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Abstract

Background—Extra-corpuscular hemoglobin is an endogenous factor enhancing inflammatory
tissue damage, a process counteracted by the hemoglobin-binding plasma protein haptoglobin
composed of alpha and beta subunits connected by disulfide bridges. Recent studies established
that haptoglobin also binds and sequesters another pro-inflammatory mediator, HMGB1, via
triggering CD163 receptor-mediated anti-inflammatory responses involving heme oxygenase-1
expression and IL-10 release. The molecular mechanism underlying haptoglobin-HMGB1
interaction remains poorly elucidated.

Methods—Haptoglobin p subunits were tested for HMGB1-binding properties, as well as
efficacy in animal models of sterile liver injury (induced by intraperitoneal acetaminophen
administration) or infectious peritonitis (induced by cecal ligation and puncture, CLP, surgery)
using wild type (C57BL/6) or haptoglobin gene deficient mice.

Results—Structural-functional analysis demonstrated that the haptoglobin  subunit recapitulates
the HMGB1-binding properties of full-length haptoglobin. Similar to HMGB1-haptoglobin
complexes, the HMGB1-haptoglobin § complexes also elicited anti-inflammatory effects via
CD163-mediated IL-10 release and heme oxygenase-1 expression. Treatment with haptoglobin
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protein conferred significant protection in mouse models of polymicrobial sepsis as well as
acetaminophen-induced liver injury, two HMGB1-dependent inflammatory conditions.

Conclusions—Haptoglobin p protein offers a novel therapeutic approach to fight against various
inflammatory diseases caused by excessive HMGBL1 release.
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Introduction

Severe sepsis is the third leading cause of death after cardiovascular disease and cancer in
the United States [1, 2] and is generally caused by dys-regulated immune reactions [3].
Extracellular high mobility group box 1 (HMGBL1) has been identified as a key mediator in
the inflammatory network of infectious as well as sterile inflammatory diseases [4]. As an
evolutionarily ancient protein present in the nucleus of all cell lineages [4, 5], the 25 kDa
HMGB1 molecule is highly conserved with 99% sequence identity in all mammals, and its
functions depend on location, binding partners and redox states of the molecule. Upon cell
activation or cell injury, nuclear HMGBL is either released extracellularly or translocated to
the cytoplasm, where it induces inflammasome activation and subsequent pyroptosis, and
promotes autophagy by interacting with beclin-1[6] and counteracts the generation of
apoptosis [7]. Extracellular HMGBL1 triggers and sustains the inflammatory response by
inducing cytokine release and by recruiting leukocytes. Actively secreted or passively
released into the extracellular milieu, HMGBL elicits cytokine, chemokine, neuroimmune
and metabolic activities [5, 8].

CD163 is a scavenger receptor expressed on macrophages/monocytes and is previously
known to remove extracellular hemoglobin-haptoglobin complexes [9]. We recently
established that the plasma protein haptoglobin also binds and sequesters HMGB1 via
CD163 [10]. Furthermore, the uptake of the haptoglobin-HMGB1 complexes elicits the
release of anti-inflammatory cytokines and enzymes in a CD163-dependent fashion.
Haptoglobin is a 100-kDa protein produced in the liver and secreted into the circulation as
an acute phase protein [11]. Haptoglobin is composed of two or three a and B subunits
linked by disulfide bonds; gene polymorphisms yield three common protein phenotypes,
termed Hp1-1, Hp2-2, and Hp 2-1 [11] (Fig. 1A). In the present study, we localized the
HMGB1-binding domain of haptoglobin to the B subunit (Hp B), a highly conserved and
accessible molecule. Furthermore, we explored the therapeutic potential and protective
mechanisms of haptoglobin p in animal models of lethal sepsis and sterile liver injury.

Materials and methods

Materials

Human haptoglobin (from pooled human plasma, a mixture of Hp1-1, 2-1, 2-2, Cat #3536),
triton X-114, imidazole, human macrophage-colony stimulating factor (M-CSF),
acetaminophen and dexamethasone (Cat # D2915) were purchased from Sigma (St. Louis,
MO). NHS-activated sepharose 4 fast flow beads were obtained from GE Healthcare (Cat
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#17-0906-01, Uppsala, Sweden). Trizol reagent was from Life Technologies (Carlsbad, CA).
The RevertAid™ First Strand cDNA Synthesis Kit was from Fermentas (Vilnius, Lithuania).
SYBR Premix Ex Tag™ Il was from TaKaRa Bio Inco (Otsu, Japan). Thioglycollate
medium was purchased from Becton Dickinson Co., (Sparks, MD). Primers for QPCR,
trypsin-EDTA and carbenicillin were from Invitrogen Inc., (Carlsbad, CA). Isopropyl-D-
thiogalactopyranoside (IPTG) was purchased from Pierce (Rockford, IL). Recombinant
human CD163 protein, CD163 expression plasmid (SC117495, NM_004244.3) and
MegaTran 1.0 transfection reagent were purchased from Origene (Rockville, MD).
Antibodies for human heme oxigenase-1 (HO-1, Cat # ab52946) and CD163 (Cat #
MCA1853) were from ABcam (Cambridge, MA) and Serotec (Raleigh, NC) respectively.
Anti-human CD163-PE and anti-human CD80-PE antibodies were from BioLegend (San
Diego, CA). FITC antibody labeling kit is from Thermo Scientific (Rockford, IL). Alanine
transaminase (ALT) assay kits were from BIOO Scientific Corp., (Austin, TX).

Preparations of recombinant HMGB1

Recombinant disulfide HMGB1 was expressed in £. coli and purified to homogeneity as
previously described [12, 13]. Fully reduced HMGB1 was generated as previously described
[14]. HMGB1-FITC was prepared by using Pierce FITC Antibody Labeling Kit (Thermo
Scientific, Rockford, IL).

