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Introduction

Coordinated communications between cells are essential for 
the life of multicellular organisms. Intercellular communica-
tions are mediated by transmembrane and secreted mediators/
molecules that stimulate receptors of neighboring and/or distant 
cells, respectively. Recent studies have revealed a third pathway 
of communications between cells, which is based on the secretion 
of endosome-derived vesicles named exosomes.1,2 Exosomes have 
originally been described as cell-secreted vesicles that eliminate 
obsolete molecules, such as the transferrin receptors in reticulo-
cytes.3 Exosomes are nano-vesicles of 30 to 100 nm in diameter 
that are secreted by a variety of cells. It is believed that exosomes 
are produced from early endosomes by the process of inward bud-
ding and formation of multivesicular endosomes (MVE), fusion 
of the endosome membrane with plasma membrane, and release 
of the vesicles (exosomes) into extracellular microenvironment.1,2 
Exosomes are composed of a limiting membrane, which consists 
in a plasma membrane-derived lipid bilayer with transmembrane 
molecules, and cytosolic materials enclosed by the limiting mem-
brane. Thus, exosomes integrate transmembrane and soluble 
mediators of intercellular communication.

Dendritic cells (DCs) have been characterized as profes-
sional antigen-presenting cells (APCs), whose main function is 
to cross-prime effector T cells against specific protein or glyco-
lipid antigens.4 DCs have also been identified as essential effector 
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cells of the innate immune system, which rapidly recognizes 
and eliminates microbial pathogens and abnormal cells, induce 
adaptive immune functions and regulate them.5,6 We have previ-
ously demonstrated in both humans and mice that DCs express 
on their plasma membrane multiple TNF superfamily ligands 
(TNFSFLs), including TNF, FasL and TRAIL, and employ 
them to efficiently induce apoptosis in virtually all types of cul-
tured and freshly isolated tumor cells.7-9 DCs are also known to 
crosstalk with natural killer (NK) cells, prototypical effector cells 
of innate immunity. These cells reciprocally stimulate and regu-
late each other, resulting on one side in NK cell activation and on 
the other side DC maturation.10-24 In both mice and humans, this 
crosstalk occurs mainly through cell-to-cell contacts and largely 
involves DC and NK-cell transmembrane TNF.25,26

DCs constitutively produce exosomes.27 DC-derived exosomes 
(DCex) contain numerous plasma membrane and cytoplasmic 
DC components. Several plasma membrane molecules that are 
relevant for the immune functions of DCs are also expressed 
on the DCex bounding membrane. These include Class I and 
II major histocompatibility complex (MHC) molecules, inter-
cellular adhesion molecule-1 (ICAM-1), integrins, and T‑cell 
co-stimulatory molecules such as CD40, CD80 and CD86.27,28 
These molecules are correctly oriented on the outer surface of 
the DCex membrane and are functional. Accordingly, DCex 
MHC-tumor peptide complexes induce antigen-specific CD8+ 
and CD4+ T cells and exert antitumor activity in vivo.29,30 The 
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be expressed on DCex surface, correctly orientated and at higher 
quantities on mDCex than iDCex.

DCex kill tumor cells via TNF superfamily ligands. As DCs 
mediate the apoptotic death of cancer cells via TNFSFLs that are 
exposed on the DC surface,7-9 and DCex express the same ligands, 
we investigated whether DCex could likewise kill tumor cells via 
their TNFSFLs. We found that the direct exposure of B16 mela-
noma cells to iDCex or mDCex induced significant cell death 
in a dose-dependent (Fig. 3A) and time-dependent (Fig.  3B) 
manner. The killing of tumor cells was more pronounced with 
mDCex, becoming significant at 24 h and increasing at 48 h 
and 72 h. mDCex could kill not only B16 melanoma cells, but 
also other cancer cell types, including squamous lung carcinoma 
KLN205 cells and colon carcinoma MC38 cells (Fig. 3C).

Z-VAD-fmk, a broad-spectrum caspase inhibitor, suppressed 
mDCex-induced cytotoxicity, measured by the apoptosis-specific 
DNA hypo-staining assay (Fig. 4A) as well as by the colorimetric 
MTT test indirectly measuring mitochondrial activity (Fig. 4B). 
TNF- and FasL-deficient mouse mDCex were significantly less 
cytotoxic than their wild type counterparts (Fig. 4C and D), and 
an anti-TRAIL antibody suppressed the tumoricidal activity of 
wild type mouse mDCex (Fig. 4E and F). These findings dem-
onstrate that, similar to DCs, DCex mediate potent tumoricidal 
activity via TNFSFLs.

