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Recent research has led to contradictory notions regarding the
conventional theory that apoptotic cell death can evoke inflamma-
tory or immunogenic responses orchestrated by released damage-
associated patterns (DAMPs). By inducing IL-1p from bone marrow-
derived macrophages in an effort to determine the inflammatory
mediators released from apoptotic cells, we found that exosomal
fractions called "apoptotic exosome-like vesicles” (AEVs) prepared
from apoptotic-conditioned medium were the main inflammatory
factors. These AEVs showed characteristics of exosomes in their size,
density, morphology, and protein expression but had unique marker
proteins, sphingosine-1-phosphate receptors 1 and 3 (S1PR1 and 3).
Their biogenesis was completely dependent on cellular sphingosine-
1-phosphate (S1P)/S1PRs signaling from multiple fine spindles of
plasma membrane accompanied by F-actin, S1PR1, S1PR3, and
CD63 at the early apoptotic phase and progressing to the maturation
of F-actin-guided multivesicular endosomes mediated by Gg, sub-
units of S1PRs downstream. S1P-loaded S1PRs on AEVs were critical
factors for inducing IL-1p via NF-xB transcriptional factor and p38
MAPK, possibly through the RHOA/NOD2 axis, in differentiating
macrophages. The AEVs induced genes of proinflammatory cyto-
kines, chemokines, and mediators in both in vitro and in vivo mod-
els. In conclusion, AEVs could be key inflammatory mediators, acting
as DAMPs that could explain the pathogeneses of various chronic
inflammations, autoimmune diseases, or cancers in the future.
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Extracellular vesicles (EVs) are membrane-delineated parti-
cles released from cells containing protein, DNA, miRNA,
and mRNA that are classified as exosomes, microparticles, and
apoptotic bodies. Exosomes are endosome-originating EVs rang-
ing in size from 50-150 nm with specific densities ranging from
1.13-1.19 g/mL. They play important roles in intracellular waste
disposal and intercellular communications in normal physiologic
processes as well as in cancers. The biogenesis of exosomes in-
volves several stages: invagination of intraluminal vesicles (ILVs)
into multivesicular endosomes (MVEs), transport of MVEs to the
plasma membrane, fusion of MVEs with the plasma membrane,
and subsequent release of ILVs to extracellular space. Upon
maturation, the ILVs are sorted into endosomal-sorting com-
plexes required for transport (ESCRT) machinery-dependent
or -independent mechanisms (1). The ceramide-dependent pro-
cess is one of the ESCRT-independent mechanisms (2).
Sphingosine-1-phosphate (S1P), a bioactive lipid, is produced by
the phosphorylation of sphingosine, which is processed by the en-
zymes sphingosine kinase 1 (SPHK1) and SPHK?2 and is degraded
by S1P lyase (SGPL1). S1P affects a variety of physiologic and
pathologic conditions such as proliferation, survival, angiogene-
sis, immune cell migration, cancers, and inflammatory diseases
(3-5). These effects are caused by the inside-out translocalization
of S1P and its binding to S1P receptors (SIPR) 1-5. S1IPRs are G
protein-coupled receptors the signals of which are transduced by
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activating downstream heterotrimeric G proteins (G, G4, and
Gi2n13) (6, 7).

Damage-associated molecular patterns (DAMPs) released from
dying cells or injured tissue stimulate surrounding cells or tissues
to induce inflammation without pathogenic infection (i.e., sterile
inflammation). This inflammation evokes specific immune re-
sponses by activating dendritic cells (8). For some time it has been
thought that DAMPs are released only from necrotic cells, not
from apoptotic cells. However, in specific conditions, especially
when massive secondary apoptosis or immunogenic cell death oc-
curs, apoptotic cell death also induces inflammatory or immuno-
genic responses (9-13). In a previous study we showed that the
elements released during apoptotic cell death might induce in-
flammatory responses (14). In the present study we identified ap-
optotic exosome-like vesicles (AEVs) as the inflammatory elements
released at apoptotic cell death. We then determined the mecha-
nisms of the biogenesis and the inflammatory signal transduction of
AEVs, and their biological effects in cellular and animal models.

Results

Conditioned Medium from Apoptotic Cells Activates Macrophages to
Induce IL-1p. To find the inflammatory mediators released from
apoptotic cells, we induced apoptosis in Hela cells by staurosporine
treatment or amino acid deprivation and primary necrosis by
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repeated freezing and thawing of Hela cells or treatment of the
cells with a high level of H,O,. As a result, the conditioned
medium from apoptotic cells contained nucleosomal DNA in
laddering patterns, whereas either fully degraded or unbroken
genomic DNA was released in primary necrosis (SI Appendix,
Fig. S14). The conditioned medium was then treated with mouse
bone marrow-derived macrophages (BMMQs), and BMMQ
differentiation was evaluated by measuring mRNAs (15). In-
terestingly, IL-1p mRNA and protein were markedly increased in
the macrophages stimulated with the conditioned media from
the apoptotic cells compared with the other macrophages. Also,
several genes were expressed more by treatment with the con-
ditioned medium from apoptotic cells than by other treatments
(SI Appendix, Fig. S1 B and C and Table S1).

EVs Contribute to the Induction of IL-18 from Macrophages. The
conditioned medium from apoptotic cells was then sequentially
centrifuged, and the EV fractions were collected and used to
treat BMMQs. The EV fractions centrifuged at 10,000 X g or
100,000 x g notably induced IL-18 mRNA and protein compared
with the conditioned medium (Fig. 1 A and B), suggesting that
EVs released from apoptotic cells stimulate macrophages.
Therefore, a combined mixture of the 10,000 x g and 100,000 x g
fractions was analyzed in the following experiments. The EVs
harvested from the conditioned medium of staurosporine-treated
HelLa cells were shown to have a mode value of 129.6 + 52.2 nm in
diameter and were released in significantly higher concentrations
than from the untreated control cells according to nanoparticle
tracking analysis (NTA) (Fig. 1C). They strongly expressed the

