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Poly (ADP-Ribosyl)ation of High Mobility Group Box 1 (HMGB1)
Protein Enhances Inhibition of Efferocytosis
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Department of Medicine, University of Alabama at Birmingham, Birmingham, Alabama, United States of America

Phagocytosis of apoptotic cells by macrophages, known as efferocytosis, is a critical process in the resolution of inflammation.
High mobility group box 1 (HMGBT) protein was first described as a nuclear nonhistone DNA-binding protein, but is now known to
be secreted by activated cells during inflammatory processes, where it participates in diminishing efferocytosis. Although HMGB1
is known to undergo modification when secreted, the effect of such modifications on the inhibitory actions of HMGB1 during effe-
rocytosis have not been reported. In the present studies, we found that HMGB1 secreted by Toll-like receptor 4 (TLR4) stimulated
cells is highly poly(ADP-ribosyl)ated (PARylated). Gene deletion of poly(ADP)-ribose polymerase (PARP)-1 or pharmacological inhi-
bition of PARP-1 decreased the release of HMGB1 from the nucleus to the extracellular milieu affer TLR4 engagement. Preincuba-
fion of macrophages or apoptotic cells with HMGB1 diminished efferocytosis through mechanisms involving binding of HMGB1 to
phosphatidylserine on apoptotic cells and to the receptor for advanced glycation end products (RAGE) on macrophages. Prein-
cubation of either macrophages or apoptotic cells with PARylated HMGB1 inhibited efferocytosis fo a greater degree than expo-
sure to unmodified HMGB1, and PARylated HMGB1 demonstrated higher affinity for phosphatidylserine and RAGE than unmodified
HMGBI1. PARylated HMGB1 had a greater inhibitory effect on Ras-related C3 botulinum toxin substrate 1 (Rac-1) activation in
macrophages during the uptake of apoptotic cells than unmodified HMGB1.The present results, showing that PARylation of HMGB1
enhances ifs ability to inhibit efferocytosis, provide a novel mechanism by which PARP-1 may promote inflasnmation.
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INTRODUCTION

The uptake and clearance of apoptotic
cells by macrophages and other phago-
cytic cells, a process known as efferocyto-
sis, plays a central role in the resolution
of inflammation. Efferocytosis partici-
pates in decreasing the severity of in-
flammation by diminishing the number
of apoptotic cells progressing to necrosis,
thereby preventing the release of proin-
flammatory intracellular contents into
the extracellular milieu (1). Phagocytosis
of apoptotic cells also diminishes inflam-
mation through inducing release of anti-
inflammatory mediators, such as TGF-B1,
by the engulfing phagocytic cell and by
suppressing macrophage production of

proinflammatory cytokines (2,3). Im-
paired clearance of apoptotic cells is as-
sociated with autoimmune and inflam-
matory diseases including rheumatoid
arthritis (4,5), chronic obstructive pul-
monary disease (6,7), acute lung injury
(8,9) and cystic fibrosis (7).

One of the early characteristics of apo-
ptosis is the redistribution of phos-
phatidylserine (PS) from the inner to the
outer membrane leaflet (10). PS serves as
an “eat-me” signal, allowing the recogni-
tion of the target cell by a broad set of re-
ceptors localized on the surface of the
phagocyte, including integrins, brain-
specific angiogenesis inhibitor 1 (BAI-1),
T-cell immunoglobulin mucin-4 (TIM-4)
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and stabilin-2 (11-13). In recent studies,
we and others have shown that the re-
ceptor for advanced glycation end prod-
ucts (RAGE) is directly involved in en-
hancing the ingestion of apoptotic cells
by macrophages through binding to PS
(14,15).

High mobility group box 1 protein
(HMGB1) was originally described as a
nuclear nonhistone protein with DNA-
binding and transcriptional activities
(16-19). It is now known that HMGB1
can also be released into the extracellular
milieu and acts as a proinflammatory
mediator. Several mechanisms by which
HMGBI participates in enhancing in-
flammatory reactions have been de-
scribed, including inducing the release of
proinflammatory mediators (17,20,21),
increasing chemotaxis and accumulation
of neutrophils in inflammatory sites and
diminishing the phagocytosis and clear-
ance of apoptotic cells (22-24). Both
TLR4 and RAGE were identified as re-
ceptors for HMGB1 (25,26). We recently
showed that the C-terminal domain of
HMGBI, a motif required for binding to
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RAGE, is required to inhibit ingestion

of apoptotic cells by macrophages (27).
However, there is no evidence at present
that binding between HMGB1 and
RAGE is involved in modulating
efferocytosis.

Poly(ADP)-ribose polymerase (PARP) is
a nuclear enzyme that catalyzes the trans-
fer of ADP-ribose moieties from NAD" to
itself and other acceptor proteins in re-
sponse to DNA damage (28). A role for
PARP-1 in contributing to inflammation is
well described (29). It has been shown
that HMGB1 is PARylated by PARP-1 and
also that activation of PARP-1 induces re-
lease of HMGB1 from the nucleus (30).
However, the previous studies did not
identify if posttranslational modifications
of extracellular HMGB1, such as PARyla-
tion, could affect interactions between
HMGBI1 and its receptors.

In the present experiments, we exam-
ined the possibility that HMGB1 could
be PARylated in activated cells, and, if
so, whether PARylation may play a role
in the ability of HMGB1 to diminish the
ingestion of apoptotic cells by macro-
phages. We found that PARylated
HMGBI is secreted by cells stimulated
through TLR4 engagement and also that
PARylated HMGB1 was more effective in
diminishing efferocytosis than unmodi-
fied HMGBI.

