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ABSTRACT
How the tumor microenvironment educates dendritic cells (DCs) to promote tumorigenesis remains
largely unknown, and the role of tumor-derived exosomes (TEXs) in tumorigenesis is controversial. Here,
we report that in addition to the activation of DCs, TEXs induce DCs to produce increased interleukin-6
(IL-6), which dramatically promotes tumor invasion by increasing signal transducer and activator of
transcription 3 (STAT3)-dependent matrix metalloproteinases 9 transcription activity in tumor cells. HSP72
and HSP105 on the TEX surface induce IL-6 secretion of DCs in a TLR2- and TLR4-dependent manner. In
addition, HSP72 and HSP105 are predominantly present on exosomes from sera of tumor patients but not
healthy people, indicating their value in tumor prediction. Furthermore, TEXs are powerful activators of
DCs, and the depletion of IL-6 converts TEXs from tumor promoters to tumor inhibitors in vivo. Therefore,
our results reveal a novel mechanism for the TEX-mediated education of DCs and shed light on the
conundrum that TEXs present by playing dual roles in tumorigenesis.

Abbreviations: DC, dendritic cell; GM-CSF, granulocyte-macrophage colony stimulating factor; IL, interleukin; TEX,
tumor-derived exosomes; HSP, heat shock protein
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Introduction

Dendritic cells (DCs) are the most important APCs to acti-
vate antitumor immunity in animals and humans, including
processing tumor-specific and tumor-associated antigens,
initiating robust and long-lasting tumor antigen-specific
CD4C and CD8C T cell responses.1 However, DCs can also
be domesticated by tumors and lose their antitumor ability.
Highly-tumorigenic melanomas overexpress soluble factors
that alter the maturation and activation of DC, conferring a
pro-tumorigenic phenotype to DC that may promote tumor
outgrowth, metastasis, and immune escape.2 Activated
inflammatory DCs universally infiltrate tumor tissues, and
these DCs can accelerate tumor growth through galectin-1
and interleukin-6 (IL-6).3

Inflammatory mediators, such as IL-1b, TNF-a, IL-6 and
PGE2, mediate the innate response and enhance the adaptive
immune response to eliminate invading pathogens.4 Inflam-
matory mediators are also closely associated with tumorigen-
esis. IL-6 can increase MMP-13 expression and motility in
human chondrosarcoma cells5 and PGE2 can promote lung
cancer invasion.6 Tumor antigens can induce the activation
and maturation of DCs, which favors the initiation of antitu-
mor immunity.7 Nevertheless, during activation and matura-
tion, DCs can release high levels of inflammatory mediators,

such as IL-6 and PGE2,8,9 which is positive related to
tumorigenesis.

Exosomes, with a size of 50 to 150 nm, are released into
the extracellular environment after fusion of multivesicular
endosomes with the plasma membrane.10 The role of tumor-
derived exosomes (TEXs) in tumor progress is disputed. On
the one hand, TEXs can mediate immunosuppression
through impairing DC differentiation and maturation, polar-
izing tumor-promoting macrophages, decreasing NK cell
cytotoxicity and inducing regulatory T and B cells.11 On the
other hand, tumor antigen-containing TEXs have been dem-
onstrated to induce efficient antitumor immunity.12 TEXs
are also shown to induce activation and maturation of DCs,
followed by tumor-rejection T cell priming.13 How these dia-
metrically opposed results occur has yet to be explored. In
addition, whether TEXs can induce the secretion of inflam-
matory mediators, accompanied by the activation and matu-
ration of DCs, and their effect on tumorigenesis is still
unknown.

In this study, we wanted to determine whether TEXs, along
with promoting DC activation and maturation, could promote
tumor progression by inducing DCs to produce inflammatory
mediators. In addition, we elucidated how TEX-activated DCs
(Ta-DCs) promote tumor progression.
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Results

Ta-DCs secreted high levels of inflammatory mediators
and promoted tumor cell invasion in vitro

Characterization of morphology of TEXs from B16-F10, 3LL
and 4T1 cells (B16-F10-EXO, 3LL-EXO and 4T1-EXO) using
electron microscopy, we found that all types of TEXs were
membrane vesicles, primarily ranging in size from 80–150 nm
(Fig. S1A). The size distribution of B16-F10-EXO, 3LL-EXO
and 4T1-EXO was 120 § 21 nm, 111 § 12 nm and 112 §
11 nm, respectively (Fig. S1B). These exosomes were positive
for CD63, TSG101, Alix and HSP70 molecules, but negative for
GRP94, Calnexin and GM130 (Fig. S1C). Consistent with pre-
vious report,13 all types of TEXs were potentially capable of
promoting bone marrow-derived DC (BMDC) maturation and
IL-12 secretion (Fig. S1D and E).

Then, we determined whether TEXs could simultaneously
trigger DCs to secrete inflammatory mediators. After stimula-
tion with TEXs, DCs produced higher levels of IL-6 and PGE2
than those without TEX stimulation (Fig. 1A). PGE2 has been
reported to present in TEXs.14 To exclude that the IL-6 and
PGE2 were from the TEXs, we measured IL-6 and PGE2 in
TEXs and found neither were detectable (data not shown).
Moreover, the levels of IL-1b and TNF-a were also markedly
increased in TEX-treated DCs (data not shown). These results
suggest that TEXs induce not only activation and maturation
but production of inflammatory mediators of DCs.

Inflammatory mediators increase tumor metastasis.15,16

Therefore, we interrogated whether inflammatory mediators
secreted by Ta-DCs can affect the motility and invasive abil-
ity of tumor cells. To elucidate this point, migration and
invasion assays were performed in vitro. In comparison with
tumor cells cultured in supernatant from PBS-treated DCs
(SN-DCPBS), tumor cells cultured in supernatant from B16-
F10-EXO, 3LL-EXO or 4T1-EXO-activated DCs (termed as
SN-DCB16-F10-EXO, SN-DC3LL-EXO or SN-DC4T1-EXO, respec-
tively) showed no change in motility in the migration assay,
and TEXs alone did not affect the motility of tumor cells
(Fig. 1B and C). However, in the invasion assay, each type of
tumor cells cultured in supernatant from corresponding
TEX-activated DCs showed enhanced invasive ability. TEXs
alone neither affect the invasive ability of tumor cells
(Fig. 1D and E).

Inflammatory mediators are reported to induce proliferation
of tumor cells.17 To exclude that the increased invasive ability
of tumor cells may be due to enhanced proliferation of tumor
cells, we tested the proliferation of tumor cells after culture in
supernatant from TEX-activated DCs. As shown in Fig. 1F,
none of the tested tumor cell types exhibited differences in pro-
liferation between the untreated tumor cells and tumor cells
treated with supernatant from TEX-activated and non-acti-
vated DCs. Together, these data demonstrate that Ta-DCs pro-
mote the invasive ability of tumor cells in vitro.

IL-6 from Ta-DCs promoted tumor cell invasion through
upregulation of MMP9 expression

IL-6 and PGE2 promote tumor cell invasion.18 To deter-
mine whether Ta-DCs promoted tumor cell invasion

entailed IL-6 and PGE2, SN-DCB16-F10-EXO was treated with
IL-6 or PGE2-neutralizing monoclonal anbibodies (mAbs).
Increased tumor cell invasion induced by SN-DCB16-F10-EXO

was completely abolished after IL-6 blockage but showed no
change after PGE2 blockage (Fig. 2A). To further confirm
this, the ability of SN-DCB16-F10-EXO from IL-6¡/¡ mice
(SN-DCB16-F10-EXO-IL-6¡/¡) in promoting tumor cell was
examined. Expectedly, SN-DCB16-F10-EXO-IL-6¡/¡ failed to
enhance tumor cell invasion while SN-DCB16-F10-EXO from
wild-type mice (SN-DCB16-F10-EXO-WT) did (Fig. 2B). These
results suggest that the Ta-DC-mediated increase in tumor
cell invasion is IL-6 dependent.

