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Dendritic cell exosomes directly kill tumor
cells and activate natural killer cells via TNF
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Autacring and paracrine cell communication can be conveyed by multiple mediators, including mefnbrane-associate
proteins, secreted proteins and exosomes. Exosomes are 30-100 nm endosome-derived vesicles consisting in cytosolic
material surrcunded by a lipid bilayer containing transmembrane proteins. We have previously shown that dendritic
cells [DCs) express on thelr surface multiple TNF superfamily ligands [TNFSFL). by which they can induce the apoptotic
dermite ol wmot cells as well as the activation of natural killer (NK] cells. In the present study, we demonstrate that,
similar 1o DCs, DC-derived exosomes (DCex) express on their susface TNF, Fasl and TRAIL, by which they can trigger
caspase activation and apoptosis in tumor eells. Wi also show that DCex activate NK cells and stimulate them 1o secrete
interferany IFMy) upon the interaction of DCex THF with NK-coll TNF receptors. These data demonirate that Dlex can
mediate essential innate immune functions that were previously ascribed to DCs.

Introduction

Coordinared communications berween cells are essential for
the life of multicellular organisms. Intercellular communica-
tions are mediated by transmembrane and secreted mediators!
maodecules that stimulate recepross of neighboring and/or distans
cells, respectively. Recent studics have revealed a third pathway
of communications berween cells, which is based on the secretion
of endosome-derived vesicles named exosomes.’? Exosomes have
originally been deseribed as cell-secreted vesicles that eliminate
obsolete melecules, such as the transferrin receprors in reticulo-
cyves.! Excsomes are nano-vesicles of 30 to 100 nm in diameter
thar are secrered by a variery of eells. It is believed that exosomes
are produced from early endosomes by the process of inward bud-
d'mg and formation of multivesicular endosomes (MVE), fusion
of the endosome membrane with plasma membrane, and release
of the vesickes {exosames) into cxtracellular microervironment,'
Exosomes are composed of a limiting membrane, which contists
in a plasma membrane-derived lipid bilayer with transmembrane
molecules, and cyrosolic materials enclosed by the limiting mem-
brane. Thus, exosomes integrate transmembrane and soluble
miediarors of intercellubar communication,

Diendritic cells (DCs) have been characterized as profes-
sional antigen-presenting cefls (APCs), whose main function is
to cross-prime effecior T cells against specific protein or glyco-
lipid antigens.* [HCs have also been identified as essential effector
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cells of the innate immune system, which rapidly recognizes
and climinares microbial pathogens and sbnormal cells. induce
adaprive immune functions and regulate them.™* We have preva-
ously demonstrated in bath humans and mice that DCs express
on their plasma membrane multiple TNF superfamily ligands
[THFSFLs}, inchuding TNF, Fasl and TRAIL, and employ
them 1o efficiently induce apoprosis in virmually all types of cul-
vured and freshly isolazed wumor cells.™ DCs are also known w0
crosstalk with natural killes (B K cells, p-m'purﬂun] clfector cells
of innate immuniry. These eclls reciprocally stimulate and regu-
late cach other, resulting on one side in NK cell activation and on
the other side DC maruration,** In both mice and humans, this
crosstalk occurs mainly through cell-ta-cell contacis and largely
iavolves DHC and NK-cell transmembrane THNES=

DCs constitutively produce exosomes.” DC-derived exosomes
{DCex) contain numerous plasma membeane and cytoplasmic
DC components. Several plasma membeane molecules that are
relevame for the immune functions of DCs are also expressed
on the DCex bounding membrane. These include Class 1 and
Il major histocompatibality complex (MHC) molecules, inter-
cellular adhesion molecule-1 (ICAM-1), intcgrins, and T-cell
co-gimulatory molecules such as CD40, CD80 and CDE6. 7
These molecules arc coreectly oriemed on the outer surface of
the DCex membrane and are functional. Accordingly, DCex
MHC-tumor peptide compleres induce antigen-specific CD8"
and CDM° T cells and exent antitumor activity in vive,™* The
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immune cffects of DCex are indirces, procecding via hoss DCs. ™
Currencly, there are no reports an the abiliny of DCex 10 dirml:«'
micdiare innare immune functions. In the presem uud}'. we dem-
onstrated for the fint time that DCex express on thear surface
ranamembrane THF, Fasl and TRAIL, |:'l_:r' which :hr}' dirml:r
mediate the apoptotic killing of tumor cells. We also showed that
DCex can direcily scevate MK eclls via TIHE

