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ABSTRACT ARTICLE HISTORY
Extracellular vesicles (EVs) are secreted membrane vesicles, which play complex physiological and Received 23 May 2018
pathological functions in intercellular communication. Recently, we isolated natural killer (NK) cell- ~ Revised 21 February 2019

derived EVs (NK-EVs) from ex vivo expansion of NK cell cultures. The isolated NK-EVs contained Accepted 25 February 2019
cytotoxic proteins and several activated caspases, and they induced apoptosis in target cells. In this KEYWORDS

report, the protein levels of cytotoxic proteins from NK-EV isolates were analysed by ELISA. The mean Scale-up isolation; natural
values of perforin (PFN, 550 ng/mL), granzyme A (GzmA, 185 ng/mL), granzyme B (GzmB, 23.4 ng/mL), killer cells; extracellular
granulysin (GNLY, 56 ng/mL), and FasL (2.5 ng/mL) were obtained from >60 isolations using dot plots. vesicles; cytotoxicity;

The correlation between cytotoxicity and cytotoxic protein levels was examined by linear regression. caspases; cancer treatment
PFN, GzmA, GzmB, GNLY all had a positive, moderate correlation with cytotoxicity, suggesting that

there is not a single cytotoxic protein dominantly involved in killing and that all of these proteins may

contribute to cytotoxicity. To further explore the possible killing mechanisms, cells were treated with

NK-EVs, proteins extracted and lysates assessed by Western blotting. The levels of Gzm A substrates,

SET and HMG2, were diminished in targeted cells, indicating that GzmA may induce a caspase-

independent death pathway. Also, cytochrome C was released from mitochondria, a central hallmark

of caspase-dependent death pathways. In addition, several ER-associated proteins were altered,

suggesting that NK-EVs may induce ER stress resulting in cell death. Our results indicate that multiple

killing mechanisms are activated by NK-derived EVs, including caspase-independent and -dependent

cell death pathways, which can mediate cytotoxicity against cancer cells.

Abbreviations: NK: natural killer cells; aNK: activated NK cells; EV: extracellular vesicles; ER:
endoplasmic reticulum; ALL: acute lymphoblastic leukaemia; FBS: foetal bovine serum. GzmA:
granzyme A; GzmB: granzyme B; GNLY: granulysin; PFN: perforin

Introduction are formed within the endosomal network and are
released upon fusion of multivesicular bodies with the
plasma membrane; and 3) apoptotic bodies that
are released as blebs from cells undergoing apoptosis.
Lower organism, such as pathogenic yeast Cryptococcus
neoformans, secretes microvesicles which can activate
brain endothelial cells to facilitate its traversal across
the blood-brain barrier and thus promote its brain
invasion [9]. Bacteria and parasites are also able to
secrete EVs, which are formed by outward bulging of
the outer membrane. Thus, EV's are universal intercel-
lular communicators, existing in higher and lower
organisms.

Proteomic studies of EVs released by cultures of
primary cells, cell lines, and tissues, or of EVs isolated

Extracellular vesicles (EVs) are biological nanovesicles
that act as natural delivery vessels, shuttling active
molecules (e.g. mRNA, miRNA, proteins) to recipient
cells and influencing cellular functions [1,2]. EVs
represent an important mode of intercellular commu-
nication and play key roles in many physiological and
pathological processes [3-5]. Accumulating data indi-
cate that the contents, size and membrane composition
of EVs are highly heterogeneous and dynamic, and
depend on the cellular source, physiological status
and environmental conditions [6-8]. In general, EVs
can be broadly classified into three main classes: 1)
microvesicles that are produced by outward budding
and fission of the plasma membrane; 2) exosomes that
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from biofluids have yielded extensive catalogues of the
protein abundance in different types of EVs. Usually,
EVs contain high levels of cytoskeletal (e.g. actin, fibro-
nectin), cytosolic (e.¢. GAPDH, LDH, 14-3-3 protein),
heat shock (e.g. HSP90, HSP70), antigen presentation
(i.e. MHC-I, -II), and plasma membrane proteins (e.g.
tetraspanins CD9, CD63, CD81), as well as proteins
involved in vesicle trafficking (e.g. ESCRT, Tsgl01,
Alix) [10]. These proteins may represent basic consti-
tuents commonly observed in all EVs. On the other
hand, EVs derived from different cell types may exhibit
a unique protein profile, which may be required for
specific biological functions. For example, EVs from
tumour cells contain tumour antigens, exosomes from
dendritic cells express MHC-II-peptide complexes, and
platelet-derived exosomes contain coagulation factors
[11]. In addition, EVs contain a repertoire of mRNA,
miRNA or other RNA species distinct from those of
their cell of origin [12,13]. As such, EVs can shuttle
functional nucleic acids between cells and regulate the
recipient cell at a post-transcriptional level [13]. This
process represents a novel mode of gene regulation.