Matrix metalloproteinases (MMPs) play critical roles in
tumor invasion because of their proteolytic activities, which
are required to degrade the extracellular matrix and basement
membrane.19 It has been reported that IL-6 can induce
MMP2, MMP9 and MMP13 expression to increase tumor
cell invasion.20–22 To better understand the effect of IL-6 on
the process of the Ta-DC-mediated increased tumor cell inva-
sion, we investigated MMP2, MMP9 and MMP13 expression
in B16-F10 cells treated with SN-DCB16-F10-EXO. The mRNA
levels of MMP9 but not MMP2 and MMP13 in B16-F10 cells
were highly increased after treatment with SN-DCB16-F10-EXO

(Fig. S2A). Likewise, only the MMP9 protein level substan-
tially increased in B16-F10 cells after treatment with SN-
DCB16-F10-EXO (Fig. 2C). Gelatin zymography also confirmed
a high increase of MMP9 but not MMP2 activity in superna-
tant from SN-DCB16-F10-EXO- rather than SN-DCPBS-treated
B16-F10 cells (Fig. S2B). To elucidate whether IL-6 was
responsible for the increased expression of MMP9, B16-F10
cells were treated with SN-DCB16-F10-EXO-IL-6¡/¡, and the
increase in the MMP9 protein level could no longer be
observed (Fig. 2D). Again, gelatin zymography showed simi-
lar results (Fig. S2C). To confirm that the increased invasive
ability of tumor cells induced by SN-DCB16-F10-EXO was medi-
ated by MMP9, we treated B16-F10 cells with SN-DCB16-F10-

EXO in the presence of MMP9 inhibitor. The increased inva-
sive ability of B16-F10 cells induced by SN-DCB16-F10-EXO was
completely abrogated (Fig. 2E). Similarly, when MMP9
expression was knocked down by MMP9 siRNA, the invasive
ability of B16-F10 cells, with or without SN-DCB16-F10-EXO

treatment, exhibited no differences (Fig. S2D and E).
Altogether, these results demonstrate that IL-6 mediates Ta-

DCs to promote tumor cell invasion in an MMP9-dependent
fashion.

Activation of STAT3 by IL-6 from Ta-DCs increased
transcription of MMP9

IL-6 signaling leads to activation of STAT3.23 Then, we
detected the STAT3 activation in B16-F10 cells and found that
SN-DCB16-F10-EXO but not SN-DCB16-F10-EXO-IL-6¡/¡ induced
STAT3 activation (Fig. 3A). After treatment with a STAT3-spe-
cific inhibitor, neither MMP9 mRNA or protein expression in
B16-F10 cells could be induced by SN-DCB16-F10-EXO (Fig. 3B
and C). Furthermore, after inhibition of STAT3 activity,
SN-DCB16-F10-EXO also failed to induce MMP9 activity
(Fig. 3D). In concert with the inability to induce MMP9
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Figure 1. Ta-DCs secreted high levels of inflammatory mediators and promoted the invasion of tumor cells in vitro. (A) BMDCs were stimulated with PBS or 5 mg/ml of
B16-F10-EXO, 3LL-EXO or 4T1-EXO for 6 h. Production of IL-6 and PGE2 from BMDCs was measured by ELISA (n D 3). (B) B16-F10, 3LL or 4T1 tumor cells were cultured in
supernatant from corresponding exosome-stimulated BMDCs for 24 h, and the cells were plated in the top chamber of a Transwell plate. Twenty-four hours later, the cells
on the bottom of the Transwell filter were imaged and quantified. (C) The results of (B) were statistically analyzed (n D 5). (D) B16-F10, 3LL or 4T1 tumor cells were cul-
tured in supernatant from corresponding exosome-stimulated BMDCs for 24 h, and the cells were plated in the top chamber, precoated with 50 ml of Matrigel. Forty-eight
hours later, the cells on the bottom of the Transwell filter were imaged and quantified. (E) The results of (D) were statistically analyzed (n D 5). (F) B16-F10, 3LL or 4T1
tumor cells were cultured in supernatant from corresponding exosome-stimulated BMDCs for 24 h, and the cells were then collected and re-cultured in fresh medium.
The proliferation of tumor cells was measured using an alamarBlue assay at 24 h, 48 h and 72 h (n D 5). (A, C, E, F) The results are shown as the mean § SEM of 3 inde-
pendent experiments. (B, D) One representative image out of 5 is shown (Magnification: 200 £). P values were generated by one-way ANOVA, followed by a
Tukey-Kramer multiple comparison test; ���p < 0.001.
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activity, SN-DCB16-F10-EXO could not enhance the invasive abil-
ity of B16-F10 cells after STAT3 activity was inhibited (Fig. 3E).

Phosphorylated STAT3 usually binds to the g-interferon acti-
vation sequence (GAS)-like element in the promoter region of
targeted genes.24 Sequence analysis revealed that theMMP9 pro-
moter region, from position ¡1999 to C100, harbors 12 GAS-
like elements (TT(N4–6)AA) (Fig. S3). We therefore determined
whether STAT3 bound to the MMP9 promoter in B16-F10 cells.
Chromatin immunoprecipitation (ChIP) confirmed binding of
STAT3 to theMMP9 promoter at position¡1865 to¡1858, and
IL-6 stimulation further augmented this binding (Fig. 3F).

To determine whether STAT3 can regulate MMP9 promoter
activity, we cloned a murine MMP9 promoter (382 bp) into a
luciferase reporter plasmid, which was named MMP9-luc. The
construct was transfected into NIH-3T3 cells, and the activity
was assessed with or without IL-6 stimulation. Transfection of
the STAT3 vector but not the empty vector (EV) enhanced
MMP9 promoter activity, and IL-6 stimulation further aug-
mented this effect (Fig. 3G).

Altogether, these results demonstrate that IL-6 from Ta-DCs
phosphorylates STAT3 and, subsequently, that phosphorylated

STAT3 promotes MMP9 transcription by binding to the
MMP9 promoter.

HSP72 and HSP105 on the surface of TEXs mediated
TLR2- and TLR4-dependent IL-6 secretion of DCs

Activation of TLR signaling plays a pivotal role in the secretion
of inflammatory mediators by DCs.25 After stimulation with
B16-F10-EXO, increased phosphorylation of ERK, JNK, p38
and NF-kB in DCs was observed indicating activation of TLR
signaling (Fig. A4A). TEX-induced IL-6 production of DCs was
partially inhibited by TLR2 or TLR4 neutralizing mAbs, and
completely abolished by TLR2 and TLR4 neutralizing mAbs
(Fig. 4A). These results indicate that TEXs induce DCs to pro-
duce increased IL-6 through activating TLR2 and TLR4
signaling.

Next, we wanted to identify which TEX components
were responsible for TLR2 and TLR4 activation and IL-6
secretion of DCs. Several HSP family members have been
confirmed to be ligands of both TLR2 and TLR4,26 which

Figure 2. IL-6 from Ta-DCs promoted tumor cell invasion through upregulation of MMP9 expression. (A-C) B16-F10 cells were cultured in supernatant from PBS- or B16-
F10-EXO (5 mg/ml for 6 h)-stimulated BMDCs in the presence of 30 mg/ml of anti-IL-6, PGE2 or isotype control (ISO) mAbs (A), or BMDCs of WT or IL-6¡/¡ mice (B) for
24 h. Their invasive ability was measured using an in vitro invasive assay (n D 5) (A, B). The MMP2, MMP9 and MMP13 protein levels in each supernatant-treated B16-F10
cells were detected by Western blot (C). (D, E) B16-F10 cells were cultured in supernatant from B16-F10-EXO (5 mg/ml for 6 h)-stimulated BMDCs from WT or IL-6¡/¡
mice for 24 h, and the MMP9 protein level was detected by Western blot (D), or in the presence of 600 nm MMP9 inhibitor for 24 h. Then, the invasive ability of B16-F10
cells was measured using an in vitro invasive assay (nD 5) (E). (A, B, E) The results are shown as the mean§ SEM of 3 independent experiments. (C, D) One representative
of 3 independent experiments is shown. Numbers indicate the ratio of gray values of the corresponding protein to that of b-Actin. P values were generated by one-way
ANOVA, followed by a Tukey-Kramer multiple comparison test; ��p < 0.01; ���p < 0.001; NS, not significant.
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are enriched in exosomes. To clarify the role of HSPs in the
TEX-induced IL-6 secretion of DCs, we isolated B16-F10-
EXO from heat-stressed B16-F10 cells (HS-B16-F10-EXO),
which have been reported to produce exosomes carrying
higher levels of HSPs.27 Compared with B16-F10-EXO, HS-
B16-F10-EXO induced DCs to produce a strikingly higher
level of IL-6 (Fig. S4B). In contrast, an HSP inhibitor,
which decreased HSC70, HSP72 and HSP105 levels in B16-
F10 cells and B16-F10-EXO (Fig. S4C), markedly inhibited
IL-6 production of DCs (Fig. S4D). To clarify which HSP
participated in TEX-induced IL-6 secretion of DCs, we
knocked down (KD) HSC70, HSP72 or HSP105 in B16-F10
cells with corresponding siRNA and isolated B16-F10-EXO
with lower HSC70, HSC72 or HSP105 (Fig. 4B). B16-F10-
EXO/HSP72(KD)- and B16-F10-EXO/HSP105(KD)- but not
B16-F10-EXO/HSC70(KD)-treated DCs secreted decreased
IL-6 compared with B16-F10-EXO(NC)-treated DCs
(Fig. 4C). In addition, B16-F10-EXO/HSP105(KD)-treated
DCs secreted a lower amount of IL-6 than B16-F10-EXO/
HSP72(KD)-treated DCs (Fig. 4C). In contrast, exosomes
from B16-F10 cells with HSP72 and HSP105 but not
HSC70 OE (termed as B16-F10-EXO/HSP72(OE), B16-F10-

EXO/HSP105(OE) or B16-F10-EXO/HSC70(OE), respec-
tively) were more efficient in inducing IL-6 secretion of
DCs, and B16-F10-EXO/HSP105(OE) induced more IL-6
than B16-F10-EXO/HSP72(OE) (Fig. S4E and F).