Cloning and expression of human haptoglobin B subunit

The expression plasmid construct encoding human haptoglobin (accession number
XM_042621) B subunit (245 amino acids corresponding to 162-406 residues of haptoglobin
holo-protein) was made available by GeneCopoeia Inc., (Germantown, MD). The
recombinant plasmid is tagged with 6 x histidine at the N-terminus. The correct DNA insert
(757 bp) was confirmed by digesting the plasmid with restriction enzymes Xmnl and Notl.
The plasmid was transformed into £ coli strain DH5a. (Novagen, Madison, WI) and
incubated with 2-YT medium containing carbenicillin (100 pg/ml). Fusion protein was
isolated by affinity purification using the Nickel-charged 6 X histidine binding resin beads
(Novagen). Protein eluate was dialyzed extensively against 20 mM Tris HCI (pH 8.0) to
remove urea and excess salt. The identity of protein was confirmed by mass spectrometry
(Stony Brook University, NY). The integrity of protein was verified by SDS-PAGE with
Coomassie Blue staining, and the purity is predominantly over 85%. Contaminating LPS in
protein preparations was removed by triton X-114 extraction method as described previously
[13]. The LPS content in HMGB1, haptoglobin and haptoglobin p was measured by the
Chromogenic Limulus Amebocyte Lysate Assay (Catalog # 50-647U, Lonza, Walkersville,
MD). The LPS content in protein solutions is less than 10 pg/mg protein.

Purification of native haptoglobin B

Human haptoglobin samples were prepared in buffers containing 7 M Urea and 40 mM 1,4-
Dithiothreitol (DTT, to break the disulfide bonds of the proteins). For isolation of B subunit
in the haptoglobin preparations, haptoglobin species were separated by Gel-filtration
chromatography using fast protein liquid chromatography (FPLC) technique (AKTA, GE
Healthcare, Life Science, Pittsburgh, PA). Eluates were visualized by SDS-PAGE with
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Coomassie Blue staining. Fractions containing B subunits (25 KDa) were pooled and
dialyzed against phosphate buffered saline and used in experiments.

Murine macrophage-like RAW 264.7 and human acute monocytic leukemia cell line THP-1
(American Type Culture Collection, ATCC, Rockville, MD) in culture plates were used at
90% confluence. Human primary monocytes were purified by density gradient
centrifugation through Ficoll from blood donated by normal individuals in the Long Island
Blood Bank (New York Blood Center, Melville, NY). Monocytes were allowed to
differentiate into macrophages for 7 days in complete DMEM medium with 1ng/ml M-CSF.
All experiments were carried out in Opti-MEM | medium. Primary mouse thioglycollate-
elicited macrophages were obtained as previously described [15]. Briefly, each mouse was
injected with 2 ml of thioglycollate broth (4%) intraperitoneally. Two days later, mice were
euthanized and 5 ml of 11.6% sterile sucrose was injected into the peritoneal cavity.
Peritoneal cavity lavage containing macrophages was collected by using BD insyte
autoguard (BD bioscience, San Jose, CA). Cells were then passed through Cell Strainer (BD
Falcon, Franklin Lakes, NJ) to remove debris, followed by three times of washing with
RPMI medium. Mice residential macrophages were obtained by washing the peritoneal
cavity with 5 ml sterile phosphate buffered saline. Cells were plated in culture dishes and
used after seeding overnight.

Measurements of CD163, HO-1 expression and cytokines

Human acute monocytic leukemia (THP-1) cells were incubated with dexamethasone for 2
days to induce CD163 expression. Cells were exposed to HMGBL1 in the presence or
absence of haptoglobin or B subunit for 16 hours, the expression of HO-1 and CD163 in cell
lysate was measured by western blot analysis as previously described [16, 17]. In some
experiments, mouse HO-1 expression in cell lysate was measured by using ELISA Kits
(Enzo Life Science, Farmingdale, NY).

TNF, HMGBL1, IL-6 and IL-10 released in the cell culture supernatants or systemically in
mice were measured by commercially obtained ELISA kits (IBL international, Hamburg,
Germany; or R&D System Inc., Minneapolis, MN). The expression profile of cytokines
from primary human macrophages was determined by human cytokine array C1
(Raybiotech, Norcross, GA) according to manufacturer’s instructions. Twenty-two cytokines
or chemokines were determined simultaneously.

RNA extraction and PCR

For mRNA measurements, mouse or human primary macrophages were seeded in 6-well
culture plate. Stimulation with HMGB1 and haptoglobin or haptoglobin  was performed in
Opti-MEM | medium. After treatment, cells were collected and total RNA was isolated by
the Trizol reagent according to the manufacturer’s instructions. First-strand cDNA was
synthesized with the RevertAid™ First Strand cDNA Synthesis Kit and analyzed by real-
time quantitative PCR with SYBR Premix Ex Tag™ Il. PCR was performed on the real-time
PCR system ABI 7900HT (Applied Biosystems, Foster City, CA). The primer sequences of
murine 1L-6, TNF, IL-10, ARG-1, MMR, IL-12, CD163 and GAPDH are from previous

J Intern Med. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 5

reports [18-20]. Primers for human IL-6, IL-1p, MCP-1, TNF and 18S rRNA are obtained
from previous publications [21, 22]. The primers were customer-made from Fisher Scientific
Co. (Pittsburgh, PA). Data were analyzed on the basis of relative expression method using
the formula AAC expression = 272ACt \here AACt = ACt (treated group) — ACt (control
group), ACt = Ct (target gene) — Ct (GAPDH), and Ct = cycle at which the threshold is
reached. Setting value of unstimulated group as 1, the gene expression of other groups was
presented as folds of unstimulated group after normalization to GAPDH or 18s rRNA.

CD80 expression by flow cytometry

Flow cytometry was employed to examine the expression of CD80 on human primary
macrophages. In brief, 1x108 of human primary macrophages were suspended in 100 pl PBS
and incubated with HMGBL1 (1 pg/ml) alone or plus haptoglobin (3 pg/ml) or haptoglobin
(1 pg/ml) for 30 minutes at 37°C. Cells were incubated with PBS containing Fc blocker rat
anti-mouse CD16/CD32 (25 pg/ml, BD Pharmingen) for 10 min at 4°C and subsequently
stained with anti-CD80-PE (10 ug/ml) for 45 minutes in the dark at 4°C. Cells were washed
twice with PBS and immediately analyzed using an LSRII flow cytometer (BD Biosciences,
Heidelberg, Germany) and FlowJo Version 9.0 (Tree Star, Inc., Ashland, OR).

Uptake of HMGB1 and haptoglobin (or f subunit) complexes by primary human
macrophages

Human primary macrophages were incubated with FITC-HMGB1 (1 pug/ml) alone or plus
haptoglobin 3 pg/ml) or haptoglobin § (1 ug/ml) for 30 minutes at 37°C. After washing with
PBS to reduce non-specific binding, macrophages were stained with anti-CD163-PE
antibody at 4°C for 45 minutes and then analyzed by a FACS Calibur flow cytometer. The
optimal ratio of HMGB1 binding to haptoglobin or to haptoglobin f was determined by
measuring the uptake of FITC-HMGB1 (1 pg/ml) with increasing amounts of haptoglobin or
haptoglobin B (0-10 ug/ml), and we observed the optimal binding ratio is 1:1 for HMGB1
with haptoglobin or haptoglobin p.

