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endritic cells (DC)3 originate from hemopoietic stem
cells within the bone marrow (BM). Under physiological
conditions, progenitors differentiate into immature DC
that subsequently circulate via the blood and are delivered to peripheral tissues, where they sample Ags of diverse origin, thus
acting as APCs to stimulate the host antitumor immune response.
It has been demonstrated that DC are not activated in human
cancers and that their function is compromised by the tumor (1– 6).
Several lines of evidence indicate that the ability of tumors to
affect DC maturation and differentiation may result in a generalized failure of the host to mount an effective antitumor response.
These findings and additional data (5, 7–9) are relevant clinically,
as an association with significantly poorer prognoses in patients
with several types of cancer has been described. Although these
observations suggest that DC play a critical role in determining the
final outcome of the immune response, the mechanisms responsible for this phenomenon remain uncharacterized, and the effects of
tumors on DC function are poorly understood.

D

The decreased frequency and immature phenotype of DC in the
tumor tissues and in the peripheral blood of patients with tumors of
the head and neck, lung, and breast, as well as those with multiple
myeloma (8 –10), suggest a systemic alteration in DC function.
This, in turn, suggests that the release of soluble factors by the
tumors contributes to the tumor-associated alterations in the activity of DC. Several reports have now confirmed that the release of
IL-10, IL-6, macrophage colony-stimulating factor, vascular endothelial growth factor, and gangliosides and/or prostanoids by
tumors can prevent DC differentiation and function in vitro and in
vivo (7, 11–15).
In this study, we found that exosomes produced by tumor cells
target CD11b⫹ myeloid precursor cells in the BM. Interaction of
the exosomes with the myeloid cells in vitro induced the production of IL-6 preferentially and suppressed their differentiation into
DC. Tumor exosomes only partially blocked DC differentiation
when BM cells isolated from IL-6 knockout (KO) mice were used
in these experiments, indicating that the exosome-induced production of IL-6 plays a role in blocking DC differentiation.
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Animals
Seven-week-old BALB/c and C57BL/6j IL-6 KO mice (The Jackson Laboratory) were housed under standard laboratory conditions in the facility of
Laboratory Animal Care at the University of Alabama at Birmingham.
Animal care was in accordance with institutional guidelines, and all experimental protocols involving animals were performed using an institutional protocol that was approved by the Animal Care and Use Committee.

Cell culture
The TS/A cell line, a moderately differentiated and immunogenic murine
mammary adenocarcinoma of spontaneous BALB/c origin that is MHC
class I⫹ (H-2Dd, H-2Kd) was maintained in vitro at 37°C in a humidified
5% CO2 atmosphere in air in complete medium (DMEM with 5% FBS) as
described previously (16). The B16 melanoma cell line was purchased
from the American Type Culture Collection and cultured in DMEM. The
human breast cancer cell line MDA-MB-231 was purchased from the
American Type Culture Collection and maintained in DMEM supplemented with 10% FBS, 2 mM glutamine, 10 mM HEPES (pH 7.4), and
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The production of exosomes by tumor cells has been implicated in tumor-associated immune suppression. In this study, we show
that, in mice, exosomes produced by TS/A murine mammary tumor cells target CD11bⴙ myeloid precursors in the bone marrow
(BM) in vivo, and that this is associated with an accumulation of myeloid precursors in the spleen. Moreover, we demonstrate that
TS/A exosomes block the differentiation of murine myeloid precursor cells into dendritic cells (DC) in vitro. Addition of tumor
exosomes at day 0 led to a significant block of differentiation into DC, whereas addition at later time points was less effective.
Similarly, exosomes produced by human breast tumor cells inhibited the differentiation of human monocytes in vitro. The levels
of IL-6 and phosphorylated Stat3 were elevated 12 h after the tumor exosome stimulation of murine myeloid precursors, and
tumor exosomes were less effective in inhibiting differentiation of BM cells isolated from IL-6 knockout mice. Addition of a rIL-6
to the IL-6 knockout BM cell culture restored the tumor exosome-mediated inhibition of DC differentiation. These data suggest
that tumor exosome-mediated induction of IL-6 plays a role in blocking BM DC differentiation. The Journal of Immunology,
2007, 178: 6867– 6875.
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antibiotics (100 U of penicillin/ml and 100 g of streptomycin/ml). FBS
for use in cell cultures was exosome depleted by differential centrifugation
using a method as described previously (17).

Purification of tumor exosomes
Exosomes derived from TS/A, B16, or MDA-MB-231 cells were isolated
from 1000 ml of culture medium containing ⬃108 tumor cells using a
sucrose-gradient purification procedure as described previously (17). The
tumor-derived exosomes were collected in fraction 3 of the sucrose gradient. The nonbanded fractions (fractions 6 and 7), which contain nonmembrane protein complexes, also were collected and concentrated using
a protein concentrator with a 100-kDa cutoff (Millipore) for use as the
exosome control (E-control). The protein content of the exosomes and
E-control was determined using a bicinchoninic acid protein assay kit (BioRad). The samples were then aliquoted and stored at ⫺80°C until use. The
E-control was used in assays at the same protein concentration as the
exosomes.