HSP72 on the surface of TEXs mediates a STAT3-depen-
dent immunosuppressive function in mouse and human
myeloid-derived suppressor cells.28 We wanted to determine
whether it was also HSP72 and HSP105 on the surface of
B16-F10-EXO that mediated IL-6 secretion of DCs. Exo-
somes were directly adsorbed onto latex beads and HSP72
and HSP105 on the surface of exosomes were detected. We
found that B16-F10-EXO contained higher levels of mem-
brane-associated HSP72 than exosomes from 3T3 murine
fibroblasts (3T3-EXO) or from DCs (DC-EXO), and mem-
brane-associated HSP105 could only be detected on B16-
F10-EXO (Fig. 4D). To exclude that the increased levels of
HSP72 and HSP105 we detected were not contaminated by
soluble HSPs adsorbed onto the latex beads, we used anti-
CD63-coated latex beads to capture exosomes and then
detected the levels of HSP72 and HSP105. By this way, we
got the similar results (Fig. 4E). In addition, decreased
membrane-associated HSP72 or HSP105 on B16-F10-EXO/

Figure 3. Activation of STAT3 by IL-6 from Ta-DCs increased transcription of MMP9. (A, B) B16-F10 cells were cultured in supernatant from PBS-stimulated BMDCs of WT
mice or B16-F10-EXO (5 mg/ml for 6 h)-stimulated BMDCs of WT or IL-6¡/¡ mice for the indicated time points. Then, the p-STAT3 and STAT3 protein levels were detected
by Western blot (A), or with or without 2 mM of Stattic for 6 h. Then, the MMP9 mRNA level was detected by real-time PCR (B). (C-E) B16-F10 cells were cultured in super-
natant from PBS- or B16-F10-EXO (5 mg/ml for 6 h)-stimulated BMDCs with or without 2 mM of Stattic for 24 h. Then, the MMP9 protein level was detected by Western
blot (C), or the cells were collected and cultured in serum-free DMEM media for another 24 h. The MMP2 and MMP9 activity in the supernatant was detected by gelatin
zymography (D), or the invasive ability of B16-F10 cells was measured using an in vitro invasive assay (n D 5) (E). (F) B16-F10 cells were stimulated with or without 10 ng/
ml of IL-6 for 24 h, and the binding of STAT3 and the MMP9 promoter was examined by ChIP assay. (G) NIH-3T3 cells were transfected with MMP9-luc, along with STAT3
plasmids, with or without 10 ng/ml of IL-6 stimulation. Twenty-four hours later, luciferase activity was analyzed and normalized to that of Renilla luciferase. (A, C) Numbers
indicate the ratio of gray values of the corresponding protein to that of STAT3 or b-Actin. (A, C, D) One representative of 3 independent experiments is shown. (B, E-H)
The results are shown as the mean § SEM of 3 independent experiments (n D 3). P values were generated by one-way ANOVA, followed by a Tukey-Kramer multiple
comparison test; �p < 0.05; ��p < 0.01; ���p < 0.001.
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HSP72(KD) or B16-F10-EXO/HSP105(KD) and increased
membrane-associated HSP72 or HSP105 on B16-F10-EXO/
HSP72(OE) or B16-F10-EXO/HSP105(OE) could also be
detected (Fig. S4G). To elucidate it was HSP72 and HSP105
on the surface of B16-F10-EXO that induced DCs to secrete
IL-6, we prevented DCs from taking up B16-F10-EXO with
cytochalasin D (Fig. 4F). Inhibition of B16-F10-EXO uptake
showed no effect on B16-F10-EXO-induced IL-6 production
of DCs, and cytochalasin D alone did not affect DC IL-6
production (Fig. 4G). These results suggest that direct inter-
action but not fusion of TEXs and DCs is sufficient for
B16-F10-EXO to induce IL-6 secretion by DCs.

Altogether, these results indicate that the capacity of TEXs
to promote DC secretion of IL-6 depends on the activation of
TLR2 and TLR4 signaling, which is membrane-associated
HSP72- and HSP105-dependent.

HSP105 acts as a ligand of TLR2 and TLR4 to induce
DC IL-6 production

HSP72 has been reported to be the ligand of TLR2 and
TLR4.28,29 We wanted to know whether HSP72 or HSP105

on TEXs activate TLR2 signaling, TLR4 signaling, or both in
DCs. Both TLR2 and TLR4 neutralizing mAbs reduced the
B16-F10-EXO/HSP72(OE)-induced IL-6 increase of DCs
(Fig. S5A). Moreover, TLR2 and TLR4 neutralizing mAbs
also reduced the B16-F10-EXO/HSP105(OE)-induced IL-6
increase of DCs (Fig. S5B). HSP105 has been revealed to
upregulate HSP72 gene expression,30 and the B16-F10-EXO/
HSP105(OE)-induced increase in IL-6 expression of DCs
showed a similar inhibitory tendency as B16-F10-EXO/
HSP72(OE) after TLR2 and TLR4 blockage (Fig. S5). There-
fore, HSP105-mediated TLR2 and TLR4 signaling activation
of DCs may not be direct but may instead be HSP72-depen-
dent. To answer this question, we tested the interaction of
HSP105 and TLR2 or TLR4. A pull-down assay confirmed
that HSP105 protein directly interacted with both TLR2 and
TLR4 (Fig. 5A). In addition, endotoxin-free HSP105 protein
directly stimulated DCs to secrete IL-6, and this effect was
partially abrogated by TLR2 or TLR4 neutralizing mAbs and
completely abolished by combined usage of TLR2 and TLR4
neutralizing mAbs (Fig. 5B). These results indicate that
HSP105 is a natural ligand for TLR2 and TLR4, which can
directly activate TLR2 and TLR4 signaling in DCs.

Figure 4. HSP72 and HSP105 on the surface of TEXs mediated TLR2- and TLR4-dependent IL-6 secretion of DCs. (A) BMDCs were pre-incubated with anti-TLR2, TLR4 or
both mAbs at a concentration of 30 mg/ml for 1 h, and BMDCs were stimulated with 5 mg/ml B16-F10-EXO for 6 h. IL-6 production from BMDCs was measured by
ELISA. (B, C) Exosomes from B16-F10 cells transfected with HSP72, HSP105 or HSC70 siRNA, or NC siRNA were isolated. The HSP protein knockdown effect was
detected by Western blot (B). BMDCs were stimulated with 5 mg/ml of the indicated B16-F10-EXO for 6 h, and IL-6 production from BMDCs was measured by ELISA
(C). (D, E) After adsorption onto latex beads (D) or anti-CD63-coated latex beads (E), HSP72 and HSP105 on exosomes were detected by flow cytometry. (F, G) BMDCs
were pretreated with 2.5 mg/ml cytochalasin D for 30 min, and co-cultured with CFSE-labeled B16-F10-EXO for 6 h. The uptake of B16-F10-EXO by BMDCs was
detected by confocal microscopy (F), or stimulated with B16-F10-EXO for 6 h. IL-6 production by BMDCs was measured by ELISA (G). (B) Numbers indicate the ratio of
gray values of the corresponding protein to that of CD63. (A, C, G) The results are shown as the mean § SEM of 3 independent experiments (n D 3). (B, D, E, F) One
representative of 3 independent experiments is shown. P values were generated by one-way ANOVA, followed by a Tukey-Kramer multiple comparison test; �p < 0.05
and ���p< 0.001 versus B16-F10-EXO in A.
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Exosomes from tumor patients with increased
membrane-associated HSP72 and HSP105 promoted
DCs to induce tumor cell invasion via IL-6 in vitro

Next, we investigated whether exosomes from tumor patients
could educate DCs to promote tumor invasion. First, we exam-
ined membrane-associated HSP72 and HSP105 on exosomes
from tumor tissue (EXO-TT) and paracancerous tissue (EXO-
PT) from 7 breast cancer patients whose information is sum-
marized in Supplemental Table 1. We found that the relative
fluorescence intensity (RFI) of HSP72 and HSP105 on EXO-
TT was significantly higher than that on EXO-PT (Fig. 6A). In
line with their abundance of membrane-associated HSP72 and
HSP105, EXO-TT but not EXO-PT markedly induced DCs to

secrete IL-6 (Fig. 6B). Expectedly, EXO-TT- but not EXO-PT-
activated DCs substantially enhanced the invasive ability of
MDA-MB-435S breast tumor cells in vitro (Fig. 6C and D). In
addition, this effect was IL-6-dependent because IL-6 neutraliz-
ing mAbs completely abolished the effect (Fig. 6C and D).
Together, these results indicate that EXO-TT, with high levels
of membrane-associated HSP72 and HSP105, can educate DCs
to promote tumor cell invasion via IL-6.