One feature of EVs is that their composition varies
as determined by different physiological or pathologi-
cal conditions. The same cell type may secrete different
subgroups of vesicles (e.g. exosomes or microvesicles)
depending on the cell topography (e.g. from the apical
or basolateral sides) [14], environmental factors (e.g.
oxygen tension) or activating stimulus (e.g. apoptosis
or autophagy) [15]. In addition, the protein contents of
the same EV subgroups are regulated by external sti-
muli [16]. Some studies have reported changes in the
glycosylation pattern of EVs in pathological conditions
such as ovarian cancer [17]. Thus, the complexity and
dynamic compositions of EVs point towards the
unique properties that are required for their versatile
roles in biological systems.

Human natural killer (NK) cells can secrete EVs that
contain typical NK markers (e.g. CD56) and Kkiller
proteins (e.g. perforin, granzyme A & B, granulysin
and FasL) [18,19]. We have recently developed
a protocol to isolate large quantities of NK-derived
EVs from ex vivo expansion cultures of activated NK
cells, and the isolated NK-EV fractions were cytotoxic
against several cancer types [19]. Interestingly, the iso-
lated NK-EV's contained the cytotoxic proteins perforin
(PFN), granzyme A (GzmA), granzyme B (GzmB) and
granulysin (GNLY), which originated from the NK
cells. It is well known that activated human NK cells
and cytotoxic T lymphocytes release these cytotoxic
proteins as the major mechanism for their cytotoxicity
[20-23]. As expected, we showed that activation of
caspase —3, —7 and —9 was detected in cancer cells

incubated with NK-EVs, and caspase inhibitors (-2,
-3, =6, -8, -9, —-10, —12) blocked NK-EV-induced
cytotoxicity, suggesting that NK-EVs activate caspase
pathways in target cells [19]. The ability to isolate
highly cytotoxic NK-EVs on a large scale may lead to
new clinical applications [24,25]. In this scenario, one
needs to determine whether the yield of EVs and levels
of the cytotoxic proteins in separate isolations vary
depending on sources and environmental factors. In
addition, as NK-EVs contain various cytotoxic proteins
that are involved in several cell death pathways, it is
important to determine the killing mechanisms used by
NK-EVs among this array of cytotoxic proteins. Our
results indicate that multiple killing mechanisms are
triggered through these cytotoxic proteins, resulting in
cytotoxicity of target cells.

Materials and methods
Reagents and materials

Polyethylene glycol-8000 was purchased from Sigma-
Aldrich Chem. Co (Saint Louis, MO). Interleukin-2
was obtained from PeproTech (Rocky Hill, NJ).
Protein concentration was determined by the
Bradford assay (Bio-Rad Laboratories, Inc., Hercules,
CA). The G-Rex cell culture device was purchased from
Wilson Wolf Manufacturing Corporation (New
Brighton, MN). MitoTracker® Green FM (#9074S) was
purchased from Cell Signalling Technology.

Isolation of activated NK-EVs from ex vivo NK cell
culture

Here, 30 mL of blood was drawn from healthy donors
under a protocol approved by the IRB at Children’s
Hospital Los Angeles (Los Angeles, CA). Peripheral
blood mononuclear cells (PBMC) were isolated by den-
sity separation using Histopaque-1077 (Sigma, cat.
#10771), and T-cells were then absorbed using a human
CD3 positive selection kit (STEMCELL™, cat.#18051).
K562 Clone 9.mbIL21 cells (clinical-grade master cell
bank designated CJLCKT64.86.41BBL.CD19. mbIL21)
were used as artificial antigen presenting cells (aAPC)
for NK cell propagation and activation. These aAPCs
express a membrane-bound variant of IL-21 [26]. The
aAPCs were y-irradiated (100 Gy) and then suspended in
RPMI-1640 and 10% foetal bovine serum (FBS) supple-
mented with 50 IU/mL recombinant human IL-2
(PeproTech). On day 0, PBMC from normal donors
were incubated with the y-irradiated-aAPC at a 1:1 ratio
and cell concentration of 1 x 10° in the G-Rex culture
device (Wilson Wolf Corp. New Brighton, NM). After



7 days of co-culture, cells were counted, and new Y-
irradiated aAPC were added (total cell:aAPC ratio
1:0.5). Cells were grown for a total of 14 days, at which
time they were phenotyped by flow cytometry, demon-
strating that >95% of the cells in the cultures were NK
cells (CD56"/CD16"/CD3"). At day 19, the culture med-
ium was replaced with exosome-free FBS and the culture
supernatant was harvested 48 hr later and filtered with
0.8-um pore size membranes (cat. # AO0S80A047A;
Advantec, Inc). An equal volume of 50% sterile
PEG8000 was added to the filtrate to precipitate the EVs
derived from the activated NK cells at 4°C overnight,
followed by centrifugation at 10,000 xg for 20 min to
pellet the vesicles and overnight dialysis at 4°C with
PBS-5% glycerol and a 100 KDa cut-off dialysis bag
(Spectrum Labs, Com; part #131420).

