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Extracellular vesicles (EVs) are an important class of membrane-bound structures that have been widely
investigated for their roles in intercellular communication in the contexts of tumor progression, vascular
function, immunity and regenerative medicine. Much of the current knowledge on the functions of
EVs pertains to those derived from viable cells (e.g. exosomes and microvesicles) or apoptotic cells
(e.g. apoptotic bodies) whilst the generation of EVs from dying cells under non-apoptotic conditions
remains poorly characterized. Herein, the release of EVs from THP-1 monocytes under conditions of
primary necrosis, secondary necrosis and pyroptosis, was investigated. A comprehensive analysis of
THP-1-derived EVs revealed that cells undergoing lytic forms of cell death generated a high number
of EVs compared with viable or apoptotic cells in vitro. Differential centrifugation via 16,000 g and
100,000 g revealed that dying THP-1 cells release both medium and small EVs, respectively, consistent
with the known characteristics of microvesicles and/or exosomes. In addition, large EVs isolated via
2000 g centrifugation were also present in all samples. These findings suggest that lytic cell death under
both sterile and non-sterile inflammatory conditions induces monocytes to generate EVs, which could
potentially act as mediators of cell-to-cell communication.

Cells that undergo physical trauma, infection or exposure to toxins can succumb to cell death via the downstream
event of plasma membrane lysis, during which time intracellular contents can leak from the cells and osmotic
homeostasis is lost. Such an occurrence is often accompanied by inflammation as damage associated molecular
patterns (DAMPs) and/or pathogen-associated molecular patterns (PAMPs) are released, warning surrounding
cells of tissue damage and triggering immune cell infiltration'~*. Depending on the mode of cell death, release of
inflammatory and other cellular components may occur as an unregulated process resulting from plasma mem-
brane damage, as in primary necrosis, or it may occur via the regulated formation of membrane pores, such as in
the programmed cell death pathway of pyroptosis®. In additional to soluble intracellular contents, whether cells

. undergoing lytic forms of cell death can also release membrane-bound vesicles (also referred to as extracellular

. vesicles, or EVs) is not well understood.

: EVs are typically classed into three main categories based on biogenesis and size, which include exosomes,
generated via the endocytic pathway (30-150 nm), shed microvesicles, generated via budding from the plasma
membrane (0.1-1pm) and apoptotic bodies (1-5pm), released from cells during the programmed cell death
pathway of apoptosis®~. Due to noteable overlap in size of EVs across these subcategories, considerable effort
has been made within the EV field to establish standardized guidelines to accurately separate EVs into distinct
subtypes, such as through detailed protein characterization of EV isolates®. Where appropriate, the use of alter-
native nomenclature to distinguish EV's based on physical characteristics such as size, density or other measures
is increasingly adopted>®®. Although much attention has been paid to the characterization and functional signifi-
cance of EVs derived from viable cells or apoptotic cells, less has been elucidated regarding the release of EVs from
dying cells of non-apoptotic origin in which plasma membrane integrity is lost. Within this study we performed
an in-depth characterization of EVs released by THP-1 monocytes following membrane lytic cell death via mod-
els of primary necrosis, secondary necrosis and pyroptosis*'®!! which, despite their differing upstream mediators,
converge at the downstream endpoint of membrane rupture and the release of intracellular contents>'%.
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Primary necrosis is the result of cell death following exposure to extreme conditions or stimuli, resulting in
non-specific permeability and/or rupture of the plasma membrane'®. Primary necrosis of cells or tissue can occur
in various settings including physical trauma, toxins or extreme temperatures'®. In contrast, secondary necrosis
is defined by the permeabilization of the plasma membrane following apoptosis, in which leakage of DAMPs
such as nuclear protein HMGBI can occur, thereby activating inflammatory responses'%. Secondary necrosis
occurs in the absence of sufficient apoptotic cell clearance and has been described in disease settings such as
systemic lupus erythematosus'® and in solid tumors'®. It should be noted that, although DFNAS5 (also known as
Gasdermin E) has been previously reported as a novel regulator of membrane lysis during secondary necrosis'’,
more recent findings suggest that, at least in THP-1 monocytes, Jurkat T cells and primary macrophages, this
is not the case'®'. In addition to primary and secondary necrosis, cell death resulting in membrane permea-
bilization may also occur following inflammasome activation, such as via activation of the Nod-like receptor
Protein 3 (NLRP3) inflammasome pathway, leading to pyroptosis®. Although several pathways to pyroptosis are
known?!-%, activation of the well-characterized NLRP3 pathway occurs in macrophages and monocytes following
a variety of pathogenic and environmental stimuli and involves the upregulation of NLRP3 and pro-inflammatory
cytokines IL-103 and IL-18 in their immature forms via TLR4 activation (e.g. by LPS), followed by inflammasome
assembly mediated by microbial or environmental stimuli (e.g. the bacterial toxin, nigericin). During this process,
cleavage of pro-caspase 1 into its active form enables subsequent cleavage of IL-13 and IL-18 into their mature
forms. Simulatenously, Gasdermin D is cleaved by caspase 1 to enable N-terminal translocation to the plasma
membrane, mediating membrane lytic cell death and the release of pro-inflammatory cytokines®.

To investigate the release of EVs by cells undergoing lytic forms of cell death in the current study, THP-1
monocytes were employed as a model cell line. Monocytes are a major class of myeloid immune cells that play
a pivotal role in host immunity?*. Upon activation, monocytes undergo differentiation either into macrophages,
enabling the phagocytic removal of damaged, dead and cancerous cells®, or dendritic cells, which could
mediate activation of adaptive immune responses via antigen presentation and subsequent T cell responses?.
Concomitant to their role in immune surveillance, monocytes in circulation are exposed to a wide range of
potential threats including infection by foreign pathogens?, accumulation at sites of necrotic tissue injury®® and
autoimmunity-driven cytotoxicity?. Such conditions have the potential to induce necrotic phenotypes in mono-
cytes, thereby activating immune responses via the release of DAMPs and/or PAMPs. Notably, the release of EVs
by THP-1 monocytic cells under the necrotic conditions tested within this study have not been widely reported.

As described herein, compared with EV's released from apoptotic cells, lytic forms of cell death including
primary necrosis, secondary necrosis and pyroptosis resulted in the generation of a markedly higher number of
THP-1-derived EVs, consistent with the characteristics of microvesicles and/or exosomes. These findings high-
light the need for further functional studies in which a potential role for these EV's in cell-to-cell communication,
dead cell clearance or otherwise, may be elucidated.

Methods

Cell lines and cell culture. THP-1 monocytes were purchased from ATCC and cultured in RPMI-1640
supplemented with 5% fetal bovine serum (FBS) containing penicillin (50 U/ml and streptomycin (50 U/ml) (Life
Technologies, Carlsbad, CA) and 0.2% (vol/vol) MycoZap (Lonza, Basel, Switzerland). All experiments involving
EV isolation were performed in FBS-free RPMI-1640 supplemented with 1x insulin-transferrin-selenium (ITS)
basal media supplement (Thermo Fisher, Waltham, MA).

