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Abstract

HMGB1 is a highly conserved nuclear protein that displays important biological activities inside

as well as outside the cell and serves as a prototypic alarmin to activate innate immunity. The

translocation of HMGB1 from inside to outside the cell occurs with cell activation as well as cell

death, including apoptosis. Apoptosis is also a setting for the release of cellular microparticles

(MPs) which are small-membrane bound vesicles that represent an important source of

extracellular nuclear molecules. To investigate whether HMGB1 released from cells during

apoptosis is also present on MPs, we determined the presence of HMGB1 on particles released

from Jurkat and HL-60 cells induced to undergo apoptosis in vitro by treatment with either

etoposide or staurosporine; MPs released from cells undergoing necrosis by freeze-thaw were also

characterized. As shown by both Western blot analysis and flow cytometry, MPs from apoptotic

cells contain HMGB1, with binding by antibodies indicating an accessible location in the particle

structure. These results indicate that HMGB1, like other nuclear molecules, can translocate into

MPs during apoptosis and demonstrate another biochemical form of this molecule that may be

immunologically active.

Introduction

HMGB1 is a highly conserved non-histone nuclear protein that displays important biological

activities inside as well as outside the cell [1,2]. Inside the cell, HMGB1 can bind DNA and

regulate chromosome architecture and regulate transcription [3,4]. Outside the cell, HMGB1

can serve as an alarmin to activate innate immunity and mediate inflammation in both

normal and aberrant immunity. As shown in studies in both in vivo and in vitro systems,

HMGB1 can translocate from the nucleus to the cytoplasm of cells with eventual release

during activation as well as cell death [5,6]. Depending on the setting for its release,

HMGB1 can undergo post-translational modification and redox reactions that modulate its

immunological properties [7–9].
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Once in an extracellular locale, HMGB1 can trigger innate immune responses by binding to

receptors including RAGE (receptor for advanced glycation end-products), TLR 2 and

TLR4 [1,2,10,11]. Furthermore, HMGB1 can bind to other mediators such as cytokines

(e.g., IL-1) or LPS to create novel structures that can drive responses via the receptor for the

bound mediator [12–14]. An important contribution of HMGB1 to disease pathogenesis is

supported by observations of increased levels of HMGB1 in the blood and tissue in disease

settings as well as the efficacy of targeting HMGB1 in animal models such as collagen-

induced arthritis, shock and liver cell injury [1,2].

As an alarmin or DAMP (damage-associated molecular pattern), HMGB1 is released from

cells in conjunction with many nuclear, cytoplasmic and membrane constituents, some of

which also have immune activity [15–17]. This release can occur during immune cell

activation as well as cell death, whether by apoptosis, necrosis, NETosis or pyroptosis;

pyroptosis is an inflammatory form of cell death that results from triggering of the

inflammasome [18–21]. Importantly, HMGB1 release occurs in the same settings as the

release of microparticles. Microparticles are small membrane-bound vesicles that emanate

from cells by a blebbing process. Particles range in size from 0.1 to 1.0 µm and include,

among their constituents, nuclear molecules such as DNA and histones. Like HMGB1,

microparticles have potent biological activities and can induce inflammation and promote

thrombosis [22,23].

In the current studies, we have investigated the presence of HMGB1 in microparticles

derived from apoptotic cells, extending findings of other studies indicating its translocation

during death processes. While original studies indicated nuclear retention of HMGB1 during

apoptosis, subsequent studies demonstrated HMGB1 release from cells undergoing

apoptosis [7,18]. The magnitude of HMGB1 release during apoptosis may be less than that

observed during necrosis although models for necrosis vary significantly in the process of

HMGB1 release [21]. To characterize further the expression of HMGB1 in a particulate

form, we analyzed the content of HMGB1 on MPs from Jurkat and HL-60 cells undergoing

apoptosis in vitro, using immunoblotting and flow cytometry. As results presented herein

indicate, HMGB1 is a component of MPs derived from cells undergoing apoptosis in vitro,

defining another form of HMGB1 that may have biological activity as well as utility as a

biomarker.