DCex activate NK cells via TNF. We have previously shown 
that both mouse and human DCs crosstalk with and activate 
NK cells via cell-to-cell contacts and transmembrane TNF.9,25,26 
As DCex express transmembrane TNF, we examined whether 
DCex could also activate NK cells and what would be the role 
of transmembrane TNF in this activation. We found that the 
direct exposure of NK cells to either iDCex or mDCex induced 
cell activation and stimulated the secretion of interferonγ 
(IFNγ). mDCex induced significantly higher NK cell activation 
than iDCex (Fig. 5A) and this manifested in a dose-dependent 
manner (Fig. 5B). Of note, TNF-deficient mouse mDCex had 
impaired ability to activate wild type mouse NK cells (Fig. 6A), 
and TNFR1- or TNFR2-deficient mouse NK cells were unable 
to respond to wild type mouse mDCex (Fig. 6B and C).

Dominant negative TNF (DNTNF), which selectively 
sequestrates soluble TNF, did not affect NK-cell activation and 
IFNγ secretion as triggered by DCex. In sharp contrast, an anti-
TNF antibody, which neutralizes both the soluble and trans-
membrane form of TNF, significantly inhibited DCex-induced 
NK-cell activation. Along similar lines, anti-TNFR1 and anti-
TNFR2 antibodies, which block the interaction of these recep-
tors with TNF, significantly inhibited the activation of NK cells 
as induced by DCex (Fig. 7). These findings demonstrate that 
DCex, like DCs, induce the activation of NK cells, and this 
activity results from the engagment of DCex transmembrane 
TNF with NK-cell TNF receptors.

Discussion

DCs express biologically active transmembrane molecules on 
the plasma membrane and secrete immunoregulatory cytokines. 
These molecules stimulate and regulate essential innate and 

immune effects of DCex are indirect, proceeding via host DCs.30 
Currently, there are no reports on the ability of DCex to directly 
mediate innate immune functions. In the present study, we dem-
onstrated for the first time that DCex express on their surface 
transmembrane TNF, FasL and TRAIL, by which they directly 
mediate the apoptotic killing of tumor cells. We also showed that 
DCex can directly activate NK cells via TNF.

Results

Phenotype of DCex. To verify the purity and quality of DCex 
obtained by standard isolation protocols used in the present 
study, we performed DCex morphological and phenotypi-
cal characterization then by transmission electron microscopy 
(TEM) and flow cytometry, respectively. TEM showed that iso-
lated 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 electron-dense double layer lim-
iting membrane surouding an electron-clear material (Fig. 1A, 
bottom right panel). Thus, DCex were undamaged during puri-
fication. In addition, purified DCex were not contaminated with 
microparticles of cellular organelles or membranes. Flow cytom-
etry analysis of DCex attached to Dynabeads demonstrated that 
the classical DC surface markers Class I and Class II MHC, 
CD80, CD86 and CD40 were expressed on DCex from both 
immature (iDCex) and mature (mDCex) DCs. With the excep-
tion of Class I 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 nor-
mally lost during the differentiation of iDCs to mDCs, mDCex 
but not iDCex expressed CD14.

Expression of TNF superfamily ligands on DCex. We have 
previously demonstrated that DCs express on their plasma mem-
brane TNF, FasL and TRAIL.8 As exosomes are cell-derived 
nanovesicles likely constituted of plasma membrane that sur-
rounds cytoplasmic material, we examined whether DCex also 
expressed TNFSFLs and how these ligands were oriented. Using 
ELISA, we found that both intact and lysed iDCex and mDCex 
contained TNF and FasL. The levels of both these TNFSFLs 
were significantly higher in intact mDCex than in intact iDCex, 
supporting the notion that that mDCex express on their surface 
higher levels of transmembrane TNFSFL than iDCex. We also 
found that DCex contained a few hundred folds higher quan-
tities TNF than FasL. In addition, while TNF was present at 
similar quantities 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 transmembrane TNF, but 
both transmembrane and soluble FasL. To confirm the surface 
expression and determine the orientation of transmembrane 
TNFSFLs on DCex, we performed flow cytometry analysis of 
DCex bound onto Dynabeads using fluorochrome-conjugated 
antibodies specific for the receptor-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 mDCex was more intense than that 
of iDCex (Fig. 2C). Thus, transmembrane TNFSFLs appear to 
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of these molecules enable DCex to efficiently present antigenic 
peptides in the context of MHC molecules to T cells and induce 
adaptive immune responses, similar to parental DCs.29,30 This 
immune mechanism appears to be mediated by host DCs that 
acquire functional MHC-peptide complexes from DCex.30 
The demonstration that DCex express other biologically active 
DC molecules, and that DCex can directly mediate immune 

adaptive immune functions via juxtacrine (cell-to-cell contact) 
and/or paracrine/endocrine pathways, respectively. DCs also 
constitutively produce exosomes, which potentially carry DC 
transmembrane molecules and cytokines, and hence have the 
ability to convey DC functions via paracrine/endocrine pathway. 
It has been shown that DCex express on their limiting membrane 
functional MHC and co-stimulatory molecules. The expression 