lysosomal marker LAMP1 and the exosomal markers CD63 and
CD9 but showed less expression of the mitochondrial marker
Porin, the endoplasmic reticulum (ER) and Golgi markers cal-
reticulin and ERp57, respectively, or the late endosomal markers
Rab7 and Alix compared with total lysate or the conditioned me-
dium of staurosporine-treated HeLa cells in Western blots (Fig.
1D). By transmission electron microscopy (TEM), the EVs were
found to have a membrane structure composed of a lipid bilayer
and to be stained with anti-CD63 Ab (Fig. 1E). Staurosporine-
treated HeLa cells released EVs in a time-dependent manner
with a peak CD63 level at 36 h by Western blot (Fig. 1F, Upper).
The highest release as determined by protein concentrations oc-
curred at 24 h, but IL-1p induction by the EVs showed highest
values at 16 h after treatment and then slowly declined (Fig. 1F,
Lower). This implies that the activity of a macrophage-stimulating
factor within the EVs is likely to have a relatively short half-life.
The data showing that EVs incubated at 37 °C for 1 or 2 h lost their
activity and failed to stimulate macrophages support this sugges-
tion (SI Appendix, Fig. S2). The EVs loaded onto the OptiPrep
density gradient were mainly located between 25% and 30%. The
presumed specific density of the vesicles was thus between
1.151 and 1.175 g/mL (Fig. 1G); these fractions were able to
activate macrophages to induce IL-1p efficiently (Fig. 1H).

MVEs Are Formed Within Apoptotic Cells. In TEM images of
staurosporine-treated HeLa cells, MVEs containing ILVs began
to appear at 4 h and increased until 8 h. Vestiges of fusion be-
tween the vesicles and plasma membrane were also observed
between 8 to 12 h (Fig. 24). In the confocal microscopic images
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(Lower) Protein concentration (right y axis) and IL-18
mRNA (left y axis) were measured by Bradford assay
and real-time PCR, respectively. (G) The EVs were
loaded onto OptiPrep density gradient and sepa-
rated according to specific density. Fractions were
collected and silver-stained for protein detection. (H)
BMMQs were treated with equal volumes of resus-
pended vesicles from each fraction, and IL-18 mRNA
was measured by real-time PCR. Data in triplicate are
presented as mean + SD in A, B, F, and H; *P <
0.001 versus control in A and B.
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Fig. 2. MVEs are formed within the apoptotic cells. (A) TEM images of
staurosporine-treated Hela cells at the indicated times. Arrows denote
MVEs, and the arrowhead denotes the presumed vestige of fusion between
MVEs and the plasma membrane. (B) Confocal microscopic images of
staurosporine-treated Hela cells expressing eGFP-CD63 at the indicated time
points and stained with WGA and DAPI.

of HeLa cells expressing eGFP-CD63 and stained with wheat
germ agglutinin (WGA) to visualize the plasma membrane, small
particles of CD63 were uniformly distributed in both the cyto-
plasm and plasma membrane at the growing stage. However,
numerous fine spindles were formed at the plasma membrane
where the eGFP-CD63 particles were colocalized at 1 h after
staurosporine treatment. As the apoptotic nuclear changes pro-
gressed, the CD63 particles increased in size from the fine spindles
and moved to the perinuclear region as MVEs that are clearly
shown in the TEM images. The CD63 particles in the perinuclear
region then split and moved to the plasma membrane, where they
were surrounded by vacuoles. They were released from the vacuoles
at 8 h. At the end of the apoptotic process, at 16 h, nearly all the
CD63 particles had disappeared from the cells (Fig. 2B). The data
suggest that the biogenesis of CD63™ exosome-like vesicles begins
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with fine spindle-shaped structures at the plasma membrane which
subsequently mature into perinuclear MVEs that are released by
peripheral movement and fusion with the plasma membrane.

AEVs Are Released From Various Cells at Various Modes of Apoptotic
Cell Death. The release of EVs was definitely decreased in the cells
in which caspase, especially caspase 3 or 9, was knocked down (S7
Appendix, Fig. S34). When treated with macrophages, the EVs of
these cells showed decreased induction of IL-1f mRNA compared
with EVs from control cells (ST Appendix, Fig. S3B). This implies
that the release of EVs is dependent on caspases. The EVs were
also able to stimulate differentiated THP-1 cells to generate IL-1p
mRNA, as is consistent with BMMQs but not with RAW264.7 cells
(81 Appendix, Fig. S44). The EVs could be released by apoptosis-
inducing chemotherapeutic drugs such as cisplatin or VP16, and
differentiating BMMQs to produce IL-1p mRNA (SI Appendix,
Fig. S4B). Staurosporine treatment could also release EVs to
stimulate macrophages in A549, MCF7, and MDA-MB231 cells as
well as in HeLa cells (ST Appendix, Fig. S4C).

Taken together, our results revealed that the EVs released
during apoptotic cell death showed the characteristics of exosomes
with regard to their size, structure, density, and proteins, including
CD63, CD9, and LAMP1. The biogenesis of the EVs began with
the formation of CD63-containing vesicles close to the fine spin-
dles at the plasma membrane and proceeded through the gen-
eration of perinuclear CD63* MVEs in a caspase-dependent
manner. Therefore, the EVs released from apoptotic cells are
referred to hereafter as “apoptotic exosome-like vesicles,” AEVs.