Materials and Methods

Cell Culture

HL-60 and Jurkat cell lines were obtained from the Duke University Cell Culture Facility

and were maintained in RPMI 1640 (Life Technologies, New York, NY) supplemented with

10% fetal calf serum (Atlanta Biologicals, Atlanta, GA) and 20 µg/ml gentamicin (Life

Technologies). The cells were cultured at 37°C, 5% CO2, and divided every 2–3 days to

maintain logarithmic growth.
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Induction of cell death

HL-60 and Jurkat cell lines were induced to undergo apoptosis or necrosis as described

below. The cells were first pelleted by centrifugation at 500×g and resuspended with fresh

culture media to a concentration of 3×106/ml. Depending on the experiment, the cells were

cultured in 6 well plates (Greiner, Monroe, NC) or T175 tissue culture flasks (Greiner). To

induce apoptosis, the cells were incubated for 24h at 37°C, 5% CO2 with either 1µM

staurosporine (STS) or 30µg/ml etoposide. Both compounds were purchased from Sigma-

Aldrich, St. Louis, MO.

For these experiments, we employed conditions previously used to demonstrate MP release

during apoptosis [24,25]. To verify induction of apoptosis, cells were collected after 5h and

assessed for staining with annexin V and propidium iodide (PI). Briefly, HL-60 and Jurkat

cells in culture media were treated with etoposide and STS at the doses indicated above for

5h at 37°C, 5% CO2. The 5h time point was used instead of 24h to provide a time frame to

allow observation of early phases of apoptosis; at 24 hours, progression to late apoptosis or

secondary necrosis occurs.

HL-60 and Jurkat cells from untreated cultures were included as negative controls for PI and

annexin V staining. Heat treated HL-60 and Jurkat cells (56°C, 30min) were included as

positive controls for PI staining. Approximately 6×106 cells were pelleted and washed with

1X phosphate buffered saline (PBS, Life Technologies). The cells were pelleted again and

resuspended in 2mls of annexin V binding buffer [10mM Hepes, pH7.4 (Life Technologies),

140 mM NaCl (Sigma-Aldrich), 2.5mM CaCl2]. FACS tubes were then prepared with100

uls of cell suspension per tube. For each treatment, samples were stained with PI alone (5µl

of a 1mg/ml stock/tube; Sigma-Aldrich); annexin V alone (3µl/tube; Becton Dickinson,

Mansfield, MA); and PI and annexin V together. An unstained sample for each treatment

was prepared to provide background levels of staining. The staining reactions proceeded for

30 min at room temperature (RT). On completion, the volume for each tube was increased to

400 µls with annexin V binding buffer. Cell death was verified by flow cytometry using a

FACScan (Becton Dickinson) instrument with settings previously established to detect cells

staining for annexin V and propidium iodide.

For necrosis, HL-60 and Jurkat cells were subjected to repetitive freeze-thaw. Briefly,

3×106/ml cells were distributed into 15 ml tubes (no more than 3ml/tube). The cells then

underwent three cycles of freeze-thawing (2min in liquid nitrogen, directly followed by

4min in a 37°C water bath). Immediately after the freeze-thawing process, EDTA was added

to a final concentration of 25mM to inhibit any DNase activity.

Quantitation of MPs by flow cytometry

For quantification of MPs, the treated cultures were first pipetted five times to assure

suspension of MPs which may have become attached to cells or culture vessels. Following

this step, cells and larger debris were removed by centrifugation at 500xg for 5min at 20°C.

The resulting supernatant, containing the MPs, was then carefully removed and stored on

ice. The numbers of MPs/µl in the supernatant were measured by flow cytometry using a

FACScan instrument. Data were collected using FlowJo Collector’s Edition software (Tree
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Star, Inc., Ashland, OR) and analyzed using FlowJo analysis software (Tree Star). The

supernatants were diluted with phosphate buffered saline to produce samples where

detectable events/second were no more than 1000 MPs/second; dilutions ranged from 1:10–

1:100 depending on the cellular treatment.