Given that membrane-associated HSP72 and HSP105 are
increased on EXO-TT, we questioned whether tumors could be
predicted by measuring HSP72 and HSP105 on exosomes from
sera of tumor patients. Sera from 11 healthy volunteers and 12
breast tumor patients were collected for analysis, and their

Figure 6. Exosomes from tumor patients with increased membrane-associated HSP72 and HSP105 induced DCs to promote tumor cell invasion via IL-6 in vitro. (A) After
adsorption onto latex beads, HSP72 and HSP105 on EXO-PT and EXO-TT were detected by flow cytometry. RFI was calculated by dividing mean fluorescence intensity of
samples staining with detection Abs by that of sample staining with ISO Abs (n D 7). (B) Human DCs were induced from PBMCs and stimulated with 5 mg/ml of EXO-PT
or EXO-TT from breast tumor tissues for 6 h. The IL-6 production was measured by ELISA (n D 3). (C) MDA-MB-435S cells were cultured in supernatant from PBS-,
EXO-PT- or EXO-TT (5 mg/ml for 6 h)-stimulated DCs with or without 30 mg/ml of anti-IL-6 or ISO mAbs for 24 h. Then, their invasive ability was measured using an in vitro
invasive assay, and the cells on the bottom of the Transwell filter were imaged and quantified (Magnification: 200 £). (D) The results of (C) were statistically analyzed
(nD 5). (E, F) After adsorption onto latex beads, HSP72 and HSP105 on exosomes from sera of breast tumor patients or healthy controls were detected by flow cytometry.
One representative result of 12 is shown (E). RFI was calculated and statistically analyzed (F). (B, D) The results are shown as the mean § SEM of 3 independent experi-
ments. (C) One representative of 3 independent experiments is shown. P values were generated by 2-tail student’s t-test in A, F, and by one-way ANOVA, followed by a
Tukey-Kramer multiple comparison test in B, D; ���p < 0.001.

Figure 5. HSP105 acts as a ligand of TLR2 and TLR4 to induce DC IL-6 production. (A) Affinity precipitation of recombinant His-TLR2 or His-TLR4 protein with Flag-EGFP or
Flag-HSP105 protein, captured by anti-FLAG� M2 magnetic beads and analyzed by immunoblot analysis with Abs against TLR2 and TLR4. (B) BMDCs were pre-incubated
with anti-TLR2, TLR4 or both mAbs at a concentration of 30 mg/ml for 1 h, and then stimulated with 2 mg/ml endotoxin-free Flag-EGFP or Flag-HSP105 protein for 6 h.
IL-6 production was measured by ELISA (n D 3). (A) One representative of 3 independent experiments is shown. (B) The results are shown as the mean § SEM of 3 inde-
pendent experiments. P values were generated by one-way ANOVA, followed by a Tukey-Kramer multiple comparison test; �p < 0.05; ��p < 0.01; ���p < 0.001.
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information is summarized in Supplemental Table 2. Notably,
exosomes from sera of breast tumor patients had more mem-
brane-associated HSP72 and HSP105 than exosomes from sera
of healthy volunteers (Fig. 6E). The RFI of HSP72 and HSP105
on exosomes from sera of breast tumor patients was also signifi-
cantly higher than that from sera of healthy volunteers (Fig. 6F).
To confirm increased levels of membrane-associated HSP72 and
HSP105 are a general feature of neoplastic diseases, we also
detected that on exosomes from sera of 13 lung tumor patients,
whose information is summarized in Supplemental Table 2.
The RFI of HSP72 and HSP105 on exosomes from sera of lung
tumor patients was also significantly higher than that from sera
of healthy volunteers (Fig. S6). In addition, we collected sera
from 16 non-tumor patients with an acute infection grouped by
C-reactive protein higher than 10 mg/l. The RFI of HSP72 and
HSP105 on exosomes from sera of acute infection patients was
not significantly higher than that from sera of healthy volun-
teers (Fig. S6), suggesting that increased levels of membrane-
associated HSP72 and HSP105 on serous exosomes probably
are tumor specific. Altogether, these results strongly demon-
strate that membrane-associated HSP72 and HSP105 on serous
exosomes are promising predictors of tumors.

HSP72- and HSP105-mediated Ta-DCs promoted B16-F10
tumor lung metastasis via an IL-6/MMP9 pathway in vivo

To investigate the effect of Ta-DCs on tumor metastasis in vivo,
we performed tumor metastasis experiments with a B16-F10
cell-induced murine lung metastasis model. We found that SN-
DCB16-F10-EXO-WT markedly promoted B16-F10 cell lung
metastasis, as demonstrated by gross morphology of the lungs
(Fig. 7A) and the number of invasive nodules (Fig. 7B). Similar
to the effect on tumor cell invasion in vitro, SN-DCB16-F10-EXO-
IL-6¡/¡ had no effect on promoting B16-F10 cell lung metas-
tasis (Fig. 7A and B). Histological assessment of the lungs
revealed a similar metastatic appearance (Fig. S7). In addition,
we obtained the similar results from the 4T1 cell-induced
murine lung metastasis model (Fig. S8). To elucidate the role of
MMP9 in this process, we established B16-F10 cells with stable
MMP9 knockdown (B16-F10-MMP9 (KD)) and confirmed the
knockdown effect of MMP9 in B16-F10 cells (Fig. 7C). When
B16-F10-MMP9 (KD) were used in the lung metastasis model,
SN-DCB16-F10-EXO no longer promoted tumor lung metastasis
(Fig. 7D and E). In addition, we found that both SN-DCB16-F10-

EXO/HSP72(OE) and SN-DCB16-F10-EXO/HSP105(OE) showed a much
greater ability to promote B16-F10 cell lung metastasis than did
SN-DCB16-F10-EXO/(EV) (Fig. 7F and G). Consistent with their
relative abilities to induce IL-6 production of DCs, the effect on
promotion of B16-F10 cell lung metastasis of SN-DCB16-F10-

EXO/HSP105(OE) was stronger than SN-DCB16-F10-EXO/HSP72(OE)

(Fig. 7F and G). Together, these results provide substantial evi-
dence that Ta-DCs promote tumor lung metastasis via an IL-6/
MMP9 pathway in vivo depending on HSP72 and HSP105.

Depletion of IL-6 signaling converted TEXs from promoters
to inhibitors of tumor metastasis in vivo

As described above, TEXs induced DC maturation, which is bene-
ficial for antitumor immune responses. We interrogated whether

TEXs could activate DCs in vivo. We found that B16-F10-EXO
could directly bind spleen DCs in WT and IL-6¡/¡ mice after in
vivo administration (Fig. 8A). We also observed increased MHC-
II, CD80, CD86 and CD40 expression on DCs from both spleno-
cytes of WT and IL-6¡/¡ mice treated with B16-F10-EXO in
vivo (Fig. 8B). The capability to induce DC maturation in vivo was
partially but not completely inhibited when administration with
B16-F10-EXO/HSP72(KD) or B16-F10-EXO/HSP105(KD)
(Fig. S9), suggesting B16-F10-EXO-induced DC maturation is
HSP72 or HSP105 dependent. Based on the above results, we
speculated that by blocking the tumor-promoting effect mediated
by IL-6, TEXs may exhibit antitumor effects. To test our hypothe-
sis, we transferred B16-F10-EXO into WT or IL-6¡/¡ mice,
along with B16-F10 cells. We found that the basic level of B16-
F10 cell lung metastasis in IL-6¡/¡ mice was lower than that in
WT mice (Fig. 8C), indicating the pivotal role of IL-6 in tumor
metastasis. As expected, B16-F10-EXO substantially promoted
B16-F10 cell lung metastasis in WT mice. However, B16-F10-
EXO significantly inhibited B16-F10 cell lung metastasis in IL-
6¡/¡ mice (Fig. 8C). To further confirm that TEXs could stimu-
late antitumor immune responses in vivo, we established tumor
lung metastasis model by using B16-F10 cells stable overexpres-
sion of ovalbumin (OVA) protein (B16-F10/OVA). We observed
the similar lung metastasis tendency in WT and IL-6¡/¡ mice
after exosomes from B16-F10/OVA cells (B16-F10/OVA-EXO)
administration (data not shown). Then we detected the percentage
of OVA257–264 (SIINFEKL) peptide specific CD8C T cells in the
lungs and found that the percentage increased in both WT and
IL-6¡/¡ mice treated with B16-F10/OVA-EXO when compared
with that without B16-F10/OVA-EXO treatment. In addition,
there was no difference in the increased percentage between WT
and IL-6¡/¡ mice (Fig. 8D, E). These results indicate that block-
ing IL-6 signaling reversed the effect of TEXs on tumor metastasis.