ELISA

ELISA assays were performed with commercial kits
according to the individual manufacturer’s instructions.
The following human ELISA kits were used: perforin
(U-CyTech Biosciences, CT391A), granzyme-A (Boster
Biosciences, = EK1162),  granzyme-B  (U-CyTech
Biosciences, CT211A), granulysin (Biolegend, 438007),
and human FasL (RayBiotech, ELH-FASI-1). Aliquots
of NK-EV isolates were added to the reaction mixture
into the 96-well strips from the kits. After 2 hr, the
reactions were stopped, developed and read at 450 nm
by spectrophotometry. All kits provide standard pro-
teins. The amount of cytotoxic proteins was determined
based on the standard curve from each kit.

Western blotting analysis

The CHLA255 (neuroblastoma), SubB15 (acute lym-
phoblastic leukemia, ATCC CRL-1929) and NALM6
(a B cell precursor leukemia cell line, ATCC CRL-
3273) cells were grown in RPMI 1640 medium sup-
plemented with 10% heat-inactivated foetal bovine
serum, 2 mM glutamine, 100 units/ml penicillin, and
100 pg/ml streptomycin until log phase. Cell lysates
of neuroblastoma (CHLA255), leukaemia cells
(SupB15 or NAML-6) were treated with different
amounts of NK-EVs as indicated in the figure legend.
For each treatment, 30 pg of cell lysate proteins were
loaded per lane and separated by SDS-PAGE, and
proteins were electro-transferred to PVDF mem-
branes (Millipore). The blots were probed with anti-
bodies to HMG2 (Cell Signalling Technology,
#14163, 1:500) or SET (Santa Cruz Biotech, sc-
133138, 1:500) followed by incubation with anti-
mouse-HRP secondary antibody conjugates (1:5,000

JOURNAL OF EXTRACELLULAR VESICLES @ 3

dilution). Proteins were detected with
a chemiluminescence substrate (cat. #34080) from
ThermoFisher Scientific, Inc. (Waltham, MA). ER
Stress Antibody Sampler Kit was purchased from
Cell Signalling Technology (#9956S). Protein size
markers were purchased from Bioland Scientific,
LLC. (cat. # PM01-01).

Cytotoxicity of NK-EVs

The cytotoxicity assay was performed using the Lunar
Cell Counter (Logos Biosystems, Inc., Annandale, VA).
SupB15 or CHLA255 ( 10* cells) were seeded into
Costar 96-well plates (Corning) in 0.1 mL RPMI-1640
with 50 IU/mL IL-2 and 2% FBS, and 40 ug of isolated
NK-EVs were added to triplicates. After 24 hr, the
acridine orange/propidium iodide (AO/PI) dual fluor-
escence staining method was used to examine total
(green, AO) and dead (red, PI) cells. Total, live and
dead cell number, concentration, percentage of viabi-
lity/death, cell size and distribution were all displayed
by the Lunar Cell Counter. The built-in software pro-
vided data analyses, histograms and image storage. The
ratio of dead cells to total cells was calculated. PBS was
used in place of the NK-EVs as a negative control.

Immunofluorescence microscopy

Samples for immunofluorescence microscopy were
prepared as follows. Neuroblastoma CHLA255 cells
were plated onto glass coverslips (22 mm, square)
that had been previously coated with type I collagen
from rat tails (Upstate, 5-10 pg/cm®) and placed in an
8-well square culture system (Nalgene Nunc).
Approximately 5 x 10* cells were seeded onto each
coverslip 24 hr prior to the experiment. The mounted
cells were prewashed four times with PBS, then fixed
with 2% formaldehyde/PBS (v:v) for 30 min at room
temperature. After three additional washes with PBS,
non-specific binding was blocked with 5% milk/PBS
for 30 min and cells were then incubated overnight
with an antibody to cytochrome C (7H8.2C12;
Biolegend; cat.#: 612503) and the MitoTracker FM
dye at 4°C. The coverslips were then washed four
times with PBS followed by 1% BSA/PBS. Anti-mouse
IgG Rhodamine conjugate (1:100 dilution) was added
into each well for 1 hr at 4°C. Another three washes
were applied then a drop of Vectashield mounting
solution containing DAPI (Vector Laboratories;
H-120) was used to seal the coverslips onto slides.
Samples were examined under a fluorescence micro-
scope at the Congressman Dixon Cellular Imaging
Core Facility of Children’s Hospital Los Angeles.
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Cytochrome C release assay