Labeling of exosomes and analysis of their target cells in vivo

In vitro differentiation of DC from BM precursors
BM-derived DC were generated from primary cultures of femoral marrow
from 6- to 8-wk-old female wild-type (WT) and IL-6⫺/⫺ mice as described
previously (18). In brief, BM cells were flushed from the femurs of 6- to
8-wk-old mice using an RPMI 1640-filled syringe to obtain a single-cell
suspension. After erythrocytes were depleted, the cells were washed twice
with RPMI 1640 (Invitrogen Life Technologies) containing 1% heat-inactivated FBS, and then resuspended in RPMI 1640 supplemented with 10%
FBS, 1 mM pyruvate (Sigma-Aldrich), 1⫻ nonessential amino acids (SigmaAldrich), 2 mM glutamine (Sigma-Aldrich), 50 nM 2-ME (Invitrogen Life
Technologies), and 20 ng/ml recombinant mouse GM-CSF (PeproTech),
plated at a density of 2 ⫻ 106 cells/ml in 6-well plates and cultured at 37°C
in a 5% CO2 atmosphere. Various concentrations of TS/A tumor exosomes
were added to the BM cell culture medium on days 0, 3, or 5. Fresh
medium (0.7 ml) was added to each well every 2 days. Some cultures of
BM precursor cells isolated from IL-6⫺/⫺ C57BL/6j mice had rIL-6
(eBioscience) added to some of the wells every 2 days. After in ex vivo
culture, the percentages of differentiated DCs were determined by FACS
analysis of the expression of CD11c, CD86, CD80, and MHC class II
(MHCII). To determine whether the differentiated DCs were active biologically, their ability to stimulate T cell proliferation was determined as
described below. Cell viability was tested routinely before experimental
analysis using trypan blue exclusion. In addition, we validated the lack of
toxicity of the inhibitors used in the experiments by FACS analysis of
propidium iodide (PI)-stained cells to identify necrosis or PI and Annexin
VFITC double-positive cells as an indicator of apoptosis (19).

ELISA and mixed lymphoid reaction
CD11C⫹ cells were isolated from BM cells that had been cultured for 7
days, as described above, using anti-CD11c-coated magnetic beads (Miltenyi Biotec). The CD11C⫹ cells were then resuspended in fresh RPMI 1640
medium supplemented with 10% FCS, cultured for 24 h in the presence of
LPS (1 g/ml). The ability of the DC to stimulate T cell proliferation was
determined using a MLR as described previously (16). Responder T lymphocytes were obtained by a nylon wool column enrichment of single-cell
suspensions of splenocytes from C57BL/6j mice and resuspended at 2 ⫻
106/ml in RPMI 1640 supplemented with 10% FBS. CD11C⫹ DC that had
been cultured for 7 days, as described above, were resuspended in RPMI
1640 at various concentrations (3 ⫻ 103–3 ⫻ 105 cells/ml). Equal volumes
of responding and stimulating cells (100 l/well) were added to flat-bottom, 96-microtiter plates (BD Biosciences) and incubated at 37°C in humidified 5% CO2 air for 5 days. The absence of the proliferation of purified
DC populations alone, or with syngeneic T cells, made irradiation unnecessary. Cultures were pulsed with 1 Ci [3H]thymidine per well for the last

18 h of culture (Amersham Biosciences). The cells were collected on cellulose filters with an automated harvester (Tomtech MacIII; PerkinElmer)
and the incorporated thymidine was measured using a scintillation counter
(MicroBeta 1450 Trimux; PerkinElmer Wallac).

Flow cytometry
Single-cell suspensions of BM-derived cells that had been cultured, as
described above, for 6 days were analyzed by FACScan flow cytometry
(BD Biosciences) using four-color analysis with a combination of allophycocyanin-conjugated-CD11C (clone N418), PE-anti-CD86 (clone GL1),
FITC-conjugated anti-CD80 (clone 16-10A), FITC-conjugated-antiCD11b (Mac-1), and FITC-conjugated-anti-MHCII (clone 14-4-4S). Single-cell suspensions of cultured BM cells (1 ⫻ 106) were washed once with
FACS buffer (5% FCS and 0.1% sodium azide in PBS) and incubated first
with unconjugated anti-CD16/CD32 (Fc Block; BD Pharmingen) at 22°C
for 20 min. Cells were then incubated with Ab coupled directly to fluorochromes, at dilutions determined by pretitration, for 20 min at 22°C. After
staining, the cells were washed twice with FACS buffer and stored in PBS
containing 2% paraformaldehyde until FACS analysis. Cells (30,000/sample) were analyzed by flow cytometry using a FACScan (BD Biosciences
protocol; BD Pharmingen). Histogram analysis was performed using WinMDI software (trotter@scripps.edu). Three to five samples were analyzed
for each treatment group. The results are presented as fluorescence histograms, with the relative number of cells on a linear scale plotted vs the
relative fluorescence intensity on a log scale.

