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Acute inflammation is a complex biological response of tissues to harmful stimuli, such
as pathogens or cell damage, and is essential for immune defense and proper healing.
However, unresolved inflammation can lead to chronic disorders, including cancer and
fibrosis. The High Mobility Group Box 1 (HMGB1) protein is a Damage-Associated
Molecular Pattern (DAMP) molecule that orchestrates key events in inflammation by
switching among mutually exclusive redox states. Fully reduced HMGB1 (frHMGB1)
supports immune cell recruitment and tissue regeneration, while the isoform containing a
disulphide bond (dsHMGB1) promotes secretion of inflammatory mediators by immune
cells. Although it has been suggested that the tissue itself determines the redox state
of the extracellular space and of released HMGB1, the dynamics of HMGB1 oxidation
in health and disease are unknown. In the present work, we analyzed the expression of
HMGB1 redox isoforms in different inflammatory conditions in skeletal muscle, from acute
injury to muscle wasting, in tumor microenvironment, in spleen, and in liver after drug
intoxication. Our results reveal that the redox modulation of HMGB1 is tissue-specific,
with high expression of dsHMGB1 in normal spleen and liver and very low in muscle,
where it appears after acute damage. Similarly, dsSHMGB1 is highly expressed in the
tumor microenvironment while it is absent in cachectic muscles from the same tumor-
bearing mice. These findings emphasize the accurate and dynamic regulation of HMGB1
redox state, with the presence of dsHMGB1 tightly associated with leukocyte infiltration.
Accordingly, we identified circulating, infiltrating, and resident leukocytes as reservoirs
and transporters of dsHMGB1 in tissue and tumor microenvironment, demonstrating that
the redox state of HMGB1 is controlled at both tissue and cell levels. Overall, our data
point out that HMGB1 oxidation is a timely and spatially regulated process in physiological
and pathological conditions. This precise modulation might play key roles to finetune
inflammatory and regenerative processes.
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In vivo HMGB1 Redox Modulation

INTRODUCTION

Inflammation is commonly perceived as a detrimental process
and people often react to its five signs (pain, heat, redness,
swelling, and loss of function) by taking anti-inflammatory drugs.
Indeed, many chronic and degenerative diseases are associated to
inflammatory processes, but inflammation is also important for
the elimination of infections, the clearance of damaged cells and
the regeneration of tissue (1). Many of the mechanisms that link
inflammation to damage repair and regeneration in mammals are
conserved during evolution, underlying the importance of this
physiological process. Hence, chronic unresolved inflammation
can lead to tissue damage and chronic disorders, including cancer
and fibrosis, but self-limiting acute inflammation is essential for
a proper healing process.

The Damage-Associated Molecular patterns (DAMPs) have
been identified as key mediators of inflammation in response
to infection or tissue damage (2). These sophisticated molecules
have physiological roles inside the cell and, without damage,
they are hidden to the immune system. Upon injury, DAMPs
are exposed to the extracellular environment where they acquire
additional functions: they alert the body about danger and
contribute to inflammatory response and tissue repair (3). The
High Mobility Group Box 1 protein fits all the criteria of DAMPs:
it leads a double life having both intracellular and extracellular
functions. HMGBI has been first identified as a nuclear non-
histone protein that regulates many processes in the nucleus
from DNA repair to nucleosome dynamics (4, 5). However,
HMGBI is a very motile protein that can translocate to the
cytoplasm and be passively released following traumatic death or
actively secreted during severe stress to alert other cells of danger
(6). This DAMP has been characterized as an inflammatory
mediator, inducing both leukocytes recruitment and production
of inflammatory cytokines and chemokines (7-9). Interestingly,
the activities of HMGBI in the extracellular microenvironment
are tightly regulated by its redox state (7, 10, 11).

The HMGBI1 protein is composed of two DNA-binding
domains, called A box and B box, and of an acidic tail. This redox-
sensitive protein contains 3 cysteines: C23 and C45 in the A box,
which can form a disulphide bond, and the unpaired C106 in
the B box. Notably, the redox state of these cysteines modulates
the extracellular activities of HMGBI and dictates its binding to
different receptors. Fully reduced HMGB1 (frHMGBI) associates
with the chemokine CXCL12 and activates the CXCR4 receptor,
which recruits circulating leukocytes and stem cells to the site of
damage, promoting tissue regeneration (7, 12, 13). Conversely,
HMGBI containing a disulphide bond (dsHMGB1) induces the
expression of pro-inflammatory cytokines and chemokines by
macrophages through its binding to MD-2, the TLR4 adaptor, or
to the Receptor for Advanced Glycation End products (RAGE)
(13, 14). Further cysteine oxidation to sulfonates by reactive
oxygen species (ROS) abrogates both activities (7). It has been
reported that HMGBI inside the nucleus is fully reduced in
normal conditions (15). It has also been suggested that the tissue
itself determines the redox state of the extracellular space and
most probably of released HMGBI, although it has not been
demonstrated yet.

In the present work, we analyzed the expression of HMGB1
redox isoforms in different inflammatory conditions in skeletal
muscle, from acute injury to chronic conditions of muscle
wasting such as cancer cachexia, in tumor microenvironment,
in spleen, and in liver after drug intoxication. Interestingly, we
found that the presence of dSHMGBI1 was tightly associated with
an inflammatory state and we identified leukocytes as a main
source of dASHMGBI. Overall, our data point at dSSHMGBI as a
biomarker of inflammation and as a therapeutic target to dampen
the inflammatory response.

