 
peptide (RAP) (Merck Millipore, Burlington, Massa-
chusetts, USA) and truncated N-terminal domain of 
HMGB1 (A box) (HMGBiotech, Milan, Italy) was indi-
rectly determined through analyzing their ability to atten-
uate HMGB1-induced TNFα release by macrophages/
monocytes. To do this, 4×105 murine RAW 264.7 macro-
phages per well of a twenty four-well plate were seeded in 
appropriate growth medium. Twenty-four hours later, the 
cells were stimulated with 1 µg/mL recombinant mouse 
HMGB1 (R&D systems, Minneapolis, Minnesota, USA) 
alone or in combination with inhibitors (several concen-
trations were tested). After 16 hours, TNFα level in cell 
culture supernatant was quantified using the mouse TNFα 
DuoSet ELISA purchased from R&D systems. In order 
to determine whether the dose range for each inhibitor 
also inhibited HMGB1 secreted by both lung (TC-1) and 
basal-like breast cancer cells (4T1, 67NR, EpRas) used in 
our in vivo models, similar experiments were performed 
in which the stimulation by recombinant HMGB1 was 
replaced by conditioned media from these latter cell lines 
(1×106 cells per well of a six-well plate for 48 hours in 2 mL 
of growth medium). As described in previous articles,14 33 
a similar procedure was used for analyzing the neutral-
izing effect of a polyclonal anti-HMGB1 antibody raised 
in rabbit (Eurogentec, Seraing, Belgium). Titer for this 
latter antibody was determined by immunoblotting.

For ethyl pyruvate (EP) (Sigma Aldrich), its inhibitory 
effect on HMGB1 secretion was determined by ELISA 
(HMGB1 Detection kit, Chondrex, Redmond, WA, USA). 
Forty-8 hours after adding EP (concentration range: 
0.1–10 mM), conditioned medium from basal-like breast 
cancer cell lines was harvested and HMGB1 concentra-
tion was measured.

Syngeneic mouse models
C57BL/6J and BALB/c female mice aged 6–8 weeks (n=10 
per condition) were used in the present study. Five×105 
4T1, 1×106 67NR and 2×106 EpRas (in 300 µL appropriate 
growth medium) were orthotopically injected into the 
mammary fat pad of mice. Regarding TC-1 cells (8×105), 
they were subcutaneously injected (mouse flank). In 
some peculiar cases, a similar procedure was used with 
Nude RJ:ATHYM-Foxn1nu mice (n=6 per condition). 
When tumor volume reached 50–100 mm3, treatments 
with HMGB1 inhibitors alone or in combination with 
checkpoint blockade antibodies were initiated. One nM/
kg glycyrrhizin, 10 µM/kg RAP, 500 µg/kg A box and 
1 mM/kg EP were administrated by intraperitoneal (i.p.) 
injection at 3-day intervals for 3 weeks. Similar adminis-
tration frequencies were used for both rabbit (8.6 mg/
kg, Eurogentec) and mouse (5 mg/kg, clone 3E8, 
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Biolegend, San Diego, California, USA) anti-HMGB1 
antibodies. When indicated (combination therapy), mice 
received 200 µg of in vivo plus monoclonal anti-mouse 
PD-1 (clone 29F.1A12, Bio X cell, West Lebanon, New 
Hampshire, USA) or 100 µg of antimouse PD-L1 (clone 
10F.9G2, Bio X cell) antibody by i.p. injection at days 4, 
7 and 11. Tumor size was monitored with a digital caliper 
(Thermo Fisher Scientific) every 2–3 days and mice were 
euthanized when the average tumor volume [(length 
× width2)× π /6] of the control group exceeded 1500 
mm3. Tumor growth inhibition index was calculated 
using the following formula: [1-(mean volume of treated 
tumors)/(mean volume of control tumors)] × 100%. 
Half of retrieved tumors were fixed in 10% formalin 
for 48 hours, embedded in paraffin and sections were 
subjected to immunohistochemical analysis. The other 
unfixed tumors were crudely dissected into small pieces, 
incubated with an enzymatic cocktail (1 mg/mL colla-
genase A (Sigma Aldrich) and 20 µg/mL DNase (Sigma 
Aldrich)) for 30 min at 37°C and then passed through a 
70 μm pore size membrane filter (BD Biosciences, San 
Jose, California, USA). The cells were finally resuspended 
in phosphate-buffered saline (PBS) 3% BSA (Merck 
Millipore) before CD45+ cell isolation and flow cytom-
etry analysis (procedure and fluorochrome-conjugated 
antimouse antibodies detailed below). Due to mortality 
in some tumor-bearing mice treated with anti-PD-1 or 
anti-PD-L1 inhibitors, in order to have the same number 
of analyses per condition, some resected tumors were cut 
into halves (the first half was embedded in paraffin, while 
the immune cells were retrieved from the second part). 
The animals were bred in-house (GIGA-Mouse facility 
and Transgenics platform) or purchased from Janvier 
Labs (Le Genest-Saint-Isle, France) and the experiments 
were performed in strict compliance with the ethical 
rules/recommendations established by the Federation of 
European Laboratory Animal Sciences Associations.

Antibody-mediated granulocytic MDSC depletion in mice
Granulocytic MDSC were depleted by i.p. injection of 
100 µg of ultra-LEAF purified anti-Ly6G antibody (clone 
1A8, Biolegend) at day −1, 3 and 7. Promoting target cell 
phagocytosis through Fc-dependent opsonization and 
allowing a durable and controlled depletion,34 mice were 
treated using a recently published double antibody-based 
strategy (100 µg anti-Ly6G+50 µg in vivo antirat kappa 
immunoglobulin light chain (clone MAR 18.5, Bio X 
cell)) during the second week of depletion (at days 11–12 
and 15–16).

Flow cytometry (for in vivo experiments)
Flow cytometry analyses were performed using a FACS-
Canto II flow cytometer and collected data were analyzed 
with FACSDiva software, V.6.1.2 (BD Biosciences). 
Immune cells from digested tumors were first isolated 
using CD45 MicroBeads according to manufacturer’s 
protocol (Miltenyi Biotec, Bergisch Gladbach, Germany). 
For precisely determining the number of CD45+ cells per 

milligram of tumor, this latter positive selection was not 
performed in this particular case. In order to minimize 
non-specific binding, CD45+ cells were then incubated 
with anti-CD16/CD32 antibody (clone 2.4G2, BD Biosci-
ences). All cell surface reactions were performed at 4°C 
for 30 min. The fluorochrome-conjugated antimouse 
antibodies used in the present study are listed in online 
supplemental table 2. The permeabilization step allowing 
intracellular Foxp3 staining was performed according 
to the manufacturer’s recommendations (eBioscience, 
Thermo Fisher Scientific). The following immune cell 
populations were analyzed: DC (CD45+, CD11b+, I-A/I--
Ehigh, F4/80-), pDC (CD45+, CD11bint, CD11c+, BST2+, 
Siglec H+), CD4+ T cells (CD45+, CD3+, CD4+), CD8+ T 
cells (CD45+, CD3+, CD8+), monocytic MDSC (CD45+, 
CD11b+, I-A/I-Eint, Ly6G-, Ly6Chigh), granulocytic MDSC 
(CD45+, CD11b+, I-A/I-Eint, Ly6G+, Ly6C-), neutrophils 
(CD45+, CD11b+, I-A/I-Eint, Ly6G+, Ly6Cint), M1 macro-
phages (CD45+, CD11b+, CD11c+, F4/80+, CD206-), 
M2 macrophages (CD45+, CD11b+, CD11c-, F4/80+, 
CD206+), CD4+ T regulatory cells (CD45+, CD3+, CD4+, 
CD25+, FoxP3+), CD8+ T regulatory cells (CD45+, CD3+, 
CD8+, CD25+, FoxP3+), NK cells (CD45+, NKp46+), B cells 
(CD45+, CD19+) and eosinophils (CD45+, Ly6C-, Siglec 
F+). Of note, the proportion of DC is likely slightly over-
estimated (<2%) in some experiments given that the 
expression of F4/80 was not systematically evaluated. The 
activation status of DC and pDC was also determined by 
evaluating CD80, CD86, I-A/I-E, ILT3 and CD80, CD86, 
I-A/I-E, ICOSL, respectively. In order to properly segre-
gate negative from positive cell populations, PMT volt-
ages were set optimally. Cell fragments and debris were 
eliminated based on both forward-scatter and side-scatter 
values. Gating strategy is shown in online supplemental 
figure 1.