Fluorescent Microscopy

Alexa fluor 555 labeled HMGB1 was performed according to the manufacturer’s
instructions (Molecular Probes, Eugene, OR). To identify haptoglobin p-induced HMGB1
cell surface binding and uptake process, primary human macrophages on coverslips were
pre-incubated with endocytosis inhibitor Dynasore (8 uM) [23] for 30 minutes at 37°C (for
uptake) or 4°C (for cell surface binding) ; then the cells were incubated with Alexa fluor 555
labeled HMGB1 (1 pg/ml) in the presence or absence of haptoglobin B (1 pg/ml) for 2 hours
at 37°C (for uptake) or 4°C (for cell surface binding). After incubation, cells were rinsed
with phosphate buffered saline and fixed by using 4% PFA (Paraformaldehyde) for 30
minutes at room temperature and stained by 4’,6- diamidino-2-phenylinodole (DAPI) for
nuclear staining and mounted on the slide using permanent mounting medium (Vecta
mount). Images were taken using Carl Zeiss fluorescence microscope with 40 x objective.
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Surface plasmon resonance analysis

Surface plasmon resonance analysis of binding of HMGBL to haptoglobin  was conducted
using the BIAcore 3000 instrument as previously described [10, 15, 24]. For HMGBL1 and
haptoglobin B binding analyses, purified human native or recombinant haptoglobin B protein
(1 pM, in 10 mM sodium acetate, pH 4.5) was immobilized onto the CM5 sensor chip. To
evaluate binding, a series of concentrations of analytes (HMGB1 0-500 nM), were passed
over the sensor chip. The association of analyte and ligand was recorded respectively by
surface plasmon resonance. Results were analyzed using the software BlAeval 3.2 (BIAcore
Inc. NJ). For the binding studies of CD163 to the complex of recombinant haptoglobin p and
HMGB1, human CD163 protein was coated on the sensor chip. Increasing concentrations of
the complexes of HMGBL1 and or haptoglobin f (formed at 1:1 molar ratio) were flowed
over the sensor chip; and analyses were performed in a similar manner as described above.

Nuclear magnetic resonance (NMR) analyses to determine the interacting amino acid
residues between HMGB1 and haptoglobin 8

Recombinant A30-HMGB1 (HMGBL1 expressed minus 30 C terminal amino acids) of
various redox states was produced in complex with haptoglobin p; and the nature of
interaction was examined by NMR. Standard HSQC (Heteronuclear Single Quantum
Correlation) -based 3D triple resonance (*H, 1N and 13C) was used to assign the backbone
residues as described previously [10, 25]. 3D HNCO and HNCACO experiments were used
to sequentially assign the backbone NH via the carboxyl group. The CBCACONH and
HNCACB experiments were used to assign the backbone NH via the backbone Ca. and side-
chain CP groups. 15N and/or 13C-labelled recombinant proteins were expressed in minimal
media and purified by ion exchange and size exclusion chromatography. NMR samples were
prepared at 10-100uM concentrations in PBS with a final concentration of 10% D,0
(Deuterium oxide, 2H,0). Chemical shift perturbation studies were carried out using either a
Bruker Avance 111 600 or 800MHz NMR system with standard 5mm NMR tubes or with
triple (TCI) resonance micro cryoprobes at 25°C (298K). All data was processed using
Topspin 3.1 (Bruker) and analyzed using CCPN (Collaborative Computing Project for
NMR) analysis.

CD163 shRNA lentiviral transduction of human macrophages

Ficoll gradient separated human primary monocytes were differentiated for 7 days in
complete DMEM medium containing 10% heat-inactivated human serum, 2 mM glutamine,
100U/ml penicillin, 100 pg/ml streptomycin and 2 ng/ml M-CSF in 24-well Primaria tissue
culture plates at 5x10° cells/well [26]. After screening of five human CD163 (NM_004244)
Mission™ shRNA lentiviral clones by using FACS analysis, the clone that showed the best
knock down efficiency (TRCN0000421748) was selected. The selected clone was
transduced into human macrophages by spinoculation according to the manufacturer’s
instructions (Sigma).

Animal experiments

Male C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME) and allowed
to acclimate for 7 days before use in the experiment. All animal procedures were approved
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by the Institutional Animal Care and Use Committee. Mice were housed in the animal
facility of The Feinstein Institute for Medical Research under standard temperature, light
and dark cycles.

Haptoglobin or CD163 gene deficient and wild type mice

Haptoglobin™~ C57BL/6 mice were generated and provided by Dr. Dominique P.V. de Klein
(Utrecht, Netherlands). CD163~/~ C57BL/6 mice were purchased from KOMP repository
(University of California-Davis, Davis, CA).

Since the gene deficient mice are all derived from C57BL/6 mice, small colonies of wild
type C57BL/6 (Jackson Laboratory) were maintained under the same conditions as the gene
deficient mice. We performed genotyping on genomic DNA obtained from tail snips as
reported previously [10, 27].

Removal of HMGB1 using haptoglobin g-conjugated beads from sera of septic mice

Recombinant human haptoglobin  was cross-linked to NHS-activated sepharose 4 fast flow
beads according to the manufacturer’s instructions (GE Healthcare). Approximately 16 mg
haptoglobin § was bound to each ml of drained beads. Male C57BL/6 mice were subjected
to cecal ligation and puncture surgery and euthanized at 24 hours afterwards by over-
exposure to CO,. Sera from normal or septic mice (200 ul) were pre-cleared by NHS-
activated sepharose 4 fast flow beads, and were then incubated with 50 pl of haptoglobin (-
containing or control beads at 37°C for 2 hours. Samples were then centrifuged at room
temperature for 5 minutes to separate beads and supernatants, after extensive wash with PBS
containing 0.1% Triton X100, eluates from the beads were subjected to western blot analysis
probed with anti-HMGB1 monoclonal antibodies (1 pg/ml) [28].