Release of AEVs Is Dependent on the S1P/S1PRs Signaling Pathway.
The formation of MVE:s is primarily attributed to ESCRT-
dependent or -independent mechanisms (16). In addition,
RAB27A has been reported to be implicated in the fusion of MVEs
with plasma membrane in HeLa cells (17). Therefore, to investigate
the role of the ESCRT complex and RAB27A4 in AEV biogenesis,
one of the ESCRT-associated genes, Alix (PDCD6IP) or RAB27A,
was knocked out by the CRISPR/Cas9 system (SI Appendix, Fig. S5
A and C). Neither the knockout of Alix nor of RAB27A4 showed
inhibitory effects on the release of AEVs (SI Appendix, Fig. S5 B
and D). We then determined whether the sphingolipid-mediated
mechanism, one of the ESCRT-independent mechanisms, plays a
role in AEV biogenesis (2, 18). The effects of a sphingomyelinase
inhibitor, GW4869, a ceramidase inhibitor, Ceranib-2, or a sphin-
gosine kinase inhibitor, dimethyl sphingosine (DMS), on AEV
release were determined. Interestingly, DMS cotreatment with
staurosporine almost completely blocked the release of AEVs, and
the other two inhibitors significantly suppressed the release of AEV
as shown by protein concentrations and Western blot (Fig. 34).
The decreased AEVs prepared from cells cotreated with the in-
hibitors also showed decreased IL-1p induction by macrophages
when equal volumes of purified AEVs were treated (Fig. 3B). In
addition, the overexpression of SGPL1, an enzyme theat irrevers-
ibly degrades S1P, decreased the release of AEVs (SI Appendix,
Fig. S6 A-C). Furthermore, the release of AEVs was significantly
diminished in the cells in which SPHK2 was knocked down. In
contrast, no difference in AEV release was observed in the cells in
which SPHK1 was knocked down compared with control cells (Fig.
3C and SI Appendix, Fig. ST A and B). Also, although the over-
expression of SPHK? significantly increased the release of AEVs,
the overexpression of SPHK1 did not (Fig. 3D and SI Appendix,
Fig. S8), indicating that the biogenesis of AEVs is undoubtedly
related to SIP synthesis in which SPHK2 plays an essential role.
Consistent with this, the cotreatment of S1P with staurosporine
significantly increased AEV release in HeLa cells (Fig. 3E). In fact,
confocal microscopy showed that SPHK2 remained close to the
plasma membrane at the early apoptotic phase, in contrast to
SPHK1, which moved toward the nucleus (Fig. 3F and SI Appendix,
Fig. S9). Collectively, the data show that SPHK?2 near the plasma
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membrane at early apoptosis contributes to the regional increase in
S1P, which causes the formation of complex, fine spindle-like
structures at the plasma membrane and subsequent maturation
of CD63" vesicles.

S1P has been shown to be responsible for the formation of
ILVs through binding to its receptors SIPR1 and S1PR3 to serve
in cargo sorting to exosomes (18). Thus we investigated whether
signaling through SI1P receptors similarly promoted the bio-
genesis of AEVs. In the cotreatment experiment with SIPR1-
S1PR4 antagonists (W146, JTE013, TY52156, or CYMS50258),
treatment with the S1PR3 antagonist TY52156 markedly re-
duced the release of AEVs in apoptotic cells in both Western
blots and protein concentrations. The S1PR2 antagonist
JTEO13 slightly decreased the release of AEVs, but the other
antagonists did not reduce the release of AEVs (Fig. 3G).
Knockdown of S1PR1 as well as S1IPR3 certainly decreased the
release of AEVs, and the overexpression of either SIPR1 or
S1PR3 significantly increased the amount of released AEVs (S
Appendix, Figs. S7 C and D and S10 4 and B). Therefore, low
expression of S1IPR1 in the parental cells would likely lead to the
S1PR1 antagonist W146 having little effect on AEVs’ release.
Confocal microscopic images of cells expressing eGFP-
CD63 with either SIPR1-mCherry or SIPR3-mCherry showed
that SIPR1 and S1PR3 were completely colocalized with
CD63 in both the spindle-like structures at the plasma mem-
brane and the cytosolic large vesicles of apoptotic cells 1 h after
staurosporine treatment but showed partial overlaps in the
growing cells. However, as the size of the perinuclear MVEs
increased together with the continued apoptotic process 2 h after
staurosporine treatment, CD63 was located mainly at the outer
membrane of MVEs, whereas SIPR1 or SIPR3 were localized in
the lumen of MVEs (Fig. 4 A and B). These data show that
signals through S1PR1 and S1PR3 are likely implicated in the

E11724 | www.pnas.org/cgi/doi/10.1073/pnas.1811432115

D Lz&¥
ST
30w
[ ICD63 Fig. 3. Release of the AEVs is completely dependent
6 on the S1P/S1PR signaling pathway. (A and B) AEVs
5 " were prepared from Hela cells treated with GW4869

(20 uM), ceranib-2 (20 pM), or DMS (20 uM) in the
presence or absence of staurosporine (1 uM) for 16 h.
(A, Upper) Equal volumes were Western blotted.
(Lower) Protein concentration was measured. (B)
BMMQs, treated with equal volumes of the AEVs for
16 h were analyzed for IL-18 mRNA expression. (C)
AEVs were prepared from the cells expressing non-

~
L

N
1

Protein Conc. (ug/ul)
b

—_
1

0- > >~y targeting shRNA (NT), SPHK1 shRNA, or SPHK2
& &
& 9 OZZ"O?‘ shRNA. Amounts of the AEVs were measured by
© @ Bradford assay (Lower) and Western blots (Upper).
Stau Exo, exosome. (D) AEVs prepared from the cells
& & transfected with vector (pCDH), 3xFlag-SPHK1 cDNA,
:,&?Q E'&“,’Q or 3xFlag-SPHK2 cDNA were Western blotted (Upper)
é‘? é?u?‘gtg’ and measured for protein concentrations (Lower). (E)

AEVs from the cells treated with 5 uM staurosporine
in the presence or absence of S1P were Western
blotted (Upper), and protein concentrations were
measured (Lower). (F) Hela cells expressing 3xFlag
SPHK2 were incubated for 1 h with (Stau) or without

Cc
[ LAMP1
~1 RAB7

wmm Cont

Stau (Cont) 1 pM staurosporine and were stained with

WGA (red) and anti-Flag Ab (green). The arrowheads

indicate SPHK2 spots beneath the plasma mem-

brane. (G) Hela cells were treated with W146 (20 uM),

JTE013 (20 pM), TY52156 (20 uM), or CYM50358

(20 pM) with or without 1 pM staurosporine. (Upper)

Equal volumes of the AEVs were Western blotted.

© R (Lower) Protein concentrations were measured.
>N 9 ‘g’ : H -k

&'\,{3 é} @ﬂa Data in duplicate are presented as mean + SD; P.<

SN 0.001 and **P < 0.01 vs. hatched bar or control in

) A-E and G.

formation of ILVs together with the formation of endosomes
originating from the plasma membrane, in accordance with the
results reported in a recent publication (18). Furthermore, as
shown in Western blots, SIPR1 and S1PR3 were highly con-
centrated in AEVs compared with total lysate or the conditioned
medium of staurosporine-treated HeLa cells and were expressed
at the surface of the AEVs in flow-cytometric analysis of the
AEV-coated latex beads (Fig. 4 C and D). Collectively, our data
imply that the S1P synthetic pathway involving SPHK2 and the
subsequent SIP-S1PR1/3 signaling axis induces AEVs biogenesis
during apoptotic cell death, proceeding from complex spindle-
like structures at the plasma membrane to perinuclear MVEs. In
addition, S1PR1 and S1PR3 are highly expressed in AEVs, im-
plying that they can be membrane markers of AEVs.