Cell death induction. Unless stated otherwise, THP-1 cells were seeded at a concentration of 1 x 10%/ml
in ITS-RPMI media and were subjected to the four cell death stimuli as follows: To induce primary necrosis,
cells were incubated at 37 °C for 3.25h followed by incubation at 56 °C for 45 min (total incubation time 4 h);
To induce secondary necrosis, cells were UV irradiated (150 mJ/cm?) using Stratagene UV Stratalinker 1800
(Agilent Technologies, CA) followed by incubation at 37 °C for 24 h; To induce pyroptosis, cells were primed
with 1 pg/ml LPS (InVivogen, San Diego, CA) and incubated at 37 °C for 3 h. Cells were then treated with 10 uM
nigericin (Sigma-Aldrich, St Louis, MO) for an additional 1h (total incubation time 4 h); To induce apoptosis,
cells were UV irradiated (150 mJ/cm?) using Stratagene UV Stratalinker 1800 followed by incubation at 37 °C for
4h. Untreated control samples were incubated for either 4h or 24h at 37°C. In all experiments involving UV irra-
diation, plastic covers of culture vessels were removed prior to irradiation to expose cells. In certain experiments,
cells were pre-treated for 1 h with 50 pM Q-VD-OPh (Q-VD) or Ac-YVAD-cmk (YVAD) (Sigma-Aldrich).

Flow cytometry assays. Samples were stained with annexin A5-FITC and TO-PRO-3 in annexin A5
binding buffer (Thermo Fisher) for 10 min at room temperature and incubated on ice prior to analysis. Flow
cytometry-based cell death assays were performed on a BD FACSCanto II Flow Cytometer and BD FACSDiva
software v6.1.1 (BD Biosciences, St Jose, CA) and subsequently analysed using Flow]Jo v10.5.3 software (Tree
Star, Ashland, OR). Separation of samples into necrotic, viable and apoptotic groups was performed using the
‘two-stain’ gating strategy as previously described™.

EVisolation. THP-1 cells in suspension were harvested and counted using a haemocytometer followed by
centrifugation at 300 g for 5min and resuspension at 1 x 10° cells/ml in ITS-RPMI. Following treatment with cell
death stimuli, differential centrifugation was performed utilizing a modified version of a previously published
protocol by Kowal and colleagues®. Briefly, cells were centrifuged at 300 g for 10 min to remove whole cells. In
some experiments, cell-free supernatants were collected for analysis following centrifugation at 2000 g (2k) for
20 min to remove large EVs. In some experiments, sequential centrifugation was performed in which 2k pellets
were collected for analysis, followed by supernatants being centrifuged at 16,000 g (16k) for 40 min and col-
lected for analysis, followed by remaining supernatant then centrifuged in a at 100,000 ¢ (100k) for 60 min. EV's
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obtained from 2k, 16k and 100k pellets were resuspended in 1 x PBS. 300 ¢, 2000 g and 16,000 g centrifugation
was performed on an Eppendorf Centrifuge 5415 R (Eppendorf, Hamburg, Germany). 100,000 g centrifugation
was performed on an Optima™ Max-MP Ultracentrifuge (Beckman Coulter, Brea, CA).

Nanosight tracking analysis (NTA). Isolated EVs were prepared for NTA particle analysis on NS300!
(Malvern Panalytical, Malvern, UK) either by analysing supernatants, or by diluting pellets obtained via differen-
tial centrifugation in 1 x PBS until optimal particle concentration was obtained (determined as between 10-100
particles per frame, detection threshold level 3). Three x 60 sec measurements were captured per sample.

Cryo electron microscopy. THP-1 (5 x 10°) monocytes per condition were suspended in RPMI-ITS
growth media and subjected to cell death stimuli as described above. EVs isolated from 16k and 100k pellets via
centrifugation as described above were then plunge frozen in liquid ethane and observed using a FEI Tecnai F30
at 200kV with a defocus of ~ —5 micrometers. Micrographs were taken using a FEI CETA 4k x 4k camera with
a dose of ~1,500 electrons/nm>

Protein quantification and immunoblot analysis. EVs isolated from THP-1 cells (as described
above) along with whole cell pellets were lysed with Cytobuster (Merck, Kenilworth, NJ). Protein concentration
was determined by Sypro® Ruby stain (Sigma Aldrich) as per manufacturer’s instructions, in the presence of
Benchmark Unstained Protein Ladder (Life Technologies). Densitometry analysis was then performed using
Image] software. Equal amounts of protein were separated via SDS-PAGE in the presence of SeeBlue Plus2
Pre-stained Protein Standard (Thermo Fisher) followed by western transfer onto PVDF membrane. Membrane
was blocked with 5% skim milk powder in 1 x PBS followed by overnight incubation with the primary antibodies
to Alix [3A9] (Cell Signaling Technology, Danvers, MA)*?, ARF6 [ab77581] (Abcam, Cambridge, UK)*, CD81
[M38] (Life technologies)* and Calreticulin [ab22683] (Abcam)?® in 1% BSA in PBST at 4 °C, followed by three
10 min wash steps in PBST. Membranes were then incubated with HRP-conjugated sheep anti-mouse antibodies
(1:5000, Millenium Science), Li-Cor goat-anti rabbit or goat anti-mouse IRDye 800CW (1:10000, Millennium
Science) in 1% BSA in PBST for 1 h at RT, followed by washing as described for primary antibodies. HRP signal
was developed using ECL (GE Lifesciences, Boston, MA) and imaged using the Syngene G:Box gel documenta-
tion and analysis system (Syngene, Bangalore, India). IRDye signal was imaged using the LiICOR Odyssey infra-
red scanner (Millenium Science).

LDH cell lysis assay. The release of lactate dehydrogenase (LDH) from permeabilized cells was meas-
ured using the LDH Cytotoxicity Assay Kit IT (Abcam), according to the manufacturer’s instructions. Briefly,
5 x 10%-1 x 10° cells were seeded into clear 96-well tissue culture plates and induced to undergo cell death via
the four stimuli as described above. Culture supernatants were incubated with LDH reaction mix for 0.5-1h and
absorbance at 450 nm was measured using SpectraMax M5e Plate Reader (Molecular Devices, Sunnyvale, CA)
and analyzed using the SoftMaxPro 5.2 software (Molecular Devices). Cell lysis was then calculated as a percent-
age of total lysis as determined by 30 min incubation with LDH cell lysis buffer.