MATERIALS AND METHODS

Mice and Models

Eight-wk-old C57BL/6 and Balb/c WT mice were purchased from
Charles River Laboratories. C57BL/6 HMGBL1 fl/fl and HMGB1
fl/fl:MyoD-Cre (thereafter termed mKO) mice were bred in the
animal facility at San Raffaele Scientific Institute. In mKO mice,
Cre recombinase is under the control of MyoD promoter to
knock out HMGBI in all myogenic cells. All mice were housed
under standard or specific pathogen—-free conditions and allowed
access to food and water ad libitum with the exception of the 16 h
fasting prior to acetaminophen (APAP) injection, as described
below. All experimental protocols were approved by the San
Raffaele Institutional Animal Care and Use Committee (IACUC
838, 972, and 1,111) in accordance with Italian law. All efforts
were made to minimize suffering.

In the acute muscle injury model, animals were anesthetized
by intraperitoneal injection of Avertin (T48402, 2,2,2-
Tribromoethanol 97%; Sigma-Aldrich), and sterile injury
was induced by injection of 50 ul of 15-uM cardiotoxin (CTX,
C9759 Sigma-Aldrich) in tibialis anterior or triceps muscles.
WT mice were euthanized at 1h, 6h, 1 d, 3d, 5d or 7 d after
CTX injection, while HMGB1 mKO mice were euthanized 1,
2, 5, and 7 d after CTX injection. Muscles were collected and
either sectioned for histological analyses or subjected to protein
quantification for Western blot analyses.

For the liver acute injury, 8-wk-old C57BL/6 males were fasted
16 h before intraperitoneal injection of 300 mg/Kg (body weight)
APAP (Sigma-Aldrich) dissolved in sterile warm saline. Mice
were i.p. injected with APAP or control saline, and after 1, 2,
3 and 7 days, were i.v. injected with 5 mg/Kg (body weight) of
Evans Blue (Sigma-Aldrich) followed by euthanasia 30 min later.
Spleen and liver were collected either for histological analyses or
subjected to protein quantification by Western blot analyses. At
the indicated time points, blood was collected for serum Alanine
Aminotransferase (SALT) and HMGBI quantifications.

For the cancer cachexia models, Lewis lung carcinoma (LLC)
cells and C26 colon adenocarcinoma cells were maintained in
DMEM (ThermoFisher) with 10% Fetal Bovine Serum (FBS).
C57BL/6 and Balb/c WT mice were subcutaneously injected on
the right flank with 5 x 10% LLC cells or 1 x 10° C26 cells,
respectively, in 100 pl of Phosphate Buffered Saline (PBS). Blood
was collected for HMGBI1 quantification just before euthanasia.
LLC- and C26-bearing mice were sacrificed 3- and 2-weeks post-
injection of cancer cells, respectively. Skeletal muscles (tibialis
anterior, quadriceps, gastrocnemius) and tumors were collected
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and either sectioned for histological analyses or subjected to
protein quantification by Western blot analyses.

Histology and Immunohistochemistry

Tibialis anterior muscles were fixed with 4% buffered
paraformaldehyde solution for 3h, then dehydrated in 15
and 30% sucrose and subsequently frozen in liquid nitrogen-
cooled isopentane. Serial muscle sections, 8-pum thick, were
then stained with anti-HMGB1 (1:800, ab18256 Abcam) and
anti-CD45 (1:1000, ab10558 Abcam) antibodies.

Livers were collected and pieces of liver were either fixed
with 4% buffered paraformaldehyde solution or zinc-formalin.
The livers fixed over-night with 4% buffered paraformaldehyde
solution were then equilibrated in 10, 20, and 30% sucrose,
embedded in OCT for quick freezing at —80°C and cryosectioned
(20pwm thickness) for subsequent fluorescent detection of
Evans Blue damaged areas. The liver samples fixed in zinc-
formalin were then embedded in paraffin, cut and stained with
hematoxylin/eosin, anti-CD45 (1:1000, ab10558 Abcam), or anti-
HMGBI (1:800, ab18256 Abcam) antibodies.

Tumors were collected and fixed 24h in formalin and
then transferred in 70% ethanol solution. Fixed tumors were
then embedded in paraffin, cut, and stained with anti-HMGB1
(1:800, ab18256 Abcam) and anti-CD45 (1:1000, abl10558
Abcam) antibodies.

Image Acquisition and Analyses

Bright-field images were taken with a Leica DM750 microscope
equipped with Leica ICC50 HD camera or with a Zeiss
Axiolmager M2m with AxioCam MRc5. Representative images
were acquired at 20x magnification and analyzed by using Image]J
software (http://rsbweb.nih.gov/ij/).

Confocal images were acquired using a Leica TCS SP5
confocal system (Leica Microsystems) available at the SRSI
Advanced Light and Electron Microscopy Biolmaging Center
(ALEMBIC). Twenty-micrometer z-stacks were projected in 2D
and processed using Imaris image processing software.

Leukocyte Isolation and Lysates

Peripheral blood mononuclear cells (PBMCs) were isolated from
bufty coats of human healthy donors by Ficoll-Paque density
centrifugation as previously described (7). PBMCs were then
plated in RPMI 10% FBS and lysed after 30 min or treated
with either combination of 1pg/ml anti-CD3 (16-0037-85,
Life Technologies) and 1pg/ml anti-CD28 (16-0289-85, Life
Technologies) or 1 jug/ml LPS (L4641, Sigma-Aldrich), and lysed
after 24 or 72 h.

Intrahepatic leukocytes (IHLs) isolation was performed as
previously described (16). Both PBMCs and IHLs (2-10 X 10°
cells) were lysed in 100 pl of RIPA buffer (50 mM Tris-HCI-
pH 7.4, 1% IGEPAL, 0.5% Na-deoxycholate, 0.1% SDS, 150 mM
NaCl, 2 mM EDTA, 50 mM NaF).