Comparison Between AEVs and Conventional Exosomes. We specu-
lated about the difference between AEVs released in apoptotic
cells and conventional exosomes (CEs) released in growing cells.
In Western blots executed with equal amounts of protein, AEVs
showed higher expression of CD63, LAMP1, HSP70, S1PR1,
S1PR3, and S1PR4 than CEs. In contrast, CEs showed higher
expression of CD9, ALIX, RAB7, and S1PR2 (SI Appendix, Fig.
S11A), confirming that AEVs originate not from the ESCRT-
dependent pathway but from S1P-S1PR signaling and possibly
contain stress-associated proteins such as HSP70 as a result of
the conditions under which AEVs are released. Only AEVs were
able to activate macrophages to induce IL-1p mRNA (SI Ap-
pendix, Fig. S11B). Interestingly, the AEVs also contained a
higher amount of S1P than the CEs, as measured by S1P ELISA
(SI Appendix, Fig. S11C), implying that the S1P receptor on the
surface of AEVs might be occupied by S1P to directly activate
the macrophages.
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Fig. 4. S1PR1 and S1PR3 are surface markers on apoptosis-associated
exosome-like vesicles. (A and B) An eGFP-CD63 Hela cell overexpressing
S1PR1-mCherry or S1PR3-mCherry was treated with staurosporine for the
indicated time periods. Confocal microscopic images were taken. (C) The
exosomal fraction was prepared from staurosporine-treated Hela cells,
Western-blotted for S1PR1-S1PR4, and compared with equal amounts of the
either total cellular lysate or the conditioned medium. (D) Exosomal frac-
tions were coated onto aldehyde/sulfate beads and stained with S1PR1
or S1PR3 Ab (red) or with negative control Ab (gray) to confirm surface
expression.

Modulation of the Actin Cytoskeleton Through Signaling of the
S1PRs-Coupled Gg, Subunit Plays a Key Role in the Formation of
AEVs, S1P binding to S1PRs dissociates specific GTP-bound G,
subunits from the Gg, subunit, resulting in unique down-stream
signal transduction, and S1PR1 and S1PR3 are coupled with
heterotrimeric complexes of G;, Gg, or Gyz13 (6). Accordingly,
we examined the effects of an inhibitor of the G, subunit [per-
tussis toxin (PTX)], an inhibitor of the Gy, subunit (YM254890),
an inhibitor of ROCK that is a major downstream target of the
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Gi2/13« subunit (Y27632), or an inhibitor of the Gg, subunit
(gallein) on the release of AEVs. As shown in Fig. 5 A-D, gallein
reduced the release of AEVs most effectively; PTX also partially
blocked the release of AEVs, while the others did not. These
results suggest that S1IP/S1PR signals mediate the biogenesis of
AEVs mainly through Gg,-mediated signaling. In addition, the
amount of the exosomal fraction was increased in the serum of
LPS-treated mice as compared with control mice in the in vivo
mouse model in which a low-dose LPS injection is known to
drive systemic apoptosis (19-21). However, pretreatment with
gallein blocked the increase in the exosomal fraction (SI Ap-
pendix, Fig. S124). Qualitatively, the exosomal fraction of LPS-
treated serum contained more S1PR1%* and S1PR3" AEVs;
AEVs disappeared completely in mice cotreated with gallein and
LPS, although treatment with gallein alone could partially in-
crease the AEVs, as shown in Western blots with equal amounts
of protein (SI Appendix, Fig. S12B). These results are entirely
consistent with the data from the cellular model.

Recent research on newly identified roles of the Gg, subunits has
shown that the Gg, subunit of SIPR can function in the maturation
of MVE:s for exosomal cargo sorting via the regulation of the actin
cytoskeleton through Rho family small GTPase (22). Therefore, we
evaluated the changes in the actin cytoskeleton after apoptotic
stimuli. Notably, the CD63* fine, spindle-like structures of plasma
membrane observed at 1 h after staurosporine treatment were
determined to be exactly coincident with phalloidin-stained F-actin,
and the actin filaments extended into the cytoplasm to which
CD63™ vesicles were bound or were terminally wrapped. Then, at
4 h after the treatment, CD63" perinuclear large MVEs were dis-
connected from the actin filaments (Fig. 5E). Additionally, gallein
and DMS cotreatment obliterated the formation of the plasma
membrane spindles composed of actin filaments (SI Appendix,
Fig. S13), and the release of AEVs was partially prohibited by
cotreatment with cytochalasin D, an inhibitor of actin polymeriza-
tion (Fig. 5F). In the experiments with the overexpression of wild-
type, constitutively active, or a dominant negative mutant of Rho
family GTPase, the constitutively active mutant of Racl, Cdc42, or
RhoA enhanced the release of AEVs as confirmed by Western blot
for CD63, S1PR1, or S1PR3, and by measurement of protein
concentrations (SI Appendix, Fig. S14). Collectively, our data show
that the S1P/S1PR signaling system stimulates the modulation of the
actin cytoskeleton beneath the plasma membrane to prompt endo-
cytosis to form CD63" and S1PRs* endosomes and their centripetal
movement and maturation to MVEs through the Gg,-mediated
activation of Rho family GTPases.