Cytochrome C was examined by the Cytochrome
C Releasing Apoptosis Assay Kit (Abcam, cat
#65,311). Briefly, ALL SupBl15 cells were grown to
1 x 10° cells/mL (viability ~95%). Then, 50 mL culture
was used as a unit per experimental condition, as
suggested by the manufacturer. The cultures were trea-
ted with (2 mg NK-EV/10° cells) for 18 hrs. After
treatments (viability ~50%), cells were collected by
centrifugation at 600 x g for 5 min at 4°C and washed
for twice. In parallel, no NK-EV treatment was used as
the control. Cells were homogenized and isolated as
cytosolic and mitochondrial extraction by employing
the reagents from the kit. A standard Western blot
procedure was performed and probed with monoclonal
mouse anti-cytochrome C antibody. Cytochrome
C signals from Western blots (n = 3) were quantified
by Image] program and subjected to statistical analysis.

P<0.01

PFN, ng/mL
2

Statistical analysis

Data from ELISA assays or Image ] quantitation were
entered into Microsoft Excel spreadsheets and con-
verted automatically into statistical packages. Scatter
plots were used to compare the protein concentrations
with the cytotoxicity from CHLA255 and SupB15 cells,
and R-squared values were calculated to determine
linear regressions. Dot plots were analysed by the soft-
ware GraphPad version 6.0 (Figure 1). Standard deri-
vation was calculated for Image ] quantitation.

Results

Content of cytotoxic proteins from different NK-EV
isolates

Large-scale isolation of NK-EV's from ex vivo expansion
of NK cell cultures were produced using our previously
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Figure 1. Expression of cytotoxic proteins from different batches of NK-EV isolates.

NK-EVs were isolated from PBMC using the standard protocol described in the Materials and Methods, prepared from >30 health donors. The levels
of cytotoxic proteins were assayed using commercial ELISA kits for human perforin (U-CyTech Biosciences, CT391A), human granzyme-A (Boster
Biosciences, EK1162), human granzyme-B (U-CyTech Biosciences, CT211A), granulysin (Biolegend, 438,007), and human FasL (RayBiotech, ELH-FAS1-
1). The buffer contains non-ionic detergent to lyse the EVs. Thus, the quantitative measurements were the total proteins in our isolated NK EVs. All
concentrations were calculated based on the standard curves from the individual kits. Dot Plots showed the concentration of NK-EVs versus EVs
isolated from control cell lines, which included CHLA255 (neuroblastoma), SupB15 (acute lymphoblastic leukemia), D54MG (glioma), MCF7 (breast
carcinoma), DU145 (prostate), Hela (cervical cancer), and HepG2 (hepatoma), were used as the controls. These non-NK-EV preparations have been
described previously [18]. Red circles indicate the protein level of the cytotoxic proteins derived from the EV preparation of a NK cell line, NK92.
Y-axis indicates ng of a given cytotoxic protein per mL of NK-EV preparation. Note that the protein concentration scales on the Y-axis significantly

differ among the cytotoxic proteins.



developed methods [19]. Protein levels were quantified by
ELISA in >60 preparations. Non-NK cell lines or inacti-
vated NK cell cultures (day-14, or no IL-2) were used as
controls. The mean values for each preparation and each
cytotoxic protein are shown in Figure 1 as dot plots. The
EV preparations had very high PFN levels with a mean
value of ~550 ng/mL and reached more than 1000 ng/mL
in some NK-EV isolates. The protein levels of GzmA
were also high with a mean value of ~185 ng/mL. In
contrast, the levels of GzmB and GNLY were only mod-
erate (~23.4 ng/mL and ~56 ng/mL, respectively). The
amount of FasL in EV preparations was the lowest among
the cytotoxic proteins (2.48 ng/mL). EVs were also pre-
pared from the NK92 cell line, the only currently available
commercial NK cell line. As shown in Figure 1 (red
circle), the protein levels of the cytotoxic proteins in
NK92-derived EVs were mostly lower than those from
EVs obtained from ex vivo expansion culture, with the
exception of GzmA (230 ng/mL) and FasL (6.4 ng/mL).
Thus, the levels of the cytotoxic proteins from NK-EVs
differ from each other and from batch-to-batch.