Figure 1. Purified DCex have oval-biconcave shape, 30 to 100 nm in diameter and DC phenotype. iDC and mDC were generated by culturing linage 
marker-negative bone marrow cells in the presence of GM-CSF/IL4 and GM-CSF/IL4/LPS, respectively. DCex were isolated from conditioned media of 
these DC cultures using fractionated centrifugation and filtrations. Morphology (A) and surface markers (B) of purified DCex were examined by TEM 
and flow cytometry, respectively. (A) Purified iDCex either unbound or bound to anti-Class II MHC antibody-coated beads were processed for and 
examined using TEM. The left and the upper right panels of TEM micrographs of purified DCex show several 30–100 nm diameter oval-biconcave 
structures. The lower right panel is a TEM micrograph of a DCex bound to anti-Class II MHC antibody-coated beads showing a section of an oval 
structure having an electron-dense double layer membrane structure that surrounds an electron-clear material (indicated with the arrow), attached to 
amorphous bead structure. (B) Purified iDCex and mDCex were captured onto anti-Class II MHC antibody-coated beads, stained with fluorochrome-
conjugated antibodies specific for the DC markers Class I MHC (αMHC I), Class II MHC (αMHC II), CD80 (αCD80), CD86 (αCD86), CD40 (αCD40) and CD14 
(αCD14), as well as isotype control antibodies (Isotype), and analyzed by flow cytometry. Data are mean fluorescence intensity (MFI) of a representative 
experiment of 4 independent experiments performed.
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circulating CD3-CD56+ NK cells, which showed an enhanced 
ability to respond to interleukin 2 (IL-2) or DC stimulation by 
IFNγ secretion and killing of K562 target cells.27 The authors 
suggested that DCex may be capable of stimulating NK cells in 
vivo. However, no direct experimental evidence supporting this 
possibility and proving whether the suspected DCex-induced NK 
cell activation occurs directly or indirectly was provided. Using 
a well defined in vitro experimental model system, we show that 
iDCex, and more potently mDCex, directly induce the activa-
tion of NK cells, leading to increased secretion of the central 
Th1 cytokine IFNγ. This process is mediated by the engagement 
of DCex-bound TNF with NK-cell TNFR1 and TNFR2, and 
mimics the activity of DCs.25,26 However, the expression levels of 
transmembrane TNF and the stimulation of NK cells by DCex 
are several folds lower than those of parental DCs.25 In addition, 
while mouse DCs crosstalk with NK cells by selectively engag-
ing NK-cell TNFR2 receptors with plasma membrane-bound 
TNF,25 DCex-attached TNF interact with NK cells by engaging 
both NK-cell TNFR1 and TNFR2. This may be due to differ-
ences in expression level, topography and motility of transmem-
brane TNF.

In summary, DCex not only express functional transmem-
brane MHC and co-stimulatory molecules that enable them to 
indirectly stimulate adaptive T‑cell response,29,30 but also express 

functions is largely missing or incomplete. Here, we demonstrate 
for the first time that DCex express functional transmembrane 
TNFSFLs and mediate via these ligands two essential DC innate 
immune functions, direct killing of tumor cells and activation of 
NK cells.

It has been previously shown that mouse iDCex express TNF, 
and that human cancer cell-derived exosomes express FasL.28,31 
However, there is no published report on DCex TNF function, 
as well as on the DCex expression and function of FasL, TRAIL 
and other TNFSFLs. We show that mouse DCex, especially 
mDCex, express correctly oriented transmembrane TNF, FasL 
and TRAIL on their surface. These DCex ligands are functional, 
as they effectively mediate caspase-activation and apoptosis in 
tumor cells. The activity of mDCex is more pronounced than that 
of iDCex, correlating with higher expression levels of TNFSFLs 
on exosomes. The expression of transmembrane TNFSFLs on the 
DCex limiting membrane and TNFSFL-mediated tumoricidal 
activity of DCex mirror the previously described expression of 
these ligands on DC plasma membrane and their tumoricidal 
potential.8,9

In a Phase I clinical trial performed with non-small cell lung 
carcinoma patients who were vaccinated with autologous iDCex-
tumor peptide complexes, Chaput et al. found that few of the 
patients who received this vaccine had increased numbers of 