Supernatant Collection and Tissue/Cell
Lysates

Isolated muscles were incubated overnight at 4°C in 200
pl of Phosphate Buffered Saline with protease inhibitors
cocktail (P8340, Sigma-Aldrich). Supernatants were collected

and centrifuged at 12,000 rpm for 15 min at 4°C. Pellet
was discarded and supernatants were analyzed by Western
blot assays.

Tissues (muscles, tumor masses, livers, spleens) and cells
(PBMCs, IHLs, tumor cells) were lysed in RIPA buffer (50 mM
Tris-HCl-pH 7.4, 1% IGEPAL, 0.5% Na-deoxycholate, 0.1%
SDS, 150 mM NaCl, 2mM EDTA, 50 mM NaF) with protease
inhibitors cocktail. Tissues were disrupted in RIPA buffer with
TissueLyser LT (Qiagen). Lysates were then centrifuged at 12,000
rpm for 15 min at 4°C and the supernatants were collected.

Western Blot Assays

Total protein content in muscle, tumor, liver, spleen, and
cells lysates was determined using the BCA protein Assay
Kit (ThermoFisher). Laemmli buffer to 1X final concentration
(45mM Tris-HCI-pH 6.8, 1.5% SDS, 3.5% p-mercaptoethanol,
3.5% Glycerol, 0.01% Bromophenol Blue) was added to
equivalent protein amounts of cell lysates (5 pg for PBMCs
lysates), tissue lysates (20 pg for muscle, spleen, liver, or
tumor lysates) or lysate volumes (5 or 25 pl for IHLs lysates
or muscle supernatants, respectively). To detect fully reduced
and disulphide-HMGBI1 isoforms, Western blot assays were
performed in non-reducing conditions by diluting samples in
Laemmli buffer without reducing agent (B-mercaptoethanol or
DTT). Protein samples were separated on 14% SDS-PAGE (in
reducing or non-reducing conditions) and transferred onto
nitrocellulose membranes, which were blocked with 5% milk in
Tris-buffered saline, pH 7.0, containing 0.1% Tween 20 (TBS-T).
Membranes were probed with monoclonal rabbit anti-HMGB1
(1:10,000, EPR3507 Abcam) or rabbit anti-CD45 antibodies
(1:500, ab10558 Abcam) in TBS-T plus 5% milk overnight at
4°C, washed several times with TBS-T, and incubated for 1h
with anti-rabbit peroxidase-conjugated antibody. For loading
control, membranes were incubated with Ponceau Red (P7170
Sigma Aldrich) for a couple of minutes and then washed
several times with TBS-T, or with monoclonal anti-GAPDH
antibody (1:10,000, G9545 Sigma-Aldrich) in TBS-T plus 5%
milk overnight at 4°C, washed several times with TBS-T, and
incubated for 1h with anti-rabbit Cy5-conjugated antibody.
Western blots assays were visualized using a chemiluminescence
kit or a Typhoon instrument according to the manufacturer’s
instructions (GE Healthcare).

ELISA and Blood Analysis

Blood samples were collected, and serum was obtained by
centrifugation for 10min at 3,500 rpm at 4°C. The levels of
HMGBI protein were measured by ELISA (Tecan) according to
manufacturer’s instructions.

SALT levels were quantified in serum after APAP-
induced intoxication with an International Federation of
Clinical Chemistry and Laboratory Medicine-optimized
kinetic UV method in an ILab Aries chemical analyzer
(Instrumentation Laboratory).

Statistical Analysis

Every experiment was replicated at least twice and was performed
at least in biological triplicates. Sex-matched animals were
assigned randomly to experimental groups and no animals were
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excluded from the study. According to the 3R rules, a power
calculation analysis was previously performed. The evaluator was
blinded to the identity of the specific sample as far as the nature
of the experiment allowed it. Bars represent the mean + SEM.
Statistical significance was assessed by using the tests indicated in
the figure legends (Prism 8; GraphPad Software). P < 0.05 were
considered statistically significant.

RESULTS

Redox Modulation of HMGB1 in Skeletal

Muscle Upon Acute Injury

Several reports highlighted a role of HMGBI in skeletal muscle
regeneration (17-19) and we previously demonstrated that
HMGBI redox isoforms orchestrate regeneration in muscle and
liver after acute injury (13). HMGBL is highly expressed in the
nuclei of regenerating myofibers (Figure 1A) and both fr- and
dsHMGBI isoforms are abundant in the medium bathing injured
muscles (7). We speculated that dsHMGB1 might derive from
leukocytes infiltrating the injured muscle. To address this issue,
we concomitantly analyzed the presence of leukocytes (CD45-
positive cells) and the expression of HMGBI1 redox isoforms in
injured muscles at different time points after cardiotoxin (CTX)-
induced acute injury. As evidenced by CD45 immunostaining on
muscle sections and lysates, leukocytes were nearly undetectable
in healthy muscle, and their infiltration started at 6 h post-injury
and persisted until day 7 post-injury (Figures 1A,B). While
the expression of total HMGB1 was increased from days 3-7
post-injury, both CD45-positive cells and dsHMGB1 appeared
between 6h and day 1 post-injury and persisted until day 7
post-injury (Figures 1B-D). The proportion of frHMGB1 on the
total amount of HMGB1 decreased in muscle lysate from 6h to
day 7 post-injury and conversely, the proportion of dsHMGB1
was increased at these time points (Supplementary Figure 1A).
Specifically, frHMGBI1 was the isoform predominantly expressed
at time points characterized by the absence of CD45-positive
cells (control and 1h post-injury), while dSsSHMGBI represented
about 30% of the total HMGBI protein in muscle lysate in the
presence of CD45-positive cells (from 6h to day 7 post-injury)
(Figure 1E).