Confocal laser scanning microscopy (CLSM). THP-1 cells or isolated EVs were adhered to 4- or 8-well
live cell imaging Nunc™ Lab-Tek™ II chamber slides (Nunc, Rochester, NY) with 1% Poly-L-Lysine and imaged
on a Zeiss LSM 780 or Zeiss LSM 800 confocal microscope (Zeiss, Oberkochen, Germany) using a 63x oil immer-
sion objective. Microscope chamber was heated to 37 °C with 5% CO,. In certain experiments, imaging was per-
formed in the presence of 1 ug/ml propidium iodide (PI). Images were then analysed using Zen software (Zeiss).

Dynamic light scattering (DLS). DLS experiments were performed in indicator-free RPMI containing
1 X ITS supplement. Following cell death induction, 2k pellets were resuspended in 1 x PBS and analysed using
a Zetasizer Nano ZS instrument (Malvern Panalytical)*. Experiments were performed in triplicate, using the
non-negative least squares method after the polydispersity index of the cumulant fit was confirmed to be less than
0.7. All experiments were performed at 25°C.

Results

THP-1 monocytes undergoing membrane-lytic cell death release EVs.  Firstly, to confirm the fate
of THP-1 monocytic cells exposed to different cell death stimuli and the role of caspases in cell death induction,
the following four cell death models were established: (i) hyperthermic stress (primary necrosis model); (i) UV
irradiation, 24 h incubation (secondary necrosis model); (iii) LPS/nigericin treatment (pyroptosis model), and
(iv) UV irradiation, 4 h incubation (apoptosis model). The proportion of viable, apoptotic, and membrane per-
meabilized (necrotic) THP-1 cells was determined via flow cytometry, using an annexin A5 (binds phosphatidyl-
serine on dying cells) and TO-PRO-3 (DNA binding dye stains viable, apoptotic and necrotic cells differentially)
based on an approach previously described by Jiang and colleagues®. Detailed gating strategy and FACS dot plots
are included as Supplementary Figures S1-S2. Hyperthermically stressed cells underwent substantial membrane
permeabilization (96%), which was unaffected by pan-caspase inhibitor Q-VD treatment. Notably, hyperther-
mic stress-treated cells underwent minimal apoptosis (Fig. 1A). UV-treated cells incubated for 24 h also under-
went membrane permeabilization (37%), whilst 60% still appeared apoptotic (Fig. 1B). Q-VD treatment reduced
the amount of apoptotic cells by 47%, suggesting effective caspase 3/7 inhibition of cells undergoing apoptosis.
Interestingly, in addition to an expected corresponding increase in viable cells in the Q-VD-treated samples, a
significant increase in membrane-permeabilized cells compared with DMSO-treated cells, was also observed
(Fig. 1B). This observation could indicate that the effect of caspase inhibition on UV 24h treated THP-1 cells may
trigger an alternative lytic cell death pathway. 48% of LPS/nigericin-treated cells underwent membrane permea-
bilization, which was reduced to less than 20% by the caspase-1 specific inhibitor, YVAD treatment (Fig. 1C). This
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Figure 1. THP-1 monocytes undergo membrane lysis under conditions of primary necrotic, secondary
necrotic and pyroptotic cell death. THP-1 cells subjected to (A) hyperthermic stress, (B) 24h UV irradiation,
(C) LPS/nigericin treatment or (D) 4h UV irradiation, pre-treated with caspase inhibitors Q-VD (A,B,D)

or YVAD (C) or DMSO (vehicle control), analysed by flow cytometry to determine relative numbers of
membrane permeabilized (necrotic), apoptotic and viable populations. (E) Membrane lysis of THP-1 cells

as demonstrated via the LDH cytotoxicity assay in the presence or absence of Q-VD for each of the four cell
death treatments as described in (A-D). (F) Representative confocal laser scanning microscopy (CLSM)
micrographs of THP-1 cells imaged in the presence of PI under the four treatment conditions as described

in (A-D). Left panel = differential interference contrast (DIC); middle panel = PI; right panel = merged.
Enlarged panel (DIC, UV 4h) highlights string-like membrane protrusions generated by apoptotic THP-1
cells. (G) Schematic illustrating the four cell death models. Data are representative of at least two independent
experiments. In (A-E), unpaired, two-tailed student t-tests were performed, NS = not significant, *P < 0.05,
**P <0.01, ¥*¥*P < 0.001. Error bars=S.E.M. (N = 3). Scale bars in (F) represent 20 jum; scale bar in enlarged

panel =10 pm.
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decrease in membrane permeabilized cells corresponded with a 27% increase in viable cells, suggesting pyroptosis
was successfully induced. Although an increase in the population of apoptotic cells in the DMSO versus YVAD-
treated samples was statistically significant, the total levels of apoptosis in these two groups were both under 4%.
It should be noted that comparable inhibition of cell death in THP-1 cells subjected to LPS/nigericin treatment
was also observed in the presence of the pan-caspase inhibitor, Q-VD (data not shown). Conversely to these three
models, cells incubated for 4 h following UV irradiation (apoptosis model) demonstrated minimal membrane
permeabilization but a high proportion of apoptotic cells (64%), reduced to 7% by Q-VD pre-treatment. Q-VD-
mediated inhibition of apoptosis also corresponded with a 70% increase in viable cells (Fig. 1D).

To further demonstrate the degree of membrane permeabilization following cell death induction via the four
described models, the LDH release assay, in which cell lysis is determined by the release of the membrane imper-
meable 140 kDa cytosolic protein, LDH into the extracellular medium, was employed. While hyperthermic stress
and LPS/nigericin treatments induced comparable levels of membrane permeabilization to those observed via
flow cytometry, a decrease in cell lysis was seen in UV-treated cells incubated for 24 h (Fig. 1E). As observed in
Fig. 1B, the presence of pan-caspase inhibitor Q-VD also promoted cell lysis in UV-treated cells incubated for
24 h. Consistent with the observed YVAD-mediated inhibition of pyroptotic cell death in Fig. 1C, inhibition of
cell lysis in LPS/nigericin-treated samples was also seen in Q-VD-treated samples (Fig. 1E). The morphology
of THP-1 cells subjected to cell death induction via the four models as described above was also monitored via
CLSM (Fig. 1F). Hyperthermic stress-, UV 24 h- and LPS/nigericin-treated cells demonstrated typical ‘necrotic’
phenotypes including swelling, large stationary membrane blebs and uptake of the membrane impermeable DNA
binding dye propidium iodide (PI)*". In comparison, THP-1 cells following UV 4h treatment displayed charac-
teristics typical of monocytes undergoing apoptosis, including the formation of apoptotic bodies and string-like
membrane protrusions known as beaded apoptopodia®® in the absence of large plasma membrane blebs and with
minimal PI uptake (Fig. 1F). Together, these data validate the four different models of cell death induction, with
three of these models able to induce lytic cell death in THP-1 monocytes (shown as schematic in Fig. 1G).