Correlation between expression level of cytotoxic
proteins from different NK-EV isolates

To understand the relationship between the individual
content levels among these cytotoxic proteins, scatter
plots were performed to compare the levels of PFN,
GzmA, GzmB, GNLY and FasL between each other
(Figure 2). The highest R-square value was 0.5866
between PFN and GzmaA, suggesting a possible coordi-
nated function between these two proteins. The lowest
R-square value was observed between GNLY and FasL
(R? = 0.027). Thus, there appears to be no functional
relationship between these two proteins.

Cytotoxic effects of NK-EVs on tumour cells

NK-EVs induce cytotoxicity in cancer cells of hemato-
logic origin and in solid tumours [19]. In this study, we
selected two cancer cell lines, SupB15 (ALL, acute
lymphoblastic leukemia) and CHLA255 (neuroblas-
toma), to determine if the isolated NK-EVs were func-
tional. SupB15 cells are in suspension while CHLA255
cells are adherent to the culture plate. After 24 h incu-
bation with NK-EVs, the percentage of dead cells from
SupB15 or CHLA255 was counted. Scatter plots were
used to compare the cytotoxicity of NK-EVs towards
CHLA255 and SupBl15 (Figure 3). Linear regression
showed that the R-square value was 0.687, suggesting
that NK-EVs have similar cytotoxic activity towards
these two target cells.
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Relation between cytotoxic proteins and
cytotoxicity on neuroblastoma CHLA255 and ALL
supB15

To determine the relation between cytotoxicity and indi-
vidual cytotoxic proteins, scatter plots were used to deter-
mine the R-square values for each protein (Figure 4).
While there was a positive correlation between each cyto-
toxic protein and cytotoxicity, the R-square values were
moderate, ranging from 0.15 to 0.35. These results sug-
gest that there is not one single cytotoxic protein that is
responsible for cytotoxicity, and that PFN, GzmA, GzmB
and GNLY may all contribute to the cytotoxic function of
NK-EVs towards these targets. In addition, the R-square
value of FasL was very low for the CHLA255 and SupB15
cell lines, suggesting that FasL may play little, if any, role
in the cytotoxicity to those cancer cells. The R-square
values are summarized in Table 1.

NK-EVs induce degradation of the SET and HMG2
proteins in target cells

The SET and HMG2 proteins are GzmA substrates
during programmed cell death [27]. To test the role
of GzmA contained in isolated NK-EVs, we used
Western blots to detect these proteins (HMG2 and
SET) in target cells (Figure 5). The immunoblots were
probed with an antibody to HMG?2 first, and the same
blots were stripped and re-probed with an antibody to
SET (also known as 12PP2A). In CHLA255 cell lysates
(Figure 5(a)), SET (~45 KDa) decreased during incuba-
tion with increasing amounts of NK-EVs (upper
panel), an effect that was time-dependent (lower
panel). A similar effect was observed in SupB15 cell
lysates, except that the protein level of HMG2B in
SupB15 was less abundant than that in CHLA255,
and the time course of HMG2B degradation in the
presence of NK-EVs was more rapid (Figure 5(b)).
The Western-blot signals were quantified by the
Image] program (Supplement Figure S5). Thus, titra-
tion and time-point studies showed that in the pre-
sence of NK-EVs, the degradation of SET and HMG2B
can be observed in both CHLA255 and SupB15 cells.
These results indicate that NK-EVs, most likely via
GzmA, can cleave SET and HMG2 to promote cell
death in a caspase-independent death pathway.

NK-EVs induce the release of cytochrome C from
mitochondria in neuroblastoma cells

Release of cytochrome C from damaged mitochondria
occurs in apoptotic cells and is often observed in
GzmB-treated cells [28]. To demonstrate the impact
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Figure 2. Correlation between levels of cytotoxic proteins from different NK-EV isolates.

The expression levels of individual cytotoxic proteins were cross-compared to each other to determine their R-square values.

of NK-EVs on mitochondria, we first used immuno-
fluorescence microscopy to examine the localization of
cytochrome C with and without NK-EV treatment.
Neuroblastoma cell CHLA255 was used, because they
stick onto the slide well. As shown in Figure 6(a), the
green MitoTracker dye was used to stain mitochondria
and cytochrome C was localized by a rhodamine-
conjugated antibody. The nucleus was visualized
using DAPI nuclear DNA staining. In the absence of
NK-EVs, the cytochrome C co-localized with the
MitoTracker dye in neuroblastoma cells. With NK-EV
treatment, however, the cytochrome C signals no
longer co-localized with the MitoTracker dye, suggest-
ing that damage to the mitochondria occurred in the
treated neuroblastoma cells, presumably via apoptosis.
In parallel, we used biochemical approach to extract

mitochondria from ALL SupB15 cells, a suspension cell
culture. In the absence of NK-EV treatment, cyto-
chrome C was essentially detected in mitochondria
fraction only. With the NK-EV treatment,
a substantial amount of cytochrome C was released to
the cytosolic fraction (Figure 6(b)), consistent with the
results of immunofluorescence images (Figure 6(a)).
Taken together, NK-EVs trigger the release of cyto-
chrome C from the mitochondria into cytosol in the
targeted cells.