Assessing HMGB1 inhibitor toxicity in vivo
Eight-week-old female cancer-free BALB/c mice (n=5 per 
condition) were treated at 3-day intervals by i.p. injec-
tions of glycyrrhizin (1 nM/kg), RAP (10 µM/kg), A box 
(500 µg/kg) and EP (1 mM/kg) (similarly to what is done 
with the syngeneic mouse models). Mice were weighed 
every 2–3 days. After 3 weeks, mice were euthanized and 
lungs, heart, spleen, liver and kidneys were retrieved, 
weighed and then embedded in paraffin for histological 
evaluation. The levels of serum urea and alanine amino-
transferase (ALT) were measured using a cobas 6000 
analyzer (Roche, Basel, Switzerland).

Immunohistochemistry
Immunohistochemical analyses were performed using a 
standard protocol detailed previously.35 36 Antigens were 
retrieved in 10 mM citrate (pH 6) (Sigma Aldrich) or 
EDTA (pH 9) (Zytomed Systems, Berlin, Germany) buffer. 
The primary antibodies used in the present study were as 
followed: anti-HMGB1 (clone 1D5, Abnova, Taipei City, 
Taiwan), anti-cleaved caspase 3 (clone C92-605, BD Biosci-
ences), anti-CD31 (ab28364, Abcam, Cambridge, UK), 
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anti-CD3 (clone 2GV6, Ventana Medical Systems, Tucson, 
Arizona, USA), anti-Foxp3 (clone 236 A/E7; eBioscience, 
San Diego, California, USA), anti-CD68 (clone KP-1, 
Ventana Medical Systems), anti-CD206 (clone E2L9N, 
Cell Signaling Technology, Danvers, MA, USA), anti-
PD-1 (clone NAT105, Abcam), anti-human PD-L1 (clone 
28–8, Abcam) and anti-mouse PD-L1 (orb10162, Biorbyt, 
Cambridge, UK). The secondary reaction was performed 
using the mouse or rabbit Envision+system (Dako, 
Glostrup, Denmark) according to the manufacturer’s 
recommendations. Positive cells were visualized using a 
3,3’-diaminobenzidine (DAB) substrate (Cell Signaling 
Technology). Mouse or rabbit control IgGs (Santa Cruz 
Biotechnology, Santa Cruz, California, USA) were used as 
negative controls.

Assessment of immunohistochemical stainings
Experienced histopathologists evaluated the percentage 
of epithelial (normal or cancer) cells displaying a cyto-
plasmic HMGB1 immunoreactivity. Collected results were 
stratified as followed: negative, <10% and >10%. PD-L1 
expression was considered as positive when membra-
nous immunostaining was detected in ≥1% of cancer 
cells or inflammatory cells within tumor microenviron-
ment. As previously described,37–39 staining quantifica-
tion for apoptotic (cleaved caspase 3+) cancer cells as 
well as CD3+, Foxp3+, CD68+, CD206+ and PD-1+ immune 
cells infiltrating the stroma surrounding tumor cells 
was performed by computerized counts (QuPath 0.2.0 
open source software for digital pathology image anal-
ysis). Slides were scanned using 3 dimensional Histech 
Pannoramic scanner (Sysmex, Villepinte, France). The 
number of positive cells was reported to cancer area 
(mm2). For CD31 immunoreactivity, QuPath software was 
also used (positive pixel count algorithm) and, as previ-
ously described,40 the ratio of DAB-stained pixels to total 
cancer area was determined.

Generation of DC and pDC from human CD34+ hematopoietic 
stem/progenitor cells and cocultures
Both DC and pDC were generated from CD34+ cells 
isolated from cord blood samples using the MACS CD34 
MicroBead kit (Miltenyi Biotec, Bergisch Gladbach, 
Germany). As previously described,41 for the generation of 
DC, CD34+ precursor cells were cultured for 7 days in the 
presence of 20 ng/mL human SCF (Peprotech, Cranbury, 
New Jersey, USA), 10 ng/mL TPO (Peprotech), 25 ng/
mL Flt3L (Peprotech), 200 U/mL GM-CSF (Amoytop 
Biotech, Xiamen, China) and 100 U/mL IL-4 (Immu-
noTools, Friesoythe, Germany). Regarding the produc-
tion of pDC, CD34+ cells were cultured for 21 days in 
the presence of 10 ng/mL TPO (Peprotech), 100 ng/mL 
Flt3L (Peprotech) and 20 ng/mL IL-3 (Peprotech). The 
detailed protocol was also previously described.42 Where 
indicated, DC were treated with 3 µg/mL fully reduced, 
disulfide or terminally oxidized HMGB1 (HMGBiotech, 
Milan, Italy) for 1 day, followed by a lipopolysaccharide 
(LPS)-induced maturation (1 µg/mL, Sigma-Aldrich) for 

24 hours. The procedure was identical with pDC except 
that maturation was induced by adding 12 µg/mL CpG 
ODN (Eurogentec) in the cell cultures for 24 hours. In 
selected experiments, an inhibitor of RAGE (10 µM RAP) 
or TLR4 (2 µM LPS-RS, Invitrogen, Carlsbad, California, 
USA) was added in the culture system. The expression of 
several maturation markers (CD40, CD80, CD83, CD86, 
HLA-DR, HLA-ABC and CCR7) was finally determined 
by flow cytometry (FACSCanto II flow cytometer, GIGA-in 
vitro imaging platform). The fluorochrome-conjugated 
anti-human antibodies used in this study are listed in 
online supplemental table 2.

Characterization of the redox state of released HMGB1 in 
tumor microenvironment
Mouse breast cancer cells (4T1, 67NR and EpRas) were 
orthotopically injected into the mammary fat pad of 
mice. When the volume reached 1000 mm3, tumors were 
retrieved and soluble proteins/interstitial fluids were 
collected using a pressure-assisted innovative method-
ology (EXPEL) recently described.43 In order to irre-
versibly freeze the redox state of HMGB1 molecules 
contained in tumor-extruded fluids, an alkylation step 
(50 mM iodoacetamide for 30 min at 25°C) was then 
directly conducted. Proteins were quantified using the 
Pierce BCA protein assay (ThermoFisher Scientific) and 
15 µg were separated by electrophoresis on 10% poly-
acrylamide gels and transferred onto polyvinylidene 
difluoride membranes. After saturation with TBS-Tween 
20 0.1% supplemented with 5% skim milk for 30 min, 
the membrane was incubated overnight at 4°C with anti-
HMGB1 antibody (1/1000, A00066-1, Boster Biological 
Technology, Pleasanton, California, USA). After washing 
and incubation with the horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibody, the protein 
bands were detected by chemoluminescence and quanti-
fied using ImageJ software (National Institute of Health 
(NIH), Bethesda, Maryland, USA). As oxidized and 
reduced controls, recombinant HMGB1 was exposed to 
either 10 mM H2O2 or DTT for 1 hour and then alkylated.