DCs with enhanced IL-6-secretion capacity could be found
in tumor-bearing mice and patients

As tumors progress, more TEXs may be released, which would
induce DCs to secrete high levels of IL-6. We isolated DCs from
splenocytes of mice that were inoculated with tumors for differ-
ent lengths of time and detected their ability to secrete
IL-6. Three weeks after inoculation with the tumor, DCs secreted
higher levels of IL-6 than those from mice without tumor inocu-
lation (Fig. 9A). In addition, DCs from tumor mice showed a
stronger potential to secrete IL-6 when restimulated with TEXs
or lipopolysaccharide (LPS) in vitro (Fig. 9A). Because DCs from
tumor mice secreted higher levels of IL-6, we then examined
their ability to induce tumor invasion. As expected, DCs from
tumor mice mediated increased B16-F10 tumor cell invasion
when compared with those from healthy mice (Fig. 9B). To
reveal whether TEXs could induce DCs to secrete IL-6 in vivo,
we intravenously transferred B16-F10-EXO into mice and
detected the IL-6-secretion ability of DCs from splenocytes. DCs
from mice injected with B16-F10-EXO for both 12 h and 24 h
exhibited significantly increased IL-6 production (Fig. 9C). These
results reveal that TEXs induce DCs of tumor-bearing mice to
secrete high levels of IL-6, which will promote tumor invasion.

Finally, we evaluated the IL-6-secreting ability of DCs
from breast tumor patients and healthy volunteers. The
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Figure 7. HSP72 and HSP105 mediated Ta-DCs promotion of B16-F10 tumor lung metastasis via an IL-6/MMP9 pathway in vivo. (A, B) B16-F10 cells were cultured
in supernatant from PBS-stimulated BMDCs of WT mice, or B16-F10-EXO (5 mg/ml for 6 h)-stimulated BMDCs of WT or IL-6¡/¡ mice for 24 h. Then, 5 £ 105

tumor cells were intravenously injected into mice, and these mice were killed 15 d later. Representative gross morphology of the lungs is shown (A). Numbers of
invasive nodules in the lungs were counted and statistically analyzed (B). (C) The MMP9 protein level in B16-F10-MMP9(KD cells was detected by Western blot.
(D, E) B16-F10-MMP9(KD) cells were cultured in supernatant from B16-F10-EXO (5 mg/ml for 6 h)-stimulated BMDCs for 24 h. Then, 5 £ 105 tumor cells were
intravenously injected into mice, and these mice were killed 15 d later. Representative gross morphology of the lungs is shown (D). Numbers of invasive nodules
in the lungs were counted and statistically analyzed (E). (F, G) B16-F10 cells were cultured in supernatant from B16-F10-EXO/(EV)-, B16-F10-EXO/HSP72(OE)- or
B16-F10-EXO/HSP105(OE) (5 mg/ml for 6 h)-stimulated BMDCs for 24 h. Then, 5 £ 105 tumor cells were intravenously injected into mice, and these mice were
killed 15 d later. Representative gross morphology of the lungs is shown (F). Numbers of invasive nodules in the lungs were counted and statistically analyzed
(G). (C) Numbers indicate the ratio of gray values of MMP9 to that of b-Actin. (A, C, D, F) One representative of 3 independent experiments is shown. (B, E, G)
The results are shown as the mean § SEM of 3 independent experiments (n D 5). P values were generated by one-way ANOVA, followed by a Tukey-Kramer mul-
tiple comparison test; ��p < 0.01; ���p < 0.001. Control indicates B16-F10 cells without any treatment.

ONCOIMMUNOLOGY e1362527-9



information of the tumor patients and healthy volunteers is
summarized in Supplemental Tables 3. DCs from tumor
patients secreted a higher level of IL-6 than those from
healthy volunteers with or without LPS stimulation
(Fig. 9D). These results indicate that DCs from tumor
patients have an increased capacity to produce IL-6.

Discussion

DC-based vaccines are a promising approach to cancer
immunotherapy. Almost 1000 clinical trials have been per-
formed to evaluate the effect of DC-based antitumor

vaccines, and clinical responses were observed in approxi-
mately half of the trials.31 However, despite the original
intention of scientists to design an antitumor DC vaccine,
many tumor patients are insensitive to these vaccines. Fur-
thermore, in some cases, tumors might increase in size and
new lesions might appear in the early phase of DC-vaccine
treatment,32 suggesting the possibility that DC vaccines
accelerate tumor progress. In this study, we found that Ta-
DCs enhanced IL-6 production, which promoted tumor
metastasis via MMP9. DC vaccines are likely activated by
TEXs and are potentially capable of converting tumor inhibi-
tors into tumor promoters after injection into patients. Thus,

Figure 8. Depletion of IL-6 signaling converted TEXs from promoters to inhibitors of tumor metastasis in vivo. (A, B) Mice were intravenously injected with 100 ml of PBS
or 10 mg/100 ml of B16-F10-EXO labeled with or without PKH26 and killed 24 h later. Then, DCs and nuclei in the sections of spleens were stained with CD11c and DAPI,
respectively. The binding of DCs and B16-F10-EXO was detected with an immunofluorescence assay. Arrows indicate the binding (A). DCs in splenocytes were isolated.
The expression of MHC-II, CD80, CD86 and CD40 molecules on DCs were detected by flow cytometry (B). (C, D, E) Mice with an intravenous injection of 5 £ 105 B16-F10
or B16-F10/OVA cells on day 0, were intravenously injected with 100 ml of PBS, 10 mg/100 ml of B16-F10-EXO or B16-F10/OVA-EXO on days 4, 7 and 10. Mice were killed
and numbers of invasive nodules in the lungs were counted and statistically analyzed on day 15 (n D 5) (C). The OVA257–264 peptide specific CD8C T cells in the lungs
were detected by Tetramer assay (D). Data in (D) were statistically analyzed (nD 3) (E). (A, B, D) One representative of 3 (A, B) or 2 (D) independent experiments is shown.
(C, E) The results are shown as the mean § SEM of 3 independent experiments. P values were generated by a 2-tail student’s t-test.

Figure 9. DCs with enhanced IL-6-secretion capacity were found in tumor-bearing mice and patients. (A, B) Mice were subcutaneously inoculated with 5 £ 105 B16-F10
cells, and mice without tumor inoculation were used as controls. Then, DCs from splenocytes were isolated 1 week, 2 weeks or 3 weeks later and stimulated with PBS,
5 mg/ml B16-F10-EXO or 100 ng/ml of LPS for 6 h. IL-6 production by DCs was detected by ELISA (n D 3) (A). DCs from splenocytes were isolated 3 weeks later and
cultured in vitro for 6 h. Culture supernatant was collected and B16-F10 cells were cultured in this supernatant for 24 h. Then, the invasive ability of B16-F10 cells was
measured (n D 5). Control indicates B16-F10 cells without any treatment (B). SN-DCPBS or SN-DCtumor denotes supernatant from DCs of healthy control mice or tumor
mice, respectively. (C) Mice were intravenously injected with 100 ml of PBS or 10 mg/100 ml of B16-F10-EXO. Then, DCs from splenocytes were isolated 12 or 24 h later
and cultured in vitro for 6 h. IL-6 production by DCs was detected by ELISA (n D 3). (D) Human DCs were isolated from PBMCs from healthy volunteers (n D 27) or breast
tumor patients (n D 18) and cultured in vitro for 6 h with or without 100 ng/ml LPS. IL-6 production by DCs was detected by ELISA. The results are shown as the
mean § SEM of 3 independent experiments or of all detected samples. P values were generated by a 2-tail student’s t-test.
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blockage of IL-6 is an advisable strategy to improve the anti-
tumor efficacy of DC-based vaccines.

In the primary tumor, in addition to TEXs, tumor cells can
also mediate improvement of their own invasive ability by acti-
vating DCs. Therefore, TEXs may primarily amplify this effect
of tumor cells in solid tumors. TEXs can be detected in the
serum of pancreatic cancer patients at a very early stage.33 It
can be imagined that before detachment from the primary
tumor and migration into the circulatory system, tumor cells
can also activate DCs to secrete IL-6 by releasing exosomes. In
addition, in contrast to tumor cells, which need to degrade the
basement membrane to achieve remote metastasis, TEXs can
easily pass through the basement membrane because of their
size advantage. Therefore, TEXs can enter metastatic organs
ahead of tumor cells and activate DCs residing in the organs to
secrete IL-6, which favors the formation of a pre-metastatic
niche for tumors. In all these process, TEXs have unique func-
tions and exert effects that tumor cells cannot achieve.