NK-EVs induce cell death in target cells via ER
stress

Cytotoxic proteins such as GNLY and GzmB are known
to induce ER stress-mediated cell death. ER contains a
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Cytotoxicity was determined based on the Acridine orange/Propidium iodide fluorescence assay: 10* cells (SupB15 or CHLA255) from log phase cell
culture were transferred to 96-well plates in the presence of isolated EVs (40 ug) in a final volume of 100 pL. The suspensions were incubated at 37°
C for 24 hr, and the percentage of dead cells was calculated by the LUNA cell counter. Linear regression line of cytotoxicity between CHLA255 and
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Figure 4. Correlation between cytotoxic proteins and cytotoxicity against neuroblastoma CHLA255 and ALL SupB15.

The levels of the cytotoxic proteins and cytotoxicity of EV isolates were compared using scatter plots. R-squared values were determined using
Excel software. The individual cytotoxic proteins versus cytotoxicity of CHLA255 (A) and SupB15 (B) from each EV isolate were plotted.
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Table 1. Summary of R-squared values for cytotoxic proteins
against solid tumors and tumor cell suspensions.

Scatter plots R-square

Cyto-T vs. Marker

CHLA255
PFN 0.1659
Gzm-A 0.1340
Gzm-B 0.2458
GNLY 0.2675
FasL 0.0296

SupB15
PFN 0.2233
Gzm-A 0.1497
Gzm-B 0.2024
GNLY 0.3535
FasL 0.0187

Scatter plots were performed to determine their R-square values as shown
in Figure 4. The individual R-square value of cytotoxic proteins correlating
with the cytotoxicity towards neuroblastoma CHLA255 and ALL SupB15
are summarized.

pool of molecular chaperone proteins that counteract
compromised protein folding, and alteration of
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chaperone protein levels may reflect the ER stress status.
We tested the response of the target cells in the presence
of active NK-EVs using an ER stress kit (Figure 7).
Indeed, incubation of NALM-6 cells with NK-EVs
increased BiP levels, suggesting irregular protein folding
within the ER [29]. Incubation with NK-EVs also induced
the accumulation of the unfolded protein chaperone,
Erol-La, a marker for disruption of ER homeostasis
[30]. Some ER components such as IREla and calnexin
may be downregulated in apoptotic cells. IREla is
a serine/threonine kinase that counteracts compromised
synthesized glycoproteins [28]. Both IREla and calnexin
levels were reduced with prolonged incubation with NK-
EVs. It is also well-known that ER stress increases PERK
activity, which phosphorylates eIF2a to reduce protein
translation [31]. Phosphorylation of eIF2a, which has
been known as a biomarker of immunogenic cell death
[32], was time-dependently increased after incubation
with NK-EVs. The Western-blot signals were quantified

b. SupB15
il KDa
63
— 48
SET -
- 35
HMG2B | s s o |35
- 20
B-Actin | "SI — 45
CL 10 20 40
NKEVs (ug)
63
L 35
- 35
HMG2B | ™% = — 25
20
B-Actin | “hammsam——-a— — 45
0 10 30 90
Minutes

Figure 5. NK-EVs cleave granzyme A substrates SET and HMG2 proteins in the target cells.

Neuroblastoma CHLA255 (A) or ALL SupB15 (B) cells were treated with different amounts of NK-EVs (upper panel) or harvested at different time-
points after treatment (lower panel) as indicated. Untreated cells were used as controls (CL). After incubation, cells were harvested and lysed in
SDS-PAGE sample buffer. Each lane contains 30-ug cell lysate proteins as determined by the Orbit® protein assay (Life Technologies). Antibodies
against SET (Santa Cruz Biotech, sc-133,138) were used to probe the blots. The same blot was stripped and re-probed with anti-HMG2 antibody
(Cell Signalling Technology, #14,163). B-Actin was used as the loading control. Western blot signals were qualified by the program ImageJ from at
least three independent experiments (n > 3). The plots with the standard derivation were shown in Supplementary Figure S5.
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Figure 6. NK-EVs induce release of cytochrome C from mitochondria in the target cells.

