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High mobility group box 1 (HMGB1) is a ubiquitous nuclear protein in mammals. When
released into the extracellular space, it acts as a damage-associated molecular pattern.
This study investigates whether increased HMGB1 levels are found in the intestinal
mucosa of ulcerative colitis (UC) patients, and whether an anti-HMGB1 neutralizing-
antibody (HnAb) can inhibit the intestinal inflammation elicited by dextran sulfate sodium
(DSS) in mice. Because toll-like receptor 4 (TLR4) is implicated in HMGB1-mediated
immune cell activation, DSS colitis was also elicited in TLR4-deficient mice in the presence
and absence of HnAb. The expression of HMGB1 in UC patients was examined. HnAb
was administered via intraperitoneal injection to TLR4 deficient mice and their wild-type
littermates, both being induced to colitis with DSS. Finally, the protective effect of HnAb
and TLR4 deficiency were evaluated. In UC patients, HMGB1 was up-regulated in the
inflamed colon. When administered during DSS application, HnAb alleviated the severity
of colitis with a lower disease activity index, limited histological damages, and reduced
production of proinflammatory cytokines. This antibody also limited colonic barrier loss,
decreased colonic lamina propria macrophages and partially reversed the DSS treatment-
associated dysbiosis. The protective effect of this antibody was enhanced in TLR4-
deficient mice in some aspects, indicating that both additional HMGB1-mediated as well
as TLR4-mediated inflammatory signaling pathways were involved in the induction of
colitis by DSS. HnAb ameliorated colitis via macrophages inhibition and colonic barrier
protection. It may therefore be a novel treatment option in colitis.
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INTRODUCTION

Inflammatory bowel diseases (IBD) represents a group of chronic
relapsing inflammatory disorder, including Crohn’s disease and
ulcerative colitis (UC). An increasing incidence of IBD is seen
worldwide (1). Besides conventional therapy, anti-cytokine
agents have been applied for IBD therapy. While initially
highly efficient in many patients, the efficacy of biologics in
inducing and maintaining clinical remission of IBD over
extended period of times remains below 50% of treated
patients (2, 3). Therefore, the identification of new therapeutic
targets for the development of additional treatment option is of
high clinical priority.

High mobility group box 1 (HMGB1) is a highly conserved
nuclear protein in mammalian tissues, and is responsible for
maintaining the structure of nucleosomes and regulating gene
transcription (4). Activated immune cells release HMGB1 into
the extracellular space, where it acts as an “alarmin” and
accelerates the immune response. HMGB1 has been identified
as a pro-inflammatory cytokine or damage-associated
molecular pattern implicated in several inflammatory
disorders, such as septic shock, rheumatoid arthritis, systemic
lupus erythematosus, and recently in IBD (5). Expression
of HMGB1 was elevated in serum, intestinal tissues or feces
of patients and mouse models of IBD (6, 7), and HMGB1 was
transported from nucleus to the cytoplasm during colonic
inflammation (8, 9). Reducing HMGB1 level by probiotic
supplementation in mice could partially ameliorate 2,4,6-
trinitrobenzenesulfonic acid-induced murine colitis (10).
HMGB1 was found to aggravate colonic inflammation by
activating the immune response in colitis (11).

Among the receptors of HMGB1 such as toll-like receptors
(TLR) TLR2, TLR4, TLR9, and receptor for advanced glycan
end-products, TLR4 initiated signal transduction to yield
inflammatory cytokines after binding to HMGB1 (12).
Moreover, up-regulation of TLR4 could promote the
progression of IBD (13).

In recent years, it is a hot issue to investigate the changes of
colonic inflammation by inhibiting the function of HMGB1
using anti-HMGB1 antibody, ethyl pyruvate, glycyrrhizin, and
other inhibitors (14–17). However, effective therapeutic
alternatives based on the blockage of HMGB1-TLR4-associated
immunological pathways to ameliorate colonic inflammation
have not yet been developed. The purpose of this study was to
investigate the protective effect of anti-HMGB1 neutralizing-
Abbreviations: Arg1, arginase 1; CXCR4, chemokine (C-X-C motif) receptor 4;
DAI, disease activity index; DSS, dextran sulfate sodium; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HMGB1, high mobility group box
1; HnAb, anti-high mobility group box 1 neutralizing-antibody; IBD,
inflammatory bowel disease; IFN-g, interferon g; IHC, immunohistochemistry;
IL-1b, interleukin-1b; IL-6, interleukin-6; IL-8, interleukin-8; iNOS, inducible
nitric oxide synthase; MHC-II, major histocompatibility complex II; MPO,
myeloperoxidase; MyD88, myeloid differentiation factor 88; NF-kB, nuclear
factor-kB; OTU, operational taxonomic unit; PCoA, principal coordinate
analysis; RAGE, receptor for advanced glycation end products; RT-PCR, real-
time polymerase chain reaction; T-J, tight-junction; TLR, toll-like receptor; TNBS,
2, 4, 6-trinitrobenzenesulfonic acid; TNF-a, tumor necrosis factor-a; UC,
ulcerative colitis; WT, wild-type; ZO-1, zonula occludens-1.
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antibody (HnAb) in dextran sulfate sodium (DSS)-induced
colitis. Because TLR4 is an important mediator of HMGB1-
induced amplification of the immune response, we tested the
effect of HnAb also in mice that were deficient in TLR4.
MATERIALS AND METHODS

Materials
RNA iso Plus, SYBR Premix Ex TaqTM and PrimeScript RT
Master Mix for real-time PCR (RT-PCR) were procured from
TaKaRa Biotechnology Inc. (Toyobo, Japan). Anti-
myeloperoxidase (MPO) was bought from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). Anti-HMGB1, anti-
claudin-5, anti-occludin, anti-TLR4, and anti-MyD88 were
acquired from Abcam Biotechnology Inc. (Cambridge, UK).
Anti-ZO-1, anti-mucin 2 (sc-15334), and anti-NF-kB p65 were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). Their respective horseradish peroxidase-coupled
secondary antibodies were obtained from KPL (Gaithersburg,
MD, USA).

Patients
UC patients with colonic inflammation restricted in the rectum
were selected for this study. Upon having obtained consents from
the patients, 14 pairs of inflamed intestinal samples and their
corresponding adjacent non-inflamed intestinal samples were
collected from patients with UC undergoing endoscopic biopsies
at Tongji Hospital, Huazhong University of Science &
Technology, Wuhan, China. Histopathology was confirmed by
examining hematoxylin and eosin (HE)-stained tissue sections
by qualified pathologists. UC diagnosis was established on the
basis of conventional clinical, radiological, endoscopic, and
histological findings against European Crohn’s and Colitis
Organisation guidelines (18).

Animals and Experimental Procedures
Female C57BL/6J [wild type (WT)] mice weighing 18–20g (8–
10 w) were purchased from the Center for Disease Control and
Prevention of Hubei Province (Wuhan, China). TLR4-/- mice
(C57BL/10ScNJGpt, 8 weeks old) were obtained from
GemPharmatech Co., Ltd, Nanjing, China. The mice were
kept in specific pathogen-free (SPF) conditions. Acute colitis
was induced by treating the animals with 4% DSS (36–50 kDa,
MP Biomedicals, Solon, USA), given in the drinking water, for
7 days. Simultaneously, half of them were treated with HnAb, a
polyclonal chicken IgY against murine HMGB1 neutralizing-
antibody, (200 mg/mouse, Shino-Test Corporation, Tokyo,
Japan) and others were treated with anti-IgY, a control
ch icken IgY ant ibody (200 mg/mouse , Shino-Test
Corporation, Tokyo, Japan), via intraperitoneal injection on
the 0th, 3rd, and 6th days of DSS feeding. Six groups with five
mice per group were named WT, DSS-HnAb, DSS-IgY,
TLR4-/- control, TLR4-/- DSS-HnAb, and TLR4-/- DSS-IgY,
respectively. The mice were sacrificed on the eighth day and the
full colons were removed.
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The Disease Activity Index and the
Histological Examination
Mice were weighed and examined for diarrhea and rectal bleeding
on daily basis. The DAI was scored according to the criteria
previously described by Sann H et al. (19). DAI= score (weight
loss + stool consistency + bleeding)/3. Blood in the feces was tested
using a Hemoccult Assay Kit (Nanjing Jiancheng Bioengineering
Institute, China). Body weight loss was calculated relative to day 1.

