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Abstract

Platelets are circulating cellular sensors that express and release the damage-associated molecular 

pattern molecule (DAMP) high-mobility group box 1 (HMGB1) at sites of disrupted vascular and 

tissue integrity. We have recently identified platelet-derived HMGB1 as a critical mediator of 

thrombosis. The role of platelet-derived HMGB1 in mediating interactions with monocytes 

remains unknown. In transgenic mice with platelet-specific ablation of HMGB1 and neutralization 

studies, we show that HMGB1 derived from platelets promotes recruitment of monocytes and 

prevents monocytes from undergoing apoptosis. During experimental trauma and hemorrhagic 

shock, infiltrated monocytes in the lung and liver were significantly attenuated in mice lacking 

HMGB1 in platelets. Platelet-derived HMGB1 mediated monocyte migration via the receptor of 

advanced glycosylation end products (RAGE) and suppressed apoptosis via toll-like receptor 4 

(TLR4)-dependent activation of MAPK/ERK (extracellular signal-regulated kinase) in monocytes. 

In conclusion, we identify platelet-derived HMGB1 as a critical regulator of monocyte recruitment 

and apoptosis, with potential implications in disease states associated with thrombosis and 

inflammation.
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Introduction

Beyond their role in mediating primary hemostasis and thrombosis, platelets have evolved as 

sentinel innate immune cells, which release a multitude of mediators upon activation and 

control tropism and apoptosis of other immune cells [1–4]. Platelets express high mobility 

group box 1 (HMGB1) [5–7], a highly conserved, non-histone, architectural DNA-binding 

protein that is typically abundant in the nucleus of mammalian cells [8]. HMGB1 may act as 

a damage-associated molecular pattern molecule (DAMP) [9] which initiates immune 

responses through recruitment/activation of monocytes/macrophages and dendritic cells [10–

11] and downregulation of apoptosis of eosinophils, neutrophils, and other cells [12–13].

We have recently identified HMGB1 derived from platelets as a critical mediator of 

thrombosis and neutrophil extracellular traps (NET) formation [6]. In another study, we have 

shown that platelet-derived HMGB1 inhibits recruitment of regenerative mesenchymal stem 

cells to apoptotic tissue cells [7]. Thus, the release of HMGB1 from activated platelets 

favors thrombosis and inflammation and suppresses mechanisms that potentially promote 

tissue repair and regeneration, which we have recently validated for necrotic cell-derived 

HMGB1 [14].

Monocytes express HMGB1 receptors on the cell surface, including toll-like receptors 

(TLRs) and the receptor of advanced glycation end products (RAGE), a transmembrane 

multiligand receptor of the immunoglobulin superfamily [15–16]. However, the role of 

platelet-derived HMGB1 in regulating monocytes remained unknown. We now report that 

platelet-derived HMGB1 promotes recruitment of monocytes via RAGE and suppresses 

monocyte apoptosis via TLR4-dependent activation of MAPK/ERK (extracellular signal-

regulated kinase).

Materials and Methods

Monocytes and platelets

Monocytes were isolated from leukocyte buffy coats or healthy volunteer donors as 

described previously [14]. Isolation of human and murine platelets was carried out as 

described previously [6]. For certain experiments, isolated platelets were activated in PBS 

(pH 7.4; Lonza) by treatment with 5 μg/ml collagen-related peptide (CRP; from Richard 

Farndale, University of Cambridge, Cambridge, UK) or 50 μM adenosine diphosphate 

(ADP; Chrono-Log, Havertown, PA) for 15 min and centrifuged at 800 × g for 5 min to 

obtain activated platelet supernatant.

Animals

Platelet-specific HMGB1 knockout mice were generated by crossing floxed HMGB1 

(HMGB1fl/fl, termed HMGB1 Flox mice) with platelet factor (PF4)-Cre transgenic mice 

(Jackson Laboratories, Bar Harbor, ME) as we have described previously [6]. Both mouse 

strains were on C57BL/6 background. PF4-Cre HMGB1fl/fl (termed HMGB1 PF4 mice) 

offspring were confirmed using standard genomic PCR genotyping techniques. Male mice 

were used for experiments at an age of 8–12 weeks.