Western blotting
TS/A exosomes or E-control-treated BM cells were lysed in radioimmunoprecipitation assay lysis buffer containing 1% Triton X-100, 0.1% SDS,
150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 5 mM
sodium molybdate, and 20 mM phenylphosphate with protease and phosphatase inhibitors (1 mM PMSF, 10 g/ml aprotinin, 20 g/ml leupeptin,
20 g/ml pepstatin A, 50 mM NaF, and 1 mM sodium orthovanadate).
Total cell lysate (50 g protein) was loaded per lane on a 10% SDSpolyacrylamide gel and subjected to electrophoresis. Proteins were blotted
onto nitrocellulose membranes using a Bio-Rad mini protein II transfer
apparatus. After overnight saturation at 4°C in PBS/0.05% Tween 20 containing 5% BSA (Sigma-Aldrich), the membranes were probed with Abs
against Stat3, phosphorylated Stat3 (BD Biosciences), ␥-tubulin, and ␤-actin (Santa Cruz Biotechnology) for 1 h at 22°C. The membranes were
washed five times with PBS/0.05% Tween 20 and then probed with goat
anti-mouse or anti-rabbit secondary Abs conjugated to Alexa Fluor 680
(Molecular Probes) or IRdye 800 (Rockland). Blotted proteins were detected using the Odyssey infrared imaging system (LI-COR).

Generation of human monocyte-derived DC
PBMC were obtained from healthy adult volunteers who signed informed
consent forms approved by the Ethics Committee of the University of
Alabama at Birmingham. In brief, PBMCs were isolated using Ficoll, as
described previously (20), and anti-CD14 magnetic beads were used according to the manufacturer’s instructions (Miltenyi Biotec) to isolate
monocytes from the PBMC. The purity of these monocytes, as determined
by flow cytometry, was always ⬎97%. Monocytes were placed in the wells
of 12-well plates at a concentration of 1.25 ⫻ 106/ml RPMI 1640 medium
(Invitrogen Life Technologies), containing GM-CSF (100 ng/ml) and IL-4
(1000 U/ml; PeproTech), in the presence or absence of exosomes purified
from the supernatants of human breast tumor MDA-MB-231 cells. Every
2 days, 0.15 ml of medium was removed, and 0.25 ml of a medium containing IL-4 and GM-CSF was added. On day 6, the cells were washed with
0.5% PBS/0.02% BSA/sodium azide staining buffer (Mallinckrodt Baker),
and stained using different combinations of fluorochrome-labeled mAbs
against the following human proteins: CD14⫺ (FITC) (clone M5E2),
CD1a⫺ (PE) (clone HB15e), and isotype-control mAbs (BD Biosciences).
The cells were then washed once with staining buffer and fixed with 1%
paraformaldehyde (Electron Microscopy Sciences). At least 20,000 cells
were acquired on a FACSCalibur (BD Biosciences) and analyzed with
CellQuest software (version 3.1). Dead cells and debris were excluded by
forward and side scatter gating.

Oligonucleotide microarray analysis
RNA was prepared from CD11b⫹ BM cells that had been treated with
either TS/A exosomes (n ⫽ 3) or E-control (n ⫽ 3) or PBS at a protein
concentration of 1 g/ml (n ⫽ 3) for 0 and 2 h. Each RNA sample was
analyzed using an Affymetrix oligonucleotide microarray (Affymetrix).
The gene microarray assay was conducted at the Differential Gene Expression Core Facility of the University of Alabama at Birmingham. Data were
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TS/A tumor exosomes were labeled with the PKH67 green fluorescent dye
using a commercially available kit (Sigma-Aldrich) according to the manufacturer’s instructions. The efficiency of labeling of the TS/A exosomes
(⬎90%) with PKH67 was determined by FACS analysis as described previously (17). BALB/c mice 7 wk of age were injected i.v. with PKH67labeled exosomes obtained from TS/A cells (10 mice/group) or unlabeled
exosomes obtained from the same cells. The mice were sacrificed 24 h after
injection, and the spleen, lung, lymph nodes, and liver were resected and
retained and the BM was collected. Single-cell suspensions of each tissue
were prepared in RPMI 1640 medium and subjected to FACS analysis. The
percentages of cells containing exosomes were determined by counting
green fluorescent-positive cells.
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FIGURE 1. CD11b⫹ BM precursors are targeted by
TS/A tumor exosomes. Ten BALB/c mice were injected
i.v. with PKH67-labeled TS/A exosomes (50 g and
100 g of each mouse) or unlabeled TS/A exosomes
(100 g/mouse). BM cells were recovered after 24 h
and subjected to FACS analysis. A, Fluorescent-positive
cells. B, Within the gated R1 region, cell surface immunostaining with PE-conjugated anti-mouse CD11b
and Cy5-Gr-1 and normal mouse serum IgG1 used as a
control. A representative FACS graph of BM cells is
shown (A and B, inset). The data represent the mean ⫾
SEM from 10 mice from each group.

Statistical analysis
Results are expressed as the mean ⫾ SEM. The means of different treatment groups were compared by two-way ANOVA. Individual differences
were further analyzed using the Bonferroni post tests.