Figure 2. DCex express TNF superfamily ligands. (A and B) Quantification of surface-associated and total TNFSFLs of DCex. Untreated (Intact) or lysed 
(Lysed) iDCex and mDCex were examined by ELISA for the presence and quantity of surface-associated and total TNFSFL, respectively. TNF (A) and 
FasL (B) were measured using ELISA. Data are means ± SD of triplicates pg/100 μg DCex. Asterisks indicate statistical significance (***p < 0.001) of data 
differences between Intact iDCex vs. Intact mDCex, Lysed iDCex vs. Lysed mDCex in (A); Intact iDCex vs. Intact mDCex, Intact vs. Lysed iDCex, and 
Intact vs. Lysed mDCex in (B). (C) Analyses of DCex membrane-bound TNFSFLs. Purified intact iDCex and mDCex were bound to 2.8 μm Dynabeads 
coated with anti-Class II MHC antibody, stained with fluorochrome-conjugated anti-TNF (αTNF), anti-FasL (αFasL), anti-TRAIL (αTRAIL) or isotype con-
trol (Isotype) antibodies. Data are MFI from a representative experiment of 4 experiments performed.
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functional transmembrane TNFSFLs that enable them 
to directly mediate innate immune functions such as 
the apoptotic killing of tumor cells and the activation of 
NK cells. Therefore, DCs are not only capable of medi-
ating essential innate immune functions in spatially 
close targets by a juxtacrine/cell-to-cell contact path-
way via plasma membrane transmembrane TNFSFLs, 
but also in distant targets by a paracrine/endocrine 
pathway that is mediated by secreted DCex and their 
TNFSFLs. While the juxtacrine pathway might medi-
ate innate immune functions locally, to a small number 
of target cells, the paracrine/endocrine pathway might 
extend these functions in an orchestrated way to a large 
number of distant target cells and thus induce systemic 
and proportionally amplified innate immune functions.

Materials and Methods

Mice. Eight-week old wild type (WT) female C57BL/6 
(H-2k2/I-Ab) mice were obtained from Taconic 
(Germantown, NY). TNF and FasL deficient (Tnf-/- and 
Fasl-/-, respectively) female mice with C57BL/6 back-
ground were purchased from The Jackson Laboratory. 
Mice were housed at the University of Pittsburgh Cancer 
Institute’s Association for Assessment and Accreditation 
of Laboratory Animal Care (AAALAC) internationally 
accredited animal facility. The animal studies were per-
formed in accordance with the protocols approved by 
the University of Pittsburgh Institutional Animal Care 
and Use Committee.

Reagents. The following reagents, antibodies and 
kits were used in the present study: low toxic rab-
bit complement (Accurate Chemical and Scientific 
Corp.); mouse recombinant GM-CSF and IL-4 (R&D 
Systems); recombinant human interleukin 2 (IL-2) 
(Chiron Corp.); Escherichia coli lipopolysaccharide 
(LPS) (Sigma Chemical); Z-Val-Ala-Asp(OMe)-fmk 
[Z-VAD(OMe)-fmk, MP Biomedicals]; rat anti-mouse 
CD4, CD8, CD45/B220 monoclonal antibodies (mAb) 
produced by the corresponding hybridomas obtained 
from American Type Culture Collection (ATCC); 
fluorochrome-conjugated mouse anti-mouse Class I 
MHC molecule, mouse anti-mouse Class II MHC mol-
ecule, rat anti-mouse TNF, hamster anti-mouse FasL, 
rat anti-mouse TRAIL, hamster anti-mouse CD80, 
rat anti-mouse CD86, rat anti-mouse CD14, hamster 
anti-mouse CD40 and corresponding isotype control 
monoclonal antibodies (BD PharMingen); biotin-
conjugated mouse anti-mouse I-Ab (BD PharMingen); 
unconjugated rat anti-mouse TNF (XT22, Pierce-
Endogen), hamster anti-mouse TNFR1 and TNFR2 
(BD-PharMingen); LEAFTM unconjugated rat anti-
mouse TRAIL (CD253), rat anti-mouse CD16/32 
and non-reactive isotype control monoclonal anti-
bodies (BioLegend); DNTNF (XPro1595, Xencor); 
streptavidin-conjugated 2.8 μm diameter polystyrene 