Vogel et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell migration assay

Monocyte migration was analyzed in a modified Boyden chamber (Neuro Probe Inc., 

Gaithersburg, MD) with a 5-μm pore polycarbonate membrane. 5×104 monocytes/well in 

RPMI-1640 medium (GIBCO/Invitrogen, Karlsruhe, Germany) supplemented with 0.5% 

bovine serum albumin (BSA; Roth, Karlsruhe, Germany) were loaded onto the upper 

chamber. Conditioned media (CM) derived from resting or activated (CRP/ADP) platelets 

(platelet supernatants supplemented with RPMI-1640/BSA 0.5%, ratio 1:1) were loaded 

onto the lower chamber. When indicated, neutralizing monoclonal anti-HMGB1 antibody 

(10 μg/ml, mouse IgG2b Kappa; Biolegend, San Diego, CA) or isotype control antibody (10 

μg/ml, mouse IgG2b Kappa; Biolegend) were added to the targets. When indicated, HMGB1 

receptors were blocked on monocytes with anti-human RAGE polyclonal antibody (20 

μg/ml, goat IgG), anti-human TLR2 monoclonal antibody (2 μg/ml, mouse IgG2b) or anti-

human TLR4 polyclonal antibody (10 μg/ml, goat IgG) (R&D Systems, Wiesbaden, 

Germany). In other experiments, CM of resting/activated platelets derived from HMGB1 
Flox/HMGB1 PF4 mice were used as targets. Recombinant HMGB1 (rHMGB1, 40 ng/ml) 

served as positive control for monocyte migration [14]. Migrated cells were stained and 

counted after 4 h in selected microscopic view fields at 20× magnification.

HMGB1 ELISA

HMGB1 release from platelets was determined by measuring HMGB1 levels in CM derived 

from resting or CRP/ADP-activated platelets with ELISA (Shino Test Corporation, 

Kanagawa, Japan) following the manufacturer’s instructions.

Murine polytrauma/hemorrhagic shock model

HMGB1 PF4 and HMGB1 Flox control mice were subjected to experimental trauma and 

hemorrhagic shock, consisting of bone pseudofracture, tissue injury, and hemorrhagic shock, 

as described previously [6]. The animal research protocol complied with the regulation 

regarding the care and use of experimental animals published by the US NIH and was 

approved by the Institutional Animal Use and Care Committee of the University of 

Pittsburgh.

Immunofluorescence stainings of cryopreserved lung and liver tissue sections were 

performed using anti-F-actin monoclonal antibody (2 μg/ml, mouse IgM, Abcam, 

Cambridge, MA) and anti-F4/80 monoclonal antibody (5 μg/ml, rat IgG2a, eBioscience, San 

Diego, CA). Alexa Fluor 488-conjugated anti-mouse IgG (1:100; Invitrogen, San Diego, 

CA) and Cy3-conjugated anti-rat IgG (1:1000; Jackson Immunoresearch) were used as 

secondary antibodies. Nuclei were stained with Hoechst (1:10,000, Abcam). Imaging was 

performed using a Nikon A1 confocal microscope (Nikon, Tokyo, Japan). Quantification of 

mean fluorescence intensities (MFI) was performed using a ratio of F4/80 to total actin.

Induction and detection of apoptosis in monocytes

Monocyte apoptosis was induced with 300 nM staurosporine (Calbiochem, Bad Soden, 

Germany) or 25 μM ABT-737 (Selleckchem, Houston, TX) and evaluated by measuring 

TMRE (Molecular Probes, Eugene, OR) MFI or the frequencies of Annexin V 

(Immunotools, Friesoythe, Germany) positive cells with flow cytometry using a FACS 
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Calibur flow cytometer and CellQuest software (BD Biosciences, Heidelberg, Germany). In 

certain experiments, monocytes were pretreated with the inhibitors wortmannin (WM; PI3K 

inhibitor, Sigma, St. Louis, MO), LY294002 (PI3K inhibitor, Sigma), SH-6 (AKT inhibitor, 

Santa Cruz, Heidelberg, Germany) or U0126 (MEK/ERK inhibitor, Sigma) at indicated 

concentrations for 1 h. For immunofluorescence staining, polyclonal anti-cleaved caspase 3 

antibody (5 μg/ml; rabbit IgG; Abcam) and Alexa Fluor 488-conjugated goat anti-rabbit IgG 

(1:100; Invitrogen) were used. Nuclei were stained with TO-PRO-3 iodide (Molecular 

Probes). Confocal microscopic analysis was performed using a LSM510 META confocal 

laser scanning microscope and ZEN 2012 imaging software (Carl Zeiss MicroImaging, Jena, 

Germany).