MATERIALS AND METHODS

Mice

Male C57BL/6 mice were purchased
from the National Cancer Institute (Fred-
erick, MD, USA). Transgenic RAGE "/~
mice were a gift from A. Bierhaus (Uni-
versity of Heidelberg, Heidelberg, Ger-
many). Mice were housed and studied at
the University of Alabama at Birming-
ham using protocols approved by the
Institutional Animal Care and Use Com-
mittee. Experiments were performed
using 8- to 10-wk-old mice.

Reagents

Roswell Park Memorial Institute
(RPMI) media, penicillin-streptomycin,
Brewer thioglycollate and PKH26 were

from Sigma-Aldrich (St. Louis, MO,
USA). Fetal bovine serum (FBS) (heat-in-
activated) was from Gibco-BRL (Grand
Island, NY, USA). The HMGB1 enzyme-
linked immunosorbent assay (ELISA) kit
was from IBL International (Hamburg,
Germany). The Rac activation assay kit
was from Cytoskeleton (Denver, CO,
USA). Mouse RAGE chimeric protein was
from R&D Systems (Minneapolis, MN,
USA). PS was from Avanti Polar Lipids
(Alabaster, AL, USA). Recombinant
mouse MFG-E8 and mouse Gas6 as well
as recombinant human o3;-integrin
were from R&D Systems. Recombinant
mouse o fB--integrin was from Millipore
(Billerica, MA, USA). PARP-1 and
poly(ADP-ribose) glycohydrolase (PARG)
proteins were from Enzo Life Sciences
(Exeter, UK). Rabbit anti-HMGB1 poly-
clonal antibody was from Abcam (Cam-
bridge, MA, USA). Goat anti-RAGE (sc-
8230) and rabbit anti-His (sc-803)
antibodies were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Fluores-
cein isothiocyanate (FITC)-conjugated
anti-CD11b and allophycocyanin-
conjugated anti-CD 90.2 antibodies were
from BD (Sparks, MD, USA). Poly(ADP-
ribose) (PAR) antibody was from
AXXORA (San Diego, CA, USA).

Construction of Expression Plasmids
and Adenoviral Vectors Expressing
Wild-Type PARP-1-EYFP or E988K
PARP-1-EYFP

Full-length HMGB1 (wild-type [WT],
1-215 amino acids), C-tail deletion mu-
tant (AC, 1-185 amino acids), A-box
(1-81 amino acids) and B-Box (95-185)
fragments were generated by polymerase
chain reaction amplification and cloned
into pTriEx-4 Neo vector (Novagen,
Rockland, MA, USA) in frame with
N-terminal 6XHis tag for bacterial ex-
pression and purification of recombinant
protein. HMGB1-His, AC-His, A-box-His
and B-box-His recombinant proteins
were purified using nickel-nitrilotriacetic
acid-agarose (Qiagen, Valencia, CA,
USA). The amounts and purity of recom-
binant proteins were determined using
sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis (SDS-PAGE) and
Coomassie staining with bovine serum
albumin (BSA) as a standard. All con-
struct sequences were confirmed by
DNA sequencing.

To generate a stable cell line that over-
expressed Flag-tagged HMGBI, J447-
mouse macrophage cells were transfected
with the HMGB1-Flag construct. A clone
that stably expressed HMGB1-Flag was
selected and expanded for purification of
HMGB1-Flag after lipopolysaccharide
(LPS) treatment. Cells (grown to conflu-
ence in a 10 x 150 mm dish) were lysed
under nondenaturing conditions and in-
cubated with anti-Flag agarose beads
(M2-agarose; Sigma-Aldrich) for 2 h, with
rotation at 4°C after, which the beads
were washed three times with
50 mmol /L Tris buffer (pH 7.5). Beads
binding Flag-tagged proteins were eluted
using the 3XFlag peptide (250 ug/mL) in
50 mmol /L Tris buffer. Proteins were con-
centrated using Amicon Ultra 0.5 filters
(Ultracell 10K; Millipore). For denaturing
conditions, the beads were resuspended
in protein loading buffer with 4% SDS,
boiled for 5 min and resolved by 2-12%
gradient SDS-PAGE and transferred to a
nitrocellulose membrane for subsequent
probing with monoclonal antibodies
against HMGB1 and PAR. For the con-
struction of the WT PARP-1-EYFP expres-
sion vector, PARP-1 cDNA was cloned
into the Gateway entry vector
pENTR/SD/D-TOPO (Invitrogen). The
expression clone was generated by per-
forming a left and right (LR) recombina-
tion reaction between the entry clone and
the destination vector pAd/CMV /V5-
DEST (Invitrogen).

Knockdown of PARP-1 or HMGBI1 in
J447 mouse cells was achieved using
lentiviral vectors (sc-29438-V and
sc-37983-V, respectively; Santa Cruz
Biotechnology) encoding targeting
shRNA, according to the manufacturer’s
specifications and instructions, before
treatment with LPS. At 48 h after infec-
tion, the expression of PARP-1, HMBGI1
and actin was assessed by immunoblot
analysis and compared with that in unin-
fected cells. Cells transduced with either



virus were treated with LPS for 24 h, after
which Flag-HMGB1 pull-down was con-
ducted and levels of PARylated HMGB1
were determined by immunoblot.