Colonic samples with formalin-fixed and paraffin-embedded
were sectioned and hematoxylin and eosin-stained in standard
procedures. Each section was graded by three blinded researchers.
The colitis was histologically graded on a scale reported by
Dieleman (20) and Soufli (21) with some modifications. Features
of each section were graded in terms of, respectively, inflammatory
cell infiltration (0-3), inflammation extent (0-3), and crypt damage
(0-4). The degree of involvement was graded on a 0-4 scale. The
grade for the feature then multiplies by the percentage involvement,
reaching a score of inflammatory cell infiltration (0-12),
inflammation extent (0-12), and crypt damage (0-16). Taken
together, the total histological score of each section was obtained,
ranging from 0 to 40 points (Supplementary Table 1).

Real-Time PCR
The messenger RNA (mRNA) expression of HMGB1,
interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a),
interferon g (IFN-g), interleukin-6 (IL-6), interleukin-8 (IL-8),
ZO-1, claudin-5, occludin, inducible nitric oxide synthase
(iNOS), arginase 1 (Arg1), major histocompatibility complex II
(MHC-II), receptor for advanced glycation end products
(RAGE), TLR2, TLR4, TLR9, chemokine (C-X-C motif)
receptor 4 (CXCR4), and MyD88 were detected by RT-PCR.
First, total RNA was extracted from the intestinal samples by
using TRIzol reagent. Then complementary DNA (cDNA) was
synthesized by employing reversed transcriptional kit. For RT-
PCR, x µg of cDNA template was added into a 25-µl reaction
system, including with 1.0 µl of each primer (200 nM) and 12.5 µl
of SYBR Premix ExTaq II. All primers were synthesized by
Tsingke Biological Technology Co., Ltd. (Wuhan, China)
(Supplementary Table 2). RT-PCR data were analyzed by
utilizing the 2−DDCT method with b-actin as the reference gene.

Western Blotting
Protein was extracted from the colonic tissues. Protein
concentrations in the lysates were quantitatively determined by
using a BCA Protein Assay Kit according to the manufacturer’s
instructions. Intensity of the bands was quantified using IPP 6.0
software package with histone H3 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as reference. The following
antibodies were used: HMGB1 (1:1,000), TLR4 (1:500), MyD88
(1:1,000), claudin-5 (1:1,000), occluding (1:2,000), ZO-1 (1:500),
GAPDH (1:10,000), histone H3 (1:3,000).

Flow Cytometry
The colonic tissues were cut into small pieces by scissors, and then
processed in a digestion buffer and Miltenyi gentleMACS
Dissociator following by instructions. Homogenized intestinal
Frontiers in Immunology | www.frontiersin.org 3
tissues were passed through a 40-mm nylon mesh to get a single-
cell suspension. Cells were stained with F4/80, CD11b and CD86,
CD11c and CD206 antibodies (eBioscience, San Diego, USA) and
incubated for 20 min at 4°C in the dark. Macrophages were
identified with CD11b+ F4/80+ and CD86+ macrophages were
identified with CD11b+ F4/80+ CD86+. After washing,
macrophage cell subsets were collected and flow cytometrically
analyzed (FACScalibur Flow Cytometer, Becton-Dickinson
Immunocytometry Systems, San Jose, USA). Cell viability was
preformed using Aqua Dead Cell Stain Kit (L34965, Thermo Fisher
Scientific, USA). The percentage of cells in live/singlets gate was
evaluated by the number of live cells to get an absolute live-cell
count. At least 10, 000 live events were accumulated through
forward- and side-scatter parameters. Cell sorting was processed
on a FACSAria II instrument (BD Biosciences, San Jose, USA) with
the same configuration as the LSR II. Cytospins were prepared
from the sorted cells and cell populations were identified using a
sequential gating strategy. Data were analyzed by using FlowJo
software (version 7.01, Tree Star Software, San Carlos, USA).

Transmission Electron Microscopy
Transmission electron microscopy was used to detect alterations in
tight junction ultrastructure andmacrophage infiltration. Specimens
from the intestinal tissues were washed three times in 0.1 mol/l
cacodylate buffer and then immersed in 2.5% glutaraldehyde for
12 h, post-fixed in 1% osmium tetroxide for 1 h. Then the ultrathin
sections were prepared and mounted on copper girds, double
staining with uranyl acetate and citrate acid, and observed under a
transmission electron microscope (JEM-1200 EX II TEM, JEOL,
Tokyo, Japan) operated at 80 kV after dehydration and embedding.

Immunohistochemistry
The expression of MPO, HMGB1 was immunohistochemically
detected by using a Super Sensitive TM IHC Detection System
Kit (Bioworld Technology Inc. Louis Park, MN, USA). Tissue
slices were immersed in heated sodium buffer (pH 9.0) for
antigen retrieval. Then tissue slices were sequentially incubated
with 3% hydrogen peroxide, 5% normal goat serum, and the
primary antibody against HMGB1 (1:2,000, Abcam, Cambridge,
UK) or MPO (1:1,000, Thermo Fisher Scientific, Rockford,
USA). The antibody signal was evaluated by incubated with
secondary antibody conjugated to horseradish peroxidase. The
slices were examined under a light microscope equipped with a
built-in DC750 digital camera system (Leica Microsystems,
Wetzlar, Germany). Each slice was semiquantitative graded by
two pathologists according to a scale described by McCarty KS
et al. (22). The algorithm for the histochemical score (histoscore)
was: histoscore =∑(i+1) × Pi, where i = intensity of staining (0-4)
and Pi = percentage of cells stained at each intensity.

Immunofluorescence
The changes in mucus barrier integrity were assessed by
immunofluorescence analysis. Frozen intestinal tissues were
minced into 10-µm-thick fragments and stuck to slides. Slides
were incubated with rabbit anti-mouse tight junction proteins or
E-cadherin antibodies. Then incubated with Alexa 488-
conjugated secondary antibody for 1 h at room temperature.
October 2020 | Volume 11 | Article 585094
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Afterwards, the nuclei were stained with DAPI solution for 1 min
at room temperature. Immunofluorescence images were taken
under a confocal microscope (Olympus FV-1000, Olympus,
Tokyo, Japan). All experiments were repeated at least three
times with different batches of samples.

16S Ribosomal RNA Sequencing
and Analysis
Colonic mucosal biopsy scraping was taken from the distal colon
using cold biopsy forceps. Non-adherent fecal material was
removed by washing and swirling in 1 ml sterile PBS. The
mucosal samples were then flash-frozen at −80°C for further
microbiota analysis. Genomic DNA from mucosal samples was
extracted using the protease K lysis and phenol chloroform
extraction. 16S rRNA genes were amplified by PCR using
general bacterial primers (515F 5’-GTGCCAGCMGCC
GCGGTAA-3’ and 926R 5’-CCGTCAATTCMTTTGAG
TTT-3’). The raw fastq files were demultiplexed according to
the barcode, as described by Li XX et al. (23). Using the UPARSE
pipeline (http://drive5.com/usearch/manual/uparsecmds.html),
the demultiplexed reads were clustered into operational
taxonomic units (OTUs) at 97% sequence identity. OTU
taxonomies (from Phylum to Species) were determined on the
basis of NCBI. For the alpha-diversity analysis, Shannon, Simpson,
Chao, ACE index were calculated using mothur (version 1.33.3,
http://www.mothur.org/) and the corresponding curves were
plotted by R (version 3.2.3, R Development Core Team, 2016).
For beta-diversity metrics, the weighted and unweighted UniFrac
distance matrix were calculated by mothur, and visualized with tree
and principal coordinate analysis (PCoA) by R.