Resuits

Phenotype of DCex. To verify the purity and qualiy of DiCex
obtained by mandard isolation protocols used in the present
study, we performed DCex morphological and  phenotypi-
cal characterization then by transmission chectron microscopy
(TEM) and flow cytometry, respectively. TEM showed thar iso-
laved DCex were a relatively homogenous population of typical
30 to 100 nm oval-biconcave vesicles (Fig. 1A, left and upper
right panels), composed of an clectron-dense double layer lim-
iring membrane sarouding an clectron-clear material (Fig. 1A,
hotrom ri;h: panel). Thus, Dex were undamaged during pari-
. fication, In addition, purified DCex were not contaminated with
microparticles of cellular organclies or membranes. Flow cytom-
exry analysis of DCex artached o Dynabeads demonstrated thar
the classical DC surface markers Class 1 and Class 11 MHC,
CD&0, CDE6 and CD40 were expresied on DiCex from both
immatuze (D Cex) and mature (mDCex) DCs. With the excep-
tion of Class | MHC molecules. mDCex expressed these markers
at higher levels than iDCex (Fig. 1B). Unexpectedly, while CD14
is a marker of monocytes, macrophages and IDCs and is nos-
mally lost during the differentiation of iDCs 1o mDCs, mDCex
bt pot iDMCex expressed CD14,

Expression of TNF superfamily ligands on DCex. We have
previously demonstrated thar DCs express on their plasma mem-
brane TNF, Fasl and TRAIL." As exosomes are cell-derived
nanovesiches likely constioumed of plasma membrane chat sur-
rounds cytoplasmic material, we examined whether DCex also
expressed TNFSFLs and how these ligands were oriented. Using
ELISA, we found thar boch intace and lysed iDCex and mlHex
contained TNF and FasL. The levels of both these TNFSFLs
were significantly higher in intact mDCex than in imact iDCex,
supporting the notion that that mDCex express on their surface
higher levels of ransmembrane TN FSFL than iDCex. We also
found that DCex comtained a few hundred folds higher quan-
tities THF than Fasl. In addition, while TNF was presem a1
similar quantitics in intact and lysed DCex, Fasl. was pres-
ent at higher quantities in lysed DCex (Fig. 2A and B}, These
data suggest that DCex contain only transmembsane TNF, but
both transmembrane and soluble Fasl., To confirm the surface
expression and determine the orientation of transmembranc
THFSFLs on DCex, we performed Row cytomeury analysis of
DCex bound onto Dynabeads using Auorochrome-conjugared
antibodics specific for the recepror-reactive extracellular domains
of TNF. Fasl. and TRAIL. We found that antibodies against
all these three TNFSFLs stained the surface of both iDCex and
mDCex, and that staining of mIDCex was more intense than that
of iDCex (Fig. 2C), Thus, transmembrane THFSFLs appear 1o
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be expressod on Dex srface, correctly orientated and a1 higher
quantities on m M ex than iDCex

DiCex kill tumor cells via TNF superfamily ligands. As DiCs
mediate the apoeprotic death of cancer cells via THERFLs that are
cxposed on the DC surface.™ and DCex express the mme ligands,
Wi inmig;:-:d whether Dex could likewise kill oumsr cells via
their TNFSFLs, W found that the dircer exposure of BI6 mela-
noma cells 1o iDCex or mDCex induced significans cell death
in a dose-dependens (Fig. 3A) and time-dependens (Fig. 3B)
manner. The killing of tumar cells was more pronounced with
mDCex, hecoming significant at 24 b and increasing at 48 h
and 72 h. mDCex could kill not only Bi6 melanoma cells, but
also other cancer cell types, induding squamous lung carcinoma
KLN20% cclls and colon carcinoma MO8 eclls {Fig. 3C).

ZNVAD-fmk, a broad-spectrum caspase inhibitor, suppressed
mDCex-induced cytotoxicity, measured by the apoposis-specific
DNA hypo-staining assay (Fig. 4A) as well as by the colonimesnic
MTT test indircerly measuring mitochondrial activiry (Fig, 4B).
THNF- and FasL-deficient mouse mDCex were significantly less
cytotoxic than their wild rype counterparts {Fig. 4C and D), and
an ansi-TRAIL antibody suppressed the tumoricidal activity of
wild type mouse mDCex {Fig. 4E and F). Thee En.di:np dem-
anstrate that, similar o DCs, DCex mediate potent tumaricidal
acrivity via TNFSFLs.