Since TEXs were first determined to have potent antitumor
effects,34 accumulating evidence has strengthened the prospec-
tive of using TEXs in tumor therapy.35–37 However, TEXs have
also been revealed to promote tumor development.38,39 More
than that, exosomes from the murine mammary carcinoma cell
line TS/A are reported to possess completely opposite effect on
tumor growth.34,40 Why these diametrically opposed results
were observed is still unknown. Unlike a cytokine or a drug,
which probably shows a single effect on tumors, TEXs contain
many components, including a variety of proteins and genetic
information from parental cells. Among these components, a
portion of them are tumor inhibitory and another portion are
tumor synergic. Collectively, the role of TEXs in tumor progres-
sion is likely determined by which portion of the force is
predominant in vivo. In our tumor metastatic model, depletion
of IL-6 in the host converted TEXs from tumor promoters to
inhibitors. At the same time, we also found that TEXs could
induce more antigen-specific CD8C T cells in the lungs regard-
less of IL-6, which may result from similar maturation of DCs
from WT and IL-6¡/¡ mice induced by TEXs in vivo. These
results suggest that, without IL-6 depletion, the tumor invasion-
promoting effect mediated by IL-6 is overwhelming, and the
apparent effect of TEXs on the tumor is promotion of tumor
metastasis. Once this effect is abolished, the activation and mat-
uration effect of TEXs on DCs and the subsequent antitumor
T cell responses elicited by DCs become dominant, resulting in
TEXs to show ability in inhibiting tumor metastasis, which was
previously hidden. As potent immunosuppressive cytokines,
IL-10 and TGF-b1 have been demonstrated to be the mediators
of TEX promotion of tumor development.41–43 Building on our
hypothesis, abolishment of their expression in parental cells can
produce TEXs without IL-10 and/or TGF-b1, which likely con-
vert tumor-promoting TEXs to tumor-inhibitory TEXs. In addi-
tion, in this way, TEXs with original antitumor effects might
greatly increase their antitumor effect.

Although HSP105 has been revealed to upregulate HSP72
gene expression,30 and the B16-F10-EXO/HSP105(OE)-
induced increase in the IL-6 expression of DCs showed a simi-
lar inhibitory tendency to B16-F10-EXO/HSP72(OE) after
TLR2 and TLR4 blockage. HSP105 on B16-F10-EXO appeared
to be more potent in inducing IL-6 secretion of DCs. In

addition, we confirmed that HSP105 could directly interact
with TLR2 and TLR4, and HSP105 induced IL-6 secretion of
DCs through TLR2 and TLR4. Therefore, for the first time, we
reveal that HSP105 acts as a ligand of TLR2 and TLR4. Though
HSP72 and HSP105 on TEXs are implicated in TLR2 and
TLR4 signaling activation of DCs, based on our current data,
we could not distinguish the individual roles of HSP72 or
HSP105 on B16-F10-EXO in the TLR2 and/or TLR4 signaling
activation of DCs. Furthermore, the possibility that other mole-
cules on TEXs may also mediate TLR2 and TLR4 signaling acti-
vation of DCs cannot be excluded.

Notably, there were barely any HSP72 and HSP105 mole-
cules on exosomes from normal cells. In addition, the levels of
HSP72 and HSP105 on EXO-TT were significantly higher than
those on EXO-PT. These data suggest that the presence of
HSP72 and HSP105 on exosomes is related to tumors.
Although the levels of membrane-associated HSP72 or HSP105
on exosomes from sera of tumor patients alone were not abso-
lutely higher than those of healthy people, in the samples we
examined, there were no patients whose serum exosomes had
lower amounts of both membrane-associated HSP72 and
HSP105 than healthy people. Therefore, combined examination
of HSP72 and HSP105 on serum exosomes is likely a sensitive
protocol for tumor prediction. To further elucidate the value of
this protocol, discrimination of the levels of HSP72 and
HSP105 on serum exosomes of early-stage tumor patients and
healthy people is necessary.

In summary, our data reveal that, consistent with HSP72,
HSP105 is also a ligand of TLR2 and TLR4. Membrane-associ-
ated HSP72 and HSP105 of TEXs synergistically induce IL-6
secretion of DCs, which is dependent on TLR2 and TLR4. This,
subsequently, promotes tumor metastasis through enhancing
MMP9 expression in a STAT3-dependent manner (Fig. S10).
Depletion of IL-6 converts TEXs from promoters to inhibitors
of tumor metastasis in vivo. Furthermore, our results also hint
at the possibility of HSP72 and HSP105 on serum exosomes as
markers for tumor prediction. Altogether, our results reveal a
novel mechanism for tumor metastasis, mediated by TEXs, and
the complexity of TEXs in tumor development.

Materials and methods

Reagents and Abs

Matrigel matrix basement membrane was purchased from BD
Biosciences. Recombinant mouse and human granulocyte/mac-
rophage colony-stimulating factor (GM-CSF), mouse PGE2
ELISA kits, recombinant His-TLR2, His-TLR4/MD-2 complex,
and mouse (MAB406) and human (MAB2061R) neutralizing
IL-6 mAbs were purchased from R&D Systems. Anti-PGE2 Ab
(2B5) was purchased from Cayman Chemical. Mouse IL-4,
IL-6 and human IL-4 were purchased from PeproTech.
Primary Abs against p-p65 (#3033), p-p38 (#4511), p-ERK1/2
(#4370), p-JNK (#9255), p-IRF3 (#4947), p-STAT3 (#9145),
STAT3 (#9139), b-actin (#4970), and HRP-linked secondary
Abs, were purchased from Cell Signaling Technology. Primary
Abs against GRP94 (ab3674), Calnexin (ab22595), GM130
(ab52649), Alix (ab117600), CD63 (ab193349), TSG101 (ab83),
HSC70 (ab51052), HSP70/72 (ab181606), HSP105 (ab108625),

ONCOIMMUNOLOGY e1362527-11



CD11c (ab33483), goat anti-Armenian Hamster IgG H&L
(Texas Red�) and goat anti-Armenian Hamster IgG H&L
(Alexa Fluor� 488) were from Abcam. Primary Abs against
MMP2 (10373–2-AP), MMP9 (10375–2-AP), and MMP13
(18165–1-AP) were from Proteintech Group, Inc. Rat anti-
mouse TLR4-MD2 complex (117608) and mouse anti-mouse/
human TLR2 (309710) were obtained from BioLegend. F(ab’)2
anti-rabbit IgG FITC (11–4839–81), PE-conjugated anti-mouse
CD40 (12–0401–81), CD80 (12–0801–81), CD86 (12–0862–
81), MHC-II (12–5321–81), mouse and human IL-6, and
mouse IL12p70 ELISA kits were purchased from eBioscience.
Transfection reagents, JetPEI� and INTERFERin@, were pur-
chased from Polyplus Transfection. CD11c microbeads were
purchased from Miltenyi Biotec. Human pan-DC pre-enrich-
ment kit was from StemCell Technologies. ToxinEraserTM

Endotoxin Removal Kit was purchased from GenScript. SB-
3CT (MMP9 inhibitor) and Stattic (STAT3 inhibitor) were
purchased from Selleck Chemicals. Heat shock protein inhibi-
tor I and cytochalasin D were purchased from Santa Cruz Bio-
technology. Gelatin was from aMRESCO. Anti-FLAG� M2
magnetic beads, FLAG� peptide and PKH26 red fluorescent
cell linker midi kit were from Sigma-Aldrich. MHC I-Strep H-2
Kb; Ovalbumin; SIINFEKL were from IBA Lifesciences.

Human samples

Human blood samples from healthy controls and cancer
patients, as well as human PTs and TTs, were obtained from
the Zhejiang Cancer Hospital. Human blood samples from
patients with an acute infection were from the Second Affiliated
Hospital, Zhejiang University. The blood samples of tumor
patients were collected before chemotherapy, radiotherapy or
surgery treatment. The collection of human samples was
approved by the local Ethical Committee and the Review Board
of the Zhejiang Cancer Hospital and the Second Affiliated Hos-
pital, Zhejiang University. All the patients were informed of the
use of the samples and consent forms were obtained.

Mice and cell lines

Female C57BL/6J (6- to 8-week-old) mice were purchased from
Joint Ventures Sipper BK Experimental Animal Co. IL6¡/¡
mice were purchased from Jackson Laboratory. Mice were
housed in a specific pathogen-free facility, and the experimental
protocols were approved by the Animal Care and Use Commit-
tee of the School of Medicine, Zhejiang University. Murine
B16-F10, 3LL and 4T1 tumor cells and human MDA-MB-435S
breast tumor cells were purchased from American Type Cul-
ture Collection. B16-F10/OVA cells were established and pre-
served in our laboratory. B16-F10, B16-F10/OVA and NIH-
3T3 cells were cultured in exosome-free DMEM supplemented
with 10% FBS; 3LL, 4T1 cells and MDA-MB-435S cells were
maintained in exosome-free RPMI 1640 medium supplemented
with 10% FBS.