Acetaminophen liver toxicity model

Male C57BL/6 mice (8-12 weeks old) were fasted overnight and received intraperitoneal
injection of acetaminophen (400 mg/kg) according to our previous reports [14, 29]. Mice
were given injections of haptoglobin p intraperitoneally (IP) once a day for 5 days and
survival was monitored for two weeks. In some experiments, male wild type (C57BL/6)
mice had administration of acetaminophen (400 mg/kg) and received haptoglobin
treatment (200 pg/mouse IP injected at 2 and 7 hours post-acetaminophen injection); and
mice were euthanized at 24 hour post acetaminophen administration. Hepatotoxicity was
evaluated by serum alanine aminotransferase (ALT) activity using color endpoint assay Kits.
For histological evaluation, harvested livers were fixed in 10% formalin and embedded in
paraffin. Five um sections were cut and stained with hematoxylin and eosin (H&E)
performed by AML laboratory (Baltimore, MD). The liver histology was evaluated in a
blinded fashion, and clinical scores were calculated based on the amount of necrosis and
inflammation (cell swelling, loss of tissue structure, and congestion) using a previously
reported method with modifications [30]. Score 0 = no evidence of necrosis or inflammation
as assessed from three to four representative sections from each animal; score 1 = mild
necrosis or inflammation (<25% of the total area examined); score 2 = notable necrosis and
inflammation (25-50% of the total area); score 3 = severe necrosis and inflammation (>50%
area).
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Cecal ligation and puncture (CLP)

Wild type (C57BL/6) or haptoglobin™~ mice (male, 8-12 weeks of age) were subjected to
CLP procedure [26]. Survival was monitored for 2 weeks. Administration of haptoglobin
or vehicle control was given intraperitoneally once a day for 3 days starting at 24 hours post-
CLP surgery, and survival was monitored for 2 weeks. In some experiments, male wild type
mice were subjected to CLP surgery and received haptoglobin p treatment (200 ug/mouse
injected intraperitoneally at 24 and 36 hours post-CLP surgery), and mice were euthanized at
48 hours post CLP. Sera were isolated for analyses.

Statistical analysis

Results

All data were presented as means + SEM unless otherwise stated. Differences between
treatment groups were determined by student’s t test. Differences between treatment groups
in animal survival studies were determined using 2-tailed Fisher’s exact test. P values less
than 0.05 were considered statistically significant.

Identification of the haptoglobin B subunit as an HMGB1 binding protein

We recently reported that haptoglobin binds HMGB1 with high affinity and sequesters
HMGBL1 toxicity both /n vitroand in vivo [10]. With three forms of gene polymorphisms
termed Hp1-1, Hp2-2, and Hp 2-1, haptoglobins are comprised of a and two B subunits
linked by disulfide bonds [11] (Fig 1A). To study the molecular basis of haptoglobin binding
to HMGBL1, we chose the B subunit because it is present in all forms of human haptoglobin
and also it is more accessible relative to the a subunit since it is located outside on the
schematics of molecular arrangement of haptoglobin, as revealed by using high-resolution
scanning transmission electron microscopy [11, 31] (Fig 1A). Haptoglobin B subunits were
tested for HMGB1 binding properties using various assays. We first used surface plasmon
resonance analysis which provides sensitive and quantitative measurements of molecular
interactions [15]. We observed a dose-dependent binding of recombinant haptoglobin
subunit to HMGB1 with an apparent Kq of 29 nM (Fig. 1B). Similarly, native haptoglobin
isolated from human plasma haptoglobin also effectively bound HMGBL1 in a dose-
dependent fashion with a Ky value of 30 nM (Fig. 1C), indicating that the haptoglobin
subunit is capable of capturing the HMGBL protein.

To further assess the HMGB1-capturing capacity of haptoglobin B in a biological
environment, we conjugated recombinant haptoglobin B protein to chromatographic beads
and subsequently used it to bind HMGBL in the serum of septic animals. C57BL/6 mice
were subjected to CLP surgery to induce peritonitis and sepsis as described in Methods.
Haptoglobin p-conjugated or empty (control) beads were added to sera of these septic mice.
As expected, haptoglobin -conjugated beads captured significant amounts of HMGB1 from
serum samples of CLP-septic mice ex vivo as compared to empty beads (Fig. 1D).

Characterization of haptoglobin p binding sites in HMGB1

HMGB1 contains two DNA-binding domains (termed “box A” and “box B”) and an acidic
C-terminal sequence comprising exclusively glutamic and aspartic acids. HMGB1 expresses
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three inherent cysteine residues and their redox states determine the biological function of
the extracellular HMGB1 molecule [8]. Fully reduced HMGB1 expresses chemotactic
function; while mild oxidation generates disulfide HMGB1, which induces cytokine release
via TLR4 signaling pathway; further oxidation of any of the cysteines creates sulfonyl
HMGB1 with no known pro-inflammatory function [32]. We recently demonstrated that
full-length haptoglobin binds fully reduced as well as disulfide HMGBL, but not sulfonyl
HMGBL [10]. To characterize the haptoglobin p binding sites in HMGB1, nuclear magnetic
resonance (NMR) studies were performed. The amino acids residues in HMGB1 affected by
binding of haptoglobin § were identified by Heteronuclear Single Quantum Correlation
(HSQC) analysis. As shown in figure 2, NMR analysis from A30-HMGB1 revealed
significant chemical perturbations of amino acids upon binding to haptoglobin p. There are
predominantly eight amino acid residues located in or close to the HMGB1 box A region
that interact with haptoglobin B subunit, including those of residues F18, T22, R24, E25,
K28, H31, A54 and K55. We observed that haptoglobin g binds both fully reduced (data not
shown) as well as disulfide HMGBL1 (Fig. 2A-B).

Haptoglobin B protein inhibits HMGB1-induced cytokine release from cultured
macrophages

Like full-length haptoglobin, haptoglobin B dose-dependently inhibited HMGBZ1-induced
TNF secretion with up to 90% inhibition at 50 pg/ml haptoglobin B supplementation (Fig.
3A). The effective haptoglobin  concentration that inhibited 50% of the TNF release (ECsq)
was 10 pg/ml, which is similar or slightly superior to the capacity of full-length haptoglobin
(20 pg/ml [10]). In primary human macrophage cultures, the addition of haptoglobin
effectively inhibited HMGBZ1-induced secretion of IL-6, MIG and MCP-2, but not of GRO;
which suggest specificity of the responses (Fig. 3B). Overall, these results indicate that
haptoglobin § and haptoglobin similarly and selectively attenuate HMGB1-induced cytokine
and chemokine release in macrophages.