Gene expression analysis
The expression of HMGB1, PD-1 (PDCD1 gene) and 
PD-L1 (CD274 gene) according to cancer subtypes, 
grades, lymph node and metastatic statuses was evalu-
ated using the Molecular Taxonomy of Breast Cancer 
International Consortium (METABRIC) public dataset 
(Illumina HT-12 v3 platform for transcriptional 
profiling).44 45 Breast cancers were categorized into the 
four current major molecular subtypes based on prolif-
erative index (Ki67), hormone receptor expression 
(estrogen receptor (ER), progesterone receptor (PR)) 
and HER2 positivity: Luminal A (ER+/PR+, HER2−, 
Ki67low), Luminal B (ER+/PR+, HER2−, Ki67high and 
ER+/PR+, HER2+), HER2+ (ER−/PR−, HER2+) and basal-
like (ER−/PR−, HER2−).

https://dx.doi.org/10.1136/jitc-2020-001966
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Metabolic extracellular flux analysis
Mouse basal-like breast cancer cells (10 000 cells per well) 
were seeded in Seahorse XFp mini-plates (Agilent, Santa 
Clara, California, USA) and analyzed using the mitochon-
drial stress test as previously described.46 HMGB1 inhib-
itors were added in growth culture medium for 12 hours 
and removed before the assay. For the optimal measure-
ment of both oxygen consumption (OCR) and extra-
cellular acidification (ECAR), cells were maintained in 
unbuffered serum-free DMEM (pH 7.4) containing 1 mM 
pyruvate, 2 mM glutamine and 10 mM glucose during 
the assay. Cells were successively stressed with 1 µM oligo-
mycin, 1 µM FCCP and 0.5 µM rotenone/antimycin A and 
collected results were normalized to cell number (evalu-
ated by Hoechst).

HMGB1 measurement by ELISA
One×106 cells per well of a six-well plate were cultured in 
appropriate growth medium during 48 hours. Cell culture 
supernatant was then harvested and HMGB1 release by 
both human and mouse breast cancer cells was quanti-
fied by ELISA using the following commercially available 
kit: HMGB1 Detection kit (Chondrex). After 48 hours, 
the number of attached cells in each condition was also 
determined in order to normalize HMGB1 measurements 
(ng/mL per 106 cells).

ROS measurement
Mitochondrial ROS production by cancer cells was 
measured using CellROX Flow Cytometry kit (Life Tech-
nologies, Carlsbad, California, USA) according to the 
manufacturer’s protocol. N-acetylcysteine (5 mM) and 
Tert-butyl hydroperoxide (100 µM) were used as negative 
and positive controls, respectively.

Cell proliferation and apoptosis/necrosis
Cell proliferation under indicated culture conditions was 
monitored for 6 days using live-cell imaging analysis (Incu-
Cyte ZOOM system, Essen BioScience, Welwyn Garden 
City, UK). The percentage of apoptotic/necrotic cells was 
determined by annexin V-FITC and propidium iodide 
staining according to the manufacturer’s recommenda-
tions (BD Biosciences). Results were acquired by flow 
cytometry (FACSCalibur flow cytometer, BD Biosciences).

Statistical analysis
Collected experimental data were analyzed using the 
GraphPad Prism V.8 software (San Diego, California, 
USA). The comparison of both patient characteristics 
and immunohistochemical variables (negative, <10% and 
>10% of cells exhibiting a cytoplasmic HMGB1 immu-
nostaining) between independent groups was performed 
using a Fisher’s exact test or a χ2 test according to the 
number of variables. Two group comparisons were 
performed using (Welch-corrected) unpaired t-tests. 
Experiments containing more than two groups were 
compared using one-way analysis of variance (ANOVA), 
followed by Dunnett’s multiple comparison test or Bonfer-
roni post-test. Regarding METABRIC gene expression 

data, both graphs and statistical analyses (one-way ANOVA 
followed by Bonferroni post-test or unpaired t-test) were 
done using the open source statistical language R (V.3.5). 
Disease-free survival was defined as the time from the date 
of original biopsy/diagnosis to the date of local or distant 
recurrence (metastasis). The Kaplan-Meier method (with 
log-rank (Martel-Cox) test) was used. *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001.

RESULTS
HMGB1 is highly secreted by basal-like breast cancer cells 
and its cytoplasmic immunoreactivity is associated with 
both regulatory T (Treg) cell infiltration within tumor 
stroma and poor outcome

By using the METABRIC public dataset, the mRNA 
expression level of HMGB1 according to breast cancer 
molecular subtypes, histologic grades, nodal and meta-
static statuses was first assessed. Although the statistical 
significance was reached between some cancer subtypes 
(basal-like vs LumA (p<0.001) or LumB (p<0.01)) and 
grades (grade 2 vs grade 3 (p<0.01)) (very likely due to the 
high number of analyzed samples), no obvious difference 
was observed (figure 1A). Kaplan-Meier analyses demon-
strated no difference in 5-year patient survival according 
to HMGB1 gene expression either (online supplemental 
figure 2). A large cohort of both normal and neoplastic 
breast tissues was then examined by immunohistochem-
istry and, interestingly, two distinct HMGB1 staining 
patterns were identified: nuclear versus cytoplasmic 
(figure  1B). Whereas normal mammary glands always 
displayed a nuclear immunoreactivity, a cytoplasmic 
expression of HMGB1 (in up to 40% tumor cells) was 
detected in approximately half of analyzed breast cancer 
specimens (132/275, 48%). Similar results were collected 
in the context of other solid tumors (cervical SCC and 
non-small-cell lung cancer) (online supplemental figure 
3A,B). As shown in figure 1C, diffuse cytoplasmic HMGB1 
staining was more frequently observed in triple negative/
basal-like cancers compared with their counterparts 
expressing HER2 (p<0.05) and/or hormone receptors 
(p<0.01). Remarkably, the prognostic value of this latter 
expression pattern was also highlighted. Indeed, patients 
with basal-like breast cancer displaying a cytoplasmic 
HMGB1 expression in either 0%–10% or >10% cells were 
significantly associated with an unfavorable outcome 
(figure 1D). As detailed in online supplemental table 1, 
these shorter disease-free survivals cannot be explained 
by differences in age at diagnosis, tumor size, nodal/
metastatic status, tumor stage, proliferative index or treat-
ment modality. Of note, a significant increased density of 
both Foxp3+ Treg lymphocytes (102.6 vs 148.8 and 171.6 
cells/mm2) and CD206+ M2 macrophages (533.4 vs 757.1 
and 811.1 cells/mm2) was noticed within tumor micro-
environment of cytoplasmic HMGB1-positive cancers 
compared with basal-like neoplasms exhibiting exclu-
sively a nuclear immunoreactivity (figure  1F). Quan-
tified by computerized counts (figure  1E), the global 
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Figure 1  HMGB1 is highly secreted by basal-like breast cancer cells and its tumor-specific cytoplasmic expression is 
associated with immune tolerance and poor outcome. (A) The METABRIC dataset was used for analyzing HMGB1 expression 
level in breast cancers according to molecular subtypes, histologic grades, nodal and metastatic statuses. (B) Representative 
pictures of normal mammary glands and breast cancers stained for HMGB1. Note the two distinct HMGB1 staining 
patterns detected in tumor specimens: nuclear versus cytoplasmic. (C) Semiquantitative evaluation of cytoplasmic HMGB1 
immunoreactivity (negative, 0%–10% or >10% positive cells) in both normal mammary glands (n=120) and neoplasms (LumA, 
n=35; LumB, n=31; HER2+, n=37; basal-like, n=172). (D) Disease-free survival of patients treated for basal-like breast cancer 
according to cytoplasmic HMGB1 expression (negative, n=72; 0%–10%, n=61; >10%, n=39). This latter parameter was clearly 
found to be an independent prognostic factor. (E) Illustration of the different steps for DAB-positive cell quantification using 
computerized image analysis (QuPath). (F) CD3+, Foxp3+, CD68+ and CD206+ cell infiltrations in microenvironment of basal-
like breast tumors. Whereas the global number (CD68+) did not significantly change, an increased density of CD206+ M2 
macrophages was detected in cytoplasmic HMGB1-positive cancers. A similar increase was also reported with Foxp3+ Treg 
lymphocytes. the number of positive cells was reported to tumor area (mm2). (G) Representative examples of normal (HMEC 
and MCF10A) and malignant cells (LumA: T-47D and MCF7; basal-like: MDA-MB-468 and Hs578T) stained for HMGB1. Note 
the exclusive nuclear immunoreactivity displayed by normal mammary cells. Secretion/release of HMGB1 analyzed by ELISA in 
(H) human and (I) mouse cell culture supernatants. High concentrations were especially detected in cell cultures derived from 
triple negative/basal-like tumors. The means±SEM (plus each individual data point) for at least three independent experiments 
are represented. The scale bar represents 100 µm. Asterisks indicate statistically significant differences (*p<0.05; **p<0.01; 
***p<0.001). P values were determined using one-way ANOVA followed by Bonferroni post-test (A), unpaired t-test (A), χ2 test 
(C), log-rank (Mantel-Cox) test (D) and one-way ANOVA followed by Dunnett’s multiple comparison post-test (F, H, I). ANOVA, 
analysis of variance; HMGB1, high-mobility group box 1; METABRIC, Molecular Taxonomy of Breast Cancer International 
Consortium.
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number of lymphocytes (CD3+) also augmented (657 vs 
1120 cells/mm2) in case of diffuse (in >10% cancer cells) 
cytoplasmic HMGB1 expression. In contrast, the global 
number of macrophages (CD68+) was quite similar for 
all the analyzed groups (1161, 1256 and 1309 cells/mm2) 
(figure  1F). Immune cell densities were undetermined 
in 15 out of 172 (8.7%) basal-like breast cancer patients 
(mainly due to the lack of remaining slides). Confirming 
our ex vivo data, cytoplasmic staining pattern for HMGB1 
was only detected in malignant cell lines (especially 
those derived from basal-like breast cancers) and asso-
ciated to protein concentration in both human and 
mouse cell culture media (figure 1G–I). Given that the 
percentages of apoptotic/necrotic cells detected in vitro 
(online supplemental figure 4) did not correlate with 
the HMGB1 concentrations in culture supernatants, the 
differences measured by ELISA are likely related to the 
active secretion of HMGB1 rather than its passive release 
from injured cells.