HMGBI is a marker of tissue damage as it is released by
dead or stressed cells (6). In addition, leukocytes have been
identified as professional cells for HMGBI release upon injury
and infection (9, 20). Hence, we analyzed the expression of
released HMGBL1 in serum and supernatant of injured muscles.
Circulating HMGBI1 was increased at early timepoints, from 1
to 6h post-injury (Supplementary Figure 1B). This first peak
of HMGBI in the serum is most probably due to the release
of the protein by necrotic cells from the injured muscle. To
a lesser extent, we observed a second peak of HMGBI from
days 3-7 post-injury, which might be attributed to HMGBI1
release by infiltrating leukocytes. The amount of HMGB1 was
increased in supernatant of muscles excised from days 3-7 post-
injury (Figures 1E,G). Notably, the expression of dsHMGBI
in the supernatant was much higher compared to those in
muscle lysate and perfectly overlaps the expression of CD45

over time (Figures 1F-H, Supplementary Figure 1C). In the
presence of CD45-positive cells, the percentage of dSsHMGBI1 on
total HMGBI protein level in the supernatant raised about 50%
(Figure 1I).

Overall, our data demonstrate that the redox state of HMGB1
is highly modulated in skeletal muscle following acute injury,
with a very low amount of dsSHMGBI in normal condition that
strongly increases upon damage and is tightly associated with the
presence of infiltrating leukocytes.

Infiltrating and Circulating Leukocytes

Represent Major Sources of dsHMGB1

To demonstrate that dsHMGB1 derives from infiltrating
leukocytes and not from resident muscle cells, we took
advantage of muscle cells-specific HMGB1 knockout mice
(hereafter mKO mice). These mice were generated by crossing
C57BL/6 HMGBI1 fl/fl mice with MyoD-Cre mice. In the
latter, the Cre enzyme is under the control of the promoter
of MyoD, a transcription factor expressed during myogenesis,
which enables the deletion of lox-flanked sequences in all
myogenic cells (muscle stem cells, myoblasts, myofibers). In
this model, HMGBI is deleted in myogenic cells but it is
still expressed in skeletal muscle by non-muscle cell types,
such as endothelial and nervous cells. As expected, the level
of total HMGBI1 was strongly decreased in uninjured muscle
lysates from mKO mice compared to controls, and CD45-
positive cells were nearly absent (Figures2A-C). The level
of HMGBI1 and the number of CD45-positive cells strongly
increased in both wildtype and mKO mice from day 1 to
day 7 post-injury (Figures 2A-C), indicating that the absence
of HMGBI1 in myogenic cells does not dramatically affect
leukocyte recruitment in injured muscle and that HMGBI in
injured muscle mainly derives from non-muscle cells. Similarly,
we observed no difference in the distribution of HMGBI
redox isoforms between wildtype and HMGB1 mKO mice with
detection of CD45 and dsHMGBI only in injured muscles
(Figures 2D,E). These data demonstrate that dsHMGBI1 does
not derive from myogenic cells in the injured muscle and
strongly suggest that it originates from non-muscle cells such as
infiltrating leukocytes.