Haptoglobin and haptoglobin p reduces HMGB1-induced M1 polarization in macrophages

Depending on the microenvironment, macrophages can polarize into at least two major
functional subtypes, the classically activated subtype (M1) representing pro-inflammatory,
cytotoxic activities and the alternatively activated subtype (M2) mediating anti-inflammatory
and repairing activities [33]. Previous reports have shown that HMGBL1 facilitates
macrophage reprogramming towards a pro-inflammatory M1-like phenotype in experimental
autoimmune myocarditis [34]. To examine whether HMGB1-haptoglobin (or haptoglobin )
complexes shift macrophage M1/M2 polarization, we measured the expression profile of M1
and M2 markers in both primary mouse and human macrophage cultures stimulated with
either HMGB1-, or HMGB1-haptoglobin (or haptoglobin p) complexes. HMGBL1 alone
significantly stimulated the mRNA expression of primary M1 markers (TNF= 43, IL-6= 36
and IL-12= 99 folds over basal levels) in primary mouse macrophages. HMGB1 bound to
either haptoglobin or its B subunit had reduced M1 marker expression (over 50% reduction)
as compared to HMGBL1 stimulation alone. Haptoglobin (or haptoglobin B) stimulation
alone did not have intrinsic effects on mouse macrophage polarization (Table 1). Similar
findings were observed in primary human macrophages (Table 2). Flow cytometry revealed
that after 24-hour incubation, the HMGB1-induced expression of the primary M1 marker,
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CD80, was also diminished by over 50% in the presence of haptoglobin or haptoglobin {;
confirming that haptoglobin (or its p subunit) reduces HMGB1-induced M1 polarization in
macrophages (Fig. 3C).

The induced mRNA expression of M2 markers in primary mouse macrophage cultures by
HMGBL1 or HMGB1-haptoglobin (or ) complexes was very modest as compared to M1
markers, and qualitatively similar between the stimulation pathways with the exception for
IL-10. HMGB1-haptoglobin p complexes induced a 23 fold increase of IL-10 mRNA as
compared to basal levels (Table 1). Taken together, haptoglobin and its B subunit mainly
play a role in the M1/M2 switch balance by down-regulating HMGB1-induced M1 markers.

HMGB1-haptoglobin g complexes bind CD163 to induce HO-1 and IL-10 expression

HMGB1-haptoglobin complexes mediate anti-inflammatory effects by binding to CD163
receptor, which elicits heme oxygenase-1 (HO-1) and IL-10 synthesis [10]. We hypothesized
that HMGB1-haptoglobin B complexes may use the same molecular pathway to activate
anti-inflammatory responses. Indeed, HMGB1-haptoglobin f complexes (1:1 molar ratio)
bound CD163 in a concentration-dependent manner and with high affinity (apparent Ky
value of 70 nM ) as revealed by surface plasmon resonance analysis; and with increased
affinity as compared to HMGB1-haptoglobin complexes (K4 value of 130 nM) [10](Fig.
4A). HMGB1-haptoglobin B complexes also induced a similar increase of IL-10 release and
HO-1 expression, as compared to HMGBL1 stimulation alone in human monocytic THP-1
cells (Fig. 4B).

Reduction of CD163 expression diminishes IL-10 and HO-1 synthesis induced by HMGB1-
haptoglobin B complexes

To further assess the importance of CD163 in HMGB1-haptoglobin p complexes-mediated
signaling, we knocked down CD163 expression in primary human macrophages using
CD163-specific sShRNA. Transfection of ShRNA resulted in over 90% reduction of CD163
protein expression at 72 hours (Fig. 4C, upper), which was associated with significant
impairment of HO-1 expression and IL-10 release following stimulation with HMGB1-
haptoglobin § or HMGB1-haptoglobin complexes (Fig. 4C-D).

Lack of CD163 eliminates HMGB1-haptoblobin p complexes-induced IL-10 release and
HO-1 activation

Macrophages from CD163 gene deficient mice were used to further evaluate the role of
CD163 for HMGB1-haptoglobin p complexes biology. HMGB1 induced similar amounts of
IL-10 release from CD163 gene deficient or knock down macrophages as compared to wild
type cells indicating an intact functional capacity to non-CD163-dependent receptor
activation via TLR4 (Fig. 4D-E). However, IL-10 release and HO-1 expression induced by
HMGBL1 and haptoglobin (or haptoglobin g) complexes were both completely abolished in
CD163~/~ macrophages; in contrast to wild type cells (Fig. 4E). Together, these data indicate
that CD163 plays a critical role in the elimination of systemic HMGB1 via macrophage
internalization of HMGB1 and haptoglobin (or haptoglobin B) complexes.
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CD163 mediates endocytic uptake of HMGB1-haptoglobin B complexes

To test the possibility that haptoglobin B subunit mediates HMGB1 endotocytosis in a
CD163-dependent fashion, we assessed the uptake of fluorochrome-labeled HMGBL1 (FITC-
HMGB1) in human primary macrophages. Endocytosis in macrophages of HMGB1-
haptoglobin complexes has previously been shown to be a dynamin-dependent process [10].
Flow cytometry studies demonstrated that 2% of the human macrophages stained positive
after exposure to FITC-HMGBL alone, 17% stained positive after FITC-HMGB1-
haptoglobin complexes exposure and 44% after incubation with FITC-HMGB1-haptoglobin
B subunit complexes (Fig. 5A). Knock down of CD163 expression almost completely
eliminated the uptake of HMGB1-haptoglobin (or haptoglobin ) complexes (Fig. 5A). This
non-haptoglobin-dependent uptake of HMGBL1 is most likely mediated via other HMGB1
receptors, possibly RAGE because it has previously been implicated in HMGB1 uptake [35].

In agreement with these findings, fluorescent (Alexa 555)-conjugated HMGB1 was
endocytosed by primary human macrophages when incubated for 2 hours at 37°C as
compared to untreated cells (Fig. 5B). This cellular uptake of Alexa 555-HMGB1 was
further enhanced by the addition of haptoglobin B, but attenuated by pre-treatment with
dynasore, an endocytosis inhibitor. In comparison, cell surface binding of fluorescent (Alexa
555)-conjugated HMGB1 by primary human macrophages was further enhanced by the
addition of haptoglobin B as compared to untreated cells. In contrast, this binding was not
significantly altered by pre-treatment with dynasore (Fig. 5C). Together, the results indicate
that CD163 mediates endocytic uptake of HMGB1-haptoglobin B complexes.