Figure 3. DCex kill tumor cells. (A) iDCex and more potently mDCex kill tumor 
cells. Graded amounts of purified wild type (wt) mouse iDCex and mDCex were 
mixed with 2,500 B16 melanoma cells. The mixtures of DCex and tumor cells were 
incubated for 48 h, and cytotoxicity was determined using the MTT assay. (B) 
Time course of DCex killing of tumor cells. Fifty micrograms of wt mDCex were 
co-incubated with 2,500 B16 melanoma cells, and their cytotoxic activity was de-
termined by MTT assay after 24 h, 48 h and 72 h of the incubation. (C) DCex kill not 
only melanoma cells but also cancer cells. 25, 50 and 100 μg of wt mDCex were co-
incubated with 2,500 KLN205 squamous cell carcinoma or MC38 colon carcinoma 
cells for 48 h. After this incubation, cytotoxic activity of mDCex was determined by 
MTT assay. Data are representative of 2 experiments performed. They are % cyto-
toxicity means ± SD of triplicates. Statistical significance of cytotoxicity differences 
of mDCex vs. iDCex is indicated by asterisks (***p < 0.001).
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beads (Dynal Biotech); MACS NK-Cell 
Isolation Kit (Miltenyi Biotec); mouse 
TNF and FasL DuoSet enzyme-linked 
immunosorbent assay (ELISA) kits (R&D 
Systems), and mouse IFNγ Quantikine 
ELISA kit (R&D Systems).

Tumor cell lines. C57BL/6 mouse 
B16 melanoma and MC38 colon adeno-
carcinoma, and DBA/2 mouse KLN205 
squamous cell carcinoma cell lines were 
purchased from ATCC. The cell lines were 
cultured in Dulbecco’s modified Eagle’s 
medium (DMEM), RPMI-1640 medium 
and Eagle’s minimum essential medium 
(EMEM), respectively, supplemented 
with 10% fetal bovine serum (FBS: Life 
Technologies). These tumor cells were 
grown adherent and utilized in experi-
ments when their cultures were 70% con-
fluent. The cell lines were regularly tested 
and were mycoplasma free.

Generation of DCs. Immature myeloid 
DCs (iDCs) were produced by 5-d cultur-
ing of mature cell-depleted bone marrow 
cells (0.1 × 106/mL) in complete cell cul-
ture medium (CM) consisted of RPMI 
1640 medium supplemented with 0.1 
mM nonessential amino acids, 2 mM 
sodium pyruvate, 1 mM l-glutamine, 100 
μg/ml streptomycin, 100 U/mL penicil-
lin, 20 mM HEPES buffer, 10% FBS (Life 
Technologies), and 50 μM 2-mercapto-
ethanol (Bio-Rad, Hercules, CA); and 
supplemented with 15 ng/mL of recombi-
nant mouse GM-CSF and IL-4. iDCs were 
95% CD11c+CD205+/- lineage marker-, 
and expressed CD80, CD86, CD40, 
Class I and II MHC molecules at low to 
intermediate levels. Mature DCs (mDCs) 
were produced by overnight stimulation of 
iDCs with 1 μg/ml LPS. Tnf-/- and Fasl-/- 
DCs showed normal growth and expres-
sion of the costimulatory molecules.

Purification of fresh NK cells. 
NK1.1+CD3- cells were purified from 
splenocytes by negative immunoselection 
using MACS mouse NK cell isolation 
kit as recommended by the manufac-
turer. These cells were more than 75% 
NK1.1+CD3-CD69-.

Activation and expansion of NK 
cells. Purified fresh NK cells (0.1 × 106/
mL) were suspended in CM supple-
mented with 6,000 IU/mL IL-2, and 
cultured for 6 d. In this culture, NK cells 
expanded 10 to 20-fold and were > 97% 

Figure 4. DCex induce apoptosis in tumor cells via TNF superfamily ligands. (A and B) DCex 
induce apoptosis in tumor cells. Fifty micrograms of wt mDCex were coincubated with 2,500 B16 
melanoma cells in the presence of 2% DMSO or 200 μM Z-VAD-fmk for 5 h or 48 h and tested 
using the apoptosis specific Hoechst DNA hypo-staining (A) and MTT (B) assays, respectively. 
p value represents statistically significant differences between DCex cytotoxic activities in the 
presence of DMSO and Z-VAD-fmk. (C and D) DCex of TNF- (Tnf-/-) and FasL- (Fasl-/-) deficient 
mice have impaired antitumor cytotoxic activity. Mature Tnf-/- DCex (C) and Fasl-/- DCex (D) were 
compared with mature wtDCex for their abilities to kill B16 melanoma cells as measured using 48 
h MTT assay. p values represent statistically significant differences between tumoricidal activities 
of wtDCex vs. Tnf-/- DCex or Fasl-/- DCex. (E and F) Neutralization of TRAIL inhibits DCex-mediated 
tumoricidal activity. Fifty micrograms of wt mDCex were coincubated with 2,500 B16 melanoma 
cells in the presence of 20 μg of IgG control or anti-TRAIL antibodies for 5 h or 48 h and tested 
using the apoptosis specific DNA hypo-staining (E) and MTT (F) assays, respectively. p values 
represent statisticallly significant differences between DCex cytotoxic activities in the presence 
of IgG control and anti-TRAIL antibodies. Data are from representative experiments of 2 experi-
ments performed and represent % cytotoxicity means ± SD of triplicates.
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days. Ultrathin (70 nm) sections were prepared and placed on 
200 mesh copper grids, stained with 2% uranyl acetate in 50% 
methanol for 10 min, and 1% lead citrate for 7 min. Sections 
were examined using a JEOL JEM 1011 transmission electron 
microscope at 80 kV.