Although the release of HMGBI1 by leukocytes has been
widely studied, very little is known on the redox modulation
of the protein in these cells. Hence, we analyzed the expression
and redox state of HMGBI1 in peripheral blood mononuclear
cells (PBMCs) from human healthy donors. We observed
a high expression of HMGBI in lysate of freshly isolated
PBMCs with around the 50% of the total corresponds
to dsHMGBI1 (Figures 3A,B), demonstrating that these
cells represent a reservoir of dsHMGBI. To determine
whether the expression and redox state of HMGB1 might
be modulated during cell activation, we treated PBMCs with
anti-CD3/anti-CD28 or lipopolysaccharide (LPS) to stimulate
T cells, dendritic cells, and monocytes/macrophages. We
observed a high amount of dsHMGBI1 in all conditions
with no major difference upon the various stimuli, although
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FIGURE 1 | HMGB1 redox isoforms expression and leukocyte infiltration during acute muscle injury. (A) Representative images of immunohistochemical staining for
CD45 (upper panel) and HMGB1 (lower panel) on tibialis anterior (TA) muscle sections at indicated time points after cardiotoxin (CTX) injection. Scale bars, 50 wm. Ctrl,
uninjured control muscles. (B-E) Western blot probed with anti-CD45 (upper panel) and anti-HMGB1 (middle panel) antibodies in reducing conditions or with
anti-HMGB1 antibody in non-reducing conditions (lower panel) on muscle lysates at indicated time points after CTX injection. The upper and lower bands in
non-reducing conditions correspond to the fully reduced-HMGB1 (frHMGB1) and the disulphide-HMGB1 (dsHMGBH) isoforms, respectively. (C) Quantification of
(Continued)
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FIGURE 1 | total HMGB1 protein expression levels, relative to control (Ctrl) and normalized on Ponceau staining, at indicated time points after CTX injection. A.U. =
arbitrary unit (7 > 10 muscles, 3 mice/time point). (D) Quantification of CD45 and HMGB1 redox isoforms expression (frHMGB1 and dsHMGB1), normalized on
Ponceau staining, at indicated time points. (E) Distribution of HMIGB1 redox isoforms expression in muscle lysates in absence (controls and at 1 h post-injury) or
presence of CD45-positive cells (from 6h to day 7 post-injury). (F=I) Western blot probed with anti-HMGB1 antibody in reducing (upper panel) and non-reducing
conditions (lower panel) on supernatant of muscles isolated at indicated time points after CTX injection (F). Total HMGB1 protein expression at indicated time points
after CTX injection (G). A.U. = arbitrary unit (n = 6 muscle supernatants, 3 mice/time point). (H) Quantification of HMGB1 redox isoforms expression (frHMGB1 and
dsHMGB1) in muscle supernatants, from Western blot assays in non-reducing conditions, at indicated time points after CTX injection and compared with CD45
expression as in (D). (I) Distribution of HMGB1 redox isoforms expression in supernatants of muscle in absence (controls and at 1 h post-injury) or presence of
CD45-positive cells (from 6h to day 7 post-injury). Data represent the means + SEM and statistical significance was calculated by One-way (C,D,G,H) and Two-way
ANOVA (E,l). *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
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FIGURE 2 | Disulphide-HMGB1 derives from non-myogenic cells in injured muscle. (A) Western blot probed with anti-CD45 (upper panel) and anti-HMGB1 (lower
panel) antibodies in reducing conditions on tibialis anterior (TA) muscle lysates from WT or HMGB1 mKO mice at indicated time points after cardiotoxin (CTX) injection.
Ctrl, control uninjured muscles. (B,C) Quantification of CD45 (B) and HMGB1 (C) protein expression, normalized on Ponceau staining, before (Ctrl) and after CTX
injection (CTX at 1, 2, and 7 d) in TA and triceps muscle lysates (n > 4 muscles/time point, n = 3 mice/genotype). A.U. = arbitrary unit. (D,E) Western blot probed with
anti-HMGB1 antibody in non-reducing conditions (D) on TA muscle lysates from WT or HMGB1 mKO mice at indicated time points after CTX injection. The upper
band corresponds to the fully reduced-HMGB1 (ffHMGB1) and the lower band to the disulphide-HMGB1 (dsHMGB1). (E) Percentage of HMGB1 redox isoforms
expression from WT or HMGB1 mKO mice before (Ctrl) and after CTX injection (CTX at 1, 2, 5, and 7 d) in TA and triceps muscle lysates (n > 3 muscles/time point; n
> 4 mice/genotype). Data represent the means + SEM and statistical significance was calculated by Student T-test (B,C) and Two-way ANOVA (E). **P < 0.01; **P
< 0.001; ##P < 0.01 (Ctrl vs. CTX).

employed two well-established mouse models of cancer cachexia:
C57BL/6 and BalB/C mice injected subcutaneously with Lewis
Lung Carcinoma (LLC) cells and colon adenocarcinoma C26

LPS appeared to slightly increase the level of dsHMGBI
at 72 h (Figures 3C,D).
Overall, our findings demonstrate that both circulating and

infiltrating leukocytes contain a high amount of dssHMGB1 that
could be released into the injured muscle.

Leukocytes Operate as Transporters of

dsHMGB1 in the Tumor Microenvironment

To further investigate the ability of leukocytes to transport
dsHMGBI, we extended our results to cancer and to cachexia, a
severe muscle wasting syndrome associated to tumor progression
(21). Cancer-related inflammation has emerged as a hallmark of
cancer and evidences from animal models indicate a compelling
link between cachexia and inflammation (22, 23). Beside
leukocyte invasion in the tumor microenvironment, cancer
cachexia is associated to systemic inflammation, but no leukocyte
infiltration in cachectic muscle (22, 24). To study the expression
of HMGBI redox isoforms in tumors and cachectic muscles, we

cells, respectively. In these models, mice undergo body weight
loss and muscle wasting, mainly through increased levels
of circulating Tumor Necrosis Factor-o and Interleukin-6,
respectively (25, 26). We observed a loss of body weight and
muscle mass in these two models, but the level of circulating
HMGB1 was decreased in C26-bearing mice while it was
increased in LLC-bearing mice (Supplementary Figures 2A-C),
further underlining that tumor growth and cachexia progression
are regulated by different mechanisms in these two models.

As  expected, CD45-positive  cells were nearly
absent in cachectic muscles (Figures 4A-C,
Supplementary Figures 2D,E). We observed a slight increase of
total HMGBI level in cachectic muscles from both mouse models
(Figures 4B,C, Supplementary Figures 2D,E). Interestingly,
frHMGB1 was the predominant isoform with no increase
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FIGURE 3 | High expression of disulphide-HMGB1 in human leukocytes. (A) Western blot probed with anti-CD45, anti-HMGB1, and anti-GAPDH antibodies in
reducing conditions (upper panels) or probed with anti-HMGB1 antibody in non-reducing conditions (lower panel) on peripheral blood mononuclear cells (PBMCs)
isolated from four healthy human donors. The upper band corresponds to the fully reduced-HMGB1 (frHMGB1) and the lower band to the disulphide-HMGB1
(dsHMGB?1) in the lower panel. (B) Quantification of HMGB1 redox isoforms expression normalized on Ponceau staining. A.U. = arbitrary unit (n = 4 healthy donors).
(C,D) Western blot probed with anti-HMGB1 antibody in non-reducing conditions on PBMCs stimulated with anti-CD3/anti-CD28 antibodies or lipopolysaccharide
(LPS) for 24 or 72 h (C). Percentage of HMGB1 redox isoforms expression (D). Ctrl, control unstimulated cells (n = 2 healthy donors). Data represent the means +
SEM and statistical significance was calculated by Two-way ANOVA (D).

of dsHMGBI in cachectic muscles compared to controls
(Figures 4D,E, Supplementary Figures 2EG). These data
demonstrate that leukocytes are not recruited and that the
redox state of HMGBI is not shifted toward dsHMGBI in
cachectic muscles.