Protective effects of haptoglobin p administration in mice model of sepsis

To assess the therapeutic capacity of haptoglobin B, polymicribial Gram-negative sepsis was
induced in both wild type and haptoglobin™~ mice. As shown in figure 6A, intraperitoneal
administration of haptoglobin B (daily doses of 200 pg/mouse/day for 3 days starting 24
hours after CLP surgery), significantly improved 2-week survival in wild type mice (85%
survival in haptoglobin B-treated vs. 50% in vehicle-treated group; n=22 mice per group,
P<0.05). The benefits of the haptoglobin p administration were achieved despite the delayed
start and short duration of the therapy. In agreement with these findings, haptoglobin
administration to CLP-induced septic wild type mice significantly decreased systemic pro-
inflammatory cytokine levels including HMGBL, IL-6, and TNF as compared to vehicle-
treated mice. In contrast, anti-inflammatory I1L-10 serum levels increased in response to the
haptoglobin B therapy (Fig. 6B). We previously showed that haptoglobin gene deficient (/)
mice are more susceptible to lethal sepsis and develop significantly elevated plasma
HMGBL1 levels [10]. Here we show that in haptoglobin™~ CLP-septic mice, the
administration of haptoglobin B conferred dose-dependent and significant protection against
sepsis lethality when given daily doses of 100 pug/mouse for 3 days starting 24 hours after
CLP surgery (84 % survival in high dose haptoglobin B-treated vs. 37 % in vehicle-treated
group; n=22 mice per group, P<0.05, Fig. 6C). Haptoglobin B-treated animals were
considerably more alert and active than vehicle-treated mice. Ten times less dose of
haptoglobin B was less effective. These results demonstrated that the haptoglobin p subunit
conferred effective protection against CLP-sepsis lethality in both wild type and
haptoglobin~~ mice.
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Protective effects of haptoglobin B administration in mice model of acute liver injury
caused by acetaminophen intoxication

To further investigate the capacity of exogenous haptoglobin to neutralize HMGBL1 activity
in vivo, we utilized a murine model of sterile liver injury using acetaminophen-induced
hepatotoxicity. Hepatic inflammation and lethality caused by acetaminophen toxicity are
highly dependent upon HMGBL1 [15, 36, 37]. Therapeutic administration of haptoglobin
significantly improved survival from acetaminophen-induced mortality (2-week survival in
acetaminophen control group = 35% versus haptoglobin p treated group = 80%, P<0.05,
n=20 mice per group. Fig. 7A). Biomarkers for liver injury (alanine aminotransferase, ALT)
and for inflammation (HMGBZ1, TNF and IL-6) were all significantly reduced in the
haptoglobin B-treated mice as compared to the control vehicle-treated group, while
haptoglobin B treatment increased levels of anti-inflammatory cytokine IL-10 systemically
(Fig. 7B). Histological evaluation revealed decreased inflammatory cell infiltration and
improved inflammatory scores in haptoglobin B-treated mice as compared to the controls
(Fig. 7C). The extent of necrotic lesions, disclosed by the loss of overall cell structural
integrity, was also reduced by haptoglobin p treatment (Fig. 7C). Taken together, these
results demonstrated that the exogenous haptoglobin p protein ameliorated systemic
inflammation from both a sterile cause (acetaminophen) and an infectious one (CLP-sepsis).

Discussion

The present study revealed that haptoglobin  recapitulates the immune-modulatory and
protective effects of full-length haptoglobin in animal models of CLP-induced sepsis and
acetaminophen-induced liver injury (Fig. 8). These results indicate that haptoglobin B can
bind HMGBL1 to counter-regulate pro-inflammatory properties by eliciting the production of
anti-inflammatory enzymes (heme oxygenase-1) and cytokines in a CD163-dependent
fashion and by inhibiting the induction of pro-inflammatory mediators. Like full-length
haptoglobin, administration of haptoglobin p conferred protection against lethal sepsis and
liver injury.

Numerous reports have established the critical pathogenic role of HMGBL1 in animal models
of infectious and sterile inflammatory diseases [4, 5]. For instance, it was recently
demonstrated that trauma-induced hemorrhagic shock is accompanied systemic
accumulation of disulfide HMGB1 which mediates secondary lung injury in a TLR4-
dependent fashion [38]. The report demonstrates intestinal epithelial cells to be the key
source for HMGBL1 released after TLR4 activation. We propose that the initial response to
the bleeding may consume haptoglobin, leading to increased HMGB1 systemically, since the
haptoglobin binding to hemoglobin is extremely strong being in the femtomolar range, while
the haptoglobin-HMGB1 binding has a K4 value in the nanomolar range [10, 39]. HMGB1
unbound from haptoglobin-HMGB1 complexes may then act systemically as a potent
endogenous activator of TLR4 receptors present on multiple cell types, leading to further
HMGB1 release. The TLRA4 ligand that activates epithelial cells to release HMGBL1 is
HMGBL itself [4]. It is also important to consider that HMGB1 might be therapeutically
captured by administering haptoglobin or g subunit, which not only prevents HMGB1-
mediated TLR4 activation, but also elicits an anti-inflammatory response.
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In addition, macrophage polarization is another mechanism of innate immune regulation that
can be modulated by HMGBL1 and haptoglobin complexes. The polarization into M1
macrophages results in promotion of T helper (Th) 1 inflammatory response; whereas the
polarization into M2 macrophages contributes to Th2 responses that facilitates tissue repair
[40]. Previous studies demonstrated that HMGBL. facilitates macrophage M1-like phenotype
switching [41, 42], which can be attenuated by monoclonal anti-HMGB.1 antibodies [34].
Here we provide evidence to support the possibility that HMGB1-haptoglobin (B) complexes
might regulate the M1/M2 macrophage phenotype balance by inhibiting HMGB1-mediated
polarization of the inflammatory M1 subtype.

Hemoglobin also binds to the B chain of haptoglobin, and only the 8 chain of the
haptoglobin is involved in CD163 receptor recognition [31, 43, 44]. The crystal structure of
porcine haptoglobin and hemoglobin complexes confirmed this interaction [45]. A minimum
of 80 amino acids in the haptoglobin p chain are required for hemoglobin-binding and
maintaining the anti-oxidant activity of haptoglobin [46]. We are currently investigating the
regions of haptoglobin p that bind HMGB1 and whether they overlap with the hemoglobin-
binding sites.

As compared to humans, mice have a lower haptoglobin baseline levels in sera and subtle
differences in hemoglobin metabolism [47, 48]. The species differences in haptoglobin and
subsequent HMGBL1 responses warrant further studies. Nonetheless, these considerations do
not affect the general conclusions that can be deduced from our observations that
haptoglobin f modulates HMGBL1 activity.