Next, to determine whether THP-1 cells release EVs during membrane-lytic forms of cell death, cells were
subjected to the four cell death stimuli, followed by analysis of cell-free supernatants via NTA, which enables
quantitative measurement of particle size and concentration in solution®. An increase in particle concentration
was observed following all four cell death treatments above the levels of untreated controls, as demonstrated via
size distribution of particles (Fig. 2A,D,G,]) and quantification of vesicle concentration (Fig. 2B,E,H,K). LPS/
nigericin treatment induced the greatest increase in particle concentration, whilst the UV 4h treated sample
displayed a comparatively modest increase (Fig. 2H,K). It should be noted that, although LPS treatment alone
induced a modest particle concentration increase, the addition of nigericin increased this by approximately
9-fold, indicating that induction of pyroptosis specifically, was predominantly responsible for EV generation
under this condition (Fig. 2H). Mean particle sizes from cell-free supernatants ranged between 200-300 nm
across samples. A decrease in mode size of particles was also observed across all conditions measured, compared
with mean values (Fig. 2C,EL,L). These data suggest that, whilst the total range of EV sizes included those that
were much larger e.g. greater than 500 nm, the majority of EVs were much smaller, i.e. below 250 nm. Based on
these observations, it can be inferred that THP-1 monocytic cells subjected to membrane-lytic cell death release
high quantities of particles that are consistent with the known sizes of EVs including microvesicles (0.1-1pm)
and/or exosomes (30-150 nm).

EV release by heat-stressed, UV-irradiated and LPS/nigericin treated cells occurs at the onset
of membrane lysis, in a time-dependent manner. To gain insights into the kinetics of EV release
by THP-1 cells relative to membrane permeabilization, cell-free supernatants from THP-1 cells were collected
for analysis via NTA at intermittent timepoints spanning total treatment times, following cell death induc-
tion (Fig. 3A,C,E). LDH release assays were used to assess membrane permeabilization. (Fig. 3B,D,F). In both
hyperthermic-stressed and LPS/nigericin-treated samples, an increase in EV concentration above basal levels
from 15 min could be seen (Fig. 3A,C), corresponding to an increase in cell lysis at this time point, with increasing
cell lysis and EV concentrations observed across subsequent timepoints of 25, 35 and 45 min for hyperthermic
stress treatment (Fig. 3B) and 30, 45 and 60 min for LPS/nigericin treatment (Fig. 3D). Extended timepoints of
90 min and 180 min were performed for LPS/Nigericin samples, demonstrating a continuous increase in EV con-
centration corresponding with increased LDH release to maximum levels (Fig. S9). For UV-treated cells, although
by 4h a modest increase in EV concentration was observed in UV-treated samples (Fig. 3E), a marked increase
in cell lysis was not seen over this time (Fig. 3F). However, EV concentration increased by the 16 h and 24 h time-
points along with an increase in cell lysis at these later timepoints (Fig. 3E,F). Together, these data demonstrate
that during membrane-lytic cell death of THP-1 cells, EV release occurs at the onset (or preceding the onset) of
membrane lysis.

Differential centrifugation and immunoblot analysis reveal a heterogeneous population of
THP-1-derived EVs across 2k, 16 k and 100k pellets. The removal of large EV's from cell-free super-
natants is commonly employed by performing slow and medium-speed centrifugation, prior to high-speed cen-
trifugation to isolate small EVs including exosomes and small microvesicles***’. However, since dying cells under
apoptotic conditions are known to release large EV's (e.g. apoptotic bodies) of functional significance’, and given
that the release of EV's by cells undergoing lytic (non-apoptotic) cell death has been poorly characterized to date,
we sought to determine whether larger EV's (i.e. those isolated by slower centrifugation at 2k and 16k g) are also
released by cells undergoing primary necrosis, secondary necrosis and pyroptosis. Therefore, we next performed
EV isolation via subsequent differential centrifugation steps at 2k, 16k and 100k g, following removal of the
whole cell pellet at 300g.
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Figure 2. THP-1 monocytes release EV's following treatment with primary necrotic, secondary necrotic,
pyroptotic and apoptotic stimuli. NTA analysis of cell-free supernatants isolated following 300 g and subsequent
2000 g centrifugation, collected from THP-1 cells following hyperthermic stress (A-C), 24h UV irradiation
(D-F), LPS + nigericin treatment (or LPS alone) (G-I) or 4h UV irradiation (J-L), compared with supernatants
from untreated control THP-1 cells. Histograms in (A,D,G,J) represent particle concentration vs size
distribution. Bar graphs in (B,E,H,K) illustrate mean particles concentrations for each of the conditions. Mean
and mode EV size for each of the conditions are presented as bar graphs in (C,F,LL). Data are representative of
three independent experiments. Unpaired, two-tailed student t-tests were performed, *P < 0.05, ***P < 0.001.
Error bars=S.E.M. (N=3).

Initial attempts to analyse EVs isolated in the 2k pellets via NTA generated noise detection warnings (data
not shown). This occurrence was likely due to the presence of particles within these fractions being beyond the
2,000 nm upper detection limit of the instrument as defined by the manufacturers. We therefore performed size
distribution analyses on 2k pellets by DLS as described below. Size distribution of 16k pellets (Fig. 4A,C,E,G)
and 100k pellets (Fig. 4B,D,EH), and quantification of EV concentrations (Fig. 4I-L) were measured via NTA,
revealing significant increases in EV concentrations compared to untreated controls for each of the hyperthermic
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Figure 3. EV release by THP-1 cells undergoing primary necrosis, secondary necrosis and pyroptosis occurs
simultaneously to membrane permeabilization. NTA analysis of supernatants of THP-1 cells subjected to (A)
hyperthermic stress, (C) LPS/nigericin or (E) UV irradiation, collected at intermittent time points spanning
total treatment times. Supernatants were isolated for NTA analysis following 300 g and subsequent 2000 g
centrifugation. Values displayed represent particle concentration above levels of untreated samples. Total
membrane lysis as determined by LDH cytotoxicity assay was performed at corresponding time points for
the same treatment conditions (B,D,F). Data are representative of three independent experiments. Error
bars=S.E.M. (N=3).

stress-, UV 24 h- and LPS/nigericin-treated samples, across both 16k and 100k pellets samples (Fig. 4I-L).
Notably, mean concentrations of EVs released by hyperthermically stressed and UV 4 h-treated cells were mark-
edly lower in the 100k pellet than in the 16k pellet (Fig. 4I,L). Mean EV sizes of 100k pellets (147 nm-247 nm)
were consistent with typical size ranges of microvesicles (0.1-1pm) and/or exosomes (30-150 nm), whilst mean
EV sizes of 16k pellets (189 nm-364 nm) were consistent with those of microvesicles.