Events (MPs) were measured using side scatter (SSC) detection settings, and, using pre-

determined parameters, defined by the use of sizing beads (sizes 0.1µm, 0.5µm and 1µm;

Polysciences, Inc., Warrington, PA) events above a given size threshold were collected.

Data were collected until 10000 events were counted or 30 seconds of counting had elapsed.

Background events for buffer alone were subtracted and the counts/µl of the samples were

calculated using the flow rate of the machine. Background events contributed between 7–9%

of total counts depending on the culture treatment.

Western blotting of HMGB1 in MPs

Briefly, Jurkat and HL-60 cells were counted and resuspended at 3×106/ml and treated to

induce apoptosis (etoposide or STS) or necrosis (freeze-thaw). To obtain an adequate

number of MPs to allow detection of HMGB1 by Western blotting, usually 40 mls of

supernatant were used. The resulting sample was centrifuged twice for 5min at 500×g at

20°C to remove cells and large sized debris. The supernatant was collected and filtered

through a 1.2µm syringe filter (Pall Corporation, Cornwall, UK). The MPs were then

isolated from the supernatant by ultracentrifugation (Beckman L7-65 Ultracentrifuge, SW

41 Ti swinging rotor) for 25min at 150000g at 10°C.

Following this procedure, the supernatant was carefully removed and the remaining MP

pellet was resuspended in 1X PBS at a volume of 2mls/pellet. This stock was then

transferred to a 2ml tube and the MPs were pelleted for a second time at 30 min at 16000g at

RT using a microcentrifuge (Denville, South Plainfield, NJ). On completion, the MP pellet

was suspended in the lowest volume of 1X PBS possible (25–30 µl) to try to maintain a

concentrated MP sample. This MP stock was then stored at −20°C until further analysis.

Quantitation of the amount of protein in the MP suspension was performed using the BCA

Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL). For Western blotting, samples

were loaded at an equal amount of protein per lane (10ug/lane) and were resolved using 4–

12% NuPAGE Tris-Bis SDS polyacrylamide gel (Life Technologies). Recombinant his-

tagged human HMGB1 (purchased from MyBioSource, San Diego, CA) was also included

on the gel at 10 ng/lane as a positive control for the antibody. Protein was transferred to

polyvinylidene difluoride membranes and blocked with 5% dry milk in PBS-Tween (0.1%),

and blotted with a 1:10000 dilution of rabbit anti-mouse HMGB1 antibody (polyclonal

preparation developed to residues 150 of the c-terminus; Abcam, Cambridge, MA). The

membrane was then incubated with an anti-rabbit HRP-conjugated antibody (Thermo Fisher

Scientific), followed by incubation with SuperSignal West Femto maximum sensitivity

substrate (Thermo Fisher Scientific). The resulting signal was captured using charge-

coupled device camera (FluorChem8900; Alpha Innotech, Santa Clara, CA).
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Determination of HMGB1 levels on MPs after cell death

To determine the amount of HMGB1 present on MPs in the supernatant, cells were treated

as described above to induce apoptosis (etoposide or STS) or necrosis (freeze-thaw method).

After treatment, the culture was pipetted to assure particle suspension and then centrifuged

as described above to remove cells. The resulting supernatant was divided into two portions,

with one portion remaining on ice while the other was centrifuged at 16,000×g at 20°C for

30min. The number of MPs/µl of supernatant were then quantitated by flow cytometry (as

described above) to verify MP removal. The samples were then stored at −20°C until further

analysis. The two samples were then thawed on ice and concentrated using 10 kDa NWCO

ultra centrifugal filters (Millepore, Billerica, MA) to the same final volume. The

concentrated samples were analyzed by Western blot for HMGB1 content; an equal volume

of sample was loaded per well.