In summary, we have discovered haptoglobin p subunit acts as an active HMGB1 antagonist
which is capable of binding and inhibiting the pro-inflammatory properties of HMGB1 in a
CD163-dependent fashion. Notably, mice express relative lower haptoglobin levels, which
might be easily depleted by hemoglobin upon mild hemolysis [47, 49, 50], and can be
readily replenished by administering exogenous haptoglobin or B subunit. It might be a long
journey to transform the experimental therapeutic results in animal models to bedside in
patients. However, there is substantial clinical success in the use of plasma-purified
haptoglobin to treat several inflammatory diseases [51, 52] in conjunction with
extracorporeal detoxification, massive blood transfusions, and attenuation of thermal injury
and hemoglobin-induced kidney toxicity (reviewed in [53]). It would thus be important to
assess results of clinical trials with haptoglobin p protein to treat severe systemic
inflammatory conditions caused by excessive systemic accumulation of HMGB1.
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Figure 1. Haptoglobin (Hp) p binds HMGB1
(A) Schematics of human haptoglobin. The Human haptoglobin gene has two alleles and

gives rise to three phenotypes termed Hpl-1, Hp2-2, and Hp 2-1. All three phenotypes are
comprised of a (al or a2) and P subunits linked by disulfide bonds [11].

(B—C) Surface plasmon resonance assay (SPR) of HMGB1 binding to haptoglobin .
Recombinant (B) or native (C) human haptoglobin § was immobilized on the sensor chip,
and different concentrations of HMGB1 (0, 10, 50, 100 and 500 nM) were applied as analyte
to the chip. Data is presented as response units over time (seconds). HMGB1 bound to
haptoglobin f in a concentration-dependent manner and with high affinity, with an apparent
Kd of 29 nM (to recombinant ) and 30 nM (to native ). Data shown are representative of
three experiments.

(D) Depletion of endogenous HMGB1 by haptoglobin p-conjugated beads. Male C57BL/6
mice were subjected to cecal ligation and puncture surgery and euthanized at 24 hours
afterwards by over-exposure to CO». Sera (200 pl) from normal or CLP-septic mice were
incubated with 50 pl of haptoglobin p-coupled beads or empty control beads at 37°C for 2
hours. Samples were then centrifuged at room temperature for 10 minutes. Supernatants
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were aspirated and subjected to western blot probed with anti-HMGB1 monoclonal
antibodies (1 ug/ml). Beads were extensively washed with PBS containing 0.1% Triton
X100; and eluates from the beads were subjected to western blot analysis probed with anti-
HMGB1 antibodies (n =5 mice per group). *: P <0.05 vs. empty beads.
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Figure 2. Nuclear magnetic resonance (NMR) analysis of disulfide A30-HMGBL1 binding with
human haptoglobin

(A). Upper: 15N-1H- Heteronuclear Single Quantum Coherence (HSQC) spectra for A30-
HMGBL in the presence or absence of haptoglobin . HMGBL1 residues (8 amino acids) with
significant chemical shift perturbations due to haptoglobin B binding are labeled. Lower:
enlarged 1°N-HSQC spectra of A30-HMGBL1 free (black) and in complex with haptoglobin
B (red). The 8 residues showing chemical shift changes seen with disulfide A30-HMGB1
upon complex formation with haptoglobin B are circled. Non-overlapping black and red
resonance spectra indicate a significant chemical shift; hence, an interaction between
proteins via that amino acid.

(B) Chemical shift perturbation of disulfide A30-HMGB1 in complex with haptoglobin B is
plotted as a function of residue number of HMGB1. The majority of interacting amino acids
are located within HMGB1 Box A. Data are representative from 4 independent analyses.
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C. Flow analysis of CD80 (M1) expression in human macrophages
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Figure 3. Sequestration of HMGB1 by haptoglobin p subunit in vitro
(A) RAW 264.7 cells in 96-well culture plates were stimulated with HMGBL1 in combination

with various amounts of recombinant haptoglobin B for 16 hours. TNF released in the
supernatants were measured. The effective concentration of haptoglobin { that inhibited
50% of released TNF (ECsp) was approximately at 10 ug/ml (n = 5 experiments). *: p<0.05
vs. HMGB1 alone.

(B) Primary human macrophages in culture plates were stimulated with HMGB1 (1 ug/ml)
plus haptoglobin or haptoglobin B at 50 ug/ml for 16 hours. Cytokine released in the
supernatants were analyzed by using human cytokine antibody array. The addition of
haptoglobin or haptoglobin B inhibited HMGB1-induced IL-6, MIG, MCP-2 (but not GRO)
release from macrophages. Data shown are from three separate experiments. *: p<0.05 vs.
HMGB1 alone.

(C) Haptoglobin (and B subunit) inhibits HMGB1-induced M1 marker expression. Human
primary macrophages (106 cells per assay) were suspended in 100 pl PBS and incubated
with HMGBL (1 pg/ml) alone or plus haptoglobin (3 pg/ml) or haptoglobin B (1 pg/ml) for
30 minutes at 37°C. Cells were incubated for 10 min at 4°C with PBS containing Fc blocker
rat anti-mouse CD16/CD32 (25 pg/ml) and subsequently stained with anti-CD80-PE (10
pg/ml) for 45 minutes in the dark at 4°C. Cells were washed twice with PBS and
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immediately analyzed on a FACS Calibur flow cytometer (n = 5 repeats). *: P<0.05 vs.
HMGBL alone.
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Figure 4. HMGBL1 and haptoglobin (or p subunit) complexes signal through CD163 to induce
HO-1 and IL-10 expression in macrophages

(A) Surface plasmon resonance assay (SPR) of HMGBL1 and haptoglobin f complexes to
CD163. Recombinant human CD163 was coated on the sensor chip, the complexes of
HMGBL1 and haptoglobin B (1:1 molar ratio) at concentrations of 0, 32, 65, 125 or 250 nM
were flow over the chip and the binding to CD163 (response units) was recorded. The Kd of
HMGBL and haptoglobin B complexes to CD163 is approximately 70 nM. Data are
representative of 3 separate experiments.