Results
BM myeloid precursor cells take up tumor exosomes
We have shown previously that sucrose density-purified tumor
exosomes, in contrast to fractions that contain membrane proteins
but not exosomes (E-control), promote tumor growth and metastasis by suppressing the host immune response (17). To determine
whether BM cells are targeted by tumor exosomes in vivo, we
injected mice i.v. with exosomes (50 and 100 g/mouse) derived

from TS/A tumor cells that had been labeled with PKH67 or
nonlabeled TS/A exosomes (unlabeled exosomes served as an
autofluorescent background control). The cells that took up the
injected PKH67-labeled exosomes were identified by FACS analysis 24 h later. We found that a significant portion of PKH67positive exosomes were located in the BM (Fig. 1A). Within the
gated R1 region (Fig. 1A, inset), FACS analysis of the PKH67positive cells revealed that the majority of these cells (94 ⫾ 4% in
BM; Fig. 1B) were CD11b⫹Gr-1⫹ cells, indicating that they were
myeloid cells. The staining was CD11b specific, as a control
mouse IgG1 Ab did not stain the cells (Fig. 1B).
Tumor exosomes inhibit the differentiation of BM myeloid
precursor cells into DC in vitro
To determine the effects of the TS/A exosomes on the differentiation of BM cells, exosomes were added to cultures of mononuclear cells, isolated from the BM of female BALB/c mice, and

FIGURE 2. TS/A exosomes block the differentiation of GM-CSF-stimulated BM precursor cells. Erythrocyte-depleted BM cells incubated with RBC
lysis buffer to eliminate erythrocytes were cultured in RPMI 1640 supplemented with 10% FBS and 20 ng/ml recombinant mouse GM-CSF. TS/A exosomes
or E-control (100 g/ml) were added to the cultured cells at different times after the addition of the GM-CSF to the cultures (A and B). After 7 days of
culture, cultured cells were analyzed by FACS for the expression of CD11c and IAd. One representative of four independent experiments is shown (A).
The proportion of apoptotic (PI⫺Annexin-V⫹) plus dead cells (PI⫹Annexin-V⫹) (percentage) was determined by flow cytometric analysis following
annexin V and PI staining 1 and 3 days after culturing. Representative figures are shown (C, inset). All FACS analysis results are presented as the average
values ⫾ SEM obtained for three samples in four independent experiments (B and C).
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analyzed using three workstations running Affymetrix Microarray Analysis
Suite software (version 4.01). The fold induction of each gene at given
time points was calculated and expressed as exosome-treated sample ⫺
PBS-treated sample/E-control-treated sample ⫺ sample treated with
PBS alone.
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grown in the presence of the differentiation-inducing agent GMCSF. On day 7, the expression of the DC surface marker, CD11c,
and an MHCII Ag was determined by FACS analysis (Fig. 2A).
The number of cells expressing the DC marker CD11c was significantly lower in the cultures of mononuclear cells in which
TS/A exosomes were added at the time the cultures were set up
(day 0) than in the cultures of mononuclear cells treated with the
E-control (Fig. 2B). The addition of TS/A exosomes at later time
points (days 1 and 3) also resulted in a reduction in the size of the
CD11c⫹ cell population, but the effect declined with the delay in
addition of the TS/A exosomes (Fig. 2, A and B). These results
suggest that the TS/A exosome-induced reduction in the size of the
CD11c⫹ cell population was not due to a nonspecific cytotoxic
effect on the BM cells. It also is unlikely that the reduction in the
numbers of CD11c⫹ is due to a discrepancy in the sensitivity of
BM precursor cells to apoptosis because there was not a significant
difference in the percentages of PI⫹AnnexinV⫹ cells on treatment
with exosomes or E-control (Fig. 2C) at the 1-day or 3-day culture
after BM cells were treated with TS/A exosomes. The number
of CD11c⫹ is reduced, but the total cell numbers of exosometreated cells compared with untreated cells are not significantly
different (5.1 ⫾ 0.7 ⫻ 106 and 5.7 ⫾ 0.1 ⫻ 106, respectively;
n ⫽ 10; p ⬎ 0.05), and flow cytometric analysis of the resulting
cells showed that the majority of these cells subsequently gave