2k pellet analysis by DLS revealed the presence of EVs in each of the four cell death models (Fig. 5A,
Supplementary Table 1). High polydispersity index (PdI) scores (>0.5) indicated a broad size distribution across
samples, confirmed by the presence of multiple peaks ranging from submicron-sized (i.e. within the size ranges
of microvesicles and/or exosomes), to larger (>4um) EVs (i.e. within the size range of apoptotic bodies or other
large EVs, ~1-5pum) (Supplementary Table 1). Consistent with these findings, CLSM analysis of isolated EV's
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Figure 4. EVsreleased by THP-1 cells following cell death induction were detected via NTA in both 16k
and 100k pellets. NTA analysis of 16 k (left) and 100k (center) pellets of THP-1-derived EV's subjected to
hyperthermic stress (A,B), UV 24h (C,D), LPS/nigericin treatment (E,F) or UV 4h (G,H). (I-L) Bar graphs

illustrate mean particles/ml comparisons between 16k and 100k pellets from (A-H). Data are representative of
three independent experiments. Unpaired, two-tailed student t-tests were performed, *P < 0.05, ***P < 0.001,
NS =not significant. Error bars=S.E.M. (N=3).

from 2k pellets also confirmed the presence of large, non-aggregated EVs within each sample (Fig. 5B). Although
particle concentration could not be ascertained for 2k pellets, we determined total protein yield of each of the 2k,
16k and 100k pellets via SDS-PAGE (Fig. S3A,B) and performed subsequent densitometry analysis (Fig. S4A,B).
We acknowledge that total protein yield is a limited quantification measure, since EVs derived under the different
cell death conditions could contain highly variable cargoes and hence protein yields may not truly reflect differ-
ences in total EV numbers. Of particular interest, however, was the difference in protein yield between the UV
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Figure 5. EVs released by THP-1 cells under conditions of membrane-lytic cell death are heterogeneous in
size. (A) Representative size distribution by intensity histograms of EVs isolated from cell-free supernatants
via 2k centrifugation, as determined DLS, where x axis represents particle size distribution in nm (d.nm) and
y axis represents intensity distribution of light scattering by particles in solution (Intensity %) (B) CLSM DIC
images depict EVs isolated from 2k pellets, indicated by white arrows. Scale bars =10 um. (C) NTA analysis of
mean particle size of THP-1-derived EVs from 16k and 100k pellets. (D) CryoEM images depict EVs isolated
following 16k and 100k centrifugation, indicated by white arrows. Scalebars =200 nm. In (C), unpaired,
two-tailed student t-tests were performed, ***P < 0.001. Error bars=S.E.M. (N =3). Data in (A-C) are
representative of three independent experiments.
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Figure 6. Protein profiles of EV's released by THP-1 cells under conditions of membrane-lytic cell death are
characteristic of microvesicles and/or exosomes. (E) Equal amounts of protein from whole cell lysate (WCL)
and 2k, 16k and 100k pellets following hyperthermic stress, 24 h UV irradiation, LPS + nigericin or 4h UV
irradiation treatments or from untreated controls (4 h or 24 h), were analysed via western blotting. Individual
membranes are derived from the same experiment and blots were processed in parallel. Cropped images are
displayed, full-length blots are displayed in Supplementary Figs S5-S8.

4h (apoptotic) and the UV 24 h (secondary necrotic) pellets, as these could represent changes in levels and/or
composition of EVs released by cells having transitioned from apoptotic to secondary necrotic states (Fig. S4A).
To interrogate this notion, relative fold increases in total protein content in UV 24h compared to UV 4h pellets
were determined. Interesting, whilst no increase was observed in the UV 24h 2k pellet above that of the UV
4h 2k pellet, an increase in protein concentration in both the 16k and 100k samples could be seen (Fig. S4B).
These data suggest that whilst apoptotic bodies are released during the apoptotic phase of cell death, the levels of
smaller EVs (i.e. those isolated via 16 k-100k centrifugation) could increase once cells have entered the second-
ary necrotic phase. NTA analysis of 16k and 100k pellets revealed a decrease in mean EV size of those isolated
from 100k pellets compared to 16k pellets (Fig. 5C). CryoEM was also performed on 16k and 100k pellets to
confirm the presence of non-aggregated EVs in each of the hyperthermically stressed, UV-irradiated and LPS/
nigericin-treated samples (Fig. 5D).

Next, protein content-based EV characterization via immunoblot analysis was performed on isolated EVs,
in which the presence of endosomal trafficking accessory protein, Alix (an exosome-specific marker), mem-
brane trafficking protein, ARF6 (associated with plasma membrane microvesicle shedding®), the endoplasmic
reticulum resident protein, calreticulin (expected to be least abundant in small EVs/100k pellet) and the mem-
brane tetraspanin CD81 (a commonly used marker for small EVs, expected to be most abundant in 100k pellet
fractions), was determined. While calreticulin was largely depleted in 100k pellets and reduced in 16 k pellets
in all samples, CD81 was enriched in 16k and 100k pellets compared to whole cell lysate (WCL) and 2k pellets
(Fig. 6). These findings are consistent with the expected distributions of such EV protein markers in EVs of these
sizes>®41. Alix was detected across all cell-free fractions although notably decreased in both 16k and 100k pellets
of hyperthermic stress-treated and untreated (4h) samples (Fig. 6). ARF6 was also present in all EV fractions
undergoing cell death, whilst being abundant in both 16k and 100k fractions of hyperthermic stress- and LPS/
nigericin-treated samples (Fig. 6). Uncropped immunoblots are included as supplementary material (Figs S5-S8).
These data demonstrate that cells undergoing membrane-lIytic cell death release intact EV's that are heterogenous
in size and, together with the distribution of known EV protein markers, reflect the characteristics of microvesi-
cles and/or exosomes.

Discussion

In the present study, the ability of THP-1 monocytes subjected to three separate models of membrane lytic cell
death to release EVs was investigated. In addition to our findings supporting previous reports of EV generation
from apoptotic cells, we have also demonstrated for the first time that cells undergoing membrane Iytic cell death
via hyperthermic stress, UV-induced secondary necrosis and pyroptosis can also generate a variety of EVs under
in vitro conditions.