(@) CHLA255 cells were treated without (upper panel) or with NK-EVs (lower panel) for 12 hr and prepared for immunofluorescence microscopic
studies, as described in the Methods and Material section. After extensive washes, the slides were probed with the MitoTracker dye (green),
a Rhodamine conjugate of an antibody against cytochrome C (red). The slide was then sealed with mounting solution containing DAPI (blue).
(b)Upper panel: mitochondrial (M) and cytosolic (C) fractions were isolated by the Cytochrome C Release Apoptotic kit in the absence (-) or
presence (+) of isolated NK-EVs, as described in Methods and Materials. Each sample of the mitochondrial or cytosolic fractions was derived from
~5x107 SupB15 cells and loaded on a 14% SDS-PAGE. The cytochrome C bands (Cyto-C) were shown on the Western blot. Lower panel: quantitative
analysis of cytochrome C signals were measured by the program ImageJ from three independent experiments (n = 3). Mitochondrial fractions and
cytosolic fractions were indicated as green bars and blue bars, respectively. The standard derivation was shown. ** P < 0.001.

by the Image] program (Supplement Figure S7). Thus,  Discussion
NK-EV treatment of ALL cells elicits ER stress that med-
iates cell death, most likely due to GzmB, GNLY [33], and
possibly other yet to be identified factors from NK-EVs.

Cytotoxic lymphocytes such as NK and T cells release
cytotoxic proteins, including PFN, GzmA, GzmB, GNLY
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Figure 7. NK-EVs induce ER stress in the target cells.

ALL NALM6 cells were treated with NK-EVs for different time points as indicated. Cells were then harvested and lysed in SDS-PAGE sample buffer.
Each lane contains 30-pg cell lysate proteins as determined by the Orbit® protein assay (Life Technologies). Antibodies against BiP, Ero1-La, IRE1q,
Calnexin, PERK and Pi-elF2a from the ER Stress Antibody Sampler Kit (Cell Signalling technology, #9956S) were used to probe the blots according to
the manufacturer’s protocol. B-Actin was used as the loading control. Abbreviations: BiP: pre-B Immunoglobulin heavy chain binding Protein; Ero
1-La: ER-residing protein endoplasmic oxidoreductin-1-like a-form; IRE1a: Inositol-requiring enzyme 1a; Calnexin: calcium-binding, endoplasmic
reticulum (ER)-associated protein; PERK: Protein kinase-like endoplasmic reticulum kinase; Pi-elF2 a: phosphorylated elongation factor 2 a. Western
blot signals were qualified by the program ImageJ) from at least three independent experiments (n > 3). The plots with the standard derivation

were shown in Supplementary Figure S7.

and FasL that are major participants in the killing of
target cells. These proteins have been studied extensively
in their purified forms or as recombinant proteins. We
recently demonstrated that EVs derived from NK cells
exhibit cytotoxic activities and contained such proteins;
however, the respective role of these proteins in isolated
NK-EVs has not been previously investigated. We used
quantitative ELISA to detect the presence of these cyto-
toxic proteins in NK-derived EVs. As with other EV
isolates, the levels of PFN, GzmA, GzmB, GNLY and
FasL varied from batch-to-batch, resulting in different
protein profiles (Figure 1). However, NK-EVs of indivi-
dual batch have similar cytotoxic activity towards
CHLA255 (neuroblastoma) and SupB15 (ALL) cells
(Figure 2).

PFEN is required for pore formation [33]. Among those
tested cytotoxic proteins, the PFN had very high levels
(~550 ng/mL mean value) relative to other cytotoxic

proteins in the EV preparations. As the size of PFN
(60 KDa), GzmA (60 KDa, dimer), GzmB (30 KDa) and
GNLY (~12 KDa) are known, the molar ratio of these
proteins can be stoichiometrically calculated with the
approximate value of 10:3:1:4. PFN wusually forms
a polyperforin pore complex (PPC) with ~20 subunits
[34]. Therefore, the molar ratio of the PPC to other
cytotoxic proteins becomes actually 0.5:3:1:4, e.g. more
than one GzmA, GzmB, or GNLY molecules may pass
through one PPC to enter target cells and activate cell
death pathways. Among these cytotoxic proteins, the
protein level of FasL in NK-EVs was negligible and its
level did not correlate with cytotoxicity. Therefore, unlike
in NK cells, FasL may not play a significant role in NK-
derived EV-mediated cytotoxicity.

Despite the variations in cytotoxic protein concentra-
tions, there was a good correlation between cytotoxic
protein levels and cytotoxicity. Scatter plots and
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Figure 8. Summary of the potential killing mechanisms of NK-EVs exerting onto target cells.

Cell death may be induced by perforin-generated membrane holes for granzyme A and granzyme B entry, or by granulysin-damaged membrane, or
by other un-defined factors. The cytotoxic proteins of NK-EVs may rely on these mechanisms to activate the caspase-dependent and -independent

cascade, to cause ER stress, and subsequently to induce cell death.