We next analyzed the expression of CD45 and HMGBI1
in tumors isolated from cachectic mice. Both CD45 and
HMGB1 were highly expressed in LLC- and C26-derived
tumors (Figures 4F-H, Supplementary Figures 2H,I). While
the expression of total HMGB1 was comparable in isolated
tumors and cultured tumor cell lines, CD45 and dsHMGBI
were highly expressed only in isolated tumors (Figures 4G-]J,
Supplementary Figures 2H-K).

Overall, these results demonstrate that the redox state of
HMGBI is modulated locally during cancer cachexia progression
and indicate that leukocytes act as transporters of dsHMGBI1
isoform in the tumor microenvironment.

Redox Modulation of HMGB1 in Spleen and

Liver

To determine whether resident leukocytes, as opposed to
infiltrating/circulating leukocytes, also produce dsHMGBI1, we
analyzed the expression of HMGBI1 redox isoforms in spleen

and liver, two organs characterized by a high number of
resident leukocytes. We observed a high expression of both
CD45 and dsHMGBI in spleen whereas comparable percentage
of dsHMGBI1 expression was associated to much lower CD45
expression in liver (Figures 5A-C), suggesting additional cell
population(s) expressing dssHMGBI in liver. Beside differences in
leukocytes number, these findings indicate that these two organs
represent important sources of dssHMGB1.

Previous studies have demonstrated that endogenous
HMGBI1 is a mediator of drug-induced hepatoxicity by
promoting inflammation via its interaction with TLR4/MD-2
(14). We decided to analyse the recruitment of leukocytes
and the expression of HMGBI redox isoforms in liver upon
acetaminophen (APAP) intoxication. We hypothesized that
no difference in dsHMGBI1 percentage would be observed in
liver upon acute injury as we already observed a comparable
percentage of dSHMGBI in circulating leukocytes and uninjured
liver (around 50% of total HMGB1). As expected, we observed
hepatocyte necrosis, CD45-positive cell recruitment and
HMGBI release in injured areas of the liver after APAP injection
(Figure 5D). Notably, the temporal dynamics of circulating
HMGBI levels perfectly overlaps that of sALT, a marker of
liver damage (Figure 5E), which peaks at day 1 post-APAP. As
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FIGURE 4 | Leukocytes operate as transporter of dsHMGB1 in tumor microenvironment. (A) Representative images of immunohistochemical staining for CD45 (upper
panel) and HMGB1 (lower panel) on tibialis anterior (TA) muscle sections from control (Ctrl) vs. Lewis lung carcinoma (LLC)-bearing mice. Scale bars, 50 um. (B,C)
Western blot probed with anti-CD45, anti-HMGB1, and anti-GAPDH antibodies in reducing conditions (B), and quantification of total CD45 and HMGB1 protein levels
normalized on GAPDH (C) (n = 4 mice). In (B), spleen lysate (5 ng) was added as positive control for CD45 expression. (D) Western blot probed with anti-HMGB1

antibody in non-reducing conditions on tibialis anterior (TA) lysates from control or LLC-bearing mice. The upper and lower bands in non-reducing conditions
(Continued)
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P < 0.0001.

FIGURE 4 | correspond to the fully reduced-HMGB1 (frHMGB1) and the disulphide-HMGB1 (dsHMGB1) isoforms, respectively. (E) Percentage of HMGB1 redox
isoforms expression. A.U. = arbitrary unit (n = 4 mice/group). (F) Immunohistochemical staining for CD45 (upper panel) and HMGB1 (lower panel) on tumoral sections
from LLC-bearing mice. Scale bars, 50 um. (G-J) Western blot probed with anti-CD45, anti-HMGB1, and anti-GAPDH antibodies in reducing conditions on LLC cells
and tumoral masses isolated from mice injected with LLC cells (G), and quantification of total CD45 and HMGB1 protein levels normalized on GAPDH (H). (I) Western
blot probed with anti-HMGB1 antibody in non-reducing conditions on LLC cells and tumoral masses isolated from mice injected with LLC cells. (J) Percentage of
HMGBH1 redox isoforms expression in LLC cultured cells and tumoral masses from LLC-injected mice (J). A.U. = arbitrary unit (0 = 5 cell replicates and n = 4 mice for
tumoral masses). Data represent the means + SEM and statistical significance was calculated by Student T-test (C,H) and Two-way ANOVA (E,J). “P < 0.05;

previously described (13), the peak of intrahepatic leukocytes
(IHLs) occurs at day 2 post-APAP (Figures 5D,F). We performed
Western blot analyses on IHLs isolated from liver, and we
observed that both resident and infiltrating leukocytes upon
APAP intoxication express high level of dsSHMGBI1 (Figure 5G,
Supplementary Figure 3A). As expected, although the number
of CD45 positive cells was higher in APAP-treated mice, the
percentage of dsHMGBI in total liver lysate was similar in
control and intoxicated mice (Supplementary Figures 3B-D),
indicating that cell population(s) distinct from leukocytes might
also produce dsHMGBI in liver.

Overall, these findings demonstrate that spleen and liver
express high level of dsHMGBI in physiological conditions,
and that both resident/infiltrating leukocytes and additional
uncharacterized cell population(s) are sources of dsSHMGBI1 in
normal and intoxicated livers.