Both direct and indirect HMGB1 inhibitors efficiently 
neutralize extracellular HMGB1 in vitro without affecting 
tumor cell proliferation/viability
In the last decade, different modes of inhibition for extra-
cellular HMGB1 as well as several direct or indirect inhib-
itors have been highlighted (figure  2A). Consisting of 
the truncated N-terminal domain of HMGB1, A box has 
previously been shown to efficiently reverse established 
sepsis in vivo.33 A box acts as a competitive antagonist of 
HMGB1 and, given the sequence similarity between both 
human and mouse HMGB1, it is presumed to elicit very 
low neutralizing immunological responses. Composed 
of 10 amino acids of the RAGE-binding domain of 
HMGB1, RAP competes with natural HMGB1 for a site 
on the extracellular domain of RAGE that is required 
for ligand-receptor interaction,47 resulting in RAGE 
signaling pathway inhibition. Derived from the licorice 
plant (Glycyrrhiza glabra) and administered at high doses 
to patients with chronic hepatitis B or C infection, glycyr-
rhizin has been shown to have anti-inflammatory prop-
erties through binding directly to extracellular HMGB1 
and, consequently, blocking its activity.48 Regarding EP, 
a stable aliphatic esther of pyruvic acid, its ability both 
to inhibit HMGB1 release in a dose-dependent manner 
and subsequently ameliorate mouse models of inflam-
matory diseases (eg, colitis) was recently demonstrated 
by several research groups.49 50 The importance of 
SIRT1/STAT signaling pathway inhibition in this mech-
anism was proposed.50 In order to determine the effec-
tive concentration of glycyrrhizin, RAP and A box that 
inhibited HMGB1 activity by >80%, murine RAW 264.7 
cells were stimulated with recombinant HMGB1 (synthe-
sized in mouse tumor cells) alone or in the presence of 
each inhibitor. HMGB1-dependent TNFα secretion was 
then determined by ELISA. As shown in figure  2B, all 
three inhibitors neutralize very efficiently extracellular 
HMGB1. Similar results were obtained when the stimula-
tion by recombinant HMGB1 was replaced by conditioned 

media from mouse tumor cells used in our in vivo models 
(figure 2C and online supplemental figure 5). To analyze 
the ability of EP to reduce HMGB1 release, this latter 
compound was directly added in mouse basal-like breast 
cancer cell cultures for 48 hours and HMGB1 concentra-
tions were measured. As shown in figure 2D, a significant 
decrease was observed at a concentration as low as 1 mM. 
The effect of each HMGB1 inhibitor on cell metabolism, 
proliferation and apoptosis was then precisely assessed 
using Seahorse flux analyzer, IncuCyte live cell analyzing 
system and annexin V-propidium iodide staining assay, 
respectively (figure 2E–L and online supplemental figure 
6). Whereas glycyrrhizin (1 nM), RAP (10 µM) and A box 
(0.5 µg/mL) did not affect these three cellular parame-
ters, significant changes in both OCR and extracellular 
pH were observed with 5 and 10 mM EP (figure 2G–J), 
suggesting that high doses of this derivative of pyruvic acid 
alters cell energetic metabolism (glycolysis) (very likely 
by competing with endogenous pyruvate). Of note is that 
the metabolism, proliferation and apoptosis of tumor 
cells were not affected by the addition of 1 mM EP that 
has been shown above to be enough for exerting a signif-
icant inhibitory effect on HMGB1 release (figure 2D–L 
and online supplemental figure 6).