Immunoblot for phosphorylation of ERK

Western blot analysis of MAPK/ERK phosphorylation was performed as described 

previously [6]. P44/42 MAPK (Erk1/2) monoclonal antibody (1:500; rabbit IgG; Cell 

Signaling, Danvers, MA) and Phospho-p44/42 MAPK (Erk1/2) monoclonal antibody 

(1:1000; rabbit IgG; Cell Signaling) served as primary antibodies. Anti-alpha-Tubulin 

monoclonal antibody (1:1000; mouse IgG1; Cell Signaling) was used as loading control. 

Corresponding secondary fluorochrome-labeled antibodies and the Odyssey infrared 

imaging system (LI-COR, Bad Homburg, Germany) were used.

Statistical analysis

All data are presented as mean±S.D. for n ≥ 3 unless stated otherwise. Statistical 

significance was determined with the Student’s t-test using Graph Pad Prism software 

(GraphPad, San Diego, CA, USA).

Results

Platelet-derived HMGB1 mediates monocyte recruitment via RAGE

Migration of monocytes towards conditioned media (CM) derived from platelets was 

investigated in transwell migration experiments. CM of platelets activated by CRP or ADP 

induced a strong migratory response of monocytes whereas CM derived from non-activated 

(resting) platelets or the platelet agonists themselves only had moderate effects on monocyte 

recruitment (Fig. 1A). We detected significant amounts of HMGB1 in CM derived from 

CRP/ADP-activated platelets with ELISA (p<0.02 for either combination) (Fig. 1B), 

indicating HMGB1 release by activated platelets, which is in accordance with recently 

published data [6–7]. The HMGB1 receptors RAGE, TLR2, and TLR4 were expressed on 

all monocyte preparations, as evaluated by flow cytometry (data not shown). In the 

migration assay, the addition of a neutralizing anti-HMGB1 antibody to CM derived from 

CRP/ADP-activated platelets significantly inhibited monocyte recruitment (Fig. 1C). 

Moreover, blocking RAGE, but not TLR4 or TLR2 on monocytes with neutralizing 

antibodies significantly interfered with monocyte migration towards CM of CRP/ADP-

activated platelets (Fig. 1D).

To further substantiate a critical role of platelet-derived HMGB1 in monocyte recruitment, 

we used mice with platelet-specific ablation of HMGB1 (PF4-Cre HMGB1fl/fl mice, termed 
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HMGB1 PF4 mice). CM of activated platelets from HMGB1 Flox control animals induced 

chemoattraction of monocytes, which was significantly reversed when HMGB1-deficient 

platelets were used (Fig. 1E). The addition of rHMGB1 served as a positive control and was 

followed by a strong migratory response of monocytes (data not shown). Substantial 

amounts of HMGB1 were only detected in CM derived from activated HMGB1 Flox control 

platelets, which were significantly decreased in CM derived from platelets lacking HMGB1 

(Fig. 1F). During experimental trauma and hemorrhagic shock, consisting of soft tissue 

injury, bone pseudofracture, hemorrhage, and liver crush [6], F4/80-positive macrophage 

infiltrates were detected in the liver and lung of HMGB1 Flox control mice, which were 

significantly attenuated in HMGB1 PF4 mice (Fig. 1G), suggesting a critical role of platelet-

derived HMGB1 in promoting the recruitment of monocytes/macrophages into injured 

tissues/organs in vivo.

Platelet-derived HMGB1 inhibits apoptosis of monocytes

Next, we elucidated the effect of platelet-derived HMGB1 on monocyte apoptosis by flow 

cytometric analysis of mitochondrial transmembrane potential (tetramethylrhodamine ethyl 

ester fluorescence, TMRE) (Fig. 2A,C,F) and phosphatidylserine exposure (Annexin-V 

binding) (Fig. 2B,D). Preincubation of staurosporine-treated monocytes with CM derived 

from CRP/ADP-activated platelets, but not resting platelets significantly inhibited monocyte 

apoptosis (Fig. 2A,B). The addition of a neutralizing anti-HMGB1 antibody to CM derived 

from CRP/ADP-activated platelets significantly reversed the antiapoptotic effect (Fig. 