Statistics
Data were expressed as mean ± SEM. Data between groups of
human samples were analyzed by paired Student’s t test. Data
among groups of mice were assessed by one-way ANOVA or
two-way ANONA, followed by Tukey’s post-test using
GraphPad Prism (version 7.01, GraphPad Prism Inc., USA). A
two-side P < 0.05 was considered statistically significant.

Ethics Statement
The patient study was performed following the guidelines of the
Ethics Committee of the Tongji Hospital and conform to the
ethical standards of the World Medical Association Declaration
of Helsinki. Participants’ written informed consent was received
prior to inclusion in the study. All animal experiments were
approved by the Animal Care and Use Committee of Tongji
Hospital, Huazhong University of Science and Technology.
RESULTS

Elevated HMGB1 Expression in
Inflamed Colonic Tissues of
Ulcerative Colitis Patients
In order to determine HMGB1 expression during colonic
inflammation, 14 patients with UC [aged 46.10 ± 1.01 years, 9
Frontiers in Immunology | www.frontiersin.org 4
(64.3%) males] were recruited. The patients were all E1 according
to Montreal classification and their Mayo score was 4.93 ± 0.07.
Fourteen pairs of tissue samples were endoscopically biopsied
from the inflamed rectal areas and their adjacent non-inflamed
regions. Inflamed and non-inflamed regions in the rectum of UC
patients were shown in a representative endoscopic picture
(Figure 1A). A schematic diagram was drawn to indicate the
inflamed and non-inflamed regions as well as the biopsy sites
(Figure 1A). The mRNA expression of TNF-a, IFN-g, IL-1b, IL-6,
and IL-8 was significantly increased in the inflamed tissues
compared to adjacent non-inflamed tissues, which was
consistent with the endoscopic manifestations. In line with the
changes in these inflammatory cytokines, the mRNA expression of
HMGB1 was also increased in inflamed regions (Figure 1B).

To determine the protein expression of HMGB1 in the inflamed
and adjacent non-inflamed samples , we performed
immunohistochemical analysis and western blotting.
Immunohistochemical results showed HMGB1 increased in
inflamed tissues compared to their non-inflamed counterparts
(Figure 1C). Western blotting further confirmed the elevated
HMGB1 protein in inflamed tissues as compared to the adjacent
non-inflamed tissues in UC patients (Figure 1D).

HnAb Treatment Attenuates the Severity
of Dextran Sulfate Sodium-Induced Colitis
HnAb was administrated into mice with DSS-induced colitis to
investigate the effect of HMGB1 inhibition on colitis severity.
HnAb-treated mice delayed the manifestation of fecal occult
blood and diarrhea, relieved weight loss, thus contributing to a
significantly decreasedDAI of mice at day 8 compared with the IgY-
treated DSS-induced colitis mice (Figure 2A, Supplementary
Figure 1). The histological score was significantly decreased after
HnAb administration compared with vehicle-treated DSS-induced
colitis mice (Figures 2B, C).

Myeloperoxidase (MPO) expression was examined to
evaluate the neutrophils accumulation in colonic tissues.
Semiquantitative immunohistochemistry (IHC) suggested that
MPO expression was increased significantly in colonic tissues of
DSS treated mice comparing to the normal control. The
administration of HnAb inhibited significantly the MPO
expression as compared to vehicle-treated DSS-induced colitis
mice (Figures 2D, E).

To further evaluate the severity of the inflammatory response,
pro-inflammatory factors such as IL-1b, IFN-g, and TNF-a in
the colonic tissues were measured. The results showed that the
mRNA expression of IL-1b, IFN-g, and TNF-a in colonic tissues
increased after DSS administration, and such increase was
suppressed with respect to IFN-g and TNF-a, but not to IL-1b,
by HnAb treatment (Figure 2F).

The mRNA expression of HMGB1 dropped dramatically after
the administration of HnAb compared to DSS-treated mice
(Figure 2I). In order to evaluate whether HMGB1 was
translocated from nucleus to cytoplasm and extracellular
region in colitis, IHC, and Western blotting were performed.
IHC exhibited that HMGB1 was released to cytoplasm and
extracellular site in DSS-induced murine colon (Figure 2G).
October 2020 | Volume 11 | Article 585094
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Administration of HnAb could partially block HMGB1
redistribution into the cytoplasm and extracellular region
(Figure 2G). Semiquantitative IHC suggested that HMGB1
expression was inhibited significantly in colonic tissues of
HnAb-treated mice as compared to vehicle-treated mice with
DSS-induced colitis (Figure 2H).

Western blotting showed that HMGB1 expression in both the
nucleus and cytoplasm were down-regulated after the
administration of HnAb as compared to IgY-treated colitis
mice. Nonetheless, nuclear and cytoplasmic HMGB1 was
elevated in colonic tissues in DSS-colitis mice compared to the
normal control mice (Figures 2J, K).

The findings indicated that, in the course of colitis, HMGB1
was transported from nucleus to cytoplasm and even extracellular
region, and HnAb could hamper the redistribution of nuclear
HMGB1 into cytoplasm.

Taken together, these data suggested that HnAb could
prevent colitis from further deterioration.

HnAb Treatment Ameliorates the
Colonic Barrier Defect in Dextran
Sulfate Sodium-Induced Colitis
Mucin 2, one of the key mucins, was stained to delineate the
mucus layer (Figure 3A). In this study, immunofluorescence
staining revealed that an integral mucus layer consisted of a
continuous and evenly distributed mucus layer between the
interstinal epithelium and the intestinal lumen in normal
control, while no structurally complete mucus layer could be
Frontiers in Immunology | www.frontiersin.org 5
found in DSS-treated animals. Upon administration of HnAb,
the mucus layer was relatively intact and only a few fractures
could be observed (Figure 3A).

The colonic epithelial barrier also plays an important role in
colitis. A monolayer of epithelial cells and the tight junctions
assembled by connexins are the pivotal components of the
intestinal epithelial barrier. Tight junction structure was
observed by transmission electron microscopy. Though no
complete tight junction structure could be found after DSS
administration, relatively intact tight junction structure could be
observed in HnAb-treated colitis mice (Figure 3B). Furthermore,
tight junction proteins zonula occludens-1 (ZO-1), claudin-5 and
occludin were detected. The mRNA expression levels of ZO-1
(P<0.001) and claudin-5 (P<0.01), but not occludin (P=0.587),
were significantly higher in colonic tissues of HnAb-treated DSS-
induced colitis mice than IgY-treated DSS-induced colitis mice
(Figure 3C). The protein expression levels of ZO-1, claudin-5, and
occludin were markedly decreased in DSS-induced colitis mice
than in normal controls but they were slightly increased after
HnAb administration compared with vehicle (IgY)-treated DSS-
induced colitis mice (Figures 3D, E).

These data indicated that HnAb could partially protect the
colonic barrier from DDS-induced colonic damage.