Extracellular HMGB1 blockade inhibits tumor growth in 
syngeneic mouse tumor models through activating adaptive 
immune responses
Next, we sought to determine whether extracellular 
HMGB1 blockade had antitumor effects in vivo. Three 
syngeneic mouse models of basal-like breast cancer (4T1, 
67NR and EpRas) as well as one additional of non-small 
cell lung cancer (TC-1) were used (figure 3 and online 
supplemental figure 3). Due to the stable transfection of 
HPV16 E6 and E7, these latter cells are also frequently 
used as a model of cervical cancer. To mimic human 
disease closely, all breast cancer cell lines were orthotopi-
cally injected (into the mammary fat pad) and treatments 
with HMGB1 inhibitors (injections at 3-day intervals for 
15–20 days) began when solid tumors (50–100 mm3) 
were established. As commonly practiced, the concen-
tration used in vivo for each HMGB1 inhibitor (glycyr-
rhizin (1 nM/kg), RAP (10 µM/kg), A box (500 µg/
kg) and EP (1 mM/kg)) was extrapolated from our in 
vitro data (figure  2) by assuming that mol/L~mol/kg 
for compounds diluted in liquid solutions (PBS). Strik-
ingly, in all four models, a significant decrease in tumor 
growth was observed with extracellular HMGB1 blockade 
(figure 3A and online supplemental figure 3D). Although 
having different modes of action, these four HMGB1 
inhibitors displayed quite similar therapeutic antitumor 
activities. When collected data were pooled, mean 
tumor growth inhibitions of 38%, 46%, 49% and 31% 
were obtained for treated mice transplanted with 4T1, 
67NR, EpRas and TC-1 cells, respectively. Importantly, 
this latter beneficial effect was not observed in immuno-
compromised Nude mice, indicating its dependence on 
the adaptive immune responses (figure  3B). When the 
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Figure 2  Glycyrrhizin, RAP, A box and EP exert efficient neutralizing effects on extracellular HMGB1 without altering tumor 
cell proliferation and apoptosis/necrosis. (A) Schematic representation of different modes of inhibition for extracellular HMGB1. 
Mouse RAW 264.7 cells were stimulated with recombinant HMGB1 (B) or conditioned media from 4T1 basal-like breast cancer 
cells (C) in the absence or presence of glycyrrhizin, RAP or a box (several concentrations were tested). Note the significant 
decrease of HMGB1-induced TNFα secretion when HMGB1 inhibitors were added in the cell cultures, indicating their efficient 
neutralizing effect. (D) EP was directly added in the culture medium of 4 different mouse basal-like breast cancer cell lines (4T1, 
67NR, EpRas and EpH4). Forty-eight hours later, HMGB1 concentrations were determined by ELISA and the ability of EP to 
inhibit HMGB1 release in a dose-dependent manner was highlighted. (E) Oxygen consumption rate (OCR) and (F) extracellular 
acidification rate (ECAR) in 4T1 cells in the absence or presence of glycyrrhizin (1 nM), RAP (10 µM) and a box (0.5 µg/mL) 
were determined using Seahorse extracellular flux analyzer. No modification of OCR/ECAR was detected with these three 
HMGB1 inhibitors. (G) OCR and (H) ECAR in 4T1 cells following EP addition (concentration range: 0.1–10 mM). Histograms 
representing OCR (I) and ECAR (J) before (baseline) and after (stressed) oligomycin and FCCP addition in the absence or 
presence of EP. Both OCR and ECAR were strongly decreased with 5 and 10 mM EP. No significant change was detected with 
lower concentrations (0.1–1 mM). (K) Cell proliferation and (L) apoptosis of mouse 4T1 cells cultured without or with HMGB1 
inhibitors (glycyrrhizin (1 nM), RAP (10 µM), a box (0.5 µg/mL) and EP (1 mM)) were determined using IncuCyte live cell analyzing 
system and annexin V-propidium iodide staining assay, respectively. No significant change was reported. The means±SEM (plus 
each individual data point) for at least three independent experiments are represented. Asterisks indicate statistically significant 
differences (*p<0.05; **p<0.01; ***p<0.001). P values were determined using one-way ANOVA, followed by Dunnett’s multiple 
comparison post-test (B, C, D, I, J, K, L). ANOVA, analysis of variance; ECAR, extracellular acidification rate; EP, ethyl pyruvate; 
HMGB1, high-mobility group box 1; RAGE, receptor for advanced glycation endproducts; RAP, RAGE antagonist peptide; 
TNFα, tumor necrosis factor-α.
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Figure 3  Extracellular HMGB1 blockade inhibits the growth of pre-established solid tumors in immunocompetent mice through 
activating anticancer immune responses. (A) Mouse basal-like breast cancer cells (4T1, 67NR and EpRas) were orthotopically 
injected into the mammary fat pad of immunocompetent BALB/c mice. Tumor-bearing mice were then treated at 3-day intervals 
with PBS (control) or HMGB1 inhibitors (glycyrrhizin (1 nM/kg), RAP (10 µM/kg), a box (500 µg/kg) and EP (1 mM/kg)). The mean 
tumor volumes±SEM are represented. (B) HMGB1 inhibitors were tested in nude mice implanted with 67NR cells. Note the 
absence of beneficial effect in these latter immunocompromised mice, indicating the dependence on the adaptive immune 
responses. (C) At day 17, 19 or 20 (depending on the analyzed cell line), tumors were harvested, CD45+ immune cells were 
isolated and analyzed by flow cytometry. The proportions of each analyzed immune cell population in both control and treated 
groups (pooled results) are shown. Note the drastic reduction of MDSC following extracellular HMGB1 blockade. (D) Total 
number of (CD45+) immune cells per milligram of tumor in both control and treated groups. (E) Scatter dot plots showing the 
percentage of each individual immune cell population (DC, PDC, CD4+ and CD8+ T cells, monocytic and granulocytic MDSC, 
neutrophils, M1 and M2 macrophages) among CD45+ cells in the different treatment groups. an increased M1/M2 ratio of 
macrophages was observed in most HMGB1 inhibitor-treated tumors. The intratumoral immune cells were analyzed in five 
mice per condition. (F) Scatter dot plots illustrating the percentage of tumor-infiltrating Treg (Foxp3+) CD4+ and CD8+ cells 
among total CD4+ and CD8+ populations in the different treatment groups. (G) Scatter dot plots illustrating the percentage of 
tumor-infiltrating PD-1+ CD4+ and PD-1+ CD8+ cells among total CD4+ and CD8+ populations in the treatment groups. The 
activation status of both DC (H) and PDC (I) in the different treatment groups was also determined by analyzing the expression 
of several cell surface markers (CD80, CD86, I-A/I-E, ILT3 and ICOSL). Data represent the mean fluorescent intensity (MFI)±SEM 
of 5 independent experiments in each group (each individual data point is shown). The number of apoptotic cancer cells 
(cleaved caspase 3+) (J) as well as the density of blood vessels within tumor microenvironment (CD31+) (K) were determined by 
computerized counting (using QuPath software). The number of cleaved caspase 3+ cells and the percentage of CD31+ pixels 
were reported to tumor area. The scale bar represents 100 µm. Asterisks indicate statistically significant differences (*p<0.05; 
**p<0.01; ***p<0.001). P values were determined using one-way ANOVA followed by Dunnett’s multiple comparison post-test 
(A, B, D, E, F, G, H, I) and (Welch-corrected) unpaired t-test (J, K). ANOVA, analysis of variance; DC, dendritic cell; EP, ethyl 
pyruvate; HMGB1, high-mobility group box 1; i.p, intraperitoneal; MDSC, myeloid-derived suppressor cells; pDC, plasmacytoid 
DC; RAP, RAGE antagonist peptide.
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average tumor volume reached 1500 mm3 in the control 
group, CD45+ cells were isolated from harvested tumors 
and both the number of immune cells per milligram of 
tumor and the percentage of each individual immune 
cell population (DC, pDC, CD4+ and CD8+ T cells, mono-
cytic and granulocytic MDSC, neutrophils, M1 and M2 
macrophages) among total CD45+ cells were determined 
by flow cytometry in the different treatment groups. As 
shown in figure 3C and online supplemental figure 3E, it 
is interesting to notice that each syngeneic mouse model 
displays a specific immune environment dominated by 
CD8+ T cells (4T1), DC (67NR) or macrophages (EpRas 
and TC-1). Despite minor variations (related to models 
and/or drugs used), four main observations were made 
in treated groups compared with the controls: (1) a dimi-
nution of both monocytic and granulocytic MDSC was 
observed following extracellular HMGB1 inhibition, (2) 
without affecting the global number of macrophages, a 
higher M1/M2 ratio was detected in treated tumors, (3) 
reduced proportions of Treg cells among total CD4+/
CD8+ cells and 4) an increased activation of antigen-
presenting cells (DC and pDC), as demonstrated by the 
higher expression of CD80, CD86, I-A/I-E associated 
to the lower presence of ILT3 (DC) or ICOSL (pDC) 
(figure  3D–I, online supplemental figures 3 and 7). To 
evaluate whether the strong reduction of intratumoral 
granulocytic MDSC actively participate to the benefi-
cial (anti-tumor) effect of HMGB1 inhibitors, depletion 
experiments were performed. Importantly, anti-Ly6G 
antibody treatment significantly reduced tumor growth, 
mimicking the clinical effect of extracellular HMGB1 
blockade (online supplemental figure 8). Beside the 
immune cell infiltration, the apoptosis of cancer cells as 
well as angiogenesis were also assessed in retrieved tumors 
by quantifying cleaved caspase 3+ cells and CD31 expres-
sion (by computerized counts), respectively. Whereas 
no difference was observed for the density of blood 
vessels within tumor microenvironment (figure 3K), the 
number of apoptotic tumor cells was significantly higher 
(up to 2.2-fold increase) in treated cancers compared 
with control groups (figure  3J), indicating even more 
an enhancement of immune responses in vivo following 
extracellular HMGB1 blockade. Finally, no weight loss 
or sign of toxicity (determined by both the histological 
evaluation of several organs and the levels of serum urea 
and ALT) was observed with any of the HMGB1 inhibitors 
(online supplemental figure 9).