Isolation and Treatment of Mouse
Peritoneal Macrophages

Peritoneal macrophages were elicited
from 8- to 10-wk-old mice by intraperi-
toneal injection of 1 mL 3% thioglycollate,
and cells were harvested 4 d later by peri-
toneal lavage. Macrophages (0.5 x 10°)
were plated in 24-well plates in RPMI
media containing 5% FBS. After 1 h at
37°C, nonadherent cells were removed by
washing with medium. One hour before
performance of phagocytosis assays, the
macrophages were washed with fresh
serum-free medium. WT and PARP-1"/~
mouse embryonic fibroblasts (MEFs)
were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10%
FBS, penicillin and streptomycin. Cells
were treated with 100 ng/mL LPS
(AXXORA) for 24 h in the absence or
presence of 50 umol /L of the PARP-1 in-
hibitor NU1025 (Santa Cruz Biotechnol-
ogy). PARP-1"/~ MEFs were transduced
with an adenoviral vector expressing an
EYFP-WT PARP-1 (Ad-EYFP-PARP-1) or
enzymatically inactive EYFP-E988K
PARP-1 (Ad-EYFP-E988K PARP-1) or left
untransduced.

J447-mouse cells transfected with
HMGB1-Flag were treated or not with
100 ng/mL LPS for 24 h. Intracellular and
extracellular (from medium) HMGB1-
Flag was purified using 3x Flag peptide.

Induction of Apoptosis in Thymocytes

To induce apoptosis, murine thymo-
cytes were resuspended in RPMI 1640
medium containing 5% FBS and 1 mmol/L
dexamethasone and incubated at 37°C in
5% CO, for 12 h. At this time point, 90%
of the thymocytes were apoptotic, as as-
sessed by flow cytometry with annexin V
and propidium iodide staining.

In Vitro and In Vivo Phagocytosis
Assays

Phagocytosis of apoptotic thymocytes
by macrophages was assayed by adding

10° apoptotic thymocytes at 37°C for

60 min to each well of a 24-well plate con-
taining adherent macrophage monolayers.
For studies investigating inhibition of
phagocytosis, apoptotic thymocytes were
preincubated with 1 ug/mL recombinant
HMGBI1 or PARylated HMGB1 and com-
pared with control BSA-treated thymo-
cytes, as described in the figure legends.
Noningested cells were removed after in-
cubation of apoptotic thymocytes with
macrophages by washing three times with
phosphate-buffered saline (PBS).

In vivo phagocytosis was determined by
labeling apoptotic thymocytes with PKH26
and incubating 10° apoptotic thymocytes
with 2 ug non-PARylated or PARylated
HMGBI1 or mouse albumin in 100 uL PBS.
The thymocytes were then intratracheally
injected into isofluorane-anesthetized
mice. After 90 min, the mice were sacri-
ficed and bronchoalveolar lavage (BAL)
was performed.

For in vivo and in vitro phagocytosis
assays, the samples were resuspended
in 1% PBS/BSA, FITC-CD11b antibody
(Ab) (macrophage marker) and
allophycocyanin-conjugated anti-CD
(APC-CD) 90.2 Ab (thymocyte marker).
Flow cytometry was performed, and the
phagocytosis index was calculated as
the ratio of FITC'PKH26 "APC cells to
all cells gated.

Poly (ADP-ribosyl)ation In Vitro

Purified recombinant His-tagged
HMGB1, AC-HMGBI, A box or B box
were incubated with purified PARP-1 in a
mixture (25 uL) containing reaction buffer
(100 mmol/L Tris-HCI, 1 mmol/L DTT,
10 mmol /L MgCl,), sonicated salmon
sperm DNA and 2 mmol/L NAD (Sigma)
for 30 min at 37°C. The reaction was ei-
ther terminated by the addition of an
equal volume of SDS sample buffer and
heating at 95°C for 5 min or subjected to
PARG treatment. Samples were then sub-
jected to immunoblot analysis with anti-
bodies to PAR or anti-His antibodies.

Rac-1 Activation Assays
Apoptotic thymocytes were treated with
1 ug/mL BSA, HMGBI or PARylated
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HMGBI for 2 h followed by washing
three times with PBS. Apoptotic thymo-
cytes were added to macrophages for the
indicated time periods (5 and 30 min).
The macrophages were then washed three
times with PBS and lysed. Macrophages
preincubated with media only were used
as a negative control. To determine Ras-
related C3 botulinum toxin substrate 1
(Rac-1) activation, a Rac-1 activation
assay kit was used (Cytoskeleton) accord-
ing to the manufacturer’s instructions.

Indirect Immunofluorescence

WT and RAGE ™/~ peritoneal macro-
phages grown on chamber slides or thy-
mocytes (apoptotic or viable) were prein-
cubated with 1 ug/mL HMGBI or
PARylated HMGB1 for 2 h. Cells were
then fixed with 4% formaldehyde in PBS
for 5 min. After being washed with PBS
and blocked with 1% BSA in PBS, the cells
were incubated with anti-HMGB1 antibod-
ies at 4°C overnight. After being washed
three times with PBS, the cells were incu-
bated with Alexa Fluor 488—conjugated
secondary antibodies for 1 h at room tem-
perature. After counterstaining with
DAPI, antibody-antigen complexes were
detected by a fluorescence microscope
(Nikon) using a 40x objective lens.