HnAb Treatment Decreased Macrophages
in the Colonic Lamina Propria
Transmission electron microscopy revealed much more
macrophages in the colonic lamina propria of DSS-induced
A B

DC

FIGURE 1 | Increased HMGB1 in the inflamed colonic tissues of ulcerative colitis (UC) patients. (A) Rectal inflamed biopsies and their adjacent non-inflamed
samples of ulcerative rectitis patients. Ulcerative rectitis endoscopy (left panel). Schematic diagram of inflamed and non-inflamed rectal biopsies in ulcerative rectitis
patients during endoscopy (right panel). Red line, demarcation line of inflamed and non-inflamed area. X, biopsy point. (B) Relative messenger RNA (mRNA)
expression of HMGB1, TNF-a, IFN-g, IL-1b, IL-6, and IL-8 mRNA were significantly increased in the inflamed tissues compared to the non-inflamed tissues.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (C) Immunohistochemistry (IHC) staining of HMGB1 in non-inflamed (left
panels) and inflamed (right panels) tissues. Scale bar: 400 mm (upper panels), 40 mm (lower panels). (D) Western analysis demonstrated significantly higher HMGB1
protein expression in the inflamed tissues compared to the non-inflamed tissues. Data in (A) were representative of 14 independent experiments. Data in (B, D) were
presented as mean ± SEM of 14 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, by paired Student’s t test (B, D).
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A B

D E F
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J K
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FIGURE 2 | HnAb treatment attenuates the severity of dextran sulfate sodium (DSS)-induced colitis mice. (A) The disease activity index (DAI) gradually increased
from day 4 onward in the HnAb-treated and vehicle treated DSS-treated mice. (B) Histological examination displays colitis severity. Scale bar: 80 mm (upper panels),
40 mm (lower panels). (C) Histological grading of colitis on day 8. There was a significant difference of scores when DSS/IgY-treated mice vs. the control, DSS/IgY-
treated mice vs. DSS/HnAb-treated mice, DSS/HnAb-treated mice vs. the control. (D) The expression of MPO was displayed by immunohistochemistry (IHC). Scale
bar: 80 mm (upper panels), 40 mm (lower panels). (E) The expression levels of MPO in the colon were evaluated by IHC using a semi-quantitative scoring system (see
Materials and Methods section). A significant difference between the scores of DSS/IgY-treated mice vs. the control, DSS/IgY-treated mice vs. DSS/HnAb-treated
mice. No significant difference was found between DSS/HnAb-treated and control mice. (F) The messenger RNA (mRNA) expression levels of IL-1b, IFN-g, and
TNF-a in the colonic tissues of the three groups were detected by RT-PCR. The expression of these three cytokines was increased in the colonic tissues of colitis
mice, and HnAb administration resulted in reduced expression level. (G) The expression of HMGB1 was assessed by IHC. Scale bar: 80 mm (upper panels), 40 mm
(lower panels). (H) Semiquantiative score for HMGB1 expression by IHC. A significant difference was observed between HMGB1 expression in DSS/IgY-treated vs.
control colonic tissue, DSS/IgY-treated vs. HnAb treated colonic tissue, and DSS/HnAb-treated vs. control colonic tissue. (I) HMBG1 mRNA expression levels were
detected by RT-PCR. The expression of HMGB1 was increased in the colonic tissues of colitis mice, and HnAb administration resulted in reduced expression level.
(J, K) HMGB1 levels in nuclear and cytoplasmic lysate detected by Western blotting and semiquantiative scoring as described in the Materials and Methods.
HMGB1 level was reduced in nucleus and cytoplasm of DSS/HnAb-treated compared to DSS/IgY treated colon. Data in (B, D, G, J) were representative of 5
independent experiments. Data in (A, C, E, F, H, I, K) were presented as mean ± SEM of 5 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not
significant, by two-way ANOVA with Tukey’s post-test (A), by one-way ANOVA with Tukey’s post-test (C, E, F, H, I, K).
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colitis mice than in the normal control. While fewer macrophages
could be found after HnAb administration compared to IgY-
treated DSS-induced colitis mice (Figure 4A).

To further correlate the reduced macrophages with the
ameliorated colitis mice, we isolated lamina propria cells from
colon. Macrophages were identified by the high expression of F4/
80 and CD11b (Figure 4B). Then activation markers CD86,
CD11c, CD206 were used to identified and gated for
macrophages, respectively (Figure 4C). The percentage of
macrophages in total counted cells was significantly higher in
DSS/IgY treated vs. control colon (P<0.001) as well as vs. DSS/
HnAb-treated colon (P<0.001), but not in DSS/HnAg-treated vs.
control colon (Figure 4D). Significant increase in percentage of
CD86+, but not CD11c+ and CD206 macrophages in DSS/
HbAg-treated vs. control colon (Figure 4E).

HnAb Treatment Suppresses
TLR4-Myeloid Differentiation Factor 88
Expression in Dextran Sulfate
Sodium-Induced Colitis
The receptors of HMGB1 have been found to be mainly trans-
membrane receptors such as TLR2, TLR4, and TLR9. MyD88, as
an important adaptor protein, plays a key role in HMGB1
pathway. This study showed that expression of TLR2, TLR4,
TLR9, and MyD88 mRNA was significantly increased in colonic
Frontiers in Immunology | www.frontiersin.org 7
tissues of DSS-induced colitis mice relative to the normal control
mice. However, HnAb treatment decreased the mRNA
expression of TLR4 and MyD88, but not that of TLR2, TLR9,
compared to vehicle-treatment in DSS-induced colitis mice
(Figure 5A). TLR4 receptor might be one of the major
receptors for HMGB1 in DSS-induced colitis.

Protein expression of both TLR4 and MyD88 was
significantly elevated in colonic tissues of DSS-induced colitis
mice compared to the normal control mice by Western blotting.
The expression of both TLR4 and MyD88 was significantly
down-regulated in HnAb treated colitis mice relative to
vehicle-treated DSS-induced colitis mice (Figures 5B, C).

Furthermore, detection of the representative protein of
NF-kB p65 revealed that the expression of NF-kB p65 was
significantly up-regulated in colonic tissues of DSS-induced
colitis mice as compared to the normal control mice, while
HnAb treatment significantly decreased the expression of NF-
kB p65 as compared to the vehicle treatment in DSS-induced
colitis mice (Figures 5B, C).

HnAb Treatment Further Ameliorates
Colonic Inflammation in TLR4-/- Mice
A significantly decreased DAI was observed after HnAb
application compared to IgY application in DSS-treated TLR4-/-
mice at day 7. Regarding the protective effect on DAI, HnAb
A

B

D

E

C

FIGURE 3 | HnAb treatment enhances adherent mucus layer and tight junction integrity during dextran sulfate sodium (DSS) colitis induction. (A) The mucus layer
was delineated by immunofluorescence staining for mucin 2. The mucus layer in DSS/HnAb-treated colon was relatively intact, while no complete mucus layer
structure could be found in DSS/IgY-treated colon. Scale bar: 80 mm (upper panels), 40 mm (lower panels). (B) Tight junction structure was observed by transmission
electron microscope. Tight junction structure was relatively intact in DSS/HnAb-treated comparing to DSS/IgY-treated colon. (C) A significant increase for both ZO-1
and claudin-5 mRNA levels, but not for occludin mRNA levels was seen in DSS/HnAb-treated compared to DSS/IgY-treated colon (P<0.05). (D, E) Likewise, a
significant increase for ZO-1, claudin-5, and occludin was seen in DSS/HnAb-treated vs. DSS/IgY-treated colon by Western analysis. Data in (A, B, D) were
representative of five independent experiments. Data in (C, E) were presented as mean ± SEM of five independent experiments. **P < 0.01, ***P < 0.001, ns, not
significant, by one-way ANOVA with Tukey’s post-test (C, E).
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application in DSS-treated TLR4-/- mice was remarkably stronger
than HnAb application in DSS-treated WT mice. No significant
difference in DAI was found between DSS-induced TLR4-/- mice
treated by HnAb and normal control WT mice (Figure 6A).
HnAb-treated mice partially relieved weight loss (Figure 6B).

Histological score was decreased after HnAb administration
as compared with vehicle-treated DSS-induced colitis mice. The
histological score was further reduced in TLR4-/- mice as
compared to their WT littermates. No significant difference in
histological score was found between DSS-treated TLR4-/- mice
by HnAb application and normal control WT mice (Figures
6C, E).
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IHC showed that HMGB1 was released to cytoplasm and
extracellular sites in DSS-induced colitis. Administration of
HnAb could partially block HMGB1 redistribution into
cytoplasm and extracellular region. The expression of HMGB1
was decreased in TLR4-/- mice. No significant difference in
HMGB1 protein expression was found between DSS-treated
TLR4-/- mice by HnAb application and normal control WT
mice (Figures 6D, F).