DISCUSSION

Although it is well-established that HMGBI is a critical mediator
of inflammation and is involved in numerous inflammatory
disorders, clinical trials to specifically target the protein are
still to come. A deeper understanding of both intracellular
and extracellular functions of HMGBI is essential to develop
efficient therapeutic interventions targeting this alarmin. In this
context, the discovery of HMGBI1 redox modulation represented
a breakthrough in the field, and our findings now reveal a highly
dynamic regulation of HMGBI1 oxidation in vivo, both upon
tissue injury and in the tumor microenvironment, which is tightly
associated to inflammatory processes. In addition, we identified
the leukocyte cell population as a reservoir and transporter
of dsHMGBI.

A growing body of evidence indicates that frHMGBI1
orchestrates cell recruitment and tissue regeneration while
dsHMGBI1 contributes to inflammation by activating immune
cells (11-13). However, most studies were performed using
recombinant HMGBI1 redox isoforms. Here, we analyzed the
dynamics of expression of endogenous HMGBI1 isoforms,
demonstrating that the redox state of HMGBI is highly
modulated in vivo in different tissues, both in physiological
and pathological conditions. Indeed, our results indicate that
the redox modulation of HMGBI is tissue-specific, with a high
expression of dsSHMGBI in normal conditions in spleen or liver
while it is almost absent in skeletal muscle. Similarly, dSHMGB1
is highly expressed in the tumor microenvironment while it
is absent in cachectic muscles from the same tumor-bearing
mice. It is well-established that cancer cachexia is characterized

by systemic inflammation and leukocytes infiltration in the
tumor, but not in the cachectic muscles (24). Accordingly, we
observed a high expression of both CD45 and dsHMGBI in
tumors, but not in cachectic muscles. Hence, these data clearly
establish that the redox state of HMGBI is locally controlled and
demonstrate that the presence of dSsSHMGBI is tightly associated
with leukocytes infiltration.

Besides being spatially restricted, HMGBI oxidation is
regulated in time. In skeletal muscle, dsHMGB1 appears a
couple of hours after an acute injury. In liver, dSSHMGBI is
highly expressed both at basal level and upon drug intoxication,
indicating that cell populations other than leukocytes might
contribute to the production of dsHMGBI1 in liver. Overall,
our findings point out to an accurate and dynamic regulation
of HMGBI1 redox state in physiological and pathological
conditions, most probably to finetune the inflammatory and
regenerative processes.

Extracellular HMGB1 has been identified as a drug-target
protein in multiple diseases, in particular in inflammation-
associated disorders, and as a target of aspirin (27), the most
widely used drug worldwide, and of the salicylate diflunisal
(28), demonstrating the importance of HMGBI in clinic. A high
level of serum HMGBI appears to be a sensitive biomarker
in diverse disorders, such as mesothelioma, but the different
HMGBI isoforms represent novel biomarker candidates that
provide additional mechanistic information (29). Indeed, total
HMGBI is indicative of both cell death and immune cell
activation while the characterization of the oxidation state can
provide pivotal information on the type of injury and on
inflammation degree. So far, it is not possible to detect the
different isoforms by ELISA assay due to the difficulty to generate
antibodies specific for each isoform. Mass spectrometry analyses
have been widely employed to analyse the posttranslational
modifications of HMGBI1 such as acetylation and oxidation.
However, this methodology is costly and time-consuming,
considerably limiting its potential application in the clinic.
Iwahara et al, proposed an NMR-based approach to study
the kinetics of HMGBI1 oxidation in extracellular fluids (30).
Although this technique has multiple advantages, it can be
applied only to extracellular fluids. In our study, we showed
that it is possible to perform Western blot assays to analyse
the expression of HMGBI1 redox isoforms both at cell and
tissue levels. Other studies reported the detection of HMGBI1
redox isoforms in serum and plasma by Western blot assay
(31, 32), showing that this method can also be applied to
extracellular fluids. Western blot has a wide range of applications
in the clinic, such as the application of medical diagnosis for
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FIGURE 5 | Redox modulation of HMGB1 in spleen and in drug-intoxicated liver. (A) Western blot probed with anti-CD45, anti-HMGB1, and anti-GAPDH antibodies
in reducing conditions (upper panels) or probed with anti-HMGB1 antibody in non-reducing conditions (lower panel) on lysates of spleen and liver isolated from control
WT mice. In the lower panel, the upper band corresponds to the fully reduced-HMGB1 (frHMGB1) and the lower band to the disulphide-HMGB1 (dsHMGBH1). (B,C)
Quantification of total CD45 and HMGB1 protein levels normalized on GAPDH (B), and HMGB1 redox isoforms percentage (C) in spleen and liver lysates. A.U. =
arbitrary unit (n = 4 mice/group). (D-G) Drug-induced liver injury (DILI) was induced by i.p. injection of acetaminophen (APAP), 300 mg/kg (body weight). Serum
(Continued)

Frontiers in Immunology | www.frontiersin.org 10 June 2020 | Volume 11 | Article 1122


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ferrara et al.

In vivo HMGB1 Redox Modulation

(C,G). **P < 0.001; ****P < 0.0001; ns, not significant.