Solid-Phase ELISA

The solid-phase ELISA for HMGB1
binding to PS or RAGE was carried out
as follows: recombinant chimeric RAGE
or a solution of PS at a concentration of
3 mg/mL was added to 96-well plates
for 2 h at room temperature, followed
by washing with 1% BSA in PBS.
HMGB1 or PARylated HMGB1 was then
added to the wells and incubated at
room temperature for 2 h. HMGB1 that
bound to the wells was quantified by
ELISA with anti-HMGB1 and peroxi-
dase-conjugated secondary Abs. Wash-
ing with PBS containing 0.05% Tween 20
was performed between each step. To
assess competition between non-PARy-
lated HMGB1 or PARylated HMGB1
and RAGE for binding to PS, the assay
was modified by adding RAGE after
HMGBI treatment.
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Figure 1. Extracellular HMGBT1 is highly PARylated in cells stimulated with LPS. (A) PARP-T gene deletion inhibits LPS-induced HMGBT1 release. WT
or PARP-17"MEFs were freated with 100 ng/mL LPS for 24 h at 37°C and then extracellular HMGB1 was secreted into the culture supernatant
quantified by ELISA. **P < 0.01 compared with nontreated cells. Assay was done in friplicate. (B) Inhibition of PARP-1 reduces LPS-induced
HMGBT release. WT MEF cells were treated with LPS in the presence or absence of the noncompetitive PARP-1 inhibitor NU1025 for 24 h, after
which extracellular HMGB1 was quantified by ELISA. **P < 0.01 compared with nontreated cells. (C) The decrease in HMGBI release by LPS-
stimulated PARP-17~ MEFs is reversed by reconstitution of expression of WT PARP-1 but not by enzymatically inactive PARP-1 (E988K). PARP-17/
MEFs were infected with an adenoviral vector expressing EYFP-WT PARP-1 (Ad-WT-PARP-1) or EYFP-E988K PARP-1 (Ad-E988K-PARP-1) or left unin-
fected. Forty-eight hours later, the cells were cultured for 24 h with 100 ng/mL LPS or left untreated (Con). Extracellular HMGB1 was quantified
by ELISA. *P < 0.05 compared with uninfected PARP-17~ MEFs. **P < 0.01 compared with untreated WT MEFs. (D) HMGB1 secreted after TLR4
stimulation is highly PARylated. J447 mouse cells expressing Flag-HMGB1 were treated with 100 ng/mL LPS for 24 h or left untreated (Con). The
culture supernatants and protein extracts prepared from the cells were then subjected to pull-down with anti-Flag agarose beads. The result-
ing precipitates were subjected to immunoblot analysis with antibodies to PAR and HMGBI1. A representative gel is shown. Two additional in-
dependent experiments provided similar results. (E) Flag-HMGB1 pull-down under nondenaturing conditions and after PARP-1 and HMGB1
knockdown. J447 mouse cells expressing Flag-HMGB1 were freated with 100 ng/mL LPS for 24 h or left untreated (Con). The protein exfracts
were then subjected to pull-down with anti-Flag agarose beads under nondenaturing conditions. The resulting precipitates were subjected
to immunoblot analysis with antibodies to PAR or HMGB1. (F) Flag-HMGB1 pull-down under denaturing conditions affer PARP-1 and HMGB1
knockdown. The same experiment was conducted with J447-mouse cells expressing Flag-HMGB1 after PARP-1 or HMGB1 knockdown. The
cells were transduced with lentiviruses encoding control ShRNA (ShRNA-Con), sShRNA targeting HMGBT1 (ShRNA-HMGBT) or shRNA targeting
PARP-1 (shRNA-PARP-1); expression of PARP-1, HMGB1 and actin was assessed by immunoblot analysis and compared with that in uninfected
cells. (G) These infected or uninfected cells were freated with 100 ng/mL LPS for 24 h or left untreated. The protfein extracts were then sub-
jected to pull-down with anti-Flag agarose beads. The resulting precipitates were subjected to immunoblot analysis with antibodies to PAR or
Flag. Results from representative experiments are shown. A second set of independent experiments provided similar findings.
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HMGBI levels in culture supernatants
were determined using commercial
ELISA Kkits from IBL International (Ham-
burg, Germany) according to the manu-
facturer’s protocols. Briefly, 100 uL sam-
ple diluent was added to each well and
then 10 uL standard, sample or control
was added to the well. The plate was in-
cubated for 24 h at 37°C. After washing,
100 uL/well of anti-HMGB1 antibody
conjugated to peroxidase was added and
the plate was incubated at room temper-
ature for 2 h. After washing, substrate
was added to each well. The enzyme re-
action was incubated for 30 min at room
temperature. The chromogenic substrate
reaction was stopped by the addition of
stop solution. Absorbance was deter-
mined using an automated plate reader
at an excitation wavelength of 450 nm.

Statistical Analysis

Data are presented as the means +
standard deviation (SD) for in vitro ex-
periments or means + standard error of
the mean (SEM) for in vivo experiments
for each condition. One-way analysis of
variance followed by Tukey-Kramer
analysis was performed for comparisons
among multiple groups, and a Student
t test was used for comparisons between
two groups. A value of P < 0.05 was con-
sidered significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