There existed no significant differences in both ZO-1 and
occludin protein expression levels between DSS-treated TLR4-/-
mice by HnAb application and normal control WT mice, though
claudin-5 protein expression was significantly lower in colonic
A

B

D

E

C

FIGURE 4 | Macrophages and CD86+ macrophages are decreased in DSS/HnAb-treated colon. (A) Macrophages were observed in transmission electron
microscopic images. Few macrophages could be found in lamina propria in the control, while an increased number was present in dextran sulfate sodium (DSS)/IgY
con. DSS/HnAb treatment reduced the number of lamina propria macrophages. (B) Macrophages were identified by the high expression of F4/80 and CD11b.
(C) Activation markers CD86, CD11c, CD206 were used to count macrophages by FACS analysis. (D) Number of macrophages in % of total counted cells was
significantly higher in DSS/IgY treated vs. control colon (P<0.001) as well as vs. DSS/HnAb-treated colon (P<0.001), but not in DSS/HbAg-treated vs. control colon.
(E) Significant increase of CD86+ macrophages, but not CD11c+ and CD206 macrophages in DSS/HbAg-treated vs. control colon. Data in (A–C) were
representative of five independent experiments. Data in (D, E) were presented as mean ± SEM of five independent experiments. *P < 0.05, ***P < 0.001, ns, not
significant, by one-way ANOVA with Tukey’s post-test (D, E).
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tissues of DSS-treated TLR4-/- mice by HnAb application than
normal control WT mice (Supplementary Figure 2). The
expression of M1/M2 markers iNOS, Arg1, MHC-II, and the
pro-inflammatory cytokines TNF-a, IL-6, IL-1b was explored by
RT-PCR. Decreased mRNA expression levels for iNOS, Arg1,
MHC-II, IL-1b, IL-6, TNF-a were found after HnAb application
in DSS-treated WT and TLR4-/- mice (Supplementary
Figure 3).

Further, molecular pathway of HMGB1 was explored by
testing the expression of molecules such as RAGE, TLR2,
TLR4, TLR9, CXCR4, which were the main molecules
interaction with HMGB1. Decreased mRNA expression levels
for not only TLR4 and MyD88, but also CXCR4, was found after
HnAb application vs. IgY application in DSS-treated WT mice.
Decreased CXCR4 mRNA expression was also detected when
HnAb application vs. IgY application in DSS-treated TLR4-/-
mice. (Supplementary Figure 4).

These data indicated that TLR4 deficiency could enhance the
protective effect of HnAb on colonic inflammation.

Microbiota Changes Are Partially
Reserved by HnAb Treatment in Mice
To evaluate whether HnAb-induced alterations in colonic
inflammation were related to the alteration of the gut
microbial ecosystem, total mucosal microbiota profiles from
mice were analyzed by 16S rRNA sequencing. Compared with
WT normal control group, decreased proportion of Lactobacillus
were observed in DSS-induced colitis mice, whereas HnAb
treatment could partially reverse microbiota pattern towards
the normal group. In TLR4-/- mice, such reversion by HnAb
treatment was not more apparent (Figure 7). There existed no
significant differences among the six groups in terms of Shannon
and Simpson Index. To further investigate the effects induced by
HnAb treatment, we employed linear discriminant analysis effect
size (LEfSe) to evaluate the changed bacterial taxa (from phylum
to species) among the six groups. The dominating taxa in WT
normal control group at the genus level were enriched in
Lactobacillus, which decreased after DSS administration. The
changes were partially reversed by HnAb treatment. Meanwhile,
Frontiers in Immunology | www.frontiersin.org 9
TLR4 deficiency decreased the abundance of Bacteroides,
Helicobacter, Ruminiclostridium, and increased the abundance
of Lactobacillus compared to corresponding WT group (Figure
7, Supplementary Figure 5).
DISCUSSION

HMGB1, a nuclear non-histone protein, plays a critical role in
the immune response (24). It can be actively secreted by activated
immune cells like macrophages under certain specific conditions,
or passively released from damaged or necrotic cells (25). When
released from cells, HMGB1 induces an inflammatory response
through a variety of receptor-mediated signal transduction
pathways, such as the TLR4/MyD88/NF-kB pathway (26).
After NF-kB activation, the release of pro-inflammatory factors
including IL-1b, IFN-g, and TNF-a is markedly increased, thus
promoting the synthesis and release of HMGB1 in immune cells
including macrophages (27).

In this study, the concomitant application of HnAb reduced
the intestinal inflammatory damage induced by DSS, assessed by
the colitis score, MPO expression and the expression levels of the
cytokines IL-1b, IFN-g, TNF-a in colonic tissues. It also
ameliorated disease activity, indicated by lower DAI in HnAb-
treated DSS-exposed mice compared to DSS-exposed sham-
treated mice. HnAb antagonizes the activity of HMGB1 and
hinders the effect of endogenous HMGB1. In recent years, the
protective effect of HMGB1 inhibition on colitis has gradually
attracted an attention. Inhibitors of HMGB1 currently mainly
contain anti-HMGB1 antibody, ethyl pyruvate, and other
inhibitors including glycyrrhizin, DNA-binding sphere based
on the high nucleophilicity of HMGB1 and HMGB1 A box.
The protective effect of HnAb was similar to that observed in
previous studies (11, 28, 29). Roberta V and his colleagues found
cytoplasmic HMGB1 expression was significantly enhanced in
the inflamed tissues vs. uninflamed tissues of the IBD patients,
which indicting HMGB1 was transported from nucleus to the
cytoplasm during colonic inflammation (8). Our study also
detected increased cytoplasmic HMGB1 expression.
A B C

FIGURE 5 | Concomitant dextran sulfate sodium (DSS)/HnAb treatment attenuates TLR4 and MyD88 upregulation during DSS induction of colitis. (A) Significant decrease for
both MyD88 and TLR4 messenger RNA (mRNA), but not for TLR2 and TLR9 when HnAb treatment comparing to IgY treatment for DSS-induced colitis mice. (B, C) TLR4
and MyD88 protein was also dramatically reduced in DSS/HnAb-treated vs. DSS/IgY-treated colonic tissue (P < 0.001). Data in (A, C) were presented as mean ± SEM of five
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant, by one-way ANOVA with Tukey’s post-test (A, C).
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HMGB1 release from damaged tissue accelerates
macrophages infiltration (30) and macrophages promote
further HMGB1 release (31), leading to a vicious cycle and
increased inflammatory tissue damage (32). In this study,
HnAb treatment decreased the colonic infiltration with lamina
propria macrophages, especially CD86+ macrophages, in DSS-
treated mice. Our study found M1/M2 markers iNOS, Arg1,
MHC-II, and the pro-inflammatory cytokines TNF-a, IL-6, IL-
Frontiers in Immunology | www.frontiersin.org 10
1b were down-regulated after HnAb application in DSS-treated
WT and TLR4-/- mice. It indicated TLR4 deficiency and HnAb
treatment had an effect in activation of macrophages. Since
macrophages are both an important source of HMGB1 (33)
and secrete a wide array of inflammatory mediators (34) such as
MPO, IL-1b, IFN-g, TNF-a, HnAb treatment interrupted the
vicious cycle of HMGB1 release, macrophage infiltration and
synthesis and release of inflammatory cytokines.
A B

D E
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C

FIGURE 6 | TLR4 deficiency and HnAb treatment haven an additive effect in the attenuation of dextran sulfate sodium (DSS)-induced colitis. (A) Time course of DAI
increase during DSS colitis induction in wild type (WT) and TLR4-/- mice with and w/o concomitant HnAB treatment. (B) Body weight loss was decreased with TLR4
deficiency. No significant decrease of body weight loss was found after HnAb-treated DSS-induced colitis comparing with the control in TLR4-/- mice. (C) Mucosal
damage shown by HE staining in the different genotype/treatment groups. Scale bar: 80 mm (left panels), 40 mm (right panels). (D) Immunohistochemistry (IHC)
HMGB1 expression in the different genotype/treatment groups. Scale bar: 80 mm (left panels), 40 mm (right panels). (E) Lowest histological score in DSS/HnAb-
treated TLR4-/- mice, followed by DSS/HnAb-treated WT colon. Lower histological score in DSS/IgY-treated TLR4-/- compared to DSS/IgY-treated WT colon.
(F) IHC staining showed that HMGB1 was released to cytoplasm and extracellular site in DSS-induced mice colon. Administration of HnAb could partially block HMGB1
redistribution into extracellular region. Data in (C, D) were representative of five independent experiments. Data in (A, B, E, F) were presented as mean ± SEM of five
independent experiments. **P < 0.01, ***P < 0.001, ns, not significant, by two-way ANOVA with Tukey’s post-test (A), one-way ANOVA with Tukey’s post-test (B, E, F).
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Macrophages infiltration and cytokines release also
augments colonic barrier dysfunction (34), which is associated
with inflammation, damage and degeneration in IBD (35). Tight
junctional integrity is an important aspect of mucosal barrier
function. DSS treatment caused a strong decrease in the colonic
mucosal protein expression of ZO-1, claudin-5 and occluding,
which was partly reversed by concomitant HnAb treatment in
both WT mice and TLR4-/- mice. Transmission electron
microscopic images of the DSS-treated colonic mucosa displayed
loosened tight junctions and a scarcity of desmosomes, and an
improvement with concomitant HnAb-treatment.