rise to substantial numbers of F4/80⫹ macrophages. Total cell
numbers of F4/80⫹ cells went up to 3.4 ⫾ 0.4 ⫻ 106 in TS/A
exosome-treated cells, compared with 0.8 ⫾ 0.2 ⫻ 106 in untreated cells (n ⫽ 10; p ⬍ 0.01).
The myeloid DC that differentiate from TS/A exosome-treated
myeloid precursors are incapable of maturation
To determine whether the CD11c⫹ cells that escape the TS/A exosome-induced block of myeloid cell precursor differentiation are
capable of maturation, we harvested the TS/A exosome-treated
BM cells on day 6 and stimulated the cells with LPS overnight.
FACS analysis for the DC surface marker CD11c and the costimulatory molecules CD86 and CD80 indicated that significantly
fewer BM cells were CD11c⫹, CD11c⫹CD80⫹, or CD11c⫹
CD86⫹ (Fig. 3A) than of BM cells treated with E-control. The degree
of reduction of CD11c⫹CD80⫹ (Fig. 3B) and CD11c⫹CD86⫹
(Fig. 3C) was correlated with the concentrations of TS/A exosomes
added to the culture, suggesting that the reduction of DC maturation
is tumor exosome specific.
To further characterize the functional capacity of the CD11c⫹
DC that had been treated with TS/A exosomes, we tested the ability of the CD11c⫹ DC to stimulate T cell proliferation in a primary
MLR-specific T cell activation response. BM-differentiated
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FIGURE 3. TS/A tumor exosomes
prevent DC maturation. Erythrocytedepleted BM cells (1 ⫻ 106) were
cultured in RPMI 1640 supplemented
with 10% FBS and 20 ng/ml recombinant mouse GM-CSF. TS/A exosomes or E-control at 100 ng/ml (A)
or various concentrations (B and C)
were added to the cultured cells at day
0 of culture. Seven days after culture,
the cells stimulated with LPS overnight were analyzed for the expression of CD11c⫹ (A), CD11c⫹CD80⫹
(B), or CD11c⫹CD86⫹ (C) using
FACS. Alternatively, CD11c⫹ cells
were isolated from the 7-day cultures
using beads coated with anti-CD11c
Ab. The purified CD11c⫹ cells were
then used in a standard MLR reaction
(D, CD11c:T cells ⫽ 1:10) or in a
MLR, where increasing numbers of
CD11c cells purified from 7-day stimulated BM DC pretreated with TS/A
exosomes (10 g/ml) (E) were used.
Data are presented as the means of triplicate stimulated/unstimulated cpm of
five mice from each group. Results are
presented as the average values ⫾ SEM
obtained using five samples in three independent experiments.
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CD11c⫹ DC pretreated with various concentrations of TS/A exosomes at day 0 were cocultured with naive T cells isolated from
C57BL/6j mice (DC:T cell ratio of 1:10) in a standard 96-h primary MLR. The ability of DC that had been pretreated with TS/A
exosomes to stimulate T cell proliferation was significantly lower
than that of DC pretreated with the E-control (Fig. 3D). Thus, even
though some myeloid precursors can differentiate into CD11c⫹
cells in the presence of exosomes, these DC appear to be unable to
stimulate T cell activation, even though they express CD11c. The
loss of the ability of the TS/A-treated myeloid cells to stimulate the
T cells is unlikely to be due to a loss of their ability to take up Ag,
as the uptake of FITC-dextran by DC in vitro was not affected by
the treatment of the BM cells with TS/A exosomes or E-control
(data not shown). Taken together, these data suggested the possibility that down-regulation of the costimulatory molecules induced
by the TS/A exosomes may play a role in disarming the DC-mediated activation of T cells. However, in the presence of increasing
numbers of 7-day cultured CD11c⫹ cells purified from BM cells
pretreated with TS/A exosomes (10 g/ml), T cell proliferation
mediated by control CD11c⫹ is not suppressed in a dose-dependent manner (Fig. 3E).
Tumor exosomes mediate induction of IL-6, which is partially
responsible for blocking DC differentiation
To identify the effects of TS/A exosomes on gene expression in the
cultured BM cells, we used microarray analysis to determine the gene
expression profile at 0, 2, and 4 h after the addition of the TS/A
exosomes. The transcription of IL-6 was found to be significantly
higher in the cells treated with TS/A exosomes than those treated
with E-control (Fig. 4A). This was confirmed by ELISA analysis of
the levels of IL-6 in the supernatants of 12-h cultures (Fig. 4B). The

induction of IL-6 was dependent on the concentration of tumor exosomes. Addition of 10 g of tumor exosomes resulted in a ⬎20-fold
higher level of IL-6 (40.1 ⫾ 2.6 ng/ml in tumor exosome-treated cells
vs 2.4 ⫾ 1.1 ng/ml in E-control-treated cells; Fig. 4B).
IL-6 has been recognized as a potent cytokine that activates the
Stat3 pathway. Treatment of BM cells with TS/A exosomes was
found to result in a dramatically higher level of phosphorylated
Stat3, as compared with the levels in E-control-treated cells after
12 h of culture, but did not have a significant effect on the levels
of total Stat3 (Fig. 4C). It is unlikely that this difference in the
amount of phosphorylated Stat3 was due to differences in sample
loading since the levels of ␥-tubulin were equivalent in all of the
experimental groups (Fig. 4C, bottom). The addition of higher concentrations of TS/A exosomes resulted in a concentration-dependent increase in the levels of phosphorylated Stat3 (Fig. 4D), but
the addition of higher concentrations of E-control did not (Fig.
4E), suggesting that the enhancement of phosphorylation of Stat3
is TS/A-exosome specific. These data indicate that TS/A exosome
treatment leads to the induction of IL-6 and IL-6-mediated activation of the Stat3 pathway in myeloid precursors.
KO of IL-6 partially reverses TS/A exosome-mediated blocking
of DC differentiation
We further analyzed the requirement for IL-6 in TS/A tumor
exosome-mediated inhibition of BM DC differentiation using
BM cells isolated from IL-6 KO mice. Using protocols identical
to those described above, we found that the TS/A exosomes
affected the differentiation of BM precursor cells isolated from
IL-6 KO mice to CD11C⫹MHCII⫹ cells with the size of the
CD11C⫹MHCII⫹ cell pool being 10.5 ⫾ 1.8% for the exosometreated cultures of BM cells from IL-6 KO mice vs 22.8 ⫾ 2.8%
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FIGURE 4. Exosome treatment results in the induction of IL-6 and phosphorylation of Stat3. CD11b⫹ cells were isolated from the BM of 2-mo-old
female BALB/c mice by FACS sorting and stimulated with GM-CSF in the presence of TS/A exosomes or E-control at a protein concentration of 1 g/ml
for either 2 h for microarray analysis (A), or 12 h for ELISA analyses of proinflammatory cytokines including IL-6 (B). Data are presented as the fold
increase of proinflammatory-related genes (A) or IL-6 protein (B) as compared with E-control-treated cells. The results represent the mean ⫾ SEM of
triplicate cultures of CD11b⫹ cells isolated from 10 mice analyzed separately. To determine the effect of TS/A exosome treatment on induction of
phosphorylated Stat3, CD11b⫹ cells were treated with TS/A exosomes at 1 g/ml (C) or at elevated concentrations of TS/A exosomes (D) or E-control
(E), and phosphorylated Stat3 was detected by Western blot analysis at different time points (C) or at 12 h after culture (D and E). Total CD11b⫹ cell lysates
were also used for determination of total Stat3 (D and E, bottom, and C, middle) or ␥-tubulin (bottom) by Western blot analysis.
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for the E-control-treated cultures of BM cells from IL-6 KO mice.
However, the effect was not as dramatic as that observed on the
addition of exosomes to BM cells from the WT mice (4.2 ⫾ 1.4%
vs 23.6 ⫾ 2.2% for E-control-treated cells; Fig. 5A). As observed
using BM cells from the WT mice, delays in the addition of the
TS/A exosomes to the cultures results in a less-pronounced reduction in the numbers of cells expressing CD11c⫹MHCII⫹ (Fig. 5B).
The role of IL-6 in the TS/A exosome-mediated inhibition of
BM precursors differentiation was further supported by the result obtained upon the addition of a rIL-6 to BM precursors
isolated from IL-6 KO mice. In the addition of a recombination
IL-6 compared with PBS used as a dilute of IL-6 at day 0 of the
exosome-treated cultures, there was a significant reduction in