HMGB1 Secreted by TLR4-Stimulated
Celis Is Highly PARylated

A role for PARP-1 in the nuclear re-
lease of HMGB1 from DNA-damaged
necrotic cells was previously demon-
strated (30). PARP-1 is capable of PARy-
lating both full-length HMGBL1 as well as
HMGB1 lacking the C-terminal tail (AC
HMGBI1) (30). However, it is not known
whether HMGBI that is secreted by acti-
vated cells is PARylated. To determine if
PARP-1 is required for HMGBI release
by TLR4-stimulated cells, WT and PARP-
17/~ MEFs were treated with LPS for 24 h.
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Figure 2. PARylated HMGBT inhibits phagocytosis of apoptotic cells by macrophages more
effectively than non-PARylated HMGBT. (A) Phagocytosis assays were performed affer prein-
cubation of apoptotic thymocytes for 2 h with 1 ug/mL recombinant HMGB1 or PARylated
HMGBI1.*P < 0.05 and **P < 0.01 compared with control BSA-treated thymocytes. P < 0.05
compared with HMGBT1-treated thymocytes. (B) After preincubation of thymocytes for 2 h
with PARylated or unmodified HMGB1, phagocytosis assays were performed for 5 and 30 min.
The macrophages were then washed three times, and cell lysates were prepared to deter-
mine Rac-1 activation. As a negative control, macrophages were preincubated with media
in the absence of thymocytes. White bars represent unmodified HMGB1, and gray bars rep-
resent PARylafed HMGBT; *P < 0.05 versus PARylated HMGBT1. (C) Phagocytosis assays were
performed affer preincubation of macrophages for 2 h with T ug/mL recombinant HMGB1
or PARylated HMGBT1. *P < 0.05 compared with control BSA-treated macrophages. P < 0.05
compared with HMGB1-treated macrophages. (D.1) Phagocytosis assays were performed
affer preincubation of macrophages for 2 h with 1 ug/mL PARylated HMGBT or free PAR and
compared with control BSA-freated macrophages. (D.2) PARP-1 protein was incubated in a
poly(ADP-ribosyl)ation reaction containing NAD and activated DNA for 30 min. PARG was
then added fo the reaction for 30 min. Separation of free PAR from PARP-1 was performed
using Amicon Ultra 0.5 filters. A portion (10%) of the reaction mixture was used for immuno-
blot analysis with antibodies to PAR. A representative gel is shown. A second independent
experiment provided similar results. All phagocytosis experiments were performed at least
three independent times with similar results. (E) Apoptotic thymocytes (107) preincubated for
2 h with 2 ug HMGBI1, PARylated HMGB1 or BSA were administered intratracheally in 50 uL
PBS info anesthesized mice. BAL fluid was collected 90 min later. The samples were resus-
pended in PBS with 1% BSA and stained with FITC-CD11b Ab (macrophage marker) and
APC-CD 90.2 Ab (thymocyte marker). Flow cytometry was performed, and the phagocytosis
index was calculated as the ratio of FITC*PKH26*APC™ cells to all cells gated. n = 3 mice in
each group. *P < 0.05 compared with control. P < 0.05 compared with HMGB1-treated thy-
mocytes. A second independent experiment provided similar results.
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As shown in Figure 1A, PARP-1"/~ fibro-
blasts secrete significantly less HMGB1
than WT fibroblasts after incubation with
LPS. To further delineate if PARP-1 is
necessary for HMGBI release after LPS
exposure, WT fibroblasts were treated
with NU1025, a noncompetitive PARP-1
inhibitor (31), before incubation with
LPS. The inclusion of NU1025 in the cul-
tures decreased HMGBI release com-
pared with that found with vehicle-
treated cells (Figure 1B).

To characterize if the ability of PARP-1
to enhance HMGBI release is due to the
presence of PARP-1 protein alone or
whether PARP-1 enzymatic activity also
is necessary, PARP-17'" fibroblasts were
transduced using adenovirus gene trans-
fer with Ad-WT PARP-1 or modified, en-
zymatically inactive Ad-E988K-PARP-1.
As shown in Figure 1C, the reestablish-
ment of enzymatically active PARP-1 in
PARP-1"'" fibroblasts fully restored re-
lease of HMGBI1, whereas the addition of
enzymatically inactive PARP-1 did not.
These results demonstrate that the enzy-
matic activity of PARP-1 is required for
HMGBTI release from the nucleus to the
extracellular milieu in TLR4-stimulated
cells.

Because of the involvement of PARP-1
in HMGBI1 secretion, we examined
whether HMGBI1 secreted after TLR4
engagement is PARylated. Treatment of
J447 cells expressing Flag-HMGB1 with
LPS resulted in a marked increase in the
PARylation of both intracellular and ex-
tracellular HMGBI as assessed by West-
ern blots using anti-PAR antibodies
(Figure 1D). To rule out the possibility
that the PARylation was from proteins
interacting with HMGB1 rather than
from HMGBI itself, we repeated the ex-
periment under nondenaturing condi-
tions (Figure 1E). Because the PAR pat-
tern was similar under denaturing or
nondenaturing conditions, we con-
cluded that the PARylation was from
HMGB1 itself. PARP-1 or HMGB1
knockdown with lentiviral vectors en-
coding shRNA targeting PARP-1 or
HMGB1 (see Figure 1E) significantly re-
duced HMGB1 PARylation upon LPS
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0.01 compared with HMGB1. (B) Gasé and MFG-E8-precoated 96-well plates were incu-
bated with 1 ug/mL HMGB1 or PARylated HMGBI1 for 2 h. The plates were then washed
and bound HMGB1 was quantified by ELISA. *P < 0.05 and **P < 0.01 compared with
HMGB1. (C) Recombinant RAGE dissolved in PBS or PS dissolved in methanol was incu-
bated in 96-well plates. The plates were then incubated with 1T ug/mL HMGB1 or PARy-
lated HMGB1 for 2 h. Bound HMGB1 was quantified by ELISA. *P < 0.06 compared with

HMGB1. Assays were done in triplicate.

treatment of J447 cells (Figure 1F), con-
firming the specificity and validity of
our observations.

PARylated HMGBI1 Inhibits
Efferocytosis More Effectively than
Non-PARylated HMGB1

In previous studies, we demonstrated
that HMGB1 inhibits efferocytosis
through binding to PS on apoptotic cells
and to o, f,-integrin as well as to RAGE
on macrophages (23,32). However, it is
not known if PARylation of HMGB1 has
an effect on the uptake of apoptotic cells
by macrophages. To investigate this issue,
PARylated HMGB1 or non-PARylated
HMGB1 was incubated with apoptotic
thymocytes for 2 h before addition to
macrophages. As shown in Figure 24,
PARylated HMGB1 was more effective in
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inhibiting the phagocytosis of apoptotic
cells than non-PARylated HMGBI.