2C,D). HMGB1-driven antiapoptotic effects were confirmed when ABT-737 was used to 

induce monocyte apoptosis (data not shown). In immunofluorescence stainings of 

intracellular cleaved caspase-3, which was only detected in apoptotic (ABT-737), but not 

vital monocytes, CM derived from CRP-activated platelets inhibited expression of the 

enzyme in apoptotic monocytes, which was reversed in the presence of a neutralizing 

HMGB1 specific antibody (Fig. 2E).

To validate a critical role of platelet-specific HMGB1 in regulating monocyte apoptosis, 

monocytes were incubated with CM of resting or CRP/ADP-activated platelets from 

HMGB1 Flox or HMGB1 PF4 mice prior to induction of apoptosis with either ABT-737 or 

staurosporine (Fig. 2F). CM derived from activated, but not resting platelets from HMGB1 
Flox control animals markedly suppressed apoptosis of monocytes, which was significantly 

reversed when CM derived from HMGB1-deficient activated platelets was used.

HMGB1-induced downregulation of monocyte apoptosis is mediated via TLR4-dependent 
activation of MAPK/ERK

To further study the underlying mechanism, we performed Annexin V (Fig. 3A,B) and 

TMRE stainings (Fig. 3C–E) on ABT-737 treated (Fig. 3A,C,E) or staurosporine treated 

(Fig. 3B,D,E) apoptotic monocytes in the presence or absence of rHMGB1. HMGB1 

significantly inhibited monocyte apoptosis, which was significantly reversed when 

monocytes were pretreated with a blocking TLR4 antibody (Fig. 3A–D). Only the addition 

of U0126, a specific MEK/ERK inhibitor, but not wortmannin (WM; PI3K inhibitor), 

LY294002 (PI3K inhibitor) or SH-6 (AKT inhibitor) significantly reversed the effect of 

rHMGB1 on ABT-737/staurosporine treated monocytes (Fig. 3E). Western Blot analysis 

Vogel et al. Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



performed on monocyte lysates revealed that treatments with rHMGB1 induced 

phosphorylation of ERK in monocytes, which did not occur when monocytes were 

pretreated with a blocking TLR4 antibody (Fig. 3F). Thus, TLR4-mediated MAPK/ERK 

phosphorylation and activation in monocytes is critical for HMGB1-induced downregulation 

of apoptosis.

Discussion

Recruitment of monocytes from the blood to sites of inflammation or vascular and tissue 

lesions is regulated by multiple chemotactic factors and adhesion molecules [17]. 

Extracellular HMGB1 is known to induce tropism and activation of monocytes/macrophages 

[10] and other immune cells. In our study, we show that HMGB1 released by activated 

platelets mediates migration of monocytes via RAGE. Macrophage infiltrates in the lung and 

liver of mice subjected to experimental trauma and hemorrhagic shock were mediated by 

platelet-derived HMGB1. However, neither neutralizing HMGB1 bioactivity in conditioned 

platelet media in transwell migration experiments nor the ablation of HMGB1 in platelets 

themselves inhibited monocyte recruitment completely, indicating potential contribution of 

other factors to the platelet-mediated migratory response of monocytes. Indeed, various 

chemokines and growth factors, including CCL5 (RANTES) [18] and hepatocyte growth 

factor [19], are stored and, upon activation, secreted by platelets, which may contribute to 

monocyte migration in various disease models [20–21].

Monocytes undergo apoptosis when they are no longer needed, a process that may be 

prevented or inhibited by exogenous stimuli during inflammation [22]. Various cytokines 

and chemokines including IL1-beta, TNF-alpha, and CXCL4 have been identified to 

promote monocyte survival [22–23]. Platelets and their secretory products regulate leukocyte 

apoptosis/survival, as well [24]. Platelet-mediated downregulation of monocyte apoptosis 

may occur either directly by a specific phagocytosis-dependent process [3] or indirectly via 

secretion of soluble mediators by platelets [23]. Moreover, monocyte TLR4 ligation by LPS 

[25] and phosphorylation of ERK induced by oxidized LDL [26] or glucocorticoids [27] are 

known to suppress monocyte apoptosis. Here, HMGB1 release from activated platelets was 

critical for platelet-mediated downregulation of monocyte apoptosis, which occurred 

through TLR4-dependent activation of MAPK/ERK pathway in monocytes. In conclusion, 

we have identified platelet-derived HMGB1 as a novel regulator of monocyte migration and 

apoptosis. Further studies are needed to investigate HMGB1 derived from platelets as a 

potential therapeutic target in disease states associated with thrombosis and inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ADP adenosine diphosphate