AEV-Mediated IL-1f3 Induction Is Dependent on Both NF-xB and p38
MAPKs. To examine the molecular mechanisms of the AEVs’ effects
on macrophages, macrophages were pretreated with various in-
hibitors of inflammatory signaling (the NF-xB inhibitors JSH23 and
Bay 11-7082; an MEK-ERK1/2 inhibitor, PD98059; a JNK inhibi-
tor, SP600125; a p38 inhibitor, SB203580; a PI3K inhibitor,
LY294002; and a STAT3 inhibitor, cucurbitacin I) before the ad-
dition of AEVs to macrophages. Pretreatment with JSH23, Bay 11-
7082, or SB203580 completely prohibited but pretreatment with
PD98059, SP600125, 1.Y294002, or cucurbitacin I enhanced IL-1p
induction from macrophages (SI Appendix, Fig. S154). In Western
blots executed with control and AEVs-treated macrophages, in-
creases in pro-IL-1p and IL-1p were observed simultaneously with
an increase in the processed form of pro-caspase 1 (SI Appendix,
Fig. S15B, first and second panels from the top). AEV-treated
macrophages also showed increased lactate dehydrogenase re-
lease compared with control cells, implying that pyroptic changes in
the cells were caused by AEVs (SI Appendix, Fig. S16). Therefore, it
is suggested that AEVs might have a factor that stimulates the
formation of inflammasomes to degrade pro-caspase 1 to caspase 1,
subsequently producing mature IL-1f from pro-IL-1p released
through the pores formed by pyroptosis (23, 24). Phosphorylation
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of MAPKs (ERK 1/2, JNK 1/2, and p38) and processing of the
p100 NF-kB subunit to p52 were also increased. However, the
degradation of IkBa or an increase of phosphor-IkBa was not
observed (SI Appendix, Fig. S15B, panels 3-12 from the top).
Therefore, the data indicate that the NF-xB and p38 MAP kinase
play a central role in AEV-mediated IL-1p induction, although
other MAPKSs can be activated also. The activation of NF-«xB
seems to be caused by mechanisms other than the classic canon-
ical pathway, because neither degradation nor phosphorylation of
IkBa was observed. In the ChIP assay, immunoprecipitates with
anti-p65, anti-IkBp, and anti—c-Rel Abs could amplify the NF-«xB—
responsive sequences of the mouse IL-1f promoter after AEV
treatment (SI Appendix, Fig. S15C), which was consistent with the
findings that nuclear localization of p65, c-Rel, and IkBp in-
creased at relatively earlier times than p50 and p52 (SI Appendix,
Fig. S15D) and implying that p65, c-Rel, and IkBp are crucial NF-
kB and IkB subunits for IL-1p induction.

S1P-Loaded S1PR of AEVs Activates BMMQs to Induce IL-18. We then
determined the component of AEVs that stimulated BMMQs,
resulting in IL-1p induction. The AEVs expressing eGFP-
CD63 were internalized to the BMMQs within 2 h after the
treatment (S Appendix, Fig. S17), suggesting that any component
of the AEVs might stimulate the BMMOQs. Pretreatment with C34,
an inhibitor of TLR4, or with CPT22, an inhibitor of TLR1/2,
showed no effect on AEV-mediated IL-1p induction (SI Appendix,
Fig. S18), indicating that TLRs are not implicated in macrophage
activation. Therefore, to find the molecular entities of the factor
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that activates macrophages, AEVs were preincubated with pro-
teinase K, RNase A, DNase I, and/or Triton X-100 before the
macrophages were stimulated. As shown in Fig. 64, IL-1f induction
was notably blocked by the preincubation with Triton X-100 but
was not influenced by proteinase K, RNase A, or DNase 1. How-
ever, proteinase K in combination with Triton X-100 resulted in a
significant decrease in AEV-mediated IL-1p induction. Addition-
ally, the membrane fraction prepared from the AEVs showed a
markedly greater effect on macrophages than the intact AEVs (Fig.
6 B and C). These data imply that either a membrane lipid or a
membrane protein of AEVs could be an inflammatory factor. In-
deed, when comparing the effects of lysophosphatidic acid, sphin-
gosylphosphorylcholine, or S1P, which is reported to be capable of
activating NF-xB as a bioactive lipid (25-27), S1P could induce IL-
1B only at a very high concentration (50 pM) (SI Appendix, Fig.
S19). We then determined whether S1P-loaded S1PR1 or
S1PR3 activated BMMQs to induce IL-1p. A higher IL-1p level was
induced in a dose-dependent manner when complete or membrane
fractions of AEVs were preincubated with S1P at the final concen-
tration at which macrophages could not be stimulated, compared
with the nontreated control (Fig. 6 C and D). Also, cotreatment with
the S1PR3 antagonist TY52156 and AEVs almost completely
blocked IL-1p induction, but the other antagonists significantly en-
hanced the IL-1p induction (Fig. 6E). The AEVs prepared from
the cells overexpressing SIPR1 or SIPR3 were found to be more
potent inducers of IL-1p than the parental or vector-transfected
cells (Fig. 6F and SI Appendix, Fig. S20). The cotreatment with
TY52156 also inhibited the AEV-mediated nuclear translocation of
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Fig. 6. S1P-loaded S1PRs on AEVs stimulate macrophages to induce IL-1p. (A) BMMQs were treated for 16 h with AEVs (40 pg) preincubated with proteinase K
(PK) (0.2 mg/mL), RNase (10 pg/mL), DNase (10 pg/mL), or Triton X-100 (1%) for 30 min. IL-1p mRNA was observed. (B) Equal amounts of total cellular lysate,
AEVs, or membrane fractions of AEVs were Western blotted. (C) BMMQs were treated for 16 h with equal amounts of AEVs or membrane fractions that had
been preincubated with S1P (200 uM) at 37 °C for 1 h. IL-18 mRNA was measured. (D) BMMQs were treated with 100 uL AEVs (200 pg) or PBS with/without S1P
preincubation for 1 h at 37 °C. IL-1p mRNA was measured. (E) BMMQs were treated with AEVs (5 pg/mL) or PBS with/without W146 (20 pM), JTEO13 (20 pM),
TY52165 (50 uM), or CYM50358 (5 uM). IL-18 mRNA was measured. (F) BMMQs were treated for 16 h with AEVs prepared from parental HelLa cells or cells
transfected with vector, STPR1-mCherry, or STPR3-mCherry. IL-1p mRNA was measured. (G) BMMQs were incubated with AEVs (10 pg/mL) or PBS after 1-h
pretreatment with PTX (200 ng/mL), YM254890 (20 pM), CCG-1432 (50 pM), Y27632 (20 pM), or gallein (20 uM). IL-1p mRNA was measured. (H) BMMQs,
pretreated with DMSO, Nodinitib-1 (20 pM), or NOD-IN-1 (50 uM), for 1 h, were incubated with AEVs or PBS for 16 h. IL-18 mRNAs were measured. (/) BMMQs
were treated for 1 h with AEVs (10 pg/mL) in 10% exosome-free FBS MEM in the presence of W146 (20 pM), JTE013 (20 pM), TY52165 (50 pM), CYM50358
(5 pM), CCG-1432 (50 pM), or NOD-IN-1 (50 pM). The nuclear and cytosolic fractions were prepared, and Western blotting was performed. (J) BMMQs treated
for 1 h with PBS or AEVs were, immunoprecipitated with anti-RhoA Ab. The lysates (INPUT) and the immunoprecipitates (IP) were Western blotted. Ex-
periments were performed in triplicate. Data are presented as mean + SD in A and C-H. *P < 0.001; **P < 0.01; ***P < 0.05.