FIGURE 6. Injection of mice with
TS/A exosomes results in the accumulation of myeloid precursor cells in
the spleen and enhanced levels of
circulating IL-6. Twenty 7-wk-old
BALB/c mice were injected i.v. with
various amounts of TS/A exosomes
or E-control twice a week for 2 wk.
Mice were then sacrificed, and the
percentages of Gr-1, CD11b myeloid
cells in the spleen were analyzed by
FACS (A), or sera were collected before the mice were sacrificed and the
levels of IL-6 (B), IL-4 (C), and IL-10
(D) were measured using a standard
ELISA. Data are given as the average
values ⫾ SEM obtained for five samples in two independent experiments.
ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.001.

CD11c⫹MHCII⫹ cells (4.9 ⫾ 1.8% compared with 22.4 ⫾
2.1%, p ⬍ 0.05; Fig. 5C).
Pretreatment of mice with TS/A tumor exosomes results in the
accumulation of myeloid precursor cells in the spleen and
induction of IL-6
Tumor-bearing mice have been shown previously to have significantly higher numbers of CD11b⫹Gr-1⫹ cells in the spleen and at
tumor sites and to develop CD11b⫹Gr-1⫹-dependent immunosuppression (21–27). To determine whether tumor exosomes play a
role in this accumulation of CD11b⫹Gr-1⫹ cells in the spleen,
mice were administered TS/A exosomes by repeated i.v. injection.
FACS analysis of the percentages of CD11b⫹Gr-1⫹ cells in the
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FIGURE 5. Tumor exosome-mediated induction of IL-6 plays a role in blocking the differentiation of CD11b Gr-1 cells. CD11b⫹ cells were isolated
from the BM of 2-mo-old female or IL-6⫺/⫺ of C57BL/6j mice by FACS sorting. Four ⫻ 106 CD11b⫹ cells were then used in differentiation experiments
in the presence of GM-CSF (20 ng/ml) with/without TS/A exosomes (A and B). To determine the IL-6 effect on the TS/A exosome-mediated inhibition
of CD differentiation, 4 ⫻ 106 CD11b⫹ cells isolated from IL-6⫺/⫺ of C57BL/6j mice were also cultured in the presence of a rIL-6 (2 ng/ml) plus GM-CSF
(20 ng/ml) with TS/A exosomes (C). After a 5-day culture, the expression of CD11c MHCII markers on the cell surfaces was determined by FACS analysis.
A representative plot of five independent experiments is shown (A, inset). Results obtained from five independent experiments were pooled and are
presented as the mean ⫾ SEM (B and C). The asterisk above the bar indicates exosome treatment groups that differed significantly from the control group.
ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01.
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spleen indicated at least a 1.8-fold greater accumulation of
CD11b⫹Gr-1⫹ cells (10.4 ⫾ 1.8% in the exosome-treated group
vs 5.7 ⫾ 0.5% in E-control-treated group) in the spleens of mice
injected with TS/A exosomes (40 g/mouse) than in the spleens of
mice administered E-control (40 g/mouse; Fig. 6A). This accumulation of CD11b⫹Gr-1⫹ cells was dependent on the dose of
exosomes (Fig. 6A) and required at least 20 g of TS/A exosomes.
The administration of 40 g of TS/A exosomes also led to a ⬎4fold higher concentration of IL-6 in the sera (50.5 ⫾ 2.8 pg/ml in
the exosome-treated group vs 10.2 ⫾ 1.8 pg/ml in E-control
treated group; Fig. 6B). The injection of tumor exosomes affected
the induction of expression of IL-6 preferentially, as the sera levels
of other Th2 cytokines, including IL-4 (Fig. 6C) and IL-10 (Fig.
6D), remained unchanged at ⬃10 pg/ml. Administration of Econtrol did not affect the levels of circulating IL-6, IL4, or IL10
(Fig. 6, B–D).
Exosomes isolated from human breast tumor cells block
differentiation of CD14⫹ monocytes into DC
To investigate the effect of human breast tumor cell-derived exosomes on the differentiation of DC, CD14⫹ monocytes were prepared from PBMC obtained from healthy volunteers. Exosomes
isolated from MDA-MB-231 tumor cells at concentrations of 0.1
and 1 g/ml were added to the cultures of CD14⫹ monocytes (1 ⫻
106). Phase-contrast microscopy monitoring of the morphology of
the cells on a daily basis during 5 days of culture indicated that
most of the CD14⫹ cells cultured in medium containing GM-SCF
and IL-4 remained loosely attached to the well and had a morphology typical of immature DC (i.e., they were large, exhibited an
oval- or kidney-shaped nucleus with a high nuclear cytoplasmic
ratio, and had nonvacuolated, occasionally granular cytoplasm
with very fine cytoplasmic processes). In contrast, within 12 h of
addition of tumor exosomes to the CD14⫹ cells, the cells became
adherent to the plastic plates. The number of adherent cells was
markedly higher after 2 days in culture, and the cells remained
attached for the entire 5 days in culture. FACS analysis of the
gated cells (Fig. 7A, left upper corner of inset) after 5 days in
culture with E-control revealed that ⬃75.1 ⫾ 5.2% of the CD14⫹