The cell surface receptors interaction with HMGB1 influence
the effect of HMGB1 (36). As a damage-associated molecular
pattern molecule, extracellular HMGB1 can interact with other
molecules such as RAGE, TLR2, TLR4, TLR9, CXCR4, and so on
(37). Our study found CXCR4 was down-regulated after HnAb
application relative to IgY application in DSS-treated TLR4-/-
mice. It indicated the effect of HMGB1 could not be blocked
totally by TLR4 deficiency. Thus, HnAb could also ameliorate
colitis in TLR4-/- mice.

Because dysbiosis is an important pathogenic factor in DSS-
induced colitis, we studied the mucosa-adherent microbiome,
which may be pathophysiologically more important for colonic
disease than the luminal microbiota (38, 39). Previous study
suggested that increased abundance of Proteobacteria and
decreased abundance of Bacteroidetes were associated with
DSS treatment in fecal samples (40), which was consistent
with our findings. In our study, DSS treatment also resulted in
a reduced proportion of Lactobacillus and the appearance
of pathogenic Escherichia in the mucosa-associated bacteria.
Both HnAb as well as TLR4 deficiency had a protective effect
Frontiers in Immunology | www.frontiersin.org 11
on the distribution and composition of the colonic mucosa-
associated bacteria. HnAb treatment reduced the abundance of
Helicobacter, and increased the abundance of Lactobacillus
and Bacteroides . It also increased the abundance of
Ruminiclostridium, which may helped maintain the intestinal
microecology by regulating the release of inflammatory and
cytotoxic factors from the gut (41, 42). TLR4 deficiency was
associated with a virtually complete loss of proteobacteria and
increased abundance of Bacteroidetes (Figure 7) compared to
the WT counterparts. These data are in contrast to those of
Xiao L et al., who found that the abundance and diversity of the
colonic mucosa-associated microbiota were not affected by
TLR4 deficiency (43). At the genus level, we found that the
Lactobacillus abundance was significantly higher in the TLR4
deficiency mice than that in their WT counterparts. These data
suggested that TLR4 may be involved in the regulation of
intestinal microbiota. Further exploration is needed on the
mechanism of regulation. Taken together, DSS-induced colitis
was accompanied by severe dysbiosis in the mucosa-
adherent microbiota, and the concomitant application of
HnAb resulted in a shift towards the control group, both
in WT and in TLR4-deficient colon. However, TLR4
deficiency was not associated with a more severe clinical
manifestation of DSS-induced colitis, as has been described
by Fukata M et al. (44). Possibly, the high proportion of anti-
inflammatory lactobacilli in the mucosa-adherent microbiome
helped to curb the colitis severity despite the absence of TLR4
signaling. The absence of TLR4 combined with the application
of HnAb resulted in a particularly strong decrease of both
the clinical and the histological manifestations of DSS-
induced colitis.
FIGURE 7 | Microbiota changes are partially reserved at genus level by HnAb treatment in dextran sulfate sodium (DSS)-induced colitis mice. Compared with wild
type (WT) normal control group, DSS treatment decreased proportion of Lactobacillus, whereas HnAb treatment could partially reverse microbiota pattern towards
the normal group. In TLR4-/- mice, such reversion by HnAb treatment was more apparent.
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HMGB1 also has important protective function in the colonic
epithelium, because colonocyte HMGB1 was found to be directly
involved in the suppression of STAT3 activation and the
protection of intestine from bacterial infection and injury (45).
An important protective role also exists for other cytokines that
are successfully antibody-targeted in IBD flares, such as TNF-a
(46). Whether the risks associated with anti-HMGB1 treatment
in inflammatory bowel disease will outweigh the benefits needs
to be tested in future studies.

In conclusion, the present study successfully indicated HnAb
ameliorated colonic inflammation in DSS-induced colitis and
TLR4 deficiency enhanced the protective effect in some aspects.
It suggested that strategies against HMGB1 might provide a
potential interventional approach for the treatment of colitis.
DATA AVAILABILITY STATEMENT

The raw data for 16S rRNA sequencing can be found online at:
https://www.ncbi.nlm.nih.gov/bioproject/648483.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Tongji Hospital,
Huazhong University of Science and Technology. The patients/
participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by the Animal Care and Use Committee of Tongji
Hospital, Huazhong University of Science and Technology.
Frontiers in Immunology | www.frontiersin.org 12
AUTHOR CONTRIBUTIONS

LC, JL, FX, ZY, BS, JH, LW, YC, and MY performed experiments.
LC, JL, FX, and YW analyzed data. LC, JL, FX, and US wrote the
manuscript. QZ and FX provided human samples. US, DT, and
FX supervised parts of the project. FX and JL designed the study
and obtained funding for the project. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (grant numbers 81470807 to FX,
81873556 to FX, 81470994 to JL) and Wu Jieping Medical
Foundation (grant number 320.6750.17397 to FX).
ACKNOWLEDGMENTS

The authors thank pathologist Chao Zhang for technical
assistance and the staff of the animal facility at Tongji
Hospital, Tongji Medical College, Huazhong University of
Science and Technology.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2020.585094/
full#supplementary-material
REFERENCES

1. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al.
Worldwide incidence and prevalence of inflammatory bowel disease in the
21st century: a systematic review of population-based studies. Lancet (2018)
390:2769–78. doi: 10.1016/S0140-6736(17)32448-0

2. Cote-Daigneault J, Bouin M, Lahaie R, Colombel JF, Poitras P. Biologics in
inflammatory bowel disease: what are the data? U Eur Gastroenterol J (2015)
3:419–28. doi: 10.1177/2050640615590302

3. Vermeire S, Gils A, Accossato P, Lula S, Marren A. Immunogenicity of
biologics in inflammatory bowel disease. Therap Adv Gastroenterol (2018)
11:1756283X17750355. doi: 10.1177/1756283X17750355

4. Bianchi ME, Crippa MP, Manfredi AA, Mezzapelle R, Rovere Querini P,
Venereau E. High-mobility group box 1 protein orchestrates responses to
tissue damage via inflammation, innate and adaptive immunity, and tissue
repair. Immunol Rev (2017) 280:74–82. doi: 10.1111/imr.12601

5. Kang R, Chen R, Zhang Q, Hou W, Wu S, Cao L, et al. HMGB1 in health and
disease. Mol Aspects Med (2014) 40:1–116. doi: 10.1016/j.mam.2014.05.001

6. Maeda S, Hikiba Y, Shibata W, Ohmae T, Yanai A, Ogura K, et al. Essential
roles of high-mobility group box 1 in the development of murine colitis and
colitis-associated cancer. Biochem Biophys Res Commun (2007) 360:394–400.
doi: 10.1016/j.bbrc.2007.06.065