DC generation

Murine BMDCs were prepared as described previously.44

Briefly, bone marrow mononuclear cells were prepared from

mouse (6 – 8 weeks old) tibia and femur suspensions by deple-
tion of red cells and cultured at a density of 2 £ 106 cells/ml in
6-well plates in RPMI 1640 medium supplemented with 10%
FBS, 10 ng/ml recombinant murine GM-CSF and 1 ng/ml
mouse IL-4. Non-adherent cells were gently washed out after
48 h of culture; the remaining loosely adherent clusters were
cultured for another 48 h and harvested for subsequent experi-
ments. To generate human DCs, peripheral blood mononuclear
cells (PBMCs) from healthy volunteers were isolated by density
centrifugation of heparinized blood on LSM� (MP Biomedi-
cals), resuspended in culture medium and allowed to adhere in
6-well plates. After 2 h at 37�C, nonadherent cells were
removed and adherent cells were cultured in 3 ml of medium
containing GM-CSF (10 ng/ml) and IL-4 (1 ng/ml). After
3 days, 1.5 ml of medium was removed and replaced by the
same volume of fresh medium containing GM-CSF and IL-4.
After 7 d of culture, DCs were harvested, washed, and used for
subsequent experiments.

Exosome isolation

B16-F10, B16-F10/OVA, 3LL and 4T1 cell culture superna-
tants were collected. Human TTs and PTs from breast tumor
patients were homogenized in PBS and subjected to centrifu-
gation to collect supernatants. The cell culture supernatants,
TT or PT supernatant and sera of tumor patients, patients
with an acute infection or healthy people were differentially
centrifuged at 300 £ g for 10 min, 1,200 £ g for 20 min, and
10,000 £ g for 30 min at 4�C. The supernatants from the final
centrifugation were ultracentrifuged at 100,000 £ g for 1 h at
4�C. After removing the supernatants, the exosomal pellets
were washed in a large volume of ice-cold PBS and centri-
fuged at 100,000 £ g for another 1 h at 4�C. The final pellets
were resuspended in PBS. All exosomes were free of endo-
toxin, as confirmed by a Limulus amebocyte lysate assay
(Lonza), with a detection sensitivity of 0.1 EU/ml. The amount
of exosomal proteins recovered was measured by a BCA assay
(Thermo Fisher).

Transmission electron microscopy

Exosomes were isolated and diluted in 100 ml of PBS, and 20 ml
of the suspension was placed onto formvar carbon-coated cop-
per grids at RT for 1 min. The excess suspension was removed
using filter paper. Exosomes were stained by 2% phosphotungs-
tic acid at RT for 5 min. The grids were then fixed with 2.5%
glutaraldehyde at RT for 5 min, followed by rinsing with PBS 3
thrice. Images were observed with a Philips Tecnai-10 trans-
mission electron microscope operating at 80kV (Phillips Elec-
tronic Instruments).

Western blot and flow cytometry analysis

A total of 20 mg of exosomes or crude proteins extracted from
cell lysates was separated by 12% SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane (Millipore). The
membrane was blocked with 5% BSA in TBST and then incu-
bated with corresponding primary Abs overnight at 4�C. After
incubating with HRP-coupled secondary Abs for 1 h, the
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membranes were scanned using a Tanon 4500 Gel Imaging Sys-
tem. The gray value of each band was measured by Image J
1.8.0 software (NIH). For flow cytometry analysis, exosomes
were coated onto 4-mm-diameter aldehyde/sulfate latex beads,
as described previously.45 To determine the expression of
MHC-II, CD80, CD86 and CD40 on DCs after TEX treatment
in vivo, mice were intravenously injected with 100 ml of PBS,
10 mg/100 ml of B16-F10-EXO, B16-F10-EXO/HSP72(KD),
B16-F10-EXO/HSP105(KD) or B16-F10-EXO(NC) and killed
24 h later. Then, DCs in splenocytes were isolated using CD11c
microbeads, according to the manufacturer’s instructions, fol-
lowed by staining with corresponding fluorescence-labeled Abs
on ice for 30 min. The levels of MHC-II, CD80, CD86 and
CD40 on DCs were detected by a FACSCalibur flow cytometer
(Becton Dickinson).

Real-time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific), following the manufacturer’s protocol. The cDNAs
were synthesized using a cDNA synthesis kit (Takara), follow-
ing the manufacturer’s instructions. Real-time PCR was con-
ducted using SYBR Green (Takara). The following PCR
conditions were used: 1 cycle at 95�C for 30s and then 40 cycles
of 5s at 95�C and 34s at 60�C. Real-time PCR was performed
on an Applied Biosystems 7500 real-time PCR system. The fol-
lowing primers were used for real-time PCR:

Mouse MMP2, F: 50-CAAGGATGGACTCCTGGCACAT-30,
R: 50-TACTCGCCATCAGCGTTCCCAT-30;

Mouse MMP9, F: 50-GCTGACTACGATAAGGACGGCA-30,
R: 50-TAGTGGTGCAGGCAGAGTAGGA-30;

MouseMMP13, F: 50-GATGACCTGTCTGAGGAAGACC-30,
R: 50-GCATTTCTCGGAGCCTGTCAAC-30;

Mouse b-actin, F: 50-CGTTGACATCCGTAAAGACC-30,
R: 50-AACAGTCCGCCTAGAAGCAC-30.

Measurement of cytokines

After 7 d of culture, 5 £ 105 BMDCs of WT or IL-6¡/¡
mice and human DCs were cultured in RPMI 1640 medium,
supplemented with 10% FBS, in a 24-well plate for 6 h at
37�C. BMDCs were stimulated with PBS or 5 mg/ml
B16-F10-EXO, 3LL-EXO or 4T1-EXO for 6 h. For specific
experiments, BMDCs were pre-incubated with 30 mg/ml
anti-TLR2, TLR4 or both neutralizing mAbs for 1 h before
B16-F10-EXO stimulation. Human DCs were stimulated
with 5 mg/ml EXO-PT or EXO-TT for 6 h. The levels of
mouse IL-6, PGE2, IL-12p70 and human IL-6 in the super-
natants were measured by ELISA, according to the manufac-
turer’s instructions. To determine the IL-6 production of
DCs from tumor mice, DCs were isolated with CD11c
microbeads from splenocytes of mice that were subcutane-
ously inoculated with 5 £ 105 B16-F10 cells for 1 week, 2
weeks or 3 weeks. Then, DCs were stimulated with PBS,
5mg/ml of B16-F10-EXO or 100 ng/ml of LPS for 6 h.
Human DCs were isolated from PBMCs using a human pan-
DC pre-enrichment kit and cultured with or without 100 ng/
ml LPS for 6 h in vitro. Mouse or human IL-6 levels in the
culture supernatants were measured by ELISA.

Construction of expression plasmids

HSC70, HSP72 and HSP105 genes were amplified from B16-
F10 cells by reverse transcription PCR and ligated into
pcDNA3.1-Flag to construct Flag-tagged expression plasmids;
STAT3 was amplified from B16-F10 cells by reverse transcrip-
tion PCR and ligated into pCMV-Tag 2B to construct STAT3
expression plasmids.

Plasmid and siRNA transfection

B16-F10 and NIH-3T3 cells were transfected with plasmids
using JetPEI� Transfection Reagent, according to the manufac-
turer’s protocol. B16-F10 cells were transfected with targeted
siRNA or NC siRNA, as follows, using INTERFERin@ Trans-
fection Reagent, according to the manufacturer’s instructions.

HSC70 siRNA, F: 50-CCCGCUUACUUCAAUGACUdTdT-
30, R: 50-AGUCAUUGAAGUAAGCGGGdTdT-30;

HSP72 siRNA, F: 50-CAAUCAAGUCCUAGACUUAdTdT-
30, R: 50-UAAGUCUAGGACUUGAUUGdTdT -30;

HSP105 siRNA, F: 50-CCAUGCUGCUGACUAAGUUAA
dTdT-30, R: 50-UUAACUUAGUCAGCAGCAUGGdTdT -30;

MMP9 siRNA, F: 50-AAGGACGGCAAAUUUGGUUUCd
TdT-30, R: 50-GAAACCAAAUUUGCCGUCCUUdTdT-30;

NC siRNA, F: 50-UUCUCCGAACGUGUCACGUdTdT-30,
R: 50-ACGUGACACGUUCGGAGAAdTdT-30.

Cell proliferation assay

Supernatants of BMDCs stimulated with PBS, 5 mg/ml of B16-
F10-EXO, 3LL-EXO or 4T1-EXO for 6 h were collected. Then,
B16-F10, 3LL or 4T1 tumor cells were cultured in the corre-
sponding supernatant for 24 h. The cells (2.5 £ 105/ml) were
collected and cultured in a 96-well plate in 200 ml of fresh
medium for another 24, 48, or 72 h, and 20 ml of alamarBlue
(Thermo Fisher Scientific) was added per well for 6 h. The fluo-
rescence intensity was detected using a DTX 880 multimode
detector (Beckman Coulter).

Migration assay

B16-F10, 3LL or 4T1 cells (1 £ 106/ml) were cultured in super-
natant from corresponding 5 mg/ml exosome-stimulated
BMDCs for 24 h at 37�C. Then, 2 £ 104 B16-F10, 1 £ 104 3LL
or 2 £ 104 4T1 cells in 100 ml of serum-free media were seeded
into the top chamber. The bottom chamber was filled with
800 ml of medium containing 20% serum. After being cultured
for 18 h at 37�C, cells were fixed with methanol for 20 min and
washed with PBS 3 times. The fixed cells were stained with
10 mg/ml DAPI for 30 min and washed with PBS. The stained
cells were examined using a fluorescence microscope.