Measurement of MP HMGB1 by flow cytometry

MPs were purified from treated cell supernatants as described above. After suspension of

MPs in PBS, the MP numbers were quantitated by flow cytometry as described above. For

experiments to digest DNA, MPs were treated with recombinant DNase I (rDNase; 10U

rDNase / 4×106 MPs; Life Technologies) for 60 min at 37°C. After this treatment, the MPs

were transferred to flow cytometry tubes at an MP density of 2×105/tube. To assess HMGB1

content, samples were stained with a Phycoerythrin (PE)-conjugated mouse anti-human

HMGB1 antibody (2ul/tube; monoclonal antibody directed to residues 2–215, R&D

systems, Minneapolis, MN) or a PE-conjugated mouse IgG2b (R&D Systems) for 60min at

20°C. To assess DNA, MPs were stained with a mouse monoclonal anti-dsDNA antibody

(clone 163p.132; 4ug/tube; a kind gift from Dr. Tony Marion) or a mouse IgG2b (isotype

control; 4ug/tube; Sigma-Aldrich). After this step, MPs treated with either anti-DNA or

isotype control were incubated with a F(ab')2 sheep anti-mouse IgG PE (Sigma-Aldrich) for

30min at 20°C in the dark. The samples were then analyzed by flow cytometry.

Statistics

All data are expressed as mean and standard deviation or standard error as described in the

figure legends. Statistical analysis was performed using Microsoft Excel 2010 (Redmond,

WA). For analysis between different groups, the Student t test was used, and a value of

p<0.05 was considered statistically significant.

Results

In this study, we used Jurkat and HL-60 cell lines as models to assess the expression of

HMGB1 on microparticles released from cells undergoing apoptosis or necrosis in vitro.

Jurkat cells were derived from a human T cell leukemia while HL-60 cells were derived

from a patient with acute myelogeneous leukemia. To induce apoptosis, we used etoposide

or staurosporine at concentrations previously shown to produce a high level of apoptosis as

determined by staining with annexin V and propidium iodide [24,25]. In a representative

experiment (Figure 1), Jurkat cells showed 78% annexin V positivity with etoposide

treatment and 79% with staurosporine at 5 hours. Similarly, HL-60 cells showed 56%
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annexin V positivity with etoposide and 79% with staurosporine. Thus, the majority of cells

were undergoing apoptosis under the conditions of these experiments.

As a model of necrosis, we selected freeze-thaw in view of previous studies indicating that

this method of necrosis induction leads to the most abundant release of both HMGB1 and

MPs [21].

Flow cytometry was used to study the number of MPs released by the different treatments

and their molecular content. To quantitate the numbers of MPs released from dying cells, the

cells were treated to induce cell death. Supernatants from the treated cells were collected and

centrifuged to remove of cells and large debris. The supernatants were diluted and the

number of MPs present were counted. Figure 2 shows data in the form of density dot plots.

Sizing beads were used to determine gates to select events falling within the size range of

microparticles (0.1µm–1µm). The gate is indicated by a box within each of the presented

plots.

Figure 3 presents results of an analysis of particle release by the cell lines as assessed by

flow cytometry. As the results indicate, the treatments led to increased production of MPs

compared to untreated control cultures although levels differed between cell lines and

inducing condition. The data shown in Table 1 indicate that Jurkat cells produced more MPs

per treatment when compared to HL-60 cells. Also, of the treatments used in these

experiments, MP production in HL-60 and Jurkat cells was greatest in response to

staurosporine (20932 MPs/µl ± 906) and freeze-thaw (72782 MPs/µl ± 7777), respectively.