DCex activate NK cells via TNFE. We have proviously shown
that both mouse and human DCs crossralk with and activate
NK cells via cell-to-cell eontacts and transmembrane THNE 3¢
As DCex express transmembrane TNF, we examined whether
DCex could also activate NK eells and what would be the rale
of 1ransmembrane TNF in this activaion. We found that the
direct exposure of NK cells to cither iDCex or mDCex induced
cell acrivation and simulated the secretion of interferomy
{1FMy). mDCex induced significantly higher NK cell activation
than iDCex (Fig. 5A) and this manifested in a dose-dependent
manncr (Fig. 3B Of note, THF-deficient mouse mIDCex had
impaired abiliry 1o activare wild type mouse NK cells (Fig. 6A),
and THFRI- or THNFR2-dehcient mouse NK cells were unable
ta respond 1o wild rype mouse mDCex (Fig. 68 and CF.

Dominam negazive TNF (DNTHNF), which selecrively
sequestrates soluble THF, did not affecs NE-cell activarion and
IFNy secretion as triggered by DCex, In sharp contrast, an anti-
THNF amibody, which neutralizes both the sofuble and trans-
membrane form of TNE, significantly inhibited DCex-induced
MEK-cell activation. Along similar lines, anti-TNFRI and ansi-
THNFR2 antibodics, which block the interaction of these recep-
tors with TNF, significamnly inhibited the activation of NK cells
a1 induced by DCex (Fig. 7). These Andings demonstrate that
Dex, like DCs, induce the activation of NK cells, and this
activity resules from the engagment of DCex transmembrane
THF with ME-cell TNF receprors.

Dizcussion
DCs express biologically active transmembrane molecules on

the plasma membrane and secrete immunoregulatory cytokines.
These molecules stimulate and regulate essentizl innate and
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Figure 1, Purified DCex hawve oval-Biconcave shape, 3010 100 nm in dismetsr and DC phenotype. IDC 2nd mOC were genadated by culiuing linage
marker-negative bome marrow celisin the presence of G- CSFILE and GM-CSFNLAMLPS, rospectively, DCex weve solsted fram conditioned media of
thise DC cuunes using fractionated centrifugation and filtrations. Manphalogy (A1 and surface markers (B) of purified DCex weng examined by TEM
and Baw cylometry, respectively, (A] Purified iDCex sither unbound or bound o ani-Class | MHC antibody-coated beads were processed for and
exbmined uting TEM, The lelt and ihe upper right pancls of TEM micrographs of purihed DCex shew sovpral 30=100 nm disfretes oval-biconore
structures. Tha lower right paned is a TEM micrograph of a DCex bowund to anti-Class 1| MHC antibody-coated beads showing a section of an oval
structure hining am slectron-dense double layer membrane structure that surrsunds an electron-clear material indicated with the srrow), atached 10 |
reonphois besd straciune, (B Panfed IDCex and mDCes wene captused oo anti-Class 1| MHC antibody-coated beads, saired with fluorochsmme-

| conjugated antibodies specific for the DC markers Class | MHC jaMHC 1L Class 1| MHE {oMHC 10, (080 (oC D8], CO86 [«CD8SL CD40 [« L) and (D14
(0141 a5 well a5 botype control antibodies lsotypel, snd arsbyzed by Bow cytometry, Data are mean fusreicence iMensity [WF] of a represenlative

guperiment of £ independent experiments perfanrmed.

adaprive immune functions via juxtacrine (cell-to-cell contact)
andfor paracrine/endocrine pathways, respectively. DCs also
constitutively produce exosomes, which porentially carry DO
transmembrane molecules and cyrokines, and hence have the
abiliry ro convey DC funcrions via paracrinefendocrine parhway.
It has been shown thar DCex express on rheir limiting membrane
Fencriomal MHC and co-stimulatory molecales. The expressson
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of these molecules enable DCex to efficiently present antigenic
peptides in the comext of MHC molecules 1o T cells amd induce
adaptive immunc responses, similar to parental DCs. ™ This
immune mechanism appeses to be mediated by hast DCs that
acquire functional MHC-pepride complexes from DWlex.™
The demonsteation thar [DCex express other biologically active
DC molecules, and thar DCex can dircctly mediare immune
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{Lyted) IDCex and mDCex were examined by ELISA for the presende snd quantity of surface-sssociated and total TRESFL, respectively, THF (&) and
Fasl (B} were mestured wing ELISA, Data ane meand = 50 of triplicates po/100 ug DCex. Astevisks indicate statistical signtficance (**"p < (001 of data
| differerces between Intact EDCex va, Intact mDCex, Lysed iDCex vi. Lysed mOCe in {A] Intact iDCex v, Intact mOCex, Intact vi Lysed iDCex, and
intact va. L;.m-d-mnu-lnmmhmhuium&:mnhm—bmmdTHHLLPurﬁrdlmu:mcﬂmdnﬂummmembrmhuﬂ
coated with snti-Class | MHE artibody, stained with Bucss hrame-conjugated snti-THE [oTHF], ami-Fasl (aFasL], anti-TRAR [ TRAIL} oo lsotype con-

trol (lsotypel antibodies, Data arg MF from a representathee experiment of 4 experiments pecfoemed,

functions is largely missing or incomplete. Here, we demonsirate
for the first time thar DCex express Functional rransmembrane
TMNFSFLs and mediate via these ligands two essential DC innate
immune functions, direct killing of rumor eells and activation of
WK cells.