Invasion assay

After rehydration using a 6-fold volume of serum-free media,
50 ml of Matrigel was added on an 8-mm polycarbonate
membrane in 24-well Transwell plates, and the Matrigel was
solidified at 37�C. Then, 2 £ 105 B16-F10, 3 LL, 4T1 or
MDA-MB-435S cells were cultured in supernatant from
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corresponding exosome-stimulated BMDCs in a 24-well plate
for 24 h at 37�C. Then, 5 £ 104 B16-F10, 2 £ 104 3LL, 5 £ 104

4T1 or 5 £ 104 MDA-MB-435S cells in 100 ml of serum-free
media were seeded into the top chamber. The bottom chamber
was filled with 800 ml of medium containing 20% FBS. After
being cultured for 48 h at 37�C, cells were fixed with methanol
for 20 min and washed with PBS 3 times. The fixed cells were
stained with 10 mg/ml DAPI for 30 min and washed with PBS.
The stained cells were examined using a fluorescence micro-
scope. To confirm the roles of IL-6, PGE2, STAT3 and MMP9
in tumor invasion, 30 mg/ml anti-mouse or human IL-6 neu-
tralizing mAbs, 30 mg/ml anti-mouse PGE2 neutralizing mAbs,
2 mM STAT3 inhibitor or 600 nm MMP9 inhibitor was added
to the culture medium from corresponding exosome-stimu-
lated BMDCs in 24-well Transwell plates for 24 h at 37�C. To
confirm the roles of STAT3 and MMP9 in the invasion of B16-
F10 cells, STAT3 and MMP9 were knocked down by corre-
sponding siRNA before exosome stimulation. In some experi-
ments, BMDCs of IL6¡/¡mice were used. To assess the
invasive ability of DCs from mice subcutaneously inoculated
with B16-F10 cells for 3 weeks, DCs were isolated from
splenocytes with CD11c microbeads, followed by culture for
6 h in vitro. Then, the culture supernatant was collected, and
B16-F10 cells were cultured in this supernatant for 24 h.

Gelatin zymography assay

B16-F10 cells were cultured in supernatant from B16-F10-
EXO-stimulated BMDCs for 24 h, washed twice with PBS, and
incubated in serum-free DMEM. After 24 h, conditioned
medium was collected and concentrated to 35 ml with a 50K
centrifugal filter (Millipore) at 4,000 £ g for 25 min. Gels
(SDS-PAGE, 8%) were co-polymerized with 1 mg/ml of gelatin.
Twenty ml of concentrated B16-F10 supernatant was mixed
with 5 ml of loading buffer for 15 min at room temperature
(RT) and then loaded onto the gel. After electrophoresis, gels
were washed in renaturing buffer (2.5% Triton X-100 in 50mM
Tris-HCl, PH7.5) for 1 h at RT with gentle agitation. The
zymograms were incubated at 37�C for 42 h in developing
buffer (5mM CaCl2, 3mM NaN3 in 50mM Tris-HCl, PH7.5).
Gels were then stained in 0.5% (w/v) Coomassie brilliant blue
R-250 for 60 min and destained in destaining solution
(30% methanol and 10% acetic acid). Then, the gels were
photographed.

Luciferase assay

The sequence of the mouseMMP9 gene promoter from nucleo-
tides ¡1,992 to ¡1,611 was amplified from B16-F10 genomic
DNA and subcloned into a pGL3 luciferase promoter vector
from Promega. NIH-3T3 cells were transfected with MMP9-
luc, along with STAT3 plasmids with or without 10 ng/ml of
IL-6 stimulation using JetPEI� Transfection Reagent, following
the manufacturer’s instructions. After 24 h, luciferase activity
in cell lysates was detected by a Dual-luciferase Reporter Assay
System (Promega) and normalized according to Renillalucifer-
ase activity of cotransfected pRL-cytomegalovirus (CMV).
Empty pCR-CMV vector was used to adjust the total amount
of vector DNA for transfection.

ChIP assay

B16-F10 cells were stimulated with or without 10 ng/ml of
IL-6 for 3 h before crosslinking protein-DNA complexes with
1% formaldehyde for 10 min at RT. ChIP was performed
using a ChIP Assay Kit (Millipore), as per the manufacturer’s
instructions, with the following modifications. DNA was
sheared with an ultrasound unit at a 30% amplitude energy
setting and 30 second on/off pulses. The cycle was repeated
for 15 min, resulting in a total sonication time of 15 min to
obtain chromatin fragments of 200–500 base pairs. The lysates
were incubated with 10 ml of anti-STAT3 Abs overnight. A
real-time PCR reaction was then performed on the immuno-
precipitated DNA fragments with the following mouse MMP9
primers, F: 50-GACTCTGAGACAGGGTTACCA-30 and R: 50-
CACACATCCATGACTGCCAAG-30. Enrichment of STAT3
at the MMP9 promoter was expressed as a percentage of input
DNA.

Confocal microscopy

BMDCs were pretreated with cytochalasin D for 30 min and
stimulated with 2.5 mg/ml of CFSE-labeled B16-F10-EXO for
6 h. The cells were then fixed with 4% paraformaldehyde, per-
meabilized with 0.1% Triton-X-100 for 5 min and blocked in
5% BSA with 0.1% Tween-20. The cells were incubated at 4�C
overnight with Abs against CD11c. Subsequently, all cells were
incubated with secondary Abs at RT for 1 h. The cells were
counterstained with DAPI to label DNA. To determine the
binding of TEXs and DCs in vivo, mice were intravenously
injected with 100 ml of PBS or 10 mg/100 ml of PKH26 labeled
B16-F10-EXO and killed 24 h later. The spleens were detached
and coated with embedding medium. They were sectioned into
8-mm-thick slices and applied on glass slides. After fixed with
100% methanol for 5 min and incubated in 3% BSA in PBS for
1 h to block non-specific protein-protein interactions, the slices
were incubated at 4�C overnight with Abs against CD11c. Then
the slices were incubated with secondary Abs at RT for 1 h fol-
lowed by nuclei staining with DAPI. The stained cells or sec-
tions were viewed under an Olympus FluoView FV1000
confocal microscope and imaged using an Olympus FluoView
version 1.4a viewer (Olympus Corp).

Lung invasion assay of tumor cells in vivo

A total of 5 £ 105 B16-F10, B16-F10/OVA or 4T1 tumor cells,
with different treatments, were injected into 8-week-old WT
mice or IL6¡/¡ mice via the tail vein. Fifteen days after injec-
tion, mice were killed, and the lungs were detached. After the
numbers of lung tumor nodules were counted, the lungs were
excised, photographed and fixed in 10% formaldehyde for fur-
ther hematoxylin and eosin staining. To detect OVA257–264 pep-
tide specific CD8C T cells in the lungs of mice injected with
B16-F10/OVA cells, lung tissues were collected, cut into small
pieces, and incubated in dissociation solution with 2 mg/ml col-
lagenase type I (Sigma), 2 mg/ml collagenase type IV (Sigma),
and 1 mg/ml DNase (Sigma). The solution was pipetting every
10 min during the incubation and suspension was dispersed
through a 70-mm cell strainer. Then the single-cell suspensions
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from lungs were stained with Tetramer assay according to the
manufacturer’s instructions.

Establishment of HSC70-, HSP72- and
HSP105-overexpressing B16-F10 cell lines

B16-F10 cells transfected with pcDNA3.1-Flag-HSC70,
pcDNA3.1-Flag-HSP72 or pcDNA3.1-Flag-HSP105 were cul-
tured in DMEM medium supplemented with 10% FBS in the
presence of 500 mg/ml G418 for 7 d. Then, G418 resistant B16-
F10 cell clones were selected by limiting dilutions and overex-
pression of HSC70, HSP72 or HSP105 were confirmed by
Western blot.

Pull down assay

The fusion proteins of Flag-HSP105 or Flag-EGFP were
expressed in HEK293T cells and purified according to standard
protocols.46 For the Flag pull down assay, approximately 3 mg
of Flag-HSP105 or Flag-EGFP fusion proteins bound to M2
beads were mixed with His-TLR2 or His-TLR4 and incubated
at 4�C with gentle mixing. After an overnight incubation, the
beads were washed 3 times with a cell lysis buffer, separated
with an SDS sample buffer and analyzed with a Western blot.

Statistical analysis

Data are expressed as the mean § SEM. Comparisons between
2 groups were performed using 2-tailed Student’s t-test, and
comparisons between multiple groups were performed by one-
way ANOVA and Tukey-Kramer multiple test, using Graph-
Pad Prism 5. Statistical significance was determined at p< 0.05.
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