cells from eight different blood donors expressed CD1a⫹HLADR⫹, whereas only 6.4 ⫾ 2.2% of cells exposed to tumor exosomes expressed CD1a⫹HLA-DR⫹ (Fig. 7A). This reduction in
the number of CD1a⫹ DC was dependent on the dose of tumor
exosomes (Fig. 7B). Addition of tumor exosomes at day 0 resulted
in a greater reduction in the number of cells expressing
CD1a⫹HLA-DR⫹ than did addition on day 1 (Fig. 7C).

Discussion
In summary, these data suggest that the exosomes produced by
tumor cells act as potent immune suppressors by blocking DC
differentiation. In mice, the exosomes are taken up by BM myeloid
precursor cells (CD11b⫹Gr-1⫹). Upon administration of tumor
exosomes, undifferentiated myeloid cell precursors accumulate in
the spleen of mice and addition of tumor exosomes to myeloid
precursors in vitro blocks differentiation. Although a few of the
exosome-treated myeloid precursor cells can develop into myeloid
DC in vitro, these cells are incapable of maturation and lose their
ability to stimulate T cell activation. The reduced ability of tumor
exosomes to block the differentiation of IL-6 KO mice BM precursors in vitro suggests a role for the tumor exosome-mediated
induction of IL-6 in the blocking of DC differentiation. Additionally, tumor exosome-mediated suppression of DC differentiation
was observed when a human tumor cell line was used as the source
of tumor exosomes and human monocytes were used as the target
cells. Taken together, these results suggest that tumor exosomemediated suppression of DC differentiation may be one of the major mechanisms underlying the escape of tumors from host immune responses, which represents a major obstacle to successful
cancer immunotherapy.
The immunosuppressive effects that we report appear to be in
contrast to previous reports of the ability of tumor exosomes to
induce a host immune response and to augment tumor rejection in
vivo (28, 29). However, in contrast to these published studies, and
in agreement with our study, is recent work that suggests that
tumor exosomes can act as potent immune suppressors of T cell
immunity (30, 31). The reason for the discrepancies between these
studies may be due to differences in the target cells used, and most
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FIGURE 7. Human breast tumor exosomes inhibit DC differentiation. A, CD14⫹ monocytes were differentiated in DC medium containing IL-4 and
GM-CSF for 7 days in the presence of the exosomes isolated from breast tumor cell MDA-MB-231 or E-control at the concentration of 5 g/ml or PBS
as a control. Cells then were harvested and analyzed for CD1a HLA-DR-surface expression of cells gated in the R1 region by FACS (7A, inset, left upper
corner). One representative experiment of five is shown (Fig. 7A, inset). The results are presented as the mean ⫾ SEM (Fig. 7A). B, CD14⫹ cells isolated
from peripheral blood with magnetic beads coated with anti-CD14 Ab were differentiated using an identical protocol as described above, except that
exosomes were added at day 0 or day 1. Cell surface expression of CD differentiation markers CD1a and HLA-DR was analyzed by flow cytometry. Results
obtained from five independent experiments were pooled and are presented as the mean ⫾ SEM (Fig. 7B). C, CD14⫹ cells were differentiated using an
identical protocol to that described in B, but exosomes were added at different concentrations. Seven days later, cell surface expression of CD1a was
analyzed by FACS. One representative experiment of five is shown (Fig. 7C, inset) and the filled histogram is the isotype control. The results are presented
as the mean ⫾ SEM of five samples with five independent experiments.
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interest. Because there are only a limited number of exosomal
proteins that are unique to tumor exosomes and not found in exosomes derived from nontumor cells (e.g., DC), it is conceivable
that the tumor exosomal proteins responsible for the blocking of
DC differentiation could be identified.
In the present study, although we focused on the biological effects of tumor exosomes on BM DC differentiation, tumor exosomes (100 g/mouse) can also be up-taken by CD11b⫹ cells
located in other organs, including the lung (1.2 ⫾ 0.2%), spleen
(0.62 ⫾ 0.2%), and liver (0.88 ⫾ 0.2%), but are undetectable in
lymph nodes. In addition, spleen CD11c⫹ cells (0.4 ⫾ 0.2%), also
uptake tumor exosomes. Other investigators have previously
shown that DC exosomes produced by DC can be up-taken by
spleen CD11c to modulate DC activity. Our data show that tumor
exosomes are also taken up by spleen CD11c DC. The physiologic
relevance of targeting circulating tumor exosomes to the spleen,
lung, and liver is unknown. Based on our results, it is tempting to
postulate that BM DC precursors capture tumor exosomes and subsequently induce the production of IL-6 and other cytokines, leading to the activation of Stat3. As a result, differentiation of BM