Extracellular HMGB1 blockade enhances therapeutic 
effectiveness of anti-PD-1 antibody in immunocompetent 
mice
The expression of the immune checkpoint receptor 
PD-1 and its ligand PD-L1 was first assessed in human 
breast specimens as well as in our syngeneic mouse 
models (4T1 and 67NR). As shown in figures 4A–C and 
5A–D, both the mRNA and protein levels of PD-1/PD-L1 
were significantly increased in triple negative/basal-
like cancers compared with the other molecular breast 

cancer subtypes. Due to the absence of PD-L1 immuno-
reactivity in a substantial proportion of human samples 
(figure 5C,D), the reported differences were less evident 
with this latter protein compared with PD-1. Importantly, 
the cell surface expression of both proteins was revealed 
in harvested (untreated) 4T1/67NR tumors by flow 
cytometry (figures 3G and 5E), supporting the adequacy 
of our in vivo models for analyzing the anti-cancer efficacy 
of HMGB1 blockade and anti-PD-1/PD-L1 combination 
therapy. Detected on tumor and/or immune cells, it is 
interesting to notice that 4T1 and 67NR tumors displayed 
distinct PD-L1 expression profiles (mainly on inflamma-
tory cells: 4T1 vs on cancer cells: 67NR) (figure 5E). As 
shown in figure  4D,E and online supplemental figure 
10, the combination of anti-PD-1 antibody and HMGB1 
inhibition (RAP and EP) was associated with increased 
numbers of apoptotic tumor cells as well as significantly 
higher tumor growth inhibitions compared with anti-
PD-1 alone (49.5% vs 33% (4T1, p=0.12) and 61.5% vs 
34% (67NR, p<0.05)) or each HMGB1 inhibitor used in 
monotherapy [49.5% vs 30% (4T1, p<0.05) and 61.5% vs 
35% (67NR, p<0.01)]. As illustrated by these two latter 
parameters (figures 3A–D and 4D,E), anti-PD-1 and extra-
cellular HMGB1 blockade displayed close efficacy in our 
immune-competent mouse models. Although the signifi-
cance was not reached in all conditions, the addition of 
one HMGB1 inhibitor to anti-PD-1 antibody also resulted 
in a higher percentage of M1 macrophages, a reduction 
of intratumoral Foxp3+ Treg cells and an increased acti-
vation of DC/pDC (figure 4G–J and online supplemental 
figure 11), suggesting even more that HMGB1 blockade 
boosts anti-PD1-mediated enhancement of (T cell) 
immune responses. Due to the strong antitumor effect 
of anti-PD-L1 monotherapy in our models, the benefit of 
the combination therapy was less marked (tumor growth 
inhibition observed with 4T1 tumor-bearing mice: 45% 
(anti-PD-L1) vs 58% (anti-PD-L1 plus RAP or EP)) or 
absent (67NR: 64% (anti-PD-L1) vs 59% (combination 
of anti-PD-L1 and HMGB1 inhibition)) (figure  5F–L, 
(online supplemental figures 10 and 12). Although anti-
PD-L1 displayed impressive therapeutic effectiveness 
(with an elimination below palpable detection observed 
in 3 mice-bearing 67NR tumors], anti-PD-L1 treatment, 
however, was associated with rapid and fatal hypersensi-
tivity reactions in ~30% of both 4T1 and 67NR tumor-
bearing mice. Observed with anti-PD-1 as well, these 
latter reactions were mainly observed within 20–30 min 
after the third administration. As previously published,51 
one extra dose caused the mortality of virtually all animals 
(data not shown).