PFN, perforin; GzmA, granzyme A; GzmB, granzyme B; GNLY, granulysin; SET: an 270 ~ 420 KDa ER-associated complex; HMG: high mobility
globulin; 12PP2A: 12 protein phosphatase 2A; CytoC, cytochrome C; AlF, apoptosis-inducing factor; PERK, Protein kinase-like endoplasmic reticulum

kinase; elF2q, elongation factor 2a; Bid, BH3-interacting domain.

R-square values were used to determine the best-fitting
regression line between individual levels of each cytotoxic
protein (ELISA data) versus cytotoxicity (% dead cell) in
>60 EV isolations (Figure 4). The results did not identify
any very high R*-value for any cytotoxic protein, suggest-
ing that there is no single dominant killing factor. Instead,
we observed that most cytotoxic proteins (PEN, GzmaA,
GzmB, and GNLY) fell into moderate R* values (Figure 4,
and Table 1), suggesting that they all contribute to cyto-
toxicity to some degrees. This supports our hypothesis
that NK-EVs may use multiple killing mechanisms
through these cytotoxic proteins to target cells and may
activate various cell death pathways. Of note, our results
do not rule out that other cytotoxic factors might be
involved. Overall, the current results indicate that PFN,
GzmA, GzmB and GNLY from NK-EVs together play
prominent roles in inducing cytotoxicity.

Granzyme A, a serine protease in the cytotoxic
granules of NK cells and cytotoxic T lymphocytes,

induces caspase-independent cell death when intro-
duced into target cells [35]. A special target of GzmA
in the cell death pathway is an ER-associated complex,
called the SET complex, which contains at least two
GzmA substrates, the nucleosome assembly protein
SET (or 12PP2A), and the DNA bending protein
HMG?2 (Figure 5). GzmA cleavage of SET releases the
inhibition on NM23-H1 and leads to single-stranded
DNA damage [23] (Figure 8). The unique death path-
way initiated by GzmA provides a parallel route for
programmed cell death, which is important for targets
that are insensitive to caspases. Our results in Figure 5
clearly demonstrate that NK-EVs are able to degrade
both SET and HMG2 proteins, and thus, induce pro-
grammed cell death that is caspase-independent.
Granzyme B is the granzyme family member with the
strongest apoptotic activity as a result of its caspase-like
ability to cleave substrates at aspartic acid residues,
thereby activating procaspases directly and cleaving



12 (& C-H WUETAL

downstream caspase substrates [22]. GzmB prominently
induces damage to mitochondria, a central hallmark of
apoptosis [36]. Cytochrome C is a well-conserved elec-
tron-transport protein and is part of the respiratory chain
localized to mitochondrial intermembrane space [37].
Upon apoptotic stimulation, cytochrome C released
from mitochondria associates with procaspase-9 [38].
The complex then processes caspase-9 from an inactive
proenzyme to its active form. This event further triggers
activation of caspase-3 and -7, and eventually leads to
apoptosis (Figure 8). We observed the release of cyto-
chrome C (Figure 6) and the activation of caspase-3, -7,
and -9 in NK-EV-treated cells [19], suggesting damage to
mitochondria and a role for GzmB (Figure 8). The release
of AIF (apoptosis inducing factor) may cause DNA
damage and induce necrosis. It has also been reported
that both GzmA and GNLY may damage mitochondria
to induce cell death. Thus, multiple cytotoxic actions may
centre at the mitochondrial death pathway.

It has been reported that GzmB and GNLY may induce
ER stress-mediated apoptosis [21]. Our results showed
alterations of several ER markers during NK-EVs insults
(Figure 7). Importantly, the increase of PERK and phos-
phor-elF2a indicates activation of apoptosis and/or
necroptosis via ER stress [32] (Figure 8). ER stress may
also activate caspase-7 and —12 pathways to induce cell
death, which has previously been demonstrated [19].

As a whole, our results indicate that multiple
killing mechanisms are mediated by NK-derived EVs
(Figure 3-4), including caspase-independent (Figure 5)
and -dependent cell death pathways (Figures 6 & 7),
resulting cytotoxicity of cancer cells. The potential kill-
ing mechanisms of NK-EVs are summarized in Figure
8. In this scenario, NK cell-induced cytotoxicity may be
executed in, at least in part, through NK-EVs’ actions.
Finally, the protein levels of PFN, GzmA, GzmB and
GNLY are related to the ability of NK-EVs to induce
cytotoxicity. Consequently, understanding how they
are packaged into NK-EVs during EV biogenesis may
be critical to developing methods to improve their
killing abilities, which in turn might enable clinical
applications of NK-EVs.
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