Activation of Rac-1 normally occurs
during efferocytosis (33,34). To determine
if PARylated HMGBI affects efferocytosis-
associated Rac-1 activation differently
than unmodified HMGBI, thymocytes
were incubated with unmodified or
PARylated HMGB1 followed by incuba-
tion with macrophages. Macrophages
preincubated with media alone were
used as a negative control. Activation of
Rac-1 was then determined 5 and 30 min
later. As shown in Figure 2B, incubation
of thymocytes with PARylated HMGB1
diminished efferocytosis-associated
Rac-1 activation to a greater extent than
unmodified HMGBI.

To determine if the inhibitory effect of
PARylated HMGB1 on phagocytosis spe-



cifically occurred through binding to
apoptotic cells or whether interaction of
PARylated HMGB1 with macrophages
also resulted in diminished efferocytosis,
peritoneal macrophages were incubated
with either PARylated or non-PARylated
HMGBI for 2 h and then washed before
incubation with apoptotic thymocytes.
As shown in Figure 2C, PARylated
HMGB], after being incubated with
macrophages, inhibited efferocytosis to
a greater extent than non-PARylated
HMGBI. To eliminate the possibility that
the presence of PAR is responsible for the
decrease in efferocytosis induced by
PARylated HMGB], free PAR or
PARylated HMGB1 was incubated with
peritoneal macrophages for 2 h before
the addition of apoptotic thymocytes.
The presence of free PAR alone had no
effect on macrophage phagocytosis of
apoptotic cells (Figure 2D).

To determine if PARylation of HMGB1
enhanced its ability to inhibit efferocyto-
sis in vivo, apoptotic thymocytes were
incubated with PARylated or non-
PARylated HMGBI1 for 2 h and then ad-
ministered intratracheally to mice. After
90 min, the mice were euthanized and
bronchoalveolar lavage was performed
to assess the phagocytic index of alveolar
macrophages. As shown in Figure 2E,
PARylated HMGB1 inhibited the phago-
cytosis of apoptotic cells by alveolar
macrophages to a greater extent than
non-PARylated HMGB1.

PARylated HMGB1 Binds PS and
RAGE with Higher Affinity than
Non-PARylated HMGBI1

To determine if PARylated HMGB1
binds to a receptor or ligand involved in
efferocytosis with higher affinity than
non-PARylated HMGB1, we incubated
PARylated or non-PARylated HMGB1
with receptors or opsonins that are
known to interact directly or indirectly
with HMGB1 during efferocytosis, spe-
cifically a B, o Bs, Gas6, MFG-E8, RAGE
and PS. As shown in Figures 3A and B,
PARylated HMGBI1 did not bind to a f3,,
o Bs, Gas6 or MFG-E8 with higher affin-
ity than did non-PARylated HMGBI. In
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Figure 4. PARylated HMGB1 binds with increased affinity to PS on apoptotic cells and to
RAGE on macrophages compared with unmodified HMGB1. (A) Apoptotic thymocytes
or WT macrophages were incubated with T ug/mL HMGB1 or PARylated HMGB1 for 2 h
at 37°C or left untreated (Control), and then HMGB1 binding was examined by immuno-
fluorescence. Representative images are shown. Two additional independent experi-
ments provided similar results. (B) Quantification of HMGB1 binding to apoptotic cells or
macrophages using Imaged soffware (n = 10 cells from three independent experi-
ments). Means + SEM are shown. *P < 0.05 and **P < 0.01 compared with control.

(C. D) PARylated HMGB1 does not bind to viable thymocytes and binds with diminished
affinity to RAGE™~ macrophages. Viable thymocytes (C) or RAGE™~ macrophages (D)
were incubated with 1 ug/mL PARylated HMGBI for 2 h af 37°C, and then HMGB1 bind-
ing was examined by immunofluorescence. Representative images are shown. Two ad-
ditional independent experiments provided similar results.
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Figure 5. PARylated HMGB1 inhibits the
binding of RAGE to PS more effectively
than non-PARylated HMGBT. (A) PS-
precoated 96-well plates were incubated
with increasing concentrations of recom-
binant HMGB1 (100 ng/mL, 500 ng/mL or

1 ug/mL) for 2 h at room temperature. Re-
combinant mouse chimeric RAGE was
then added to the wells for 2 h. The plates
were washed and bound RAGE was
quantified by ELISA. All assays were per-
formed in triplicate. *P < 0.05 compared
with control. (B) PS-precoated 96-well
plates were incubated with recombinant
HMGBI1, PARylated HMGB1 or BSA

(1 ug/mL) for 2 h at room temperature. Re-
combinant mouse chimeric RAGE was
then added to the wells for 2 h. The plates
were washed and bound RAGE was
quantified by ELISA. All assays were done
in triplicate. *P < 0.056 compared with con-
trol. *P < 0.05 compared with HMIGBI.

fact, PARylated HMGB1 was found to
bind to a. f3, Gas6, and MFG-E8 with
much lower affinity than non-PARylated
HMGBI. No significant difference in
binding to o, was found between non-
PARylated and PARylated HMGB1 (Fig-
ure 3A, right panel). However, as shown
in Figure 3C, PARylated HMGBI1 binds to
PS and RAGE with higher affinity than
does non-PARylated HMGB1. These re-
sults suggest that inhibition of phagocy-
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Figure 6. Poly(ADP-ribosyl)ation by PARP-1 of HMGB1 lacking the C-terminal tail and of
HMGB1 A-Box, but not HMGB1 B-Box, potentiates the inhibitory effects of HMGB1 on effero-
cytosis. (A) PARylation of full-length HMGB1 and HMGB1 domains by PARP-1. Full-length
HMGB1-His, AC-HMGB1-His, A Box-His or B Box-His (600 ng/mL) were incubated with recom-
binant PARP-1 in a poly(ADP-ribosyl)ation reaction containing NAD and activated DNA for
30 min. The reactions were terminated with sample buffer and subjected to immunoblot
analysis with antibodies to PAR or His. Representative gels are shown. Two additional inde-
pendent experiments provided similar results. (B) Phagocytosis assays were performed
after preincubation of apoptotic thymocytes with 1 ug/mL unmodified or PARylated
HMGB1-His, AC-HMGB1-His, A Box-His or B Box-His for 2 h. The thymocytes were then washed
before being added to macrophages. *P < 0.05 compared with control. *P < 0.05 com-
pared with thymocytes treated with non-PARylated HMGB1 or HMGB1 domains.