It has been previously shown that mowse iDCex express TINF,
and that human cancer cell-derived exosomes express Fasl "
However, there is no published report on DCex TNF tunction,
as well 25 on the DCex expression and funcrion of Fask, TRAIL
and other TNFSFLs. We show that mouse DCex, especially
mDCex. express correctly oriemed transmembrane TRF, Fasl
and TRAIL on their sueface. These DCex ligands are functional,
as they effectively mediate caspase-activation and apoprosis in
tumor cells. The activiry of mDCex is more pronouwnced than that
of 1DCex, correlating with hi;pjm expression bevels of TRFSFLs
on exosomes. The expression of transmembrane TRFSFLs on the
DCex limiting membrane and THFSFL-mediated tumoricidal
activity of DCex mirror the previously described expression of
these ligands on DC plasma membrane and their rumancidal
potengial. ™

In a Phase | clinical trial performed with non-small cell lung
carcinoma pariens who were vaccinated with autalogous iDCex-
mumor pepride complexes, Chaput et al. found thar few of the
patienas whe received this vaccine had inercased numbers of

ey Lan ches DA Cagnt 2, Camy

i plmmunobogy

circulating CD3CD56" MK cells, which showed an enhanced
ahality to |t-.|.|.:r|:||'rd ro interdeukin 2 {1L-2) or DC stimulation by
IFNy secretion and killing of K562 targer cells.”™ The authors
supgested thar DCex may be capable of stimulating NK cells in
vivo, However, no direct experimental evidence supporing this
possibility and proving whether the suspected DCex-induced NK
cell activation occurs directly or indircctly was provided. Using
2 well defined in vitro experimental model system, we show that
il¥Cex, and more potently mDCex, directly induce the activa-
tion of NK cells, leading 10 increased secretion of the cencral
Th cytokine IFNYy. This process is mediated by the engagement
of DCex-bound THF with NK-cell TMFR1 and THNFR2, and
mimics the activity of DCs. ™ However, the expression levels of
vransmembrane TNF and the stimulation of NK cells by DCex
arc several folds bower than those of parental DCs.® In addition,
whille mowuse DCs crossealk with NK cells by scleetively engag:
ing NK-cell TNFR2 receprors with plasma membrane-bound
THNF® DCex-attached THF interact with NK cells by engaging
both MK-cell TNFRI and THFR2, This may be due to differ-
ences in exptession level, ropography and masility of transmem:-
brane THE

In summary, DCex not only express functional transmem-
brane MHC and co-stimulazory molecules that enable them 1w
indirectly stimulate adaprive T-cell response, ™ but also express
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functiomnal rramsmembrane TR ESFLs thatr enable cthem
to directly mediate innate immune functions such as
the apoprotic killing of tumaor cells and the activation of
MK celle. Therefore, [}Cs are not only capabde of medi-
ating cssential innate immune functions in spasially
close targets by a juxeacrine/cell-to-cell contacy path-
way via plasma membeane transmembrane TINFSFLs,
but also in distant tangers by a paracninefendocrine
pathway that is mediared by secreted DCex and ther
TINFSFLs. While the juxtacrine pathway might medi-
ate innate immune functions locally. to 2 small number
of targer cells, the parscrine/endocrine pathway might
extend these funcrions in an orchestrated way to a large
number of distant rarger cells and thus induce systemic
and proportionally amplificd innate immune functions.

Materials and Methods

Mice. Eight-weck old wild type (W'T) female C57BL./6
(H-2k/1-AY) mice were obained from  Taconic
(Germantown, NY). TNF and Fasl. deficient (Taf™ and
Farl™, respectively) female mice wich CS5TBLMG back-
ground were purchased from The Jackson Laboratory.
Mice were housed at the University of Pittsburgh Cancer
Insxitues’s Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) internacionally
accredived animal Faciliny. The animal sudics were per-
formed in accordance with the protocols approved by
the University of Pitsburgh Instiousional Animal Care
and Use Comminee.