Quantification of DCex TNF superfamily ligands. TNF 
and FasL were quantified using intact DCex, to measure the 
levels of ligands on exosome outer surface, and lysed DCex, to 
determine the total amount of ligands both on the surface and 
inside of exosomes. DCex were lysed using radioimmunopre-
cipitation assay (RIPA) cell-lysis buffer (Upstate) containing 

NK1.1+CD3-CD69+. They are referred as cultured IL-2-activated 
NK (aNK) cells.

Generation and purification of DCex. Briefly, iDCex were 
generated by replacing day 5 iDC culture-conditioned medium 
with fresh CM supplemented with GM-CSF/IL-4, and addi-
tional culturing of iDCs for 24 h. mDCex were generated by 
replacing day 5 iDC culture conditioned media with fresh CM 
supplemented with GM-CSF/IL-4 and 1 μg/mL LPS, and addi-
tional culturing of DCs for 24 h. The newly generated cell cul-
ture-conditioned media were collected from the iDC and mDC 
cultures. The cell culture-conditioned media were centrifuged for 
10 min at 300 g and 1,000 g, and filtered through 0.45 μm pore 
filters, to remove cells and their debris. Filtered cell culture-con-
ditioned media were concentrated in Centricon Plus-70 Millipore 
filter units by centrifugation at 1,000 g for 45 min. DCex were 
separated from the cell culture-conditioned media by ultracentri-
fugation at 100,000 g (Optima LE-80K ultracentrifuge, 90-Ti 
rotor, Beckman Coulter) for 1 h. DCex were washed twice in 
PBS using Amicon Ultra-15 filter units (Millipore) and centrifu-
gations at 1,000 g for 25 min. DCex were finally resuspended 
in 200 μL PBS. Quantifications of the purified DCex were per-
formed using BCA Protein Assay Kit (Thermo Scientific).

Coupling DCex to streptavidin-conjugeted beads. One mili-
gram of streptavidin conjugated 2.8 μm diameter Dynabeads 
was washed 3 times in ice-cold PBS containing 0.1% sodium 
azide (Sigma) and 1% FBS (FACS buffer). The beads were resus-
pended in 300 μL FACS buffer containing 7 μg of biotinylated 
anti-MHC Class II molecule antibody. Beads and antibody were 
incubated with gentle mixing at room temperature for 30 min. 
Following incubation, the formed conjugates of antibody-strepta-
vidin-beads were washed twice with PBS supplemented with 1% 
FBS. The antibody-streptavidin-bead conjugates were incubated 
with purified exosomes (equivalent to 10 μg of exosome protein 
per 280,000 beads) in a total volume of 300 μL of PBS with 
gentle mixing overnight at room temperature. The next day, the 
bead-antibody-exosome complexes were washed twice either in 
FACS buffer for flow cytometry analyses or with PBS for func-
tional studies.

Analysis of DCex by TEM. The main marker of exosomes 
is their morphology, including oval-biconcave shape and size of 
30 to 100 nm. To define their purity and quality, we examined 
DCex morphology using TEM. Ten microliters of purified DCex 
were loaded on a Formvar-coated copper grid (200 mesh), and 
incubated for 0.5 min. Excess DCex suspension was blotted with 
filter paper. The grid was placed on a drop of 1% uranyl acetate 
solution in milli-Q H

2
O for 5 sec, and excess stain was removed. 

Exosomes were examined using a JEOL JEM 1011 (JEOL) trans-
mission electron microscope at 80 kV.

Exosomes attached to 2.8 μm Dynabeads were pelleted at 
500 g and fixed in 2.5% glutaraldehyde solution in PBS for 1 h. 
Pellets were washed three times in PBS then post-fixed in 1% 
OsO

4
 and 1% K

3
Fe(CN)

6
 solution for 1 h. Pellets were washed 

three times in PBS, and dehydrated through a graded series of 
30% to 100% ethanol then infiltrated in Polybed 812 epoxy resin 
(Polysciences, Warrington, PA) for 1 h. Pellets were embedded 
in resin, cured at 37°C overnight, and hardened at 65°C for two 