To determine the expression of HMGB1 on MPs, particles from the supernatants were

prepared by differential centrifugation and then analyzed by immunoblotting. Figure 4

presents these results. As these data indicate, HMGB1 is present on particles from cells

treated with etoposide or staurosporine as well as control cells, although the amounts of

HMGB1 on MPs from apoptotic cells were greater than the amounts of HMGB1 on MPs

from control cultures. These findings are consistent with HMGB1 translocation to particles

during apoptosis. In interpreting these experiments, it is important to consider the nature of

the control particles. MPs from control cultures may in fact derive from dying cells since, in

untreated cultures, we consistently found cells undergoing apoptosis as indicated by cellular

staining with annexin V and propidium iodide. These findings could suggest that the extent

of HMGB1 translocation may be increased by agents such as etoposide or staurosporine. In

contrast to the findings with MPs from apoptotic cells, levels of HMGB1 on MPs from

cultures undergoing necrosis by freeze-thaw were less than the amounts of HMGB1 seen on

MPs from control cultures.

To assess the contribution of particles to the total amount of HMGB1 released from cells,

we analyzed the supernatants of the apoptotic and necrotic cells, with or without

centrifugation to remove particles. In the experiments performed, centrifugation removed

greater than 91–99 % of particles (data not shown). As the results in Figure 5 indicate, the

contribution of MPs to HMGB1 released during apoptosis appeared limited. Centrifugation

to remove MPs did not reduce the amount of HMGB1 in the supernatants of either HL-60 or

Jurkat cells treated with etoposide or staurosporine. The results with freeze-thaw treatment,
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however, differed for the two cell types. With Jurkat cells, removal of MPs did not change

significantly the amount of HMGB1 in the supernatant, which is in agreement with results

seen for cultures undergoing apoptosis. In contrast, supernatants from cultures of HL-60

cells subjected to freeze-thaw treatment, centrifugation significantly reduced the amount of

HMGB1 detected. These studies also indicate a change in the apparent molecular weight of

HMGB1 remaining in the supernatant; the detection of this band and its amount were

variable, however. These findings could suggest protein degradation during necrosis of these

cells as well as sample processing.

As another approach to assess the presence of HMGB1 on particles, MPs were stained with

a murine monoclonal anti-HMGB1-PE conjugated antibody and analyzed by flow

cytometry. These studies demonstrated low levels of staining although an increase in the

percentage of particles positively staining with HMGB1 was consistently observed in repeat

experiments (Figure 6). These findings support the presence of HMGB1 on particles and

indicate its disposition in a locale accessible to protein binding.

We then extended this system to assess the relationship between DNA and HMGB1 on the

particles and to determine whether HMGB1 binding reflects association with or attachment

to DNA (Figure 7). As shown previously, monoclonal anti-DNA antibodies can bind

particles in a form susceptible to digestion by DNase [24,25]. For this experiment, purified

MPs were incubated with or without DNase. We then compared the staining of these MPs

with a monoclonal anti-DNA antibody or monoclonal anti-HMGB1-PE conjugated

antibody; to detect the binding of the anti-DNA antibody, a PE-conjugated, anti-mouse IgG

secondary reagent was used. For these experiments, we only used MPs produced by HL-60

cells. As results presented in Figure 7 indicate, while DNase digestion reduced staining by

the anti-DNA antibody, it did not affect the staining by the anti-HMGB1 antibody. These

results suggest that the presence of HMGB1 on MPs does not depend on the presence of

DNA; alternatively, this HMGB1 may be attached to a form of DNA resistant to nuclease

digestion.

Discussion

In these studies, we demonstrated the presence of HMGB1 in microparticles released during

in vitro death of Jurkat and HL-60 cells, indicating that extracellular HMGB1 may exist in

both a particulate and non-particulate form. Thus, we showed using Western blotting that

particles from cells undergoing apoptosis with staurosporine or etoposide contained

HMGB1 in a form that is accessible to antibody binding and resistant to enzymatic removal

of DNA, a molecule that HMGB1 binds in the nucleus. We also showed that, while particles

contained HMGB1, most of the HMGB1 in the supernatants of apoptotic cells is present in a

non-sedimentable or soluble form; similar findings were observed with cultures of Jurkat

cells although the possible proteolysis with HL-60 cells limited interpretation of findings

with that cell type. Together, these findings are consistent with other studies suggesting

concomitant expression of HMGB1 and MPs during cell death (as well as activation) and

establish further that particles can be a source of bioactive molecules such as HMGB1 to

stimulate innate immunity.
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As shown previously by immunological and biochemical techniques, MPs contain a wide

variety of cellular components and, indeed, contain significant amounts of extracellular