Reagents. The following reagents, antibodies and
kits were used in the present study: Jow toxic mab-
bat complement (Accurate Chemical and Scientifc
Corp.); mouse recombinant GM-CSF and IL-4 (R&D
Systerns); recombinant human ingerlenkin 2 ({IL-2)
(Chiron Corp.); Eicherichiz ooli lipopolysaccharide
{LPE) (Sigma Chemical); Z-Val-Ala-Asp(OMe)-fmk
[Z-VAD{OMe)-Fmk, M Biomedicals); ra anti-mouse
CDd, CDE CDE%/B2 20 monaclonal anribodies {mAb)
produced by the corresponding hybridomas obtained
from American Type Culwre Collection (ATCC);
Huorochrome-confugated mowse amti-mouse Class ]
MHC malecule, mouse anti-mouse Clage 11 MHC mol-
eeule, rat anti-maouge TNF, hamster anti-mouse Fasl.,
rat anti-rmouse TRAIL, hamster anti-mouse CDED,
tat anti-mouse CDB6, rat anti-mouse COW4, hamster
anti-mouse CD40 and correspanding isorype control
monoclonal antibodies (BD PharMingen); béotin-
conjugated mouse anti-mouse 1-A* (BD PharMingen);
unconjugated rat anti-mouse THNF (XT22, Pience-

n}, hamser ani-moase THFRL and THFR2
(BD-Phardingen); LEAF™ unconjugated rat anm-
mouse TRAIL (CD253), rar ami-mouse CDIGI2
and mon-reacrive isatype comtral mionoclonal angi-
bodies (BioLegend); DNTKF (XProl595% Xencor);
strepravidin-conjugated 2.8 pm diamecer polystyrens
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beads (Dhvnal Biotech); MACS NE-Cell
Isolation Kit (Mileenyi Biotec), mouse
THMF and Fask DuoSer enzyme-linked
immunodorbent assay (ELISAL ks (Rl
Systerms), and mouse IFNy Quantikine
ELISA ki [R&Dd bystemsl,

Tumoer cell lines. CTS7BLA  mowse
Bl6 melanoma and MC3E colon adeno-
carcingama, and DBRASD mouse EELM205
squamous cell carcinoma cell lines were
purchased from ATCC, The cell lines were
cultared in Dulbeeeo’s modified Eagle's
medium {DMEM), RPMI-1640 medium
and Eagle's minimum essential medium
(EMEM), respectively, supplemented
with 0% fetal bovine seeum (FBS: Life
Technologies). Theie tumor cells were
grown adherent and wtilized ini EIPEFII-
ments when their cultures were 70% con-
fisene. The cell lines were regularly vested
and were mycoplasma free.

Generation of DCs. Immature myeloid
D¥Cs (iDXCs) were produced by 5-d eubur-
ing of marure cell-depleted bone marrow
eells (0.1 = 10%mL} in complete cell cul-
pure medivm (CM) consisted of RPMI
1640 medium supplemented with 0.1
mM nonessenial amino acds, 2 mM
sodium pyruvare, 1 mM L-glutamine, 100
pg/ml streptamycin, 100 UlmL penicil-
lim. 20 mM HEPES buffer, 10% FBS (Life
Technologies), and 50 pM 2-mercapro-
cthanol (Bio-Rad. Hercules, CA) and
supplememed with 15 ng/mL of recombi-
nant mouse GM-CSF and IL-4. iDCs were
95% CD11c"CD205 lineage marker,
and expressed CDS0, CD86, CD40,
Class T and 11 MHC molecules at low 10
imtermodiate levels, Marure DCs (mDCs}
were produced by overnight stimulation of
iDCs with 1 pg/ml LPS. Taf™ and Fad®
DCs showed normal growth and expres-
sion of the costimulatory molecules.

Puribcation of fresh NK  cells
MELI"CDY gells were punfed from
splenocyres by negarive immunoselection
wiing MACS mouse NK cell isolation
kit as recommended by the manufae-
turer, These cells were more than 75%
MK CD3CDED.

Activation and expansion of NK
cells. Purified fresh NEK cells (01 = 10%
ml) were suspended in CM supple-
mented with 6,000 1U/mlL [L-2, and
cultured for 6 d. In this colture, NK cells
rftp.'l_ll'l.d-ni 10 v 20.fold and were = 97%
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MELI'CDICDEY, They arc referred as cubured [L-2-activared
MK AN KD cells,