7. Palone F, Vitali R, Cucchiara S, PierdomenicoM, Negroni A, Aloi M, et al. Role of
HMGB1 as a suitable biomarker of subclinical intestinal inflammation and
mucosal healing in patients with inflammatory bowel disease. Inflammation
Bowel Dis (2014) 20:1448–57. doi: 10.1097/MIB.0000000000000113
8. Vitali R, Stronati L, Negroni A, Di Nardo G, Pierdomenico M, del Giudice E,
et al. Fecal HMGB1 is a novel marker of intestinal mucosal inflammation in
pediatric inflammatory bowel disease. Am J Gastroenterol (2011) 106:2029–
40. doi: 10.1038/ajg.2011.231

9. Zhu X, Messer JS, Wang Y, Lin F, Cham CM, Chang J, et al. Cytosolic
HMGB1 controls the cellular autophagy/apoptosis checkpoint during
inflammation. J Clin Invest (2015) 125:1098–110. doi: 10.1172/
JCI76344

10. Chen X, Fu Y, Wang L, Qian W, Zheng F, Hou X. Bifidobacterium longum
and VSL#3((R)) amelioration of TNBS-induced colitis associated with
reduced HMGB1 and epithelial barrier impairment. Dev Comp Immunol
(2019) 92:77–86. doi: 10.1016/j.dci.2018.09.006

11. Chen X, Li L, Khan MN, Shi L, Wang Z, Zheng F, et al. HMGB1 exacerbates
experimental mouse colitis by enhancing innate lymphoid cells 3
inflammatory responses via promoted IL-23 production. Innate Immun
(2016) 22:696–705. doi: 10.1177/1753425916669862

12. Andersson U, Tracey KJ. HMGB1 is a therapeutic target for sterile
inflammation and infection. Annu Rev Immunol (2011) 29:139–62.
doi: 10.1146/annurev-immunol-030409-101323

13. Wu CP, Bi YJ, Liu DM, Wang LY. Hsa-miR-375 promotes the progression of
inflammatory bowel disease by upregulating TLR4. Eur Rev Med Pharmacol
Sci (2019) 23:7543–9. doi: 10.26355/eurrev_201909_18871

14. Yang R, Harada T, Mollen KP, Prince JM, Levy RM, Englert JA, et al. Anti-
HMGB1 neutralizing antibody ameliorates gut barrier dysfunction and
improves survival after hemorrhagic shock. Mol Med (2006) 12:105–14.
doi: 10.2119/2006-00010.Yang
October 2020 | Volume 11 | Article 585094

https://www.ncbi.nlm.nih.gov/bioproject/648483
https://www.frontiersin.org/articles/10.3389/fimmu.2020.585094/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.585094/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1177/2050640615590302
https://doi.org/10.1177/1756283X17750355
https://doi.org/10.1111/imr.12601
https://doi.org/10.1016/j.mam.2014.05.001
https://doi.org/10.1016/j.bbrc.2007.06.065
https://doi.org/10.1097/MIB.0000000000000113
https://doi.org/10.1038/ajg.2011.231
https://doi.org/10.1172/JCI76344
https://doi.org/10.1172/JCI76344
https://doi.org/10.1016/j.dci.2018.09.006
https://doi.org/10.1177/1753425916669862
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.26355/eurrev_201909_18871
https://doi.org/10.2119/2006-00010.Yang
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Anti-HMGB1-Antibody Ameliorates Colitis in Mice
15. Guo X, Guo R, Luo X, Zhou L. Ethyl pyruvate ameliorates experimental colitis
in mice by inhibiting the HMGB1-Th17 and Th1/Tc1 responses. Int
Immunopharmacol (2015) 29:454–61. doi: 10.1016/j.intimp.2015.10.015

16. Chen X, Fang D, Li L, Chen L, Li Q, Gong F, et al. Glycyrrhizin ameliorates
experimental colitis through attenuating interleukin-17-producing T cell
responses via regulating antigen-presenting cells. Immunol Res (2017)
65:666–80. doi: 10.1007/s12026-017-8894-2

17. Wang FC, Pei JX, Zhu J, Zhou NJ, Liu DS, Xiong HF, et al. Overexpression of
HMGB1 A-box reduced lipopolysaccharide-induced intestinal inflammation
via HMGB1/TLR4 signaling in vitro. World J Gastroenterol (2015) 21:7764–
76. doi: 10.3748/wjg.v21.i25.7764

18. Maaser C, Sturm A, Vavricka SR, Kucharzik T, Fiorino G, Annese V, et al.
ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 1: Initial
diagnosis, monitoring of known IBD, detection of complications. J Crohns
Colitis (2019) 13:144–64. doi: 10.1093/ecco-jcc/jjy113

19. Sann H, Erichsen J, Hessmann M, Pahl A, Hoffmeyer A. Efficacy of drugs
used in the treatment of IBD and combinations thereof in acute DSS-
induced colitis in mice. Life Sci (2013) 92:708–18. doi: 10.1016/
j.lfs.2013.01.028

20. Dieleman LA, PalmenMJ, Akol H, Bloemena E, Pena AS, Meuwissen SG, et al.
Chronic experimental colitis induced by dextran sulphate sodium (DSS) is
characterized by Th1 and Th2 cytokines. Clin Exp Immunol (1998) 114:385–
91. doi: 10.1046/j.1365-2249.1998.00728.x

21. Soufli I, Toumi R, Rafa H, Amri M, Labsi M, Khelifi L, et al. Crude extract of
hydatid laminated layer from Echinococcus granulosus cyst attenuates
mucosal intestinal damage and inflammatory responses in Dextran Sulfate
Sodium induced colitis in mice. J Inflammation London (2015) 12:19.
doi: 10.1186/s12950-015-0063-6

22. McCarty KSJr . , Mil ler LS, Cox EB, Konrath J , McCarty KS
C.OMMAS.R.X.X.X. Estrogen receptor analyses. Correlation of biochemical
and immunohistochemical methods using monoclonal antireceptor
antibodies. Arch Pathol Lab Med (1985) 109:716–21.

23. Li XX, Shi S, Rong L, Feng MQ, Zhong L. The impact of liposomal linolenic
acid on gastrointestinal microbiota in mice. Int J Nanomedicine (2018)
13:1399–409. doi: 10.2147/IJN.S151825

24. VanPatten S, Al-Abed Y. High Mobility Group Box-1 (HMGb1): Current
Wisdom and Advancement as a Potential Drug Target. J Med Chem (2018)
61:5093–107. doi: 10.1021/acs.jmedchem.7b01136

25. Vijayakumar EC, Bhatt LK, Prabhavalkar KS. High Mobility Group Box-1
(HMGB1): A potential target in therapeutics. Curr Drug Targets (2019)
20:1474–85. doi: 10.2174/1389450120666190618125100

26. Paudel YN, Angelopoulou E, Piperi C, Balasubramaniam V, Othman I, Shaikh
MF. Enlightening the role of high mobility group box 1 (HMGB1) in
inflammation: Updates on receptor signalling. Eur J Pharmacol (2019)
858:172487. doi: 10.1016/j.ejphar.2019.172487

27. Zhao J, Sun T, Wu S, Liu Y. High Mobility Group Box 1: An Immune-regulatory
Protein. Curr Gene Ther (2019) 19:100–9. doi: 10.2174/1566523219666
190621111604

28. Ju Z, Chavan SS, Antoine DJ, Dancho M, Tsaava T, Li J, et al. Sequestering
HMGB1 via DNA-conjugated beads ameliorates murine colitis. PloS One
(2014) 9:e103992. doi: 10.1371/journal.pone.0103992

29. Yamasaki H, Mitsuyama K, Masuda J, Kuwaki K, Takedatsu H, Sugiyama G,
et al. Roles of high-mobility group box 1 in murine experimental colitis. Mol
Med Rep (2009) 2:23–7. doi: 10.3892/mmr_00000056

30. Jiang J, Wang GZ, Wang Y, Huang HZ, Li WT, Qu XD. Hypoxia-induced
HMGB1 expression of HCC promotes tumor invasiveness and metastasis via
regulating macrophage-derived IL-6. Exp Cell Res (2018) 367:81–8.
doi: 10.1016/j.yexcr.2018.03.025