DNA and histones [26–28]. While these molecules are usually confined to the nucleus, they

can undergo rearrangement and degradation during apoptosis as well as translocation into

vesicle structures that most likely correspond to blebs [29,30]. Blebbing is a prominent

feature of apoptosis, occurring at various stages in this process. The physiological role of

blebbing is not clear although it may regulate the surface to volume relationship of cells

during apoptotic shrinkage; blebbing may also facilitate clearance of the debris of dead and

dying cells by packaging it in a more compact form. Previous studies have shown that MPs

from the Jurkat and HL-60 cell lines contain DNA and histone [24,25]. The presence of

HMGB1 is not unexpected especially in view of evidence that, during apoptosis, HMGB1

may become more adherent to chromatin in contrast to its usual free mobility in the nucleus

of living cells. Studies by Schiller et al have provided evidence for this possibility [31].

We demonstrated the presence of HMGB1 in particles from apoptotic cells with both

immunoblotting and flow cytometry although, for technical reasons, we used different

antibodies for these experiments. In contrast, analysis of particle preparations from cells

undergoing freeze-thaw indicated a different pattern of HMGB1 expression depending upon

assay. Thus, Western blotting showed much lower levels of HMGB1 in particle preparations

from freeze-thaw HL-60 cells than apoptotic cells and, with Jurkat and HL-60 cells, lower

levels than particles from control cultures. With flow cytometry, however, particles from

necrotic HL-60 cells showed staining levels similar to those of apoptotic cells. For these

experiments, we used particles exposed to freeze-thaw as a model for necrosis since our

previous studies indicated that this treatment, among other approaches to induce necrosis,

produced the greatest amount of HMGB1 as well as number of particles in the supernatant

[21]. We have previously discussed the relevance of freeze-thaw as a model for necrosis

although, interestingly, freeze-thaw has been used to treat tumors, resulting in “cryo-shock”

depending on the details of the procedure [32].

The difference in the presence of HMGB1 in particles or its detection by different reagents

and analytic techniques could have a number of explanations. As shown in a variety of

studies, the form of HMGB1 emanating from apoptotic and necrotic cells differs in redox

state and other post-translational modifications that affect intra-nuclear mobility, interaction

with chromatin and immunological activity [1,5–9]. It is thus possible that the overall

content of HMGB1 as well as its composition in terms of modified forms in particles from

apoptotic and necrotic sources may vary. Furthermore, depending on the specificity of the

antibody used for detection as well as assay (i.e., immunoblotting vs. flow cytometry), the

ability to measure different forms of HMGB1 (including degradation products) may vary.

For apoptotic cells, however, it appears that particles represent only a limited amount of the

total HMGB1 released since centrifugation to remove particles did not significantly reduce

the amount of HMGB1 in the supernatants. This situation also pertains to cultures of Jurkat

cells treated with freeze-thaw; with HL-60 cultures, degradation of HMGB1 appears to be

occurring although its extent varied among experiments. This degradation may reflect the

action of enzymes released during killing since previous studies have shown that necrosis

can lead to cleavage of nuclear proteins, with differences depending on inducing
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mechanisms (i.e., treatment with chemical agents vs. detergent lysis) [33]. Our findings

would suggest that freeze-thaw may lead to more extensive proteolytic activity; we have

previously shown that freeze-thaw preparations have high amounts of nuclease activity [21].

In this regard, HMGB1 cleavage occurs with other enzymes including caspase 1 and

thrombin-thrombomodulin complexes. Such degradation may modify HMGB1’s

immunological activity during different death processes [34–36]. This issue is now under

study.