Generation and purification of DCex, Bricfly, iDCex were
generared by replacing day 5 iDC caliure-conditioned medium
with fresh CM supplemented with GM-CSF/TL-4, and addi-
tional cuburing of iDCs for 24 h. mDCex were generated by
r::-phl:i.ng -l:h:r 5 1D culwure conditioned media with fresh CM
supplemented with GM-CSF/IL-4 and | jg/ml LIS, and addi-
ssenal culturing of Dk for 24 b, The mewly penerated cell cul-
mure-conditioned media were collected fram the iDC and mDC
culoures, The cell culture-conditioned media were centrifuged for
10 min ar 300 g and 1,000 g. and filtered through 0.45 pm pore
filvers, 1o remove cells and their debris. Filtered cell culiure-con-
ditioned media were concentrated in Centricon Plus-70 Millipore
filver units by centrifugacion ar 1000 g for 4% min. Dex were
separated from the cell culrure-conditioned media by ultracente-
fugation az 100,000 g {Opama LE-B30K uhrmmtifu,gt. o-Ti
rotor, Beckman Coulier) for 1 h, DCex were washed twice in
PBS using Amicon Ultra-15 flier units (Millipore) and cenrifu-
pations at 1,000 g for 25 min. DCex were finally resuspended
in 200 wl PBS. Quamifications of the purified DCex were per-
formed using BCA Protein Assay Kin (Thermo Scicntifc),

Coupling D'Cex to surepravidin-conjugeted beads. One mili-
gram of strepravidin conjugated 2.8 pm diameter Dynabeads
was washed 3 rimes in ice-cold PBS containing (L1% sodium
azide tSigma) and 1% FBS5 (FACS buffer). The beads were resus-
pended in 300 Ll FACS buffer comtaining 7 jug of biotinylaved
anti-MHC Class [l molecule antibody. Beads and antibody were
incubated with gemtle mixing at room tempersture for 30 min.
Fallowing incubation, the formed conjugares of amibody-strepta-
vidin-beads were washed twice with PBS supplemented with 1%
FBS. The antibody-strepravidin-bead conjugates were incubated
with purified exosgames (equivalent to 10 g of cxosome protein
per 280,000 beads) in a total volume of 300 uL of PBS with
gentle mixing overnight ar room temperature. The next day, the
bead-annbody-cxosome complexes were washed twice aither 10
FACS buffer for flow cytometry analyses or with FBS foe func-
tional studies.

Analysis of DCex by TEM. The main marker of exosomes
is their morphology, incdluding oval-biconcave shape and size of
30 1o 100 nm. Te define their purity and quality, we examined
D Cex morphology using TEM, Ten microlivers of purified DCex
were loaded on a Formvar-coared copper grid (200 mesh), and
incubated for 0.5 min, Excess DMCex suspension was blotted with
filver paper. The grid was placed on a drop of 1% wranyl acetate
solurion in milli-C) H,O for 5 sec, and excess stain was removed.
Exasomes were examined u:.ing a JEOL JEA 1001 {JECIL) erans-
mistion electron min'npnu-pc at B0 KV,

Exosomes attached to 2.8 wm Dwnabeads were pelbeted at
500 g and fixed in 2.5% ghutaraldehyde solution in PBS for 1 h.
Pellets were washed three times in PBS then pos-fixed in 1%
Os0, and 1% K, Fe(CN), solution for 1 h. Pellets were washed
three times in PHRS, and dehydrated through a graded serics of
30% 1o 100% ethanol then infltrated in Polybed 812 cpoxy resin
{Polysciences, Warrington, PA) for 1 h. Pellets were embedded
in resin, cured ar 37C overnight, and hardened ar 65°C for rwo
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Flgure 5. DCex activate M8 celis, (A) iIGCex and more potently mDCex
induce MK cefl IFy wecretion. One hundred jog of purified iDCex and |
mien were mixed with aWE cells, and incubated for 24 b, (B) Dlex
induce MK cell IFNey secdetion in a dose-dependent manner, Graded
amourits of purthed mDCes wene mined with s celh, and incubated
o 24 b, After incubation, cell-free supernatands were separated and
asseased for the presente and quantity of Iy using ELISA. Data arne
{rom a represeniative eaperiment of 2 expetiments perfommed. They
an means 50 of priphcates iy Hgi0s = 100 N oelluimlL. Asteraks
indicate statistical significance of data differences: in (A), MK v, MK+
D [« 05k ME v, MK+ mDCex {***p < 00011 and MK & iDCex v
NE 4 mECex (*"p < 0001 and in (B, MK 100 vi. NK « mDCex ["p o« 00
"'F'tmlh

days. Ulrathin (70 nm) sections were prepared and placed on
200 mesh copper grids, stained with 2% uranyl acerate in 50%
methanal for 10 min, and 1% lead citrate for 7 min. Sections
were examined using a JEOL JEM 1011 transmission electron
microscope an B0 kY,