NF-kB subunits p65 and c-Rel (Fig. 6/, two left panels). Collectively,
these data indicate that S1P-loaded S1PR3 directly activates mac-
rophages to induce IL-1p via the NF-xB pathway, and S1P-loaded
S1PR1 can probably perform similar roles.

Next, we tried to inspect the downstream signals of S1PRs leading
to NF-«B activation; therefore we determined the effects of inhib-
itors of G proteins on AEVs-mediated IL-1p induction. Among the
inhibitors, CCG-1423, an inhibitor of RhoA transcriptional activity,
completely prohibited IL-1p induction in the AEV-treated macro-
phages (Fig. 6G). RhoA is known to be an effector of SIPR-coupled
Gayo)13 (28), and RhoA in S1PR signals has been reported to me-
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diate the activation of NF-kB, but its exact mechanisms are largely
unknown (29-33). Furthermore, recent reports have shown that
the Rho GTPase-nucleotide-binding oligomerization domain-
containing protein 1/2 (NOD1/2) axis is implicated in NF-kB acti-
vation and in the subsequent expression of inflammatory genes in
the cellular responses to DAMPs (34). Therefore, based on these
reports, we determined the effects of NOD inhibitors. As shown in
Fig. 6H, NOD-IN-1, an inhibitor of NOD1/2, significantly blocked
IL-1p induction, but Nodinitib-1, a NOD1-specific inhibitor, showed
a little effect. In accord with these data, CCG-1423 and NOD-IN-
1 inhibited nuclear localization of p65 and c-Rel in AEV-treated
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macrophages (Fig. 6/, two right panels). Additionally, the interaction
of RhoA with SIPR3 or NOD2 was increased after AEV treatment,
as proven by immunoprecipitation (Fig. 6/). Taken together, our
data suggest that AEV-mediated NF-xB activation might involve
the interplay of SIPRs-Gajz13-RhoA-NOD2. In this regard, the
discrepancy between responses to AEVs in Raw264.7 and PMA-
differentiated THP-1 cells (SI Appendix, Fig. S44) appears to come
from the low expression of Nod1/2 and a critical protein kinase of
NOD signals, Rip2, in Raw264.7 cells (35), because LPS-primed
Raw264.7 cells were able to induce IL-1f although Raw264.7 cells
did not respond to the AEVs (SI Appendix, Fig. S21).

AEVs Have DAMPs. To investigate the way in which AEVs differ-
entiate macrophages, the transcriptome from AEV-stimulated
BMMQs was compared with that of nontreated controls. The re-
sults showed that 431 genes were up-regulated and 179 genes were
down-regulated with a cutoff value of 4 for fold-change of gene
expression and P value < 0.05 in AEV-treated BMMQs compared
with the controls according to the analysis of differentially expressed
genes after RNA sequencing (SI Appendix, Figs. S224 and S244). In
the evaluation of gene ontology (GO) annotation for the 431 up-
regulated genes, the largest set of genes was associated with innate
immune response or inflammatory responses in a biological process,
located in the cytosol, intracellular vesicles, ER, plasma membrane,
or extracellular regions, and assorted as cytokines, chemokines, 2'5'-
oligoadenylate synthases, binding protein to dsDNA, dsRNA, or
protein in molecular function. However, no critical finding was ob-
served in the GO annotation of 79 down-regulated genes (cutoff
value = 4; P < 0.01) (SI Appendix, Figs. S23 and S24B). When
431 up-regulated genes were classified according to their governing
transcriptional factors in an upstream examination using Ingenuity
Pathway Analysis (Qiagen), 201 genes could be controlled by NF-«B,
IRF1, IRF3, IRF5, IRF6, IRF7, MAPK, and AP1 or by CREBBI1
and CREBBP, which are known to be activated by TLR signals,
which are the best known pattern-recognition receptor (PRR) sig-
nals (36). NF-xB was the single transcriptional factor affecting the
largest set of genes, consistent with our data proving the NF-«xB
dependency of IL-1p induction (S Appendix, Figs. S15 and S22B).
In addition to PRR signals, a smaller population was controlled
by STAT1, STAT2, STAT4, and STAT5a/b, SMARC4A and
SMARCBI1, CEBPA/B/D, or TP53 (SI Appendix, Fig. S22C).
These data clearly imply that the NF-xB signals through the S1P-
loaded S1PRs of AEVs play major roles in the differentiation of
macrophages to evoke innate immune responses and inflammation,
similar to the roles of TLR-mediated signals.

Therefore we confirmed the possibility that the AEVs function as
DAMPs in an in vivo mice model. Various proinflammatory genes
such as Il1b, Nos2, Cxcll, Tnfa, 116, and Cox2 (Ptgs2) were signifi-
cantly up-regulated in the liver and spleen of the mice iv. injected
with the AEVs, although 111b was less increased in the mice than in
the macrophages (SI Appendix, Fig. S25). Coinjection of TY52156
partially blocked the increase of all genes except Tnfa and Il6;
however, W146 showed little blockade or even positive influences on
the expression of the genes (SI Appendix, Fig. S26). Proinflammatory
genes were expressed at higher values in the mice i.p. injected with
the AEVs than in the iv.-injected mice, and TY52156 inhibited the
increased expression of the genes with a statistically significant effect
(SI Appendix, Fig. S27). Serum Il1b was markedly increased in the
i.p--injected mice, and this increase was blocked by coinjection with
TY52156 (SI Appendix, Fig. S28). These data from in vivo animal
studies were largely analogous to the in vitro data from the macro-
phages and imply that, as functional DAMPs, AEVs are likely to be
associated with various pathologic or physiologic processes accom-
panying cell death and sterile inflammation in the human body.

