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BM mesenchymal stromal cells (BM-MSCs) support multiple myeloma (MM) cell growth, but little is known
about the putative mechanisms by which the BM microenvironment plays an oncogenic role in this disease.
Cell-cell communication is mediated by exosomes. In this study, we showed that MM BM-MSCs release exo-
somes that are transferred to MM cells, thereby resulting in modulation of tumor growth in vivo. Exosomal
microRNA (miR) content differed between MM and normal BM-MSCs, with a lower content of the tumor
suppressor miR-15a. In addition, MM BM-MSC-derived exosomes had higher levels of oncogenic proteins,
cytokines, and adhesion molecules compared with exosomes from the cells of origin. Importantly, whereas
MM BM-MSC-derived exosomes promoted MM tumor growth, normal BM-MSC exosomes inhibited the
growth of MM cells. In summary, these in vitro and in vivo studies demonstrated that exosome transfer from
BM-MSCs to clonal plasma cells represents a previously undescribed and unique mechanism that highlights
the contribution of BM-MSCs to MM disease progression.

Introduction

The BM microenvironment plays a crucial role in multiple myelo-
ma (MM) pathogenesis by supporting plasma cell growth, sur-
vival, and drug resistance, which has been partially attributed to
the ability of MM BM mesenchymal stromal cells (BM-MSCs) to
secrete growth factors and cytokines such as IL-6, IGF-1, VEGF,
and many others (1-3). These observations are indicative of para-
crine growth circuits between BM-MSCs and clonal plasma cells
and vice versa, which suggests that the BM niche provides an opti-
mal substrate for MM cell localization and growth. Nevertheless,
little is known about the putative mechanisms by which the BM
microenvironment can lead to initiation or progression of onco-
genesis in this disease.

It was recently reported that cell-cell communication is mediat-
ed by exosomes. Exosomes are small nanometer-sized (50-100 nm)
vesicles of endocytic origin that are released in the extracellular
milieu by several cell types (4-11) under physiological and patho-
logical conditions, including antigen presentation, transmission
of infectious agents, and tumors (12, 13). The role of exosomes in
tumor progression is due to the ability of tumor cell-derived exo-
somes to modulate and mold the host microenvironment, thereby
promoting tumor cell growth and disease progression (14-17).
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The question of whether BM-MSCs transfer information to the