Figure 5. DCex activate NK cells. (A) iDCex and more potently mDCex 
induce NK cell IFNγ secretion. One hundred μg of purified iDCex and 
mDCex were mixed with aNK cells, and incubated for 24 h. (B) DCex 
induce NK cell IFNγ secretion in a dose-dependent manner. Graded 
amounts of purified mDCex were mixed with aNK cells, and incubated 
for 24 h. After incubation, cell-free supernatants were separated and 
assessed for the presence and quantity of IFNγ using ELISA. Data are 
from a representative experiment of 2 experiments performed. They 
are means ± SD of triplicates IFNγ ng/0.5 × 106 NK cells/mL. Asterisks 
indicate statistical significance of data differences: in (A), NK vs. NK + 
iDCex (*p < 0.05), NK vs. NK + mDCex (***p < 0.001), and NK + iDCex vs. 
NK + mDCex (***p < 0.001); and in (B), NK (0) vs. NK + mDCex (*p < 0.05; 
***p < 0.001).
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anti-Class II MHC molecules, anti-CD80, anti-CD86, anti-
CD40, anti-CD14, anti-TNF, anti-FasL, anti-TRAIL and 
isotype-matched nonreactive control antibodies (20 μg/mL) 
at 4°C, for 1 h. After this incubation, the bead-exosome-anti-
body complexes were washed three times with FACS buffer and 
fixed with 1% paraformaldehyde solution in PBS. The bead-
exosome-antibody complexes were examined using XL Epics 
Flow Cytometer (Beckman Coulter Ramsey) and the obtained 

EDTA-supplemented protease inhibitor cocktail (Roche Applied 
Science). The ELISAs of intact and lysed DCex were performed 
using ELISA kits according to the manufacture recommenda-
tions. The amounts of TNF family ligands per 100 μg of exo-
somal proteins were determined. Data were presented as means of 
triplicates ± SD of TNF and FasL pg/100 μg of exosome proteins.

Flow cytometry of DCex. DCex-bead conjugates were incu-
bated with fluorescently tagged anti-Class I MHC molecules, 

Figure 6. DCex mediate activation of NK cells via engagement of DCex TNF with NK cell TNF receptors. (A) DCex of TNF-deficient mice (T-/- DCex) are 
unable to activate NK cells of wild type mice (wtNK). (B) NK cells of TNFR1-deficient mice (R1-/- NK) have decreased responsiveness to DCex of wild type 
mice (wtDCex). (C) NK cells of TNFR2-deficient mice (R2-/- NK) do not respond to wtDCex. wtNK cells alone, and their mixtures with 25 μg wtDCex or T-/- 
DCex (A); wtNK cells or R1-/- NK cells alone, and their mixtures with 25 μg of wtDCex (B); and wtNK cells or R2-/- NK cells alone, and their mixtures with 
25 μg wtDCex (C) were incubated for 24 h. After incubation, cell-free supernatants were collected and tested for the presence and quantity of IFNγ 
using ELISA. Data are from a representative experiment of 2 experiments performed. They are means ± SD of IFNγ ng/0.5 x 106 NK cells/mL. Asterisks 
indicate statistically significant differences in data from wtNK, R1-/- NK or R2-/- NK vs. wtNK + wtDCex, wtNK + wtDCex vs. wtNK + T-/-DCex; wtNK + wtD-
Cex vs. R1-/-NK + wtDCex and R2-/-NK + wtDCex (***p < 0.001).
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DCex cytotoxicity blocking experiments. In antibody-block-
ing experiments, DCex were preincubated with 10 μg/mL of 
anti-CD16/32 antibody, for 10 min, and then with 20 μg/mL of 
either rat non-reactive (isotype control) or rat anti-mouse TRAIL 
monoclonal antibody at room temperature, for 60 min. Thus 
pretreated exosomes were co-incubated with tumor cells at 37°C, 
and tested for their tumoricidal activity using cytotoxicity assays 
described above. In caspase-blocking experiments, 2% DMSO 
(control) or 200 μM Z-VAD(OMe)-fmk were cocultured with 
the mixture of DCex and tumor cells at 37°C, and DCex tumori-
cidal activity was assessed using cytotoxicity assays.

Test of NK cell activation by DCex. aNK cells were sus-
pended in CM and plated (100,000 per well) in a round bot-
tom 96-well plate (Corning). Purified DCex were suspended in 
CM and added to the wells containing aNK cells. Control wells 

data analyzed using Beckman Coulter Expo32 
Software.