precursors into immature DC is blocked. Even though a few BM
precursors escape the tumor exosome-mediated blocking of DC
differentiation and become CD11c⫹ cells, these cells lose their
function for stimulating T cell activation to the tumor exosome
Ags. Unlike the uptake of DC exosomes that promote DC maturation, ingestion of tumor exosomes prevents DC differentiation,
and instead causes the synthesis of proinflammatory cytokines.
Different composition of exosomes released by distinct cell types
or under dissimilar conditions may account for the influence of
exosomes on DC differentiation and maturation. It would be very
interesting in determining the significance of the effects of tumor
exosomes on these CD11b⫹ and CD11c⫹ cells in terms of their
differentiation and Ag-presenting function in an in vivo study.
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especially the use of mature DC vs BM precursors. Whether tumor
exosomes act as stimulators or suppressors of the immune response may depend on the developmental stage of the BM cells.
Our data indicate that the addition of tumor-derived exosomes to
BM-derived myeloid precursors on day 0 or day 3 after addition of
GM-CSF was able to block DC differentiation, but addition of
exosomes 5 days after addition of GM-CSF was ineffective. These
data are consistent with the results of other investigators who have
reported previously that immature DC pulsed with tumor exosomes at day 5 can stimulate a T cell response (28). Moreover,
our in vivo results suggest that exosomes are uptaken by BM myeloid precursors. As a result, these precursors lose their potential to
become DC or CD11c⫹CD80lowCD86low cells that may induce
tumor immune tolerance.
IL-6 is an oncogenic cytokine. It has been reported that the
levels of IL-6 in ascitic fluids from patients with a variety of cancers are elevated and that the elevated levels of IL-6 in the sera of
these patients are associated with an increased tumor burden and
impaired survival (32–37). The risk of breast cancer development
also has been reported to be higher in individuals harboring certain
polymorphisms of IL-6 (33, 38). The ability of IL-6 to activate the
signal transducers and activators of the transcription factor Stat3
and to cause cancer-associated chronic inflammation is linked directly to the initiation of tumors and their development (39 – 43).
The mechanisms that lead to the up-regulation of IL-6, and other
soluble proinflammatory factors, in the tumor microenvironment
have not yet been elucidated. We found that the administration of
TS/A exosomes resulted in enhanced levels of circulating IL-6 in
vivo and enhanced transcription and production of IL-6 in vitro.
IL-6 has been shown to play a role in causing preferential differentiation of myeloid precursors into macrophages and the promotion of tumor growth (14, 44, 45). Our data suggest that the timing
of the interaction of the exosomes with the myeloid cell precursors
affects the outcome of the signal. One possibility is that the timing
of the IL-6-mediated stimulation of the Stat3 pathway plays a critical role in the entry into either the myeloid DC or macrophage
cellular differentiation pathways, as supported by our data that
macrophages are increased by TS/A exosome treatment of BM
culture. Identification of the factor(s) that determine the time-dependent responses may lead to the development of improved strategies for cancer immune therapy.
In addition to blocking myeloid cell differentiation, tumor exosomes also may act to induce chronic immune tolerance. Our data
suggest that a few of the myeloid precursors can differentiate into
CD11C⫹ cells after treatment with tumor exosomes. These cells,
however, lose their maturation potential and are unable to up-regulate their costimulatory receptors, including CD80 and CD86.
The expression of CD80 (B7-1) or CD86 (B7-2) on DC are essential for T cell activation. A low-level expression of CD80/CD86
may result in the accumulation of CD4⫹CD25⫹ regulatory T cells
and thus promote tumor growth by suppression of tumor cytotoxic
T cell induction.
As we reported previously, the inhibition of the immune function of tumor-derived exosomes is not restricted to TS/A tumor
exosomes (17). Exosomes isolated from murine B16 melanoma
cells and human A2058 melanoma cells also have similar inhibitory effects on the DC differentiation of BM cells isolated from
BALB/c and C57BL/6 mice or human CD14⫹ monocytes (data
not shown). These data suggest that tumor exosome-mediated suppression of DC differentiation may be considered to be a critical
immune suppressor and prevent the successful use of cancer
vaccines.
The question as to which tumor exosome protein(s) or protein
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