Kinetics analysis revealed that THP-1 cells undergoing hyperthermic stress treatment generated significantly
elevated levels of EV's preceding the onset of membrane permeabilization, with increasing EV concentration
detected simultaneously with cell lysis. Although the effects of hyperthermic stress on EV generation has been
described previously for primary human monocytes, T cells, B cells and epithelial cells***>**, no previous stud-
ies on THP-1 monocytes under the conditions tested in the present study have been reported. The following
are examples of previous reports in other cell types. Heat-shocked Jurkat T cells and Raji B cells (40°C for 1h)
expressing the natural killer cell receptor NKG2D promoted the release of exosomes that possessed immuno-
suppressive function®, whilst the release of exosomes from MCF?7 cells following incubation at 45°C for 1 h
was shown to induce apoptosis and inhibit proliferation in neighbouring cells*>. Interestingly, in the latter
study, although hyperthermic exposure induced a functional change in the exosomes, the overall EV concen-
tration generated by heat-treated cells was not significantly greater than in untreated controls. In another study,
exosome release by primary blood mononuclear cells (PBMCs) following exposure to 40-43 °C temperatures for
1h induced an increase in HSP70 without increasing total exosomal concentration, compared with untreated
controls®. These reports differ from our findings, in which an approximately 5-fold increase in particle concen-
tration was detected within the supernatant in hyperthermically stressed THP-1 cells compared with untreated
controls after 45 min, indicating that the greater temperature used within the present study (56 °C) may have a

SCIENTIFICREPORTS| (2019) 9:7538 | https://doi.org/10.1038/s41598-019-44021-9 10


https://doi.org/10.1038/s41598-019-44021-9

www.nature.com/scientificreports/

considerable impact on the degree of cellular stress and, hence EV release. It is also worth noting that, in these
previous reports, cell death was either not reported®** or occurred via apoptosis rather than necrosis*?, further
suggesting that temperature variation and therefore potential cell death pathway induced, could alter both the
amount and mode of EV generation. However, as no direct comparisons can be made between different cell types,
further investigations into the release of EVs by hyperthermically stressed primary monocytes as well as other cell
types would be necessary determine whether the observed effects are cell-type specific.

Interestingly, total protein yield of hyperthermically stressed THP-1 cells within the present study was mark-
edly lower than in any other conditions tested, suggesting that EVs released by cells undergoing rapid primary
necrosis may undergo more extensive membrane damage in which rapid membrane shedding, rather than the
regulated packaging of cargo and secretion via the endocytic pathway, occurs. This notion is supported by our
NTA analysis of 16k vs 100k pellets of hyperthermic stress-derived EVs, in which a higher proportion of EVs iso-
lated via 16 k pellets than 100k pellets, was detected. Our immunoblot analysis also supports this, as the depletion
of Alix but presence of ARF6 in 16k and 100k EV fractions, was observed. Cells undergoing primary necrosis,
either via hyperthermic stress as discussed above, or via other environmental or physical stimuli, can induce
a sterile inflammatory response via the release of intracellular contents into the extracellular surroundings?. It
would therefore be of future interest to determine the contents of EVs released by monocytes via hyperthermic
stress-induced primary necrosis, and whether they bear any functional significance with respect to mediating
inflammation.

A marked increase in EV concentration in secondary necrotic samples compared with untreated controls was
also observed in the present study. Importantly, whilst only a modest increase in EV release was observed during
the apoptotic phase of THP-1 cell death, particle concentration increased over time at both 16- and 24-hour time
points. This coincided with modest but observable increases in cell lysis at these time points, suggesting that as
cells begin to undergo permeabilization, EVs are released. In addition, the observation that only the levels of
EVs isolated from 16 k-100k pellets, but not those isolated via 2k pellets increase when cells undergo secondary
necrosis (above levels observed during apoptosis), supports the notion that the generation of apoptotic bodies is
a highly regulated process, occurring within a specific time frame and ceasing when cells become necrotic®®**.
This is, to our knowledge, the first instance in which secondary necrotic EVs have been characterized in this way.
Whilst it is tempting to speculate that the smaller EV's generated during secondary necrosis could potentially
act as mediators of cell-to-cell communication by dying cells, functional studies are clearly required. Of future
interest would be to determine the presence of known cellular proteins released during secondary necrosis, such
as HMGBI, within the observed EVs. Importantly, future investigations into whether EVs released by secondary
necrotic cells could potentially serve as biomarkers for disease states, are also warranted.

Pyroptotic THP-1 monocytes released a high number of EVs upon LPS/nigericin treatment, compared
with untreated control samples. A range of different sized EVs could be visualized via CLSM (2k pellet) and
via CryoEM (16k/100k pellet) and displayed protein characteristics indicative of microvesicles and possibly
exosomes. A number of previous studies have examined the release of EVs by inflammasome-activated mono-
cytes and macrophages. For example, Zhang and colleagues performed a proteomics analysis on exosomes/
small EVs released by murine bone marrow-derived macrophages following LPS/nigericin-mediated inflam-
masome activation in which NFxB signalling was activated®’. Likewise, exosomes/small EVs isolated from
LPS-stimulated primary human monocytes induced caspase-1 mediated apoptosis in co-cultured vascular
smooth muscle cells*’. Various other upstream mediators of NLRP3 inflammasome activation such as ATP*4
and 3-glucan®®, have also been reported to induce EV release, including a 2001 study by Mackenzie and colleagues
who observed that IL-13-containing shed microvesicles from LPS/bzATP treated THP-1 cells could mediate rapid
IL-1 receptor activation in target Hela cells*’. Importantly, in these previous studies, pyroptotic cell death in
inflammasome-activated cells was either not measured, or shown not to occur. Therefore, whilst EV release by
cells undergoing inflammasome activation can occur via various stimuli, the specific effect of pyroptotic cell
death on EV release has not been previously reported. In the current study, LPS/nigericin-mediated cell lysis as a
determinant of pyroptotic cell death temporally coincided with increased EV concentration, suggesting that, as
observed in hyperthermically stressed and secondary necrotic THP-1 monocytes, pyroptotic EVs are generated
during the cell death process. Pyroptotic cell death is an important host response mechanism to pathogenic infec-
tion, whereby infected cells undergo ‘suicide] thereby limiting pathogen proliferation. Subsequently, the release of
inflammatory cytokines can promote immune cell infiltration and stimulate adaptive immunity*. Our findings
within the present study suggest that, in addition to the previously reported release of EVs by activated cells**¥,
dying pyroptotic cells also release EVs. This observation prompts the question of whether the release of such
EVs could contribute to host immunity through the transfer of inflammatory cytokines or other factors to distal
cellular targets. Indeed, this concept has been proposed previously by Buzas and colleagues®, whilst a similar par-
allel can be drawn against observations made of bacterial outer membrane vesicles (OMVs), described as ‘hand
grenades’ that, once released by dying bacteria can act as potent propagators of inflammation®!. In the context of
human monocytic EVs released during pyroptosis, the stability and cargo of these EV's remains to be determined.
Further investigations regarding these and other questions, such as whether pyroptotic EVs also contain proin-
flammatory cytokines, caspase-1, ASC or other factors with the capability of propagating immune signalling, are
clearly warranted.