Quantification of [Cex TNF superfamily ligands, TNF
and Fusl were quantified using intact DCex, to measure the
levels of ligands on exosome outer surface, and lysed DCex, 1w
determine the total amount of ligands both on the surface and
inside of exosomes, DCex were lysed using radisimmunopre-
cipitation assay (RIPA) cell-lysis buffer {Upstate) conraining
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Figure &, DCex mediate activation of MK el va engagement of DCex THF with BE cell THF receptodn. (A) Dlex of THF-defickent mice [T DCes] se
unabile 1o activate MK cells of wild type mice (sl (B8] MK cells of THERE-deficient mice (R1° NK) have decreased responshveness 1o DCex of wild typs
mice iwiDex), (0] NE cells of TRFR2-deficiont mace (B3 MK) do nat respond 10 willex. wilK cells alone, and {haar mistures with 25 pg wiDCex o T°
DCen AL Wik cels oo B1* MK celis alone, and their mixtuses with 25 g of wiDCex (B and wiNE celly or B2 NE gells alore, and thelr mixtunes with

| 25 g wiDCox [C were incubated for 24 h, After incubation, cell-frew supernatams were collscted and tested for the preserce and quantity of IFky
using ELESA. Bata ane from a repensentative experiment of 2 experiments performed Thiy ane seard £ 50 of IRy ng /0L = 10" NK cellaml. Asterisks
ingicate stanistically significant differeres in data from wihe, 81 MK or R WK va wabK + wiDCen, witl] & wiDCen v, witdh + T9OCem; wibik + wil-

Coa v, R NE + wiDCex and RN & wiDCex " p « 0OOLL

EDTA-supplemented protcase inhibitor cockeail {Roche Applicd
Science). The ELISAz of intacy and lysed DCex were performed
using ELISA kits sccording v the manufacture recommendas
cions, The amounts of TNF family ligands per 100 pg of exo-
somal proteins were determined. Dara were presented as means of
triplicates + 3D of TINF and FasL pgf100 pg of exosome proteins.

Flow cywomenry of DCex, DCex-bead conjugares were incus
bared with fluorescently ragged anvi-Class | MHC molecules,

wwwi landesbioscienor com
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anai=Class 11 MHC melcoules, anti-CD80, 2noi-CDEG, ani-
CD40, anti-CD14, anti-TNF, anti-Fasl, ant-TRAIL and
sotype-matched nonreactive control antibodies (20 jug/ml)
at 4°C, for 1 h. After this incubation, the bead-exosome-anti-
bady complexes were washed three times with FACS buffer and
fixed with 1% paraformaldchyde solution in PBS. The bead-
exosome-antibody complexes were examined using XL Epics
Flow Cytometer (Beckman Coulver Ramsey) and the obtained
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data analyzed using Beckman Couler Expo32 G5 - —_ —— e
Saftware. |

MTT eytotoxicity assay. Tumoriadal activity 0.45 1
of D ex was tested using 3 modified MTT cyto- | e
weicity assay.” Tumor targer cells were suspended 041
in complete cell culvare media and plated (2,500 038 _|
per well) in a far botom 96 well plare (Corning
Inc.). Exosomes were suspended in the mme cell £ 54
eulture medium and plared on wop of rumor cells. ‘E, -
Contrel wells contained tumor cells alone. The T p2s pria
plates were gemly shaken for 1 h ar room tempera- &
tee, to cnsure cxosome-tumor cell interaction, T 024 - [
and then incubared ar 37°C, for 24 o 72 h. After
this incubation, the cell culiure condiioned media &5
were remeved by pipeuing, One hundred micro-
liters of MTT [3-(4,5-Dimethyhhiazol-2-1)-2,5- w1
diphemvhietrazolium bromide, Sigmal solution in Qe |
RPMI (0.5 mpg/mL) were added 1o the wells, After |
4 h incubation, MTT solution was removed and oL
150 pL of dimethyl sulfoxide (DMS0, Sigma) was NK + * + + + +
added 1o the wells. The plave was genely shaken for mMDCex < + + + + +
20-min and examined on a microplare reader (Bio- ) & . ) ) .
Rad) using excitation and emission wavelengths Isotype
of 570 nm and 490 nm, respectively. Percentages DNTNF - : * % X g
of cytotoxicity were calculared using the follow- |~ @TNF - - - r - -
ing formula [(comral - experimemalMcontrol] = aTHNFR1 - - = . + -
100, where “cominl” & absorbance (OD) value aTNFR2 - - - - = +

obtained in the wells containing tumor cells slone,
and “experimental” is OD valee obtained in the

wells containing both vumar cells and DMCex. Diata
were presented as means of wriplicates & SD.