Studies using flow cytometry provide additional insight into the presence and disposition of

HMGB1 in the particles. In recent studies, we investigated the expression of microparticles

in the blood of healthy volunteers treated with LPS as part of studies to assess the effects of

glucocorticoids and inhaled nitric oxide on mediators produced in response to immune

activation [37]. Using plasma collected at various times from these volunteers, we measured

the production of MPs by flow cytometry. As results of these studies showed, following LPS

treatment, levels of MPs from a number of cell populations rose significantly in the blood,

with the presence of HMGB1 demonstrated by flow cytometry on MPs from platelets and

monocytes. Interestingly, levels of HMGB1 in the blood of these subjects did not show

elevations by an ELISA, suggesting that particle HMGB1 may be a more sensitive measure

of HMGB1 translocation than free levels in the blood. In these studies, the process leading

to particle release is not clear and may result from pyroptosis as well as activation or

apoptosis.

It is important to note that the application of flow cytometry to protein analysis of particles

can be problematic since particles are very small and have as much as 104 times less

material than the cell from which it derives [38,39]. Under these circumstances, measuring

levels of proteins is complicated, with binding by isotype controls also limiting assessment.

Despite these potential technical limitations, nevertheless, our findings strongly indicate that

HMGB1 is present in these structures and is accessible to antibody binding either because of

surface expression or its presence on the interior of particles with a porous membrane. Like

apoptotic cells, particles can stain with propidium iodide, indicating that the membrane is

permeable, likely from changes during apoptosis. In this situation, distinguishing surface

expression vs. an interior locale is not possible.

Using flow cytometry, we showed further that DNase digestion did not affect the binding of

the anti-HMGB1 antibody although it did reduce the binding of a monoclonal anti-DNA.

These findings suggest that the presence of HMGB1 in particles may not be dependent on an

interaction with DNA although alternative explanations are possible, however. Thus, in the

context of a particle, DNase may not efficiently degrade DNA because of the nature of the

microenvironment. Furthermore, HMGB1 (or other nuclear proteins) may protect from

DNase digestion the DNA that anchors the HMGB1 to the particle. In this regard, we cannot

exclude the possibility that HMGB1 on particles derives from a soluble form of HMGB1

that binds to the particle by interaction with another component. Such binding may also

explain the presence of HMGB1 on particles in subjects administered with LPS [37].

While only a limited amount of HMGB1 released from cells may be in a particle form, it can

nevertheless be biologically important, depending on its redox state. Thus, in the context of
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a particle, HMGB1 may be in close proximity with other bioactive molecules such as

cytokines like IL-1β [40–41]. Previous studies have shown that particles (depending on their

origin) contain IL-1 and that HMGB1 can interact with IL-1β, with simultaneous signaling

enhancing activity afforded by display on particle structure and potential for interaction with

multiple receptors. Since particles likely contain other DAMPs, these structures may

represent a particular effective element in signaling in innate immunity as a reservoir of

cytokines, DAMPs and potential PAMPs. Future studies will define more precisely the role

of MPs in immune cell activation and the respective roles of soluble and particulate

HMGB1.
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Figure 1. Induction of apoptosis in HL-60 and Jurkat cells
Cells were induced to undergo apoptosis by incubation with etoposide (ETOP; 30µg/ml) or

STS (1µM). Untreated cells were included to show background levels of apoptosis induction

in healthy cells. The treated cells were isolated, stained with annexin V and PI and examined

by flow cytometry. The data collected are presented in the form of quadrant plots. The

percentages of cells staining positive within a given quadrant are shown.
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Figure 2. Microparticle detection by flow cytometry
Samples were analyzed by flow cytometry to assess microparticle production by cells. The

data are represented as dot plots and show microparticle detection in PBS alone, untreated

HL-60 cells and STS treated HL-60 cells. The box indicates the location of the gate used to

select detected events that represent molecules of sizes appropriate to MPs. The gate was

determined by the use of sizing beads.
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Figure 3. Microparticle release by Jurkat and HL-60 cell lines
HL-60 (A) and Jurkat (B) cell lines were treated to induce necrosis (freeze-thaw) or

apoptosis (etoposide (30ug/ml) or STS (1uM)). Data for untreated cells are also shown.