Concluding remarks. EVs continue to emerge as an important class of cell-derived structures that are capa-
ble of mediating profound effects on biological processes and pathways, under both physiological and patho-
logical conditions. In this study, we have demonstrated via a comprehensive analysis of THP-1 monocytes, that
these cells undergoing lytic forms of cell death can also release an abundance of EV's, a phenomenon previously
unreported. Of interest in future studies would be to investigate the release of EVs by primary monocytes and
indeed other cell types. Comparisons between EV's of different cell types/tissues of origin could reveal differences
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in both the yield and composition of EVs under the conditions tested and hence provide additional insights into
the nature of EV generation by dying cells. With this in mind, the cargo that dying cell-derived EVs release, the
function they serve and whether such EVs can be exploited as therapeutic targets for disease, remain to be eluci-
dated and will be important ongoing questions for further investigation.

References

10.
11.

12.
. Syntichaki, P. & Tavernarakis, N. Death by necrosis: Uncontrollable catastrophe, or is there order behind the chaos? EMBO Rep. 3,

14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.

26.
. Tan, T. Y. & Chu, J. J. H. Dengue virus-infected human monocytes trigger late activation of caspase-1, which mediates pro-

28.
29.

30.
31.

32.
33.
34.
35.
36.
37.
38.
39.

40.

41.

42.

43.

1. Garg, A. D. et al. Molecular and Translational Classifications of DAMPs in Immunogenic Cell Death. Front Immunol 6, 588 (2015).
2. Kono, H. & Rock, K. L. How dying cells alert the immune system to danger. Nat. Rev. Immunol. 8, 279-289 (2008).

3.

4. Conos, S. A. et al. Active MLKL triggers the NLRP3 inflammasome in a cell-intrinsic manner. Proc. Natl. Acad. Sci. USA 114,

Matzinger, P. Tolerance, Danger, and the Extended Family. Annu. Rev. Immunol. 12, 991-1045 (1994).

E961-E969 (2017).

. Kowal, J. et al. Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle

subtypes. Proc. Natl. Acad. Sci. USA 113, E968-E977 (2016).

. Tricarico, C., Clancy, J. & D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases 8, 220-232 (2017).
. Atkin-Smith, G. K. & Poon, I. K. H. Disassembly of the dying: mechanisms and functions. Trends Cell Biol. 27, 151-162 (2017).
. Théry, C. et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International

Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 8, 1535750 (2019).

. Tucher, C. et al. Extracellular Vesicle Subtypes Released From Activated or Apoptotic T-Lymphocytes Carry a Specific and Stimulus-

Dependent Protein Cargo. Front. Immunol. 9, 534 (2018).

Munoz, L. E. et al. The influence on the immunomodulatory effects of dying and dead cells of Annexin V. J. Leukoc. Biol. 81, 6-14
(2007).

Wesselborg, S. et al. “Find-Me” Signal Secondary Necrosis Generates a Monocytic Cleavage of Annexin A1 by ADAMI10 during,
https://doi.org/10.4049/jimmunol.1004073 (2011).

Liu, X. et al. Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores. Nature 535, 153-158 (2016).

604-609 (2002).

Sachet, M., Liang, Y. Y. & Oehler, R. The immune response to secondary necrotic cells. Apoptosis 22, 1189-1204 (2017).

Muiioz, L. E., Lauber, K., Schiller, M., Manfredi, A. A. & Herrmann, M. The role of defective clearance of apoptotic cells in systemic
autoimmunity. Nat. Rev. Rheumatol. 6, 280-289 (2010).

Silva, M. T. Secondary necrosis: The natural outcome of the complete apoptotic program. FEBS Lett. 584, 4491-4499 (2010).
Rogers, C. et al. Cleavage of DENAS5 by caspase-3 during apoptosis mediates progression to secondary necrotic/pyroptotic cell death.
Nat. Commun. 8, 14128 (2017).

Tixeira, R. et al. Gasdermin E does not limit apoptotic cell disassembly by promoting early onset of secondary necrosis in Jurkat T
cells and THP-1 monocytes. Front. Immunol. 9, 2842 (2018).

Lee, B. L. et al. ASC- and caspase-8-dependent apoptotic pathway diverges from the NLRC4 inflammasome in macrophages. Sci.
Rep. 8,3788 (2018).

Guo, H., Callaway, J. B. & Ting, J. P.-Y. Inflammasomes: mechanism of action, role in disease and therapeutics. Nat. Med. 21,
677-687 (2015).

Knodler, L. A. et al. Noncanonical inflammasome activation of caspase-4/caspase-11 mediates epithelial defenses against enteric
bacterial pathogens. Cell Host Microbe 16, 249-256 (2014).

Miao, E. A. et al. Caspase-1-induced pyroptosis is an innate immune effector mechanism against intracellular bacteria. Nat.
Immunol. 11, 1136-1142 (2010).

Masters, S. L. et al. NLRP1 Inflammasome Activation Induces Pyroptosis of Hematopoietic Progenitor Cells. Immunity 37,
1009-1023 (2012).

He, Y., Hara, H. & Nufiez, G. Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 41,1012-1021
(2016).

Jakubzick, C. V., Randolph, G. J. & Henson, P. M. Monocyte differentiation and antigen-presenting functions. Nat Rev Immunol 17,
349-362 (2017).

Collin, M., McGovern, N. & Haniffa, M. Human dendritic cell subsets. Immunology 140, 22-30 (2013).

inflammatory IL-1 secretion and pyroptosis. J. Gen. Virol. 94, 2215-2220 (2013).

Woollard, K. J. & Geissmann, E. Monocytes in atherosclerosis: subsets and functions. Nat. Rev. Cardiol. 7, 77-86 (2010).

Kaplan, M. J. et al. The Apoptotic Ligands TRAIL, TWEAK, and Fas Ligand Mediate Monocyte Death Induced by Autologous Lupus
T Cells. J. Immunol. 169, 6020 LP-6029 (2002).

Jiang, L. et al. Monitoring the progression of cell death and the disassembly of dying cells by flow cytometry. Nat. Protoc. 11 (2016).
Tian, X. et al. A Comprehensive Evaluation of Nanoparticle Tracking Analysis (NanoSight) for Characterization of Proteinaceous
Submicron Particles. J. Pharm. Sci. 105, 3366-3375 (2016).

Lionetti, V. et al. Isolation of High-Purity Extracellular Vesicles by the Combination of Iodixanol Density Gradient
Ultracentrifugation and Bind-Elute Chromatography From Blood Plasma. Front. Physiol. www.frontiersin.org 9, 1479 (2018).
Zhang, L. et al. Common Deregulation of Seven Biological Processes by MicroRNAs in Gastrointestinal Cancers. Sci. Rep. 8, 3287
(2018).

Bonjoch, L., Gironella, M., Iovanna, J. L. & Closa, D. REG3(3 modifies cell tumor function by impairing extracellular vesicle uptake.
Sci. Rep. 7, 3143 (2017).