DNA hypo-staining assay. B16 melanoma celis
were suspended in complete cell culture media,
plated (2,500 per well} in far botiom B well
plates and cubmered for 24 b After thas culture,
tumor cells were either left untreated {negative
control, sponEncous apeposisl or were cxposed
to UV (UY) C radiasion using a germicidal lamp
(LUVP), for 2 min (positive contred, 1otal apopio-

Figure 7. Trarumembrane THE, but nit seluble THE, madiates DOex-induced scthatian

of WK gells, WE cefl alone, and W cells miced with 30 pug DCew in the presence of isotype
comtrod antibodies hatypel, dominant negatios THE [DNTHFL which selectively seques-
trates soluble THE, anti-THE XT22 antibady (o THFL which nevtralizes both soluble snd
transmembrane THE, anti-TRFRT [aTHFRT) and ants THFRZ (aTHFARZ) antibodies, which
both block the THF-bindang domain of the comresponding receptors, were indubated fod
24 h Following incubstion, cell-liee supernatants wene avsessdd for IFNy uting ELISA.
Diata are from & representative expetiment of 3 eaperimants performed. They are means

£ 50 of friplcates Py g0 S x 10 MK cellafmil. Asterisks indicate statistically uignificart |
differences in data from of NE v M + mDCex + lotype; MK v, MK+ mDCex + DNTHE,
MK & mDLex = Bofype or MK+ mDCex + DNTHNF v, MK+ mDCex + aTHF. NE -+ mDCex =

| aTHFRT or MK + mDCex + aTNFRD [*"p = 0.0045; ***p < QL0010

s5) o 10 DCex (experimental). The plates with

umtreated and reared tumor cells were incubared ar 37°C, for 5 h.
After this incubation, umoer cells were fixed with 3% parafor-
maldehyde for 20 min, rinsed once with PBS, and mained with
Hoechst 33342 (Enzo Life Sciences, Inc.) solution (10 pg/ml),
for 1 h. The tumor cells were rinsed once with PBS and imaged
wsing 3 Cellomics Arrayscan Vi [Thermo Fisher Saentific) and
20 magnification. Hoechst 3334 2-stained nuclei were segmented
and individually analyzed with Compartmensal Analyss v3.5
package (Thermo Fisher Scientific), Dars were further analyzed
using Spothire DecigionSice (Tibeo), 1o ser 3 threshold and demar-
cate highflow Hoechst imensity in cell nuclei. The percentage of
DCex-induced cytotoxicity was calculaved using the following
formula: % cytotoxicity = [% expenimental (DCaxtreated) = %
control (spontancous) e todal (U'V-treated) = Control (spontane.
ous)] = 100, Data were presented as means of traplicates = S0

L F)

Oncalmmanalogy

DCex cyrotoxicity blocking experiments, In ansibody-block-
ing experiments, DCex were preincubared with 10 pg/ml of
anti-C 16732 antibody, for 10 min, and chen with 20 pg/ml of
exther rat non-reactive (isotype control) or rat anti-mouse TRAIL
monoclonal antibody at room tempersture, for 60 min, Thus
pretreated cxosomes were co-incubared with tumor cells ar 37°C,
and tested for their tumoricidal scrivity using cytotoxicity assays
described above. In caspase-blocking experiments, 2% DMS0
{control) or 200 pM ZWVAD(OMe)-fmk were cocultured with
the mixture of DCex and ourmas cells ;0 377, and DCex tumoans=
cidal acovaty was assessed using cytoroEiciny assays,

Test of MK cell activation by DCex. alNK cells were sus-
pended in CM and plated (100,000 per well) in a round bot-
tom 96-well plate (Cormning). Purified DCex were suspended in
CM and added 1o the wells conzaining aNK cells. Control wells
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contained 3 MK cells alone. To asess the role of TNF and their
teceptoes in D ex-mediated activation of NK cells, DNTNF
(Xencor) thar selectively sequestrates soluble TNFE, ami-TNF
neutralizing antibody XT22 (Pierce- Endogen) and anti-TNFR1
and anti-TNFR2  blocking antibodies (BD-PharMingen)
(20 pgiml) were applied 1o the mixture of aNK cells and
DCex. Comrol sample was a mixture of aNK cells and DCex
withour and with isorype control antibodies. The plases were
gently shaken for 1 h at room temperature, (0 ensure exosome-
NK cell interacrion. The plates were then incubated overnight
at 37°C. After incubation, IFMNy was measured in cell cubrure-
conditioned media wsing IFNy R&D ELISA kit Data were
presented as means of wriplicates = 5D of IFNy pg/0.5 » 10°
NK cellsiml.

Statigtics. Data were statistically evaluated using the SPS5
commercial program package {version 10.0 5P55 Inc.). The dama
are reported as means of wriplicates = SD. Smistical signibcance

of data was assessed using two-tailed unpaired Student’s e-tests.
The resubts were considered significantly different when p 5 0.05.
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