Oxidized HMGB1 is encountered in cancer microenvironment 
(interstitial fluids) and induces DC tolerogenicity in a RAGE-
dependent manner
To further characterize the immunosuppressive activity 
of HMGB1 during cancer progression, the redox state 
as well as the impact on DC/pDC maturation of each 
HMGB1 isoform detected within the tumor extracellular 
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Figure 4  Extracellular HMGB1 blockade enhances anti-PD-1-induced inhibition of tumor growth in vivo. (A) PD-1 mRNA 
expression (PDCD1 gene) in the four major molecular subtypes of breast cancer was determined using the METABRIC public 
dataset. (B) Representative example of breast cancer stained for PD-1. Positive cells were observed in the epithelial component 
of the tumor as well as in the stroma surrounding cancer cells. (C) PD-1+ cell infiltration within tumor microenvironment 
was determined by computerized counting. Each point represents the number of positive cells/mm2 for one independent 
tumor specimen. (D) Mouse breast cancer cells (4T1 and 67NR) were orthotopically injected into the mammary fat pad of 
immunocompetent BALB/c mice. Anti-PD-1 antibody was tested alone (i.p. injection of 200 µg at days 4, 7 and 11) and in 
combination with HMGB1 inhibitors (RAP (10 µM/kg) and EP (1 mM/kg), treatment at 3 day intervals). In parallel, the anticancer 
efficacy of these combination regimens was also compared with that displayed by each individual HMGB1 inhibitor used 
in monotherapy. The mean tumor volumes±SEM are represented. (E) The apoptotic cancer cells (cleaved caspase 3+) were 
detected by immunohistochemistry and quantified using QuPath software. The number of positive cells was reported to tumor 
area (mm2). (F) The total number of (CD45+) immune cells per milligram of tumor was determined in the different treatment 
groups. (G) Scatter dot plots illustrating the percentage of each individual immune cell population (DC, PDC, CD4+ and CD8+ T 
cells, monocytic and granulocytic MDSC, neutrophils, M1 and M2 macrophages) among CD45+ cells in both control and treated 
groups. Reduced densities of granulocytic MDSC as well as an increase of M1 macrophages were especially observed in case 
of combination therapy. The intratumoral immune cells were analyzed in five mice per condition. (H) Scatter dot plots showing 
the percentage of tumor-infiltrating Treg (Foxp3+) CD4+ and CD8+ cells among total CD4+ and CD8+ populations in the different 
treatment groups. the activation status of DC (I) and pDC (J) was determined by flow cytometry. the expression of several 
surface markers (CD80, CD86, I-A/I-E, ILT3 and ICOSL) was analyzed. Data represent the mean fluorescent intensity (MFI)±SEM 
of 5 independent experiments in each group (each individual data point is shown). The scale bar represents 100 µm. Asterisks 
indicate statistically significant differences (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). P values were determined using one-
way ANOVA followed by Bonferroni post-test (A, C, E) or Dunnett’s multiple comparison post-test (D, F, G, H, I, J). ANOVA, 
analysis of variance; DC, dendritic cell; HMGB1, high-mobility group box 1; METABRIC, Molecular Taxonomy of Breast Cancer 
International Consortium; MDSC, myeloid-derived suppressor cells; pDC, plasmacytoid DC; RAP, RAGE antagonist peptide.
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Figure 5  Combination of anti-PD-L1 with HMGB1 inhibitors strongly inhibits tumor growth in syngeneic mouse models of 
basal-like breast cancer. (A) mRNA level of PD-L1 (CD274 gene) in the four major molecular subtypes of breast cancer was 
determined using the METABRIC public dataset. (B) Representative example of breast cancer stained for PD-L1. Positive 
signals were detected on cancer cells and/or on inflammatory cells within tumor microenvironment. Semiquantitative 
evaluation of PD-L1 immunoreactivity (negative or >1% membrane staining) displayed by cancer cells (C) or inflammatory 
cells infiltrating the tumor microenvironment (D). The analyzed cancer specimens were categorized into the four molecular 
subtypes of breast cancer (LumA, LumB, HER2+ and basal-like). (E) The percentage of PD-L1+ cells in both epithelial/cancer 
(CD45-) and inflammatory (CD45+) components of untreated harvested 4T1/67NR tumors was determined by flow cytometry. 
Note the distinct profile displayed by these two cell lines. (F) Mouse breast cancer cells (4T1 and 67NR) were orthotopically 
injected into the mammary fat pad of immunocompetent BALB/c mice. Anti-PD-L1 antibody was tested alone (i.p. injection of 
100 µg at days 4, 7 and 11) and in combination with HMGB1 inhibitors (RAP (10 µM/kg) and EP (1 mM/kg), treatment at 3-day 
intervals). The mean tumor volumes±SEM are represented. (G) The total number of (CD45+) immune cells per milligram of tumor 
was determined in the different treatment groups by flow cytometry. (H) Scatter dot plots illustrating the percentage of each 
individual immune cell population (DC, PDC, CD4+ and CD8+ T cells, monocytic and granulocytic MDSC, neutrophils, M1 and 
M2 macrophages) among CD45+ cells in both control and treated groups. The intratumoral immune cell infiltration was analyzed 
in five mice per condition. (I) scatter dot plots showing the percentage of tumor-infiltrating Treg (Foxp3+) CD4+ and CD8+ cells 
among total CD4+ and CD8+ populations in the different treatment groups. The activation status of DC (J) and pDC (K) was 
determined by flow cytometry. the expression of several surface markers (CD80, CD86, I-A/I-E, ILT3 and ICOSL) was assessed. 
Data represent the mean fluorescent intensity (MFI)±SEM of five independent experiments in each group (each individual data 
point is shown). (L) The apoptotic cancer cells (cleaved caspase 3+) were detected by immunohistochemistry and quantified 
using QuPath software. The number of positive cells was reported to tumor area (mm2). The scale bar represents 100 µm. 
Asterisks indicate statistically significant differences (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). P values were determined 
using one-way ANOVA, followed by Bonferroni post-test (A, L), Fisher’s exact test (C, D) and one-way ANOVA followed by 
Dunnett’s multiple comparison post-test (F, G, H, I, J, K). ANOVA, analysis of variance; DC, dendritic cell; EP, ethyl pyruvate; 
HMGB1, high-mobility group box 1; i.p, intraperitoneal; METABRIC, Molecular Taxonomy of Breast Cancer International 
Consortium; pDC, plasmacytoid DC; RAP, RAGE antagonist peptide.
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compartment were determined. Causing the oxidation of 
different types of macromolecules (eg, proteins, DNA and 
lipids), we first measured the production of mitochon-
drial ROS by both breast (4T1, 67NR, EpRas) and lung 
(TC-1) cancer cells. Consistent with the long-time obser-
vations that most tumors cells display an altered redox 
status,52 the malignant cells used in this study have been 
shown to represent a major source of ROS (figure 6A,B). 
Using a novel innovative methodology (called EXPEL),43 
soluble proteins contained in tumor-extruded fluids were 
retrieved and directly alkylated in order to maintain their 
original redox state. As shown in figure 6C,D, all HMGB1 
forms are encountered within tumor microenvironment 
with an approximate 2:1 reduced-disulfide/oxidized ratio. 
However, it is important to notice that the proportion of 
oxidized HMGB1 is very likely underestimated by the 
lower sensitivity displayed by the anti-HMGB1 antibody 
for this latter redox form (as indicated by control bands). 
To precisely determine the effect of each individual form 
of HMGB1 on antigen-presenting cell phenotype/func-
tional activity, human DC were incubated with oxidized, 
reduced or disulfide HMGB1 for 24 hours and then stim-
ulated for maturation (LPS during 24 hours). While disul-
fide HMGB1 displayed no activity on DC phenotype, the 
reduced and oxidized forms significantly induced the acti-
vation and tolerogenicity of DC, respectively (figure 6E). 
Similar results were obtained with pDC generated from 
human CD34+ hematopoietic progenitor cells (online 
supplemental figure 13). Importantly, the tolerogenic 
properties of oxidized HMGB1 were significantly blocked 
by the inhibition of RAGE, leading to the complete resto-
ration of DC activation (figure 6F). In contrast, TLR4 did 
not contribute to DC functional impairment in the pres-
ence of oxidized HMGB1 (figure 6F).

DISCUSSION
The role of HMGB1 in cancer progression has been a 
matter of debate for over ten years.23 In this context, quite 
a few theoretical and translational questions remained 
unanswered. Does HMGB1 expression affect patient 
outcome? Is HMGB1 a promising target for cancer therapy 
or, in contrast, should we promote its cellular release? Does 
extracellular HMGB1 positively or negatively impact anti-
tumor immune responses? Which redox form is detected 
in cancer microenvironment? In the present study, we 
first reported that active HMGB1 secretion/cytoplasmic 
immunoreactivity is both a specific trait of malignant cells 
(not detected in normal conditions) and a predictor for 
unfavorable prognosis in patients with locally advanced 
cancer. In an era of large-scale transcriptome analyses, it 
is interesting to notice that next-generation sequencing 
results did not highlight the predictive value of HMGB1 
due to their unability to discriminate dual effects/loca-
tions of a same target. Lacking a leader sequence, HMGB1 
has been shown to be actively secreted through lysosome-
mediated exocytosis following its JAK/STAT1-regulated 
nuclear-cytoplasmic translocation.53 54 Nevertheless, the 

upstream components of this non-classical secretory 
pathway are still largely unknown as well as the reasons 
why some cancer (sub)types highly secrete HMGB1 (and 
display large areas of HMGB1 cytoplasmic immunoreac-
tivity) while others do not. These latter points certainly 
merit further investigations given the clear protumor 
activity of HMGB1 demonstrated here in vivo.

Using several syngeneic mouse models of basal-like 
or lung cancer, both direct and indirect extracellular 
HMGB1 blockade significantly resulted in tumor growth 
inhibition. In each case, the antitumor effect of HMGB1 
inhibitors was only detected 7–10 days following the first 
injection. This latency period very likely corresponds to 
the necessary time for the adaptive immune responses to 
be remobilized. In agreement, the dependence on adap-
tive immunity was distinctly demonstrated by the absence 
of anticancer effect when immunedeficient mice were 
used. Besides glycyrrhizin, RAP, A box and EP, a puri-
fied rabbit anti-HMGB1 antibody was also tested (online 
supplemental figure 14). Despite an in vitro neutralizing 
efficiency comparable to other HMGB1 inhibitors, and 
while a protective effect against sepsis lethality has previ-
ously been demonstrated,33 the administration of an anti-
HMGB1 antibody produced in rabbit was inefficient for 
reducing tumor growth. The different posologies/study 
designs used in our orthotopic models of cancer (injec-
tion of anti-HMGB1 antibody at 3-day intervals for 18 days) 
and those of murine sepsis (administration twice daily for 
3 days and then monitoring for 10 days) are susceptible to 
explain the divergent results. Indeed, we cannot exclude 
that repeated doses for 3 weeks led to the generation 
of mouse antibodies against foreign epitopes, blocking 
ultimately the function of injected rabbit anti-HMGB1 
antibody and/or shortening its half-life. Supporting 
this hypothesis, tumor-bearing mice were treated with a 
mouse anti-HMGB1 antibody and an important tumor 
growth inhibition (similar to that reported with the other 
tested HMGB1 inhibitors) was observed (online supple-
mental figure 14).