Zhao, D. et al. Cardiac-derived CTRP9 protects against myocardial ischemia/reperfusion injury via calreticulin-dependent
inhibition of apoptosis. Cell Death Dis. 9,723 (2018).

Szatanek, R. et al. The Methods of Choice for Extracellular Vesicles (EVs) Characterization. Int. J. Mol. Sci. 18 (2017).

Kh Poon, I. et al. Phosphoinositide-mediated oligomerization of a defensin induces cell lysis. 3, 1808 (2014).

Atkin-Smith, G. K. et al. A novel mechanism of generating extracellular vesicles during apoptosis via a beads-on-a-string membrane
structure. Nat. Commun. 6, 7439 (2015).

Hedlund, M., Nagaeva, O., Kargl, D., Baranov, V. & Mincheva-Nilsson, L. Thermal- and Oxidative Stress Causes Enhanced Release
of NKG2D Ligand-Bearing Immunosuppressive Exosomes in Leukemia/Lymphoma T and B Cells. PLoS One 6, €16899 (2011).
Sarkar, A., Mitra, S., Mehta, S., Raices, R. & Wewers, M. D. Monocyte Derived Microvesicles Deliver a Cell Death Message via
Encapsulated Caspase-1. PLoS One 4, €7140 (2009).

Sinha, A., Ignatchenko, V., Ignatchenko, A., Mejia-Guerrero, S. & Kislinger, T. In-depth proteomic analyses of ovarian cancer cell
line exosomes reveals differential enrichment of functional categories compared to the NCI 60 proteome. Biochem. Biophys. Res.
Commun. 445, 694-701 (2014).

Bewicke-Copley, F. et al. Extracellular vesicles released following heat stress induce bystander effect in unstressed populations. J.
Extracell. Vesicles 6, 1340746 (2017).

Lancaster, G. I. & Febbraio, M. A. Exosome-dependent trafficking of HSP70: a novel secretory pathway for cellular stress proteins. J.
Biol. Chem. 280, 23349-55 (2005).

SCIENTIFICREPORTS| (2019) 9:7538 | https://doi.org/10.1038/s41598-019-44021-9 12


https://doi.org/10.1038/s41598-019-44021-9
https://doi.org/10.4049/jimmunol.1004073
http://www.frontiersin.org

www.nature.com/scientificreports/

44. Poon, I. K. H. et al. Unexpected link between an antibiotic, pannexin channels and apoptosis. Nature 507, 329-334 (2014).

45. Zhang, Y. et al. Inflammasome-Derived Exosomes Activate NF-xB Signaling in Macrophages. J. Proteome Res. 16, 170-178 (2017).

46. Vialimaki, E. et al. Calpain Activity Is Essential for ATP-Driven Unconventional Vesicle-Mediated Protein Secretion and
Inflammasome Activation in Human Macrophages. J. Immunol. 197, 3315-3325 (2016).

47. MacKenzie, A. et al. Rapid Secretion of Interleukin-13 by Microvesicle Shedding. Immunity 15, 825-835 (2001).

48. Cypryk, W., Ohman, T., Eskelinen, E. L., Matikainen, S. & Nyman, T. A. Quantitative proteomics of extracellular vesicles released
from human monocyte-derived macrophages upon (3-glucan stimulation. J. Proteome Res. 13, 2468-2477 (2014).

49. Bergsbaken, T., Fink, S. L. & Cookson, B. T. Pyroptosis: host cell death and inflammation. Nat. Rev. Microbiol. 7, 99-109 (2009).

50. Buzas, E. I, Gyorgy, B., Nagy, G., Falus, A. & Gay, S. Emerging role of extracellular vesicles in inflammatory diseases. Nat. Rev.
Rheumatol. 10, 356-364 (2014).

51. Pathirana, R. D. & Kaparakis-Liaskos, M. Bacterial membrane vesicles: Biogenesis, immune regulation and pathogenesis. Cell.
Microbiol. 18, 1518-1524 (2016).

Acknowledgements

We would like to thank A/Prof Seth Masters (Walter and Eliza Hall Institute, Parkville, VIC, Australia) for his
generous gifting of reagents, advice and discussions relating to inflammasome activation. We would like to thank
Mitch Shambrook and members of the Hill laboratory (LIMS) for assistance using the NanoSight NS300 and
A/Prof Adam Mechler (LIMS) for assistance with DLS. We would like to thank the LIMS BioImaging Facility
for assistance with microscopy. This work was supported by grants from the Australian Research Council
(DP170103790) and National Health & Medical Research Council of Australia (GNT1125033 and GNT1140187)
to LK.H.P, and National Health & Medical Research Council of Australia (GNT1141732) to A.A.B.

Author Contributions
A.A.B. and L.K.H.P. wrote the main manuscript. A.A.B. prepared all figures. A.A.B., TK.P, E.H. and M.L.
contributed to data collection. All authors contributed intellectually to the concept and design of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44021-9.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:7538 | https://doi.org/10.1038/s41598-019-44021-9 13


https://doi.org/10.1038/s41598-019-44021-9
https://doi.org/10.1038/s41598-019-44021-9
http://creativecommons.org/licenses/by/4.0/

	Analysis of extracellular vesicles generated from monocytes under conditions of lytic cell death

	Methods

	Cell lines and cell culture. 
	Cell death induction. 
	Flow cytometry assays. 
	EV isolation. 
	Nanosight tracking analysis (NTA). 
	Cryo electron microscopy. 
	Protein quantification and immunoblot analysis. 
	LDH cell lysis assay. 
	Confocal laser scanning microscopy (CLSM). 
	Dynamic light scattering (DLS). 

	Results

	THP-1 monocytes undergoing membrane-lytic cell death release EVs. 
	EV release by heat-stressed, UV-irradiated and LPS/nigericin treated cells occurs at the onset of membrane lysis, in a time ...
	Differential centrifugation and immunoblot analysis reveal a heterogeneous population of THP-1-derived EVs across 2 k, 16 k ...

	Discussion

	Concluding remarks. 

	Acknowledgements

	Figure 1 THP-1 monocytes undergo membrane lysis under conditions of primary necrotic, secondary necrotic and pyroptotic cell death.
	Figure 2 THP-1 monocytes release EVs following treatment with primary necrotic, secondary necrotic, pyroptotic and apoptotic stimuli.
	Figure 3 EV release by THP-1 cells undergoing primary necrosis, secondary necrosis and pyroptosis occurs simultaneously to membrane permeabilization.
	Figure 4 EVs released by THP-1 cells following cell death induction were detected via NTA in both 16 k and 100 k pellets.
	Figure 5 EVs released by THP-1 cells under conditions of membrane-lytic cell death are heterogeneous in size.
	Figure 6 Protein profiles of EVs released by THP-1 cells under conditions of membrane-lytic cell death are characteristic of microvesicles and/or exosomes.