CM conditioned media

CRP collagen-related peptide

DAMP damage-associated molecular pattern molecule

HMGB1 high-mobility group box 1

MAPK/ERKextracellular signal-regulated kinase

NET neutrophil extracellular trap

RAGE receptor of advanced glycosylation end products

TLR toll-like receptor
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Highlights

• Platelet-derived high-mobility group box 1 induces migration of 

monocytes via RAGE

• Platelet-derived high-mobility group box 1 suppresses monocyte 

apoptosis via TLR4

• Decreased apoptosis is caused by TLR4-dependent activation of 

MAPK/ERK in monocytes
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Figure 1. Platelet-derived HMGB1 mediates monocyte recruitment via RAGE
(A) In transwell migration experiments, monocytes migrate towards CM derived from CRP-

activated and ADP-activated platelets. CM derived from resting platelets or the platelet 

agonists themselves only have moderate effects on monocyte recruitment. (B) Substantial 

amounts of HMGB1 are detected in CM derived from CRP-activated and ADP-activated 

platelets using ELISA. (C) Migration of monocytes towards CM of CRP-activated or ADP-

activated platelets is altered in the presence of a neutralizing anti-HMGB1 antibody. (D) 

Preincubation of monocytes with a blocking antibody against RAGE inhibits monocyte 

migration towards CM of CRP-activated and ADP-activated platelets. (E) Monocytes 

migrate towards CM derived from CRP-activated and ADP-activated platelets from HMGB1 
Flox control mice, which is inhibited when CM of activated platelets derived from HMGB1 
PF4 mice is used. (F) Substantial amounts of HMGB1 are detected in CM derived from 

CRP-activated and ADP-activated platelets from HMGB1 Flox control mice. HMGB1 levels 

are decreased in CM of activated HMGB1 PF4 platelets. (G) In a trauma/hemorrhagic shock 

model, F4/80-positive macrophage infiltrates are detected in the liver and lung of HMGB1 
Flox control mice, which are attenuated in HMGB1 PF4 mice. Data are presented as mean ± 
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SD for N≥3 and at least three separate experiments in all studies. * p<0.05, ** p<0.01, *** 

p<0.001 (Student’s t test).
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Figure 2. Platelet-derived HMGB1 suppresses monocyte apoptosis
Preincubation of monocytes with CM derived from CRP-activated or ADP-activated, but not 

resting platelets reverses the effect of staurosporine on monocyte mitochondrial 

transmembrane potential (TMRE) (A) and Annexin V-binding (B). (C,D) The addition of a 

neutralizing anti-HMGB1 antibody to CM derived from CRP-activated or ADP-activated 

platelets reverses the antiapoptotic effects. (E) In immunofluorescence stainings and 

confocal laser scanning microscopy, intracellular cleaved caspase-3 is upregulated in 

ABT-737-treated apoptotic monocytes, which is suppressed by CM derived from CRP-

activated platelets. In the presence of a neutralizing HMGB1 specific antibody, the effect 

exerted by the platelet media is markedly reversed. (F) CM derived from activated, but not 

resting platelets from HMGB1 Flox control mice increases TMRE fluorescence in 

ABT-737-treated and staurosporine-treated apoptotic monocytes, which is reversed when 

CM derived from HMGB1-deficient activated platelets is used. Data are presented as mean ± 
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SD for N≥4 and at least three separate experiments in all studies. * p<0.05, ** p<0.01 

(Student’s t test).
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Figure 3. HMGB1-induced downregulation of monocyte apoptosis is mediated via TLR4-
dependent activation of MAPK/ERK
HMGB1 inhibits monocyte apoptosis induced by ABT-737 (A,C) or staurosporine (B,D), 

which is reversed when monocytes are pretreated with a blocking TLR4 antibody, as 

evaluated by Annexin V (A,B) and TMRE (C,D) stainings. (E) U0126, a specific MEK/ERK 

inhibitor, inhibits the effect of rHMGB1 on TMRE fluorescence in monocytes. (F) rHMGB1 

(100 ng/ml) induces phosphorylation of ERK in monocytes, which does not occur when 

monocytes are pretreated with a blocking TLR4 antibody. Data are presented as mean ± SD 

for N≥4 and at least three separate experiments in all studies. * p<0.05, # p<0.05, ** p<0.01 

(Student’s t test).
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