Without affecting the global number of CD45+ 
cells (arguing against an ‘alarmin’ role of HMGB1 in 
cancer), we found that extracellular HMGB1 blockade 
alone elicited a drastic remodeling of tumor immune 
microenvironment. Overall, reduced proportions of 
immunosuppressive cells (especially MDSC but also 
M2 macrophages and Treg cells) associated with an 
increased activation of antigen-presenting cells (DC and 
pDC) were observed, indicating that targeting HMGB1 
therapeutically enhances significantly local antitumor 
immune responses. Although the effector mecha-
nism of HMGB1 inhibitors involves very likely several 
immune cell subtypes, the key role played by the reduc-
tion of intratumoral granulocytic MDSC was clearly 
demonstrated in anti-Ly6G-mediated depletion experi-
ments. Confirming our observations on human samples 
(lower densities of both Foxp3+ and CD206+ cells within 
tumor microenvironment of nuclear HMGB1-positive 
cancers compared with their counterparts displaying a 
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Figure 6  A significant fraction of HMGB1 contained in tumor-extruded fluids is in its oxidized form and displays RAGE-
dependent tolerogenic properties. (A, B) The ROS accumulation in both breast (4T1, 67NR, EpRas) and lung (TC-1) cancer cells 
used in the present study was assessed by flow cytometry. N-acetylcysteine (5 mM) and tert-butyl hydroperoxide (100 µM) were 
used as negative and positive controls, respectively. Results represent the means±SEM of four independent experiments (each 
individual data point is shown). (C) The redox state of extracellular HMGB1 contained in tumor-extruded fluids was analyzed 
by Western blot. All samples were directly alkylated in order to ‘freeze’ the redox state of HMGB1 molecules. Recombinant 
HMGB1 (0.5 µg) incubated with either H2O2 or DTT (and then alkylated) were used as controls. (D) Oxidized/reduced-disulfide 
HMGB1 ratio (%) was calculated from the Western blot bands using ImageJ software. (E) DCs were incubated with terminally 
oxidized, fully reduced or disulfide HMGB1 for 24 hours before being stimulated with LPS for 24 hours. The expression of cell-
surface molecules (CD80, CD83, CD86, HLA-DR, HLA-ABC and CCR7) was then measured by flow cytometry. All data were 
normalized to LPS-stimulated DC. Data represent the relative mean fluorescent intensity (MFI)±SEM of at least five independent 
experiments (each individual data point is shown). (F) DCs were incubated with terminally oxidized HMGB1 for 24 hours before 
being stimulated with LPS for 24 hours. When indicated, an inhibitor of RAGE (10 µM RAP) or TLR4 (2 µM LPS-RS) was added 
in the cell culture. The expression of DC activation markers was determined by flow cytometry. All data were normalized to 
LPS-stimulated DC. The relative MFI±SEM of 7 independent experiments are shown. Asterisks indicate statistically significant 
differences (*p<0.05, **p<0.01, ***p<0.001). P values were determined using one-way ANOVA, followed by Dunnett’s multiple 
comparison post-test (A, B, E, F). ANOVA, analysis of variance; DC, dendritic cell; HMGB1, high-mobility group box 1.
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cytoplasmic immunoreactivity), the improvement/activa-
tion of T cell immune response following HMGB1 inhi-
bition was further supported by the increased number 
of apoptotic (cleaved caspase 3+) tumor cells in treated 
cancers compared with control groups. Although the vast 
majority of studies focusing on HMGB1 did not pay atten-
tion to its redox state, it is intriguing to notice that, when 
an immune suppression (through promoting tolerogenic 
functionalities by DC/pDC, enhancing suppressive activ-
ities of MDSC or stimulating M2 polarization of macro-
phages) was reported in vitro,55–57 the authors consistently 
used recombinant HMGB1 produced in cancer cell lines 
(g, myeloma (NS0)) and not in bacteria. Therefore, as 
extensively discussed below, it is reasonable to think that 
cysteine residues within the protein were mostly oxidized 
due to the high endogenous oxidative stress displayed by 
almost all tumors.

Given the numerous immunosuppressive molecules 
which can be encountered within tumor microenviron-
ment, it is unrealistic to believe that treatment regimens 
using only one drug (eg, humanized anti-PD-1 or PD-L1 
antibody) will display therapeutic efficacy in all patients 
with cancer. Therefore, both treatment personalization 
and the combinatorial targeting of several tumor-induced 
immune defects make sense intuitively for improving the 
efficacy of future therapies. Here, we showed that concur-
rent HMGB1 inhibition plus anti-PD-1 antibody resulted 
in significantly higher tumor growth inhibitions than did 
anti-PD-1 alone. Similarly to most studies analyzing the 
efficacy of immune checkpoint inhibitors in preclinical 
mouse models, it is important to emphasize that a quite 
high interindividual variability in anti-PD-1 therapeutic 
response was observed (online supplemental figure 10). 
Although still not completely understood, this latter 
phenomenon is very likely multifactorial (eg, differences 
in gut microbiota, upregulation/downregulation of the 
targeted proteins during treatment, expression of other 
immunosuppressive factors constituting compensatory 
mechanisms). Regarding the combination therapy using 
anti-PD-L1 antibody, the benefit was relatively modest 
(with 4T1 tumor cells) or absent (67NR). Displaying 
over 20% PD-L1+ inflammatory and/or cancer cells, the 
‘super responder’ profile of both models to anti-PD-L1 
monotherapy is likely to explain these latter results. Alto-
gether, the oversecretion of HMGB1 by cancer cells, its 
immunosuppressive/protumor activity as well as both 
the absence of toxicity and the long-standing use of some 
HMGB1 inhibitors in the context of other diseases (eg, 
glycyrrhizin in chronic hepatitis C patients)58 59 make it 
a very promising target for cancer treatment. Further-
more, blocking extracellular HMGB1 with humanized 
antibodies or antagonists is unlikely to alter the benefi-
cial nuclear functions (replication, DNA repair, genome 
stability) of the protein.

It is well established that tumor cells produce higher 
levels of ROS compared with normal/non-transformed 
cells. Still commonly called ‘free radicals’, these oxygen-
containing chemically reactive molecules cause the 

oxidation of proteins, DNA and lipids, promoting ulti-
mately many aspects of cancer progression.60 61 To the 
best of our knowledge, this report provides the first 
evidence that HMGB1 is encountered on its oxidized 
form in cancer microenvironment/interstitial fluids (at 
least one third of total extracellular HMGB1) and acts as a 
tolerogenic signal on antigen-presenting cells in a RAGE-
dependent manner. Based on our in vivo results, there is 
little doubt that the overall effect of HMGB1 in cancer is 
largely dictated by this latter form. Interestingly, without 
having identified the involved receptor, the induction 
of immunological tolerance by oxidized HMGB1 was 
previously proposed in the context of programmed cell 
death (apoptosis).11 However, by lack of use of in vitro/
in vivo models allowing the assessment of acquired immu-
notolerance development, most authors are still only 
focusing on the chemotactic/proinflammatory activities 
of HMGB1, and therefore, are considering its oxidized 
form as inactive.

In case of injury or pathogen infection, as a damage-
associated molecular pattern molecule, extracellular 
reduced/disulfide HMGB1 stimulates innate immune 
cell chemotaxis and activation, mediating immunogenic 
cell death and triggering acute inflammatory responses. 
However, within the highly oxidative cancer microenvi-
ronment, the dark side of HMGB1 is revealed. Similarly 
to other secreted immunosuppressive molecules, the 
oxidation of HMGB1 is likely to be essential during the 
inflammation resolution but the persistence/chronicity 
of its tolerogenic activity is noxious and could be thera-
peutically targeted.
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