FIGURE 5 | collection and necroscopy were performed at the indicated time points. (D) Representative images of DAPI and Evans Blue (EB) staining, Haematoxylin &
Eosin (H&E) staining, and CD45 and HMGB1 immunostaining in liver sections from control mice (Ctrl) and at days 1, 2, 3, and 7 after DILI. Scale bars, 50 um. (E)
Alanine aminotransferase (sALT) and HMGB1 levels in serum before and after APAP injection in mice (n > 5 mice/group). (F) Quantification of total number of
intrahepatic leukocytes (IHLs) in control mice and at days 1 and 2 post-APAP injection (n = 4 mice/group). (G) Quantification of HMGB1 redox isoforms percentage,
from Western blot assays performed in non-reducing conditions with anti-HMGB1 antibody, in IHLs isolated from control mice and at days 1 and 2 post-APAP
injection (n = 4 mice/group). Data represent the means + SEM and statistical significance was calculated by Student T-test (B), One-way (E,F) and Two-way ANOVA

infectious diseases including hepatitis C (HCV), HIV, Lyme
disease, and syphilis, as well as autoimmune disorders such
as paraneoplastic disease and myositis (33). In conclusion, the
analysis of HMGBI redox isoforms expression by Western
blot assay might be useful not only for research but also for
clinical applications.

An important issue to address is to determine in which
conditions HMGB1 gets oxidized and if its oxidation
occurs outside and/or inside the cells. HMGB1 is secreted
through a non-classical vesicle-mediated secretory pathway,
bypassing the endoplasmic reticulum (ER) (20). The redox
potential of the ER is continually preserved as an oxidizing
environment to facilitate the oxidative process of disulphide
bond formation during protein folding. Hence, the avoidance
of the ER limits HMGBI1 oxidation. Conversely, a recent
study indicates that HMGB1 oxidation can occur in the
nucleus of mouse bone marrow-derived macrophages, mouse
embryonic fibroblasts and HEK293T cells (34). The authors
demonstrate that disulphide bond formation is required
for HMGB1 nucleocytoplasmic translocation and secretion,
and is mediated by peroxiredoxins (Prxs), a ubiquitous
family of antioxidant enzymes highly expressed in cells. We
observed high levels of dsHMGBI in lysates of leukocytes
from mice and healthy donors, demonstrating that HMGBI
was already oxidized inside the cells. Indeed, it is well-known
that leukocytes produce Reactive Oxygen Species (ROS)
as part of the killing response against microbial invasion
and as intra- and intercellular messengers. Conversely,
a recent study showed that HMGBI1 is maintained in a
reduced state, owing to the activity of the thioredoxin
antioxidant system, in monocytes from patients with active
rheumatoid arthritis (35). Future investigation should
characterize the molecular mechanisms driving HMGBI
oxidation in extracellular and intracellular spaces, in particular
in leukocytes.

Inflammatory conditions are associated with the release of
ROS in the microenvironment, in particular by leukocytes.
Hence, HMGBI is most probably oxidized also when it is present
in the extracellular space, especially in inflammatory conditions.
Accordingly, it has been reported that HMGBI is rapidly oxidized
in the extracellular space and that the half-life for frHMGBI is
17 min in vitro in serum before it gets converted to dsSHMGB1
(30). The authors showed large variations in the kinetics
for HMGBI1 oxidation and clearance in different extracellular
fluids, clearly demonstrating that the balance between fr- and
dsHMGBI1 depends on the extracellular environment. Similarly,
we observed higher level of dsSHMGBI in supernatants than in
lysates of injured muscles, suggesting that HMGB1 was partially

oxidized outside the cells. Most importantly, our results identify
leukocytes as a source of dsSHMGB1 in muscle, spleen, liver, and
tumor. These findings are relevant because they demonstrate
that leukocytes can also operate as vehicle of dsHMGBI in
the tissue. However, the relative contribution of non-muscle
cell types (e.g., endothelial cells) resident in skeletal muscle
to HMGBI release and redox regulation is still unknown.
Similarly, the high expression of dsHMGBI1 in healthy liver
suggests that it originates from a cell population different
from leukocytes. Hence, further investigation is required to
decipher the regulation of HMGB1 redox state at both tissue and
cell levels.

Overall, our study underlines a close association of dSSHMGB1
expression with an inflammatory state characterized by immune
cells presence, and identifies leukocytes as reservoirs and
transporters of dsHMGBI. These findings emphasize that
HMGBI oxidation is a timely and spatially regulated process in
physiological and pathological conditions, most likely to finetune
inflammatory and regenerative processes.
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Supplementary Figure 1 | HMGB1 redox isoforms expression in muscle and
HMGBH1 level in serum upon acute muscle injury. (A) Percentage of HMGB1 redox
isoforms expression, quantified from Western blot assays performed in
non-reducing conditions with anti-HMGB1 antibody, on tibialis anterior (TA) and
triceps muscle lysates at indicated time points after cardiotoxin (CTX) injection.
A.U. = arbitrary unit (n = 11 muscles, 3 mice/time point). (B) Quantification of
HMGB1 protein level (ng/ml) by ELISA in the serum of control (Ctrl) and
CTX-treated mice at indicated time points (1 > 3 mice/time points). (C)
Percentage of HMGB1 redox isoforms expression, quantified from Western blot
assays performed in non-reducing conditions with anti-HMGB1 antibody, on
muscle supernatants at indicated time points after CTX injection. A.U. = arbitrary
unit (n = 6 muscle supernatants, 3 mice/time point). Data represent the means +
SEM and statistical significance was calculated by One-way ANOVA (A-C). *P <
0.05; *P < 0.01; **P < 0.001; ***P < 0.0001.

Supplementary Figure 2 | Redox modulation of HMGB1 during cancer
cachexia. (A) Body weight (g) of mice injected with LLC or C26 cells at day O or at
the endpoint of the experiment. (B) Weight loss percentage of gastrocnemius
(GAS), tibialis anterior (TA), and quadriceps (QUAD) muscles from LLC- or
C26-bearing mice (n > 4 mice/group). (C) Quantification of HMGB1 protein level
(ng/ml) by ELISA in the serum of control (Ctrl) or tumor-bearing mice (LLC or C26)
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