tosis of apoptotic thymocytes by
macrophages may be mediated through
enhanced binding of PARylated HMGB1
to PS and RAGE.

PARylated HMGB1 Binds to PS on
Apoptotic Cells and to RAGE on
Macrophages with Higher Affinity than
Non-PARylated HMGB1

We used immunofluorescence mi-
croscopy to directly determine the bind-
ing of PARylated and non-PARylated
HMGBI to PS on apoptotic thymocytes
and to RAGE on macrophages. As shown
in Figures 4A and B, PARylated HMGB1
bound to the surface of both apoptotic
thymocytes and macrophages with in-
creased affinity compared with that
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found with non-PARylated HMGB1. To
determine if the increased binding of
PARylated HMGBI1 to apoptotic thymo-
cytes is due to interaction with PS,
PARylated HMGB1 was added to viable
thymocytes, which do not have PS ex-
posed on their outer membranes. As
shown in Figure 4C, there was no bind-
ing of PARylated HMGBI to viable
thymocytes. Similarly, using RAGE ™~
macrophages, we found that the absence
of RAGE from the macrophage surface
was associated with significantly de-
creased binding of PARylated HMGB1
(Figure 4D). However, unlike our find-
ings showing no binding of HMGB1 to
viable thymocytes, which do not express
PS, there still was residual binding of



PARylated HMGB1 to RAGE ™'~ macro-
phages. These data suggest that
macrophage receptors in addition to
RAGE interact with PARylated HMGBI.

PARylated HMGBI1 Inhibits RAGE
Binding to PS More Effectively than
Non-PARylated HMGB1

We next investigated whether extra-
cellular HMGB1 can modulate RAGE
binding to PS by using a solid-phase
ELISA in which wells precoated with PS
were exposed to increasing concentra-
tions of nonmodified or PARylated
HMGBI1, and then interaction between
PS and RAGE was determined. As
shown in Figure 5A, unmodified
HMGB1 bound to PS and also inhibited
RAGE binding to PS in a dose-
dependent manner. PARylated HMGB1
was more effective in diminishing the
binding of RAGE to PS than non-
PARylated HMGB1 (Figure 5B).

Poly(ADP-ribosyl)ation of the HMGB1
C-Terminal Domain and A-Box by
PARP-1 Increases Their Ability to Inhibit
Efferocytosis

Previous studies have shown that
HMGB1 and HMGB1 lacking the
C-terminal tail can be PARylated by
PARP-1 (30). However, it is not known
whether the A and/or B box of HMGB1
can be PARylated. Using an in vitro
poly(ADP-ribosyl)ation system, we found
that His-tagged full-length HMGB1
and truncated C-terminal HMGB1 (AC-
HMGBI) as well as the HMGB1 A box,
but not the HMGB1 B box, can be modi-
fied by PARP-1 (Figure 6A).

We next examined whether PARylation
of AC-HMGB1 and the HMGB1 A box
modifies their ability to affect efferocyto-
sis. In these experiments, macrophages
were preincubated with full-length
HMGB1, AC-HMGB]1, A box or B box
that were either unmodified or had been
subjected to in vitro poly(ADP-
ribosyl)ation. After a 2-h incubation with
HMGB1 or HMGB1 truncation mutants,
apoptotic thymocytes were added to the
macrophages and phagocytosis assays
were performed. As shown in Figure 6B,

Apoptosis
v
PS
PS: j
PARylated HMGB1
Efferocytosisl
RAGE|
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Figure 7. Proposed mechanism by which PARylation enhances HMGB1-associated inhibi-
fion of efferocytosis. PARylation increases the ability of HMGB1 to inhibit efferocytosis by
binding more efficiently to PS on apoptotic cells and to RAGE on macrophages, thereby
diminishing association of the apoptotic cell with the macrophage by interfering with

binding between RAGE and PS.

PARylated AC-HMGB1 and A box inhib-
ited efferocytosis, whereas their equiva-
lent unmodified proteins failed to do so.

DISCUSSION

The release of the nuclear protein
HMGBI1 to the extracellular milieu has
proinflammatory effects (35,36). High
levels of circulating HMGBI1 are found in
acute and chronic inflammatory condi-
tions, including severe infection, arthritis
and ischemia/reperfusion injury (4,5).
One mechanism by which HMGB1 can
enhance inflammatory reactions is by in-
hibiting the recognition and clearance of
apoptotic cells by macrophages and
other phagocytes, thereby allowing apo-
ptotic cells to progress to necrosis, with
release of proinflammatory intracellular
contents into the interstitial space (23).
Because previous studies (17,20,24,32)
showed that highly purified HMGB1 has
diminished effects on cell activation,
such as cytokine production, the ques-

tion of how HMGB1 contributes to in-
flammation remains an important ques-
tion. A potential mechanism by which
HMGBI1 may acquire proinflammatory
activity is through posttranslational
modifications. Modifications of HMGB1
described in previous studies include
phosphorylation (37,38) and acetylation
(39-42). Monocytes and macrophages
acetylate HMGBI extensively after TLR4
engagement (42). Other studies reported
that HMGBI is phosphorylated in RAW
264.7 cells after TNF stimulation (38).
However, none of these reports exam-
ined whether PARylation of HMGB1 oc-
curred after cell activation or if PARyla-
tion of HMGBI1 could affect its activity in
relevant processes that contribute to in-
flammatory tissue injury.