Microparticle release by the cells in post-treatment supernatant was quantitated by flow

cytometry analysis using SSC detection settings determined by sizing beads. The data shown

are representative of three separate experiments. All treatments were performed in triplicate;

standard deviations are shown. Microparticle release at a level that is statistically significant

above untreated cells is denoted with an asterisk (*).
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Figure 4. Expression of HMGB1 on microparticles from HL-60 and Jurkat cells
Microparticles from post-treatment supernatants [untreated (UN), etoposide (E), STS and

freeze-thaw (FT)] of HL-60 (A) and Jurkat cells (B) were isolated by centrifugation and

were then analyzed for HMGB1 content by western blot. A recombinant his-tagged human

HMGB1 sample (rH) was analyzed as a positive control for the antibody and to indicate the

expected location of human HMGB1 on the gel. Equal concentrations of sample protein

were loaded in each lane. The data shown are representative of three separate experiments.
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Figure 5. Assessment of the amount of HMGB1 in supernatants on microparticles
Supernatants from untreated (UN) or treated [etoposide (E), STS or freeze-thaw (FT)]

HL-60 (A) and Jurkat cells (B) were collected. The supernatants were divided into two equal

aliquots. One aliquot was centrifuged to remove microparticles, thus generating a

microparticle-free supernatant. The supernatants, with microparticles (+) and without

microparticles (−), were concentrated using centrifugal filters. The samples were then

analyzed by Western blot analysis for the presence of HMGB1. A protein with a molecular

weight lower than that of the main protein band detected by anti-HMGB1 antibody was

present in the blot of HL-60 supernatants (A). The presence of this band appears to be

unique to HL-60 cells under these experimental conditions. The data shown are

representative of three separate experiments.
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Figure 6. Detection of microparticle HMGB1 by flow cytometry
To assess microparticle HMGB1 by flow cytometry, the microparticles from untreated (UN)

and treated [freeze-thaw (FT), etoposide (E) and STS] HL-60 (A) and Jurkats (B) cells were

stained with anti-HMGB1-PE conjugated antibody (black bars) and analyzed by flow

cytometry. Microparticles were also stained with an isotype control, also conjugated with

PE, to determine background staining (white bars). The data shown are representative of

three separate experiments.
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Figure 7. The effect of rDNase on HMGB1 binding to microparticles
Microparticles from untreated (A) and treated (freeze-thaw (B), etoposide (C) and STS (D))

HL-60 cells were incubated with and without rDNase I. The microparticles were then

stained with anti-DNA and anti-HMGB1-PE conjugated antibodies, followed with analysis

by flow cytometry. Microparticles that were unstained or labeled with isotype controls

(IgG2b and IgG2b-PE conjugated) were also examined to show background staining levels.

The experiment was repeated three times and data from all 3 experiments were used to
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calculate the standard error bars shown. Treatments that resulted in statistically significant

antibody binding above that of its corresponding isotype control are denoted by an asterisk.
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Table 1

Microparticle production by untreated cells and cells induced to undergo apoptosis or necrosis.

Mean MPs/ul ± SE (range of values)

HL-60

  Untreated 7297 ± 125.3 (5770–9431)

  Etoposide 14946 ± 357.4 (12470–21200)

  Staurosporine 29032 ± 906.6 (20653–40086)

  Freeze-Thaw 17727 ± 777.7 (10572–22828)

Jurkat

  Untreated 10894 ± 311.1 (7806–14970)

  Etoposide 41458 ± 1701.3 (26226–73656)

  Staurosporine 62617 ± 1909.1 (41160–87810)

  Freeze-Thaw 72782 ± 3786.1 (43727–105800)

For treatments shown, n=7–9. SE, standard error.
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