MTT cytotoxicity assay. Tumoricidal activity 
of DCex was tested using a modified MTT cyto-
toxicity assay.7 Tumor target cells were suspended 
in complete cell culture media and plated (2,500 
per well) in a flat bottom 96 well plate (Corning 
Inc.). Exosomes were suspended in the same cell 
culture medium and plated on top of tumor cells. 
Control wells contained tumor cells alone. The 
plates were gently shaken for 1 h at room tempera-
ture, to ensure exosome-tumor cell interaction, 
and then incubated at 37°C, for 24 to 72 h. After 
this incubation, the cell culture conditioned media 
were removed by pipetting. One hundred micro-
liters of MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Sigma] solution in 
RPMI (0.5 mg/mL) were added to the wells. After 
4 h incubation, MTT solution was removed and 
150 μL of dimethyl sulfoxide (DMSO, Sigma) was 
added to the wells. The plate was gently shaken for 
20 min and examined on a microplate reader (Bio-
Rad) using excitation and emission wavelengths 
of 570 nm and 490 nm, respectively. Percentages 
of cytotoxicity were calculated using the follow-
ing formula [(control − experimental)/control] × 
100, where “control” is absorbance (OD) value 
obtained in the wells containing tumor cells alone, 
and “experimental” is OD value obtained in the 
wells containing both tumor cells and DCex. Data 
were presented as means of triplicates ± SD.

DNA hypo-staining assay. B16 melanoma cells 
were suspended in complete cell culture media, 
plated (2,500 per well) in flat bottom 96 well 
plates and cultured for 24 h. After this culture, 
tumor cells were either left untreated (negative 
control, spontaneous apoptosis) or were exposed 
to UV (UV) C radiation using a germicidal lamp 
(UVP), for 2 min (positive control, total apopto-
sis) or to DCex (experimental). The plates with 
untreated and treated tumor cells were incubated at 37°C, for 5 h. 
After this incubation, tumor cells were fixed with 3% parafor-
maldehyde for 20 min, rinsed once with PBS, and stained with 
Hoechst 33342 (Enzo Life Sciences, Inc.) solution (10 μg/mL), 
for 1 h. The tumor cells were rinsed once with PBS and imaged 
using a Cellomics Arrayscan Vti (Thermo Fisher Scientific) and 
20x magnification. Hoechst 33342-stained nuclei were segmented 
and individually analyzed with Compartmental Analysis v3.5 
package (Thermo Fisher Scientific). Data were further analyzed 
using Spotfire DecisionSite (Tibco), to set a threshold and demar-
cate high/low Hoechst intensity in cell nuclei. The percentage of 
DCex-induced cytotoxicity was calculated using the following 
formula: % cytotoxicity = [% experimental (DCex-treated) − % 
control (spontaneous)/% total (UV-treated) − Control (spontane-
ous)] × 100. Data were presented as means of triplicates ± SD.

Figure 7. Transmembrane TNF, but not soluble TNF, mediates DCex-induced activation 
of NK cells. NK cells alone, and NK cells mixed with 20 μg DCex in the presence of isotype 
control antibodies (Isotype), dominant negative TNF (DNTNF), which selectively seques-
trates soluble TNF, anti-TNF XT22 antibody (αTNF), which neutralizes both soluble and 
transmembrane TNF, anti-TNFR1 (αTNFR1) and anti-TNFR2 (αTNFR2) antibodies, which 
both block the TNF-binding domain of the corresponding receptors, were incubated for 
24 h. Following incubation, cell-free supernatants were assessed for IFNγ using ELISA. 
Data are from a representative experiment of 3 experiments performed. They are means 
± SD of triplicates IFNγ ng/0.5 x 106 NK cells/mL. Asterisks indicate statistically significant 
differences in data from of NK vs. NK + mDCex + Isotype; NK vs. NK + mDCex + DNTNF; 
NK + mDCex + Isotype or NK + mDCex + DNTNF vs. NK + mDCex + αTNF, NK + mDCex + 
αTNFR1 or NK + mDCex + αTNFR2 (**p = 0.005; ***p < 0.001).
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of data was assessed using two-tailed unpaired Student’s t-tests. 
The results were considered significantly different when p ≤ 0.05.
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contained aNK cells alone. To assess the role of TNF and their 
receptors in DCex-mediated activation of NK cells, DNTNF 
(Xencor) that selectively sequestrates soluble TNF, anti-TNF 
neutralizing antibody XT22 (Pierce-Endogen) and anti-TNFR1 
and anti-TNFR2 blocking antibodies (BD-PharMingen) 
(20 μg/mL) were applied to the mixture of aNK cells and 
DCex. Control sample was a mixture of aNK cells and DCex 
without and with isotype control antibodies. The plates were 
gently shaken for 1 h at room temperature, to ensure exosome-
NK cell interaction. The plates were then incubated overnight 
at 37°C. After incubation, IFNγ was measured in cell culture-
conditioned media using IFNγ R&D ELISA kit. Data were 
presented as means of triplicates ± SD of IFNγ pg/0.5 × 106 
NK cells/mL.

Statistics. Data were statistically evaluated using the SPSS 
commercial program package (version 10.0 SPSS Inc.). The data 
are reported as means of triplicates ± SD. Statistical significance 
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