Discussion

The schematic illustrations in SI Appendix, Fig. S29 summarize
our results together with previous findings. At the early phase of
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apoptosis, SPHK2 remains close to the plasma membrane where
it catalyzes the phosphorylation of sphingosine to S1Ps. The S1Ps
are then translocalized outside the membrane, where they bind
with SIPR1 or S1PR3, resulting in activation of the receptors.
The activated receptors transduce signals through the Gg, sub-
units of the downstream G proteins and provoke actin polymeri-
zation mediated by Rho family GTPases. Next, the modulated
actin cytoskeleton enhances the formation of endosomes, which
mature to simultaneously form MVEs and ILVs containing both
S1PRs and CD63 with possible interplay by Gg,- and Gj,-mediated
F-actin modulation. The MVE fuses with the plasma membrane
and releases AEVs. The released AEVs enter the macrophages by
endocytosis and fuse with the endosomal membrane or fuse di-
rectly with the plasma membrane of the macrophages; by this
process, the S1P-loaded S1PRs are expressed at the membrane
of the macrophages and expose their cytosolic parts to be ready
for signal transduction. S1P-loaded S1PRs and their coupled
Gayy/13 provide the platform for the NF- xB-activation com-
plex including RhoA/NOD2/RIP2/IKK, which transduces the
signals for translocating the NF-kB complex composed of IkBg,
p65, and c-Rel to the nucleus, finally enhancing mRNA tran-
scription of IL-1p as well as various inflammatory cytokines
and chemokines in macrophages.

Our data show that in early apoptosis the plasma membrane
forms fine, spindle-like structures composed of filamentous actin
where S1PR1 and S1PR3 as well as CD63 are colocalized and the
maturation of endosomes begins. However, the inhibition of Gg,
subunits by gallein treatment or of sphingosine kinase by DMS
almost completely obliterated the formation of the spindle-like
structures and subsequently block the release of AEVs (SI Ap-
pendix, Fig. S12). This implies that the formation of the plasma
membrane fine, spindle-like structures and successive endosome
maturation are undoubtedly dependent on S1P/S1PRs signaling.
Interestingly, these spindle-like structures closely resemble PANX1-
inhibitable apoptopodia, which are known to consist of filamentous
actin and to contribute to the release of apoptotic bodies (37). If
plasma membrane spindles and apoptopodia are closely analogous
structures, this might suggest that SIP/S1PRs’ activation and the
following actin polymerization are closely associated with apop-
topodia formation in addition to the biogenesis of AEVs.

Nakamura et al. published a series of results that partially concur
with our results. They demonstrated novel mechanisms of ILV
formation that are dependent on the SPHK2-S1P-S1PRs axis
during endosome maturation, contributing to exosomal cargo
sorting (18, 22). Although the signaling systems of S1P-SIPR-
dependent ILV maturation are likely to be quite similar to those
for AEV formation, our data also reveal their differences. First, we
show that AEV maturation by the SIP/S1PR axis begins with
endosome formation at the plasma membrane in the early apo-
ptotic phase, so that the vesicles are already fated to be AEVs at
the stage of endosome formation. Secondly, SIP/SIPR signals
regulate not only a specific type of EV but also the total amount of
released AEVs. Therefore, the total amount of AEVs could be
changed by modulation of the SPHK2-S1P-S1PRs axis. Finally,
S1PR1 and S1PR3 are specific markers of AEVs. Therefore, exo-
somes from S1P/S1PRs signals could also have S1PR1 and
S1PR3 in their membrane. However, the relatively small propor-
tions of S1P/S1PR signal-mediated exosomes in the total exosomes
released from the growing cells might make detecting the SIPRs
difficult. In this context, the AEVs and S1P/S1PRs-mediated
exosomes are assumed to be identical entities, but more vesicles are
released in the apoptotic situation than in nonstressful conditions.

As shown in SI Appendix, Fig. S12, the formation in the plasma
membrane of spindles composed of filamentous actin was con-
trolled by the Gg, subunits of heterotrimeric G proteins down-
stream of S1PRs. Indeed, Gg, subunits were reported to control
the Rho family GTPases Rac, Cdc42, and Rho by activating Rho
family-specific guanine nucleotide exchange factors (GEFs) such
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as P-Rex1, PLEKHG?2, and ARHGEF18 (38-41). Hence, since
the overexpression of constitutively active mutants of Racl,
Cdc42, or RhoA partly enhanced the biogenesis AEVs (SI Ap-
pendix, Fig. S13), the activation of Gg, subunits transfers signals
to Rho GTPase through Rho family-specific GEFs, resulting in
the modulation of actin cytoskeleton.

In this study we have shown that the release of AEVs relies on
caspases 3 and 9 (SI Appendix, Fig. S3). However, it should be
noted that the biogenesis of AEVs was initiated from fine,
spindle-like structures of the plasma membrane before caspases
3 and 9 were activated. Thus, caspases are assumed to have a role
in the relatively late phase of the AEV biogenesis. One possible
hypothesis for the role of caspases is that a pore-forming protein,
DEFNAS, cleaved by caspase 3 (42, 43), contributes to the release
of the AEVs from MVEs. Further studies are needed to elucidate
this possibility.

Our data demonstrated that S1Ps were already loaded on the
S1PRs of AEVs at the time the AEVs activate the BMMQs.
First, the AEVs had a much greater amount of S1P compared
with exosomes. Second, an S1P/SIPRs signaling system was re-
quired for the biogenesis of AEVs; consequently, SIP needed to
be loaded onto S1PRs (Fig. 3). Third, despite the time-dependent
increase in AEVs after apoptotic stress, the relatively early-phase
AEVs could stimulate macrophages more efficiently than late-
phase AEVs (Fig. 1F), consistent with the data in SI Appendix,
Fig. S2 indicating that the SIP-S1PRs interaction was disrupted
with long-term incubation.

It has recently been suggested that activation of Rho GTPases
and subsequent cytoskeletal changes provoked by DAMPs might
stimulate the intracellular PRRs NOD1/2, resulting in their re-
cruitment to the plasma membrane and their interaction with
RIP2 to activate TAKI1 and the IKK complex (34). The IKK
complex then phosphorylates members of the IkB family (IkBa,
IxBp, and IkBe) (44). In this respect, it is probable that S1P/
S1PRs in the AEVs mobilize cytoskeleton through their coupled
G protein and downstream Rho GTPases and that NOD 1/2 is
then recruited to the membrane of the AEVs within the mac-
rophages. These possibilities agree with our data (Fig. 6 H and I).