(B) Human monocytic THP-1 cells (in 24-well plate) were cultured with dexamethasone
(2.5x1077 M) for 2 days to induce CD163 expression. Cells were then stimulated with
HMGB1 alone (5 pg/ml) in combination with haptoglobin (15 pg/ml) or haptoglobin B (5
pg/ml) at 37°C for 16 hours. After incubation, cell cultures were centrifuged and
supernatants were collected to measure 1L-10 release. The expression of HO-1 and B-actin in
cell lysate was measured by western blot. Data are expressed as folds of the unstimulated
group after normalization to B-actin (n = 3 experiments). *: p<0.05 vs. HMGBL1 alone.
(C-D) Knock down CD163 abolishes HMGBL1 and haptoglobin (or haptoglobin )
complexes-induced HO-1 and IL-10 expression in macrophages. Primary human
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macrophages were transduced with specific ShRNA lentiviral particles targeting CD163 or
vector alone (control). At 72 hours after transduction, cells (in 24-well plate) were
stimulated with HMGB1 (1 pg/ml) with or without haptoglobin (3 pug/ml) or haptoglobin
(1 pg/ml) for 16 hours. Cell cultures were centrifuged. The expression of CD163, HO-1 and
B-actin in cell lysate was measured by western blot (C). Supernatants were collected to
measure IL-10 release (D). Data are presented as folds of unstimulated group after
normalization to  actin (n = 3 experiments). *: P<0.05 vs. WT.

(E) Residential peritoneal macrophages from CD163~/~ and wild type control mice were
stimulated with HMGB1 (1 pg/ml) alone, plus haptoglobin (3 pg/ml) or haptoglobin B (1
ug/ml) for 16 hours. IL-10 released and HO-1 expression in cell lysate were measured using
ELISA Kits (n = 3 experiments). *: P<0.05 vs. WT.
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Figure 5. Uptake and cell surface binding of HMGB1 and haptoglobin (or ) complexes
(A) The uptake of HMGB1 and haptoglobin (or haptoglobin p) complexes was measured by
flow cytometry analysis. CD163 shRNA lentiviral or vector alone (WT) transduced primary

human macrophages were incubated with FITC-labeled HMGB1 (1 pg/ml) plus haptoglobin
(3 pg/ml) or haptoglobin § (1pg/ml) for 30 minutes. Uptake of FITC-HMGB1 was
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performed by staining for CD163 PE and FITC on cells. Data are representative from 5
separate experiments.

(B—C) Uptake or cell surface binding of HMGB1-haptoglobin p complexes. Human
macrophages on cover slips were incubated with Alexa 555 labeled HMGBL1 (red) alone or
in complex with haptoglobin B for 2 hours at 37°C (B) or 4°C (C). Dynasore (DYN) was
pre-incubated with cells for 30 min before the addition of HMGB1 and/or haptoglobin .
Endocytic uptake or cell surface binding of HMGB1 was visualized via Carl Zeiss
fluorescence microscope. Nuclei were counterstained with DAPI (blue). Lower panel:
Corresponding phase contrast image of cells. Scale bar = 10 um. Data are representative
from 6 independent experiments.
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Figure 6. Beneficial effects of haptoglobin p subunit in experimental sepsis
(A-C) Administration of haptoglobin p subunit confers protection against lethal sepsis in

wild type (A) and haptoglobin™= mice (C) partly through reducing systemic cytokine
accumulation and increase I1L-10 release (B).

(A) C57BL/6 mice (male, 8-10 weeks of age) were subjected to CLP surgery. Recombinant
human haptoglobin (Hp) p was administered at 200 pg per mouse (in 200 ul PBS injected
intraperitoneally) once a day for 3 days starting at 24 hours after CLP surgery. Mice in the
control group received vehicle (PBS) only. Animal survival was monitored for two weeks (n
= 22 per group). *: P < 0.05 vs. vehicle control group.

(B) Male wild type (C57BL/6) mice were subjected to CLP surgery and received
haptoglobin § (200 pg/mouse) or vehicle (PBS) IP injection at 24 and 36 hours post-CLP
surgery, and were euthanized at 48 hour post CLP. Serum levels of HMGB1, IL-6, TNF and
IL-10 were measured (n = 8 or 10 mice per group). *: P <0.05 vs. CLP-vehicle group.

(C) Haptoglobin™~ mice (male, 8-12 weeks of age) were subjected to CLP. Mice received
administration of recombinant haptoglobin B (or vehicle) daily for 3 days at 10 or 100 pg/
mouse beginning at 24 hours after CLP surgery. Animal survival was monitored for 2 weeks
(n =22 mice per group). *: P<0.05 vs. vehicle control group.
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Figure 7. Beneficial effects of haptoglobin B in acetaminophen intoxication
(A) C57BL/6 mice (male, 8-12 weeks old) were fasted overnight and received

intraperitoneal injection of acetaminophen (APAP, 400 mg/kg, in 200 pl volume) to induced
liver toxicity. Mice were given injections of haptoglobin f (200 pg per mouse, IP) or vehicle
(PBS) control once a day for 5 days starting at 2 hours post-acetaminophen injection, and
survival was monitored for two weeks (n = 20 per group). *: P < 0.05 vs. vehicle control
group.

(B) Male wild type mice (C57BL/6) were fasted overnight and received intraperitoneal
injection of acetaminophen (400 mg/kg, in 200 pl volume). Mice were given injections of
haptoglobin B (200 pg per mouse, IP) or vehicle (PBS) control at 2 and 7 hours post-
acetaminophen injection, and were euthanized at 24 hours after acetaminophen
administration (n = 8 or 10 mice per group). Liver and serum were collected for analysis.
Serum levels of ALT, HMGBJ1, IL-6, TNF and IL-10 were measured. *: P < 0.05 vs. vehicle
control group.

(C) Slices of liver were fixed in 10% formalin and stained with hematoxylin and eosin. Data
shown are representative from 9 mice per group. Arrow indicates necrotic region. Clinical
scores are calculated (Methods). Scale bar = 50 pm. *: P<0.05 vs. vehicle controls.
Magnifications: x200.
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Figure 8. Model of haptoglobin p subunit as an endogenous inhibitor of HMGB1
During infection or injury, HMGBL1, a critical mediator in the final common pathway of

inflammation, is actively secreted or passively released outside of the cells. Haptoglobin
binds HMGB1 and inhibits its toxicity; and haptoglobin B subunit alone is sufficient to
recapitulate the effects of the full-length haptoglobin. HMGB1-haptoglobin f complexes act
via CD163 and elicit an anti-inflammatory response by stimulating HO-1 expression and
IL-10 release; and by inhibiting pro-inflammatory cytokine release. Thus, haptoglobin p acts
as an endogenous inhibitor of HMGBL1 via a novel CD163-dependent anti-inflammatory
pathway.
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