In previous studies, the release of
HMGBI from the nucleus of DNA-
damaged cells was shown to depend on
PARP-1 activity (30). The present experi-
ments confirm crosstalk between HMGB1
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and PARP-1 and demonstrate that
PARP-1 enzymatic activity is crucial for
the efficient release of HMGBI to the ex-
tracellular milieu after cellular activation
through TLR4 engagement. In particular,
we found that after LPS stimulation,
PARP-1"~ MEFs as well as WT MEFs
treated with a PARP inhibitor released
significantly less HMGB1 than WT fibro-
blasts. Restoration of PARP-1 expression
in PARP-17" fibroblasts reestablished se-
cretion of HMGBI1, whereas the addition
of the enzymatically inactive PARP-1 mu-
tant (E988K) did not. Thus, these experi-
ments show that release of HMGBI1 to the
extracellular milieu requires not only
direct protein—protein interaction with
PARP-1, but also PARP-1 enzymatic
activity, which results in HMGB1
poly(ADP-ribosyl)ation. These observa-
tions are supported by the fact that
HMGB1, which is secreted after LPS treat-
ment, is highly PARylated. Of note, in ad-
dition to extracellular HMGB1 being
highly PARylated after release from TLR4-
stimulated cells, intracellular HMGB1 that
was isolated 24 h after LPS exposure also
demonstrated PARylation. Therefore, not
only do these studies suggest that
poly(ADP-ribosyl)ation contributes to the
release of HMGBI into the extracellular
milieu, but also that PARylation may con-
tribute to the translocation of HMGB1
from the nucleus to cytoplasm. However, it
is presently unclear if the structural type of
PAR of intracellular and extracellular
HMGBI is the same; additional investiga-
tions are necessary to resolve this question.

CONCLUSION

Our data demonstrate that PARylation
of HMGB1 by PARP-1 increases inhibi-
tion of efferocytosis and suggest a novel
mechanism by which PARP-1 may con-
tribute to inflammation (Figure 7). In
particular, PARP-1 through PARylating
HMGB1 may enhance the inhibitory ef-
fects of HMGBI to diminish the clear-
ance of apoptotic neutrophils and other
apoptotic cells from inflammatory foci.
As previously demonstrated (23,32), the
present experiments confirmed that incu-
bation of either apoptotic cells or

macrophages with unmodified HMGB1
resulted in diminished efferocytosis.
However, preincubation of macrophages
or apoptotic cells with PARylated
HMGBI inhibited efferocytosis to a
greater degree than exposure to unmodi-
fied HMGB1. The mechanism for such
inhibitory actions of PARylated HMGB1
appears to be through binding more ef-
fectively to PS on the apoptotic cell mem-
brane and to RAGE on the macrophage
than non-PARylated HMGB1. The in vivo
relevance of HMGB1 PARylation was
shown in the present experiments by the
enhanced ability of PARylated HMGB1
to diminish the uptake of intratracheally
administered apoptotic thymocytes by
alveolar macrophages.

In previous studies, we found that
HMGBI inhibits efferocytosis through
binding to PS on apoptotic cells (23) and
to o B, and RAGE on macrophages
(32,43). In addition, we and others have
shown that RAGE has the ability to bind
directly to PS (14,15). In the present ex-
periments, we demonstrated that
HMGBI inhibits efferocytosis by block-
ing interactions between RAGE and PS
and also that PARylated HMGB1 binds
with greater affinity to both PS and
RAGE than unmodified HMGBI. It is
noteworthy that preincubation of
PARylated HMGB1 with RAGE™/~ macro-
phages did not completely prevent bind-
ing of PARylated HMGBI1, suggesting
that PARylated HMGB1 can interact with
macrophage receptors other than RAGE.

Full-length and HMGBI lacking the
C-terminal tail have been shown to be
PARylated by PARP-1 (30). In the present
experiments, we confirmed such PARyla-
tion by PARP-1 and also demonstrated
that the HMGB1 A box is PARylated by
PARP-1. In contrast, HMGB1 B box failed
to be modified by PARP-1. These results
suggest that poly(ADP-ribosyl)ation sites
reside within amino acids 1-81 and
186-215 of HMGBI.

Activation of PARP-1 has been shown
to trigger relocalization of HMGB1 away
from chromatin, allowing HMGB1 to be
released from necrotic cells (30). How-
ever, there was no information available
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concerning a potential effect of PARyla-
tion on the proinflammatory activity of
released HMGBI. In a previous study,
we demonstrated that full-length
HMGBI diminished the uptake of apo-
ptotic neutrophils, and this action was
lost when the C-terminal tail was absent
(27). In the present experiments, we
found that PARylated HMGB1 lacking
the C-terminal tail does not completely
lose its inhibitory effect on efferocytosis,
indicating that the presence of the C-ter-
minal tail is not required for ability of
HMGBI to diminish efferocytosis as long
as PARylation occurs. Furthermore, we
found that PARylated HMGB1 A box in-
hibits the phagocytosis of apoptotic cells,
whereas unmodified A box does not
have any effect. Further work is neces-
sary to determine the minimum number
and location of PARylation sites in
HMGBI that need to be modified by
PARP-1 to inhibit efferocytosis.
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