The phosphorylation and degradation of IxBoa were not observed
in the AEV-mediated activation of macrophages despite the NF-xB
dependency of IL-1p induction (SI Appendix, Fig. S154). However,
for several reasons these results cannot rule out the possibility that
phosphorylation and degradation of IxBoa occurred in our model.
The AEV-mediated nuclear localization of NF-kB subunits (p65,
P50, c-Rel, and RelB) and subsequent IL-1p transcription in FBS-
containing medium progressed very slowly (SI Appendix, Fig. S15 B
and D), whereas the degradation of phosphorylated IxBo has been
known to be an instantaneous process and to be rapidly restored
(45). Probably, the competition of the AEVs with exosomes con-
tained in FBS during the process of the cellular entry would result in
slow and sequential cellular signal transduction, disturbing the ob-
servation of rapid and partial phosphorylation and degradation of
IxBa in our system.

According to our data, IkBf complexed with p65/c-Rel bound
to IL-1p promotors (SI Appendix, Fig. S15C). These results are
consistent with the previous reports showing that IkBf com-
plexed with c-Rel plays an essential role in the induction of
subsets of inflammatory genes, including /L-1p, in macrophages
and in a mouse model (46-48). A newly synthesized, non-
phosphorylated form of IkBf complexed with NF-kB dimers can
bind to promotors in the inflammatory genes, helping stabilize
the interaction between NF-kB and DNA, because [kBp has no
signaling sequences for nuclear export (48, 49).

Dying cells or tissues release DAMPs that have been known to
function as inflammatory mediators similar to pathogen-associated
molecular patterns (PAMPs) originating from external pathogens
(8), but the exact molecular mechanisms that induce inflammation
and the intensities of the inflammatory responses via DAMPs have
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not been completely understood until now (50). Moreover, it is
argued that the IL-1 family cytokines could be genuine DAMPs,
functionally reminiscent of PAMPs (51). On the other hand, apo-
ptosis has long been believed to be noninflammatory or even
antiinflammatory. However, in some situations apoptosis can be an
inducer of inflammation or an adaptive immune response (9-13).
The S1P-loaded SIPRs on the AEVs might provide answers to
these questions, since they can efficiently induce IL-10/f, and thus
the inflammatory response induced by AEVs would be amplified,
eventually reaching the levels of inflammation brought about by
PAMPs. The inflammatory response evoked by S1P-loaded S1PRs
in the AEVs would be exactly proportional to the total apoptotic
load, because the release of the AEVs increases in proportion to
the increase in apoptotic cell deaths, and the S1P-loaded S1PRs are
not ligands dependent on the cellular receptors for the action but
are ligand-receptor complexes independent of the receptors. This
explains why massive apoptosis is inflammatory. Nonetheless, the
signaling mechanisms from the S1P/SIPR complexes to inflam-
mation should be investigated further, especially to elucidate the
presence of other downstream molecules for the signal transduction
within the AEVs and the signal mechanisms connecting S1IP/SIPR
to NF-«B.

Materials and Methods

Animal Experiments. All animal experiments were performed under protocols
and guidelines approved by the review board of Laboratory Animal Research
Center of Ajou University Medical Center, Suwon, South Korea.

Preparation of Exosomal Fractions and OptiPrep Density Gradient Centrifugation.
Exosomal fractions from culture supernatants of cells incubated in 10% exosome-
free FBS Eagle’s minimum essential medium for 48 h or in conditioned medium
from Hela cells treated with 1 uM staurosporine were purified as described
previously (52). For the preparation of AEVs, the conditioned medium from
apoptotic cells was centrifuged for 10 min at 200 x g and twice for 20 min at
2,000 x g to remove cellular debris and apoptotic bodies. The pellets were
collected and washed twice by ultracentrifugation at 100,000 x g for 70 min.
The protein concentration of pellets resuspended with PBS was quantified using
the Bradford assay. The vesicles resuspended in sucrose buffer (0.25 M sucrose,
1 mM EDTA, 10 mM Tris-HCl, pH 7.4) were loaded onto the discontinuous
OptiPrep (Sigma Aldrich) density gradient (5%, 10%, 20%, 25%, 30%, 35%, and
40%) and were ultracentrifuged for 15 h at 100,000 x g, from which fractions
were collected. An equal volume of the fraction was electrophoresed in SDS/
PAGE gel and silver-stained. For fractionation of vesicular membranes, the
exosomes were incubated on ice with 100 mM Na,COs (pH 11) for 1 h, washed
once and resuspended in PBS.

Confocal Microscopy. Cells stably expressing CD63-eGFP, S1PR1-mCherry2,
S1PR3-mCherry2, 3XFlag-SPHK1, and/or 3xFlag-SPHK2 grown on Lab-Tek
four-well glass chamber slides (NUNC A/S) were incubated in medium or
medium containing 1 uM staurosporine for the indicated times. In some
experiments, the cells were incubated with WGA (2.5 pg/mL) for 10 min at
37 °C and were washed twice with HBSS or anti-Flag M2 Ab for 1 h at 37 °C
and were washed five times with PBS. The cells were fixed with 4% para-
formaldehyde and were mounted with DAPI-containing mounting medium
(Vector Laboratories Ltd). For visualization of F-actin, the fixed cells were
incubated with phalloidin (6.6 M) for 20 min at room temperature and
were washed twice with PBS. Images were collected using an LSM710 laser-
scanning confocal microscope (Carl Zeiss) equipped with argon (488-nm) and
krypton (568-nm) lasers, using a 40x water-immersion objective. Images
were processed with ZEN 2009 light edition software (Carl Zeiss).

Real-Time PCR. Total RNA was isolated using an RNeasy kit (Qiagen). A Pri-
meScript Reverse Transcriptase reagent Kit (TaKaRa) was used to reverse-
transcribe mRNA into ¢cDNA. PCR was then performed on an ABI PRISM
7000 machine (Applied Biosystems) using SYBR Premix Ex Taq Il (TaKaRa). The
sequences of primers for BMMQ differentiation are given in SI Appendix,
Table S2. Analysis of each sample in triplicate was performed more than
twice for each experiment, and data in the figures are reported as relative
quantification (RQ): average values of 27247 + sD,.
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