31. Yang Z, Li Q, Wang X, Jiang X, Zhao D, Lin X, et al. C-type lectin receptor
LSECtin-mediated apoptotic cell clearance by macrophages directs intestinal
repair in experimental colitis. Proc Natl Acad Sci U S A (2018) 115:11054–9.
doi: 10.1073/pnas.1804094115
Frontiers in Immunology | www.frontiersin.org 13
32. Choy MC, Visvanathan K, De Cruz P. An Overview of the Innate and
Adaptive Immune System in Inflammatory Bowel Disease. Inflammation
Bowel Dis (2017) 23:2–13. doi: 10.1097/MIB.0000000000000955

33. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage
subsets. Nat Rev Immunol (2011) 11:723–37. doi: 10.1038/nri3073

34. Eissa N, Hussein H, Kermarrec L, Grover J, Metz-Boutigue ME, Bernstein CN,
et al. Chromofungin Ameliorates the Progression of Colitis by Regulating
Alternatively Activated Macrophages. Front Immunol (2017) 8:1131.
doi: 10.3389/fimmu.2017.01131

35. Liu Y, Peng J, Sun T, Li N, Zhang L, Ren J, et al. Epithelial EZH2 serves as an
epigenetic determinant in experimental colitis by inhibiting TNFalpha-
mediated inflammation and apoptosis. Proc Natl Acad Sci U S A (2017)
114:E3796–805. doi: 10.1073/pnas.1700909114

36. Anggayasti WL, Mancera RL, Bottomley S, Helmerhorst E. The self-association
of HMGB1 and its possible role in the binding to DNA and cell membrane
receptors. FEBS Lett (2017) 591:282–94. doi: 10.1002/1873-3468.12545

37. Chen Q, Guan X, Zuo X, Wang J, Yin W. The role of high mobility group box
1 (HMGB1) in the pathogenesis of kidney diseases. Acta Pharm Sin B (2016)
6:183–8. doi: 10.1016/j.apsb.2016.02.004

38. Ringel Y, Maharshak N, Ringel-Kulka T, Wolber EA, Sartor RB, Carroll IM.
High throughput sequencing reveals distinct microbial populations within the
mucosal and luminal niches in healthy individuals. Gut Microbes (2015)
6:173–81. doi: 10.1080/19490976.2015.1044711

39. Rezasoltani S, Dabiri H, Asadzadeh-Aghdaei H, Sepahi AA, Modarressi MH,
Nazemalhosseini-Mojarad E. The gut microflora assay in patients with
colorectal cancer: in feces or tissue samples? Iran J Microbiol (2019) 11:1–6.
doi: 10.18502/ijm.v11i1.696

40. Munyaka PM, Rabbi MF, Khafipour E, Ghia JE. Acute dextran sulfate sodium
(DSS)-induced colitis promotes gut microbial dysbiosis in mice. J Basic
Microbiol (2016) 56:986–98. doi: 10.1002/jobm.201500726

41. WuW, Lv L, Shi D, Ye J, Fang D, Guo F, et al. Protective Effect of Akkermansia
muciniphila against Immune-Mediated Liver Injury in a Mouse Model. Front
Microbiol (2017) 8:1804:1804. doi: 10.3389/fmicb.2017.01804

42. Cheng M, Liang J, Zhang Y, Hu L, Gong P, Cai R, et al. The Bacteriophage EF-
P29 Efficiently Protects against Lethal Vancomycin-Resistant Enterococcus
faecalis and Alleviates Gut Microbiota Imbalance in a Murine Bacteremia
Model. Front Microbiol (2017) 8:837. doi: 10.3389/fmicb.2017.00837

43. Xiao L, Chen B, Feng D, Yang T, Li T, Chen J. TLR4 May Be Involved in the
Regulation of Colonic Mucosal Microbiota by Vitamin A. Front Microbiol
(2019) 10:268:268. doi: 10.3389/fmicb.2019.00268

44. Fukata M, Michelsen KS, Eri R, Thomas LS, Hu B, Lukasek K, et al. Toll-like
receptor-4 is required for intestinal response to epithelial injury and limiting
bacterial translocation in a murine model of acute colitis.Am J Physiol Gastrointest
Liver Physiol (2005) 288:G1055–65. doi: 10.1152/ajpgi.00328.2004

45. Zhang YG, Zhu X, Lu R, Messer JS, Xia Y, Chang EB, et al. Intestinal epithelial
HMGB1 inhibits bacterial infection via STAT3 regulation of autophagy.
Autophagy (2019) 15:1935–53. doi: 10.1080/15548627.2019.1596485

46. Ruder B, Atreya R, Becker C. Tumour Necrosis Factor Alpha in Intestinal
Homeostasis and Gut Related Diseases. Int J Mol Sci (2019) 20:1887.
doi: 10.3390/ijms20081887

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Chen, Li, Ye, Sun, Wang, Chen, Han, Yu, Wang, Zhou, Seidler,
Tian and Xiao. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
October 2020 | Volume 11 | Article 585094

https://doi.org/10.1016/j.intimp.2015.10.015
https://doi.org/10.1007/s12026-017-8894-2
https://doi.org/10.3748/wjg.v21.i25.7764
https://doi.org/10.1093/ecco-jcc/jjy113
https://doi.org/10.1016/j.lfs.2013.01.028
https://doi.org/10.1016/j.lfs.2013.01.028
https://doi.org/10.1046/j.1365-2249.1998.00728.x
https://doi.org/10.1186/s12950-015-0063-6
https://doi.org/10.2147/IJN.S151825
https://doi.org/10.1021/acs.jmedchem.7b01136
https://doi.org/10.2174/1389450120666190618125100
https://doi.org/10.1016/j.ejphar.2019.172487
https://doi.org/10.2174/1566523219666190621111604
https://doi.org/10.2174/1566523219666190621111604
https://doi.org/10.1371/journal.pone.0103992
https://doi.org/10.3892/mmr_00000056
https://doi.org/10.1016/j.yexcr.2018.03.025
https://doi.org/10.1073/pnas.1804094115
https://doi.org/10.1097/MIB.0000000000000955
https://doi.org/10.1038/nri3073
https://doi.org/10.3389/fimmu.2017.01131
https://doi.org/10.1073/pnas.1700909114
https://doi.org/10.1002/1873-3468.12545
https://doi.org/10.1016/j.apsb.2016.02.004
https://doi.org/10.1080/19490976.2015.1044711
https://doi.org/10.18502/ijm.v11i1.696
https://doi.org/10.1002/jobm.201500726
https://doi.org/10.3389/fmicb.2017.01804
https://doi.org/10.3389/fmicb.2017.00837
https://doi.org/10.3389/fmicb.2019.00268
https://doi.org/10.1152/ajpgi.00328.2004
https://doi.org/10.1080/15548627.2019.1596485
https://doi.org/10.3390/ijms20081887
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Anti-High Mobility Group Box 1 Neutralizing-Antibody Ameliorates Dextran Sodium Sulfate Colitis in Mice
	Introduction
	Materials and Methods
	Materials
	Patients
	Animals and Experimental Procedures
	The Disease Activity Index and the Histological Examination
	Real-Time PCR
	Western Blotting
	Flow Cytometry
	Transmission Electron Microscopy
	Immunohistochemistry
	Immunofluorescence
	16S Ribosomal RNA Sequencing and Analysis
	Statistics
	Ethics Statement

	Results
	Elevated HMGB1 Expression in Inflamed Colonic Tissues of Ulcerative Colitis Patients
	HnAb Treatment Attenuates the Severity of Dextran Sulfate Sodium-Induced Colitis
	HnAb Treatment Ameliorates the Colonic Barrier Defect in Dextran Sulfate Sodium-Induced Colitis
	HnAb Treatment Decreased Macrophages in the Colonic Lamina Propria
	HnAb Treatment Suppresses TLR4-Myeloid Differentiation Factor 88 Expression in Dextran Sulfate Sodium-Induced Colitis
	HnAb Treatment Further Ameliorates Colonic Inflammation in TLR4-/- Mice
	Microbiota Changes Are Partially Reserved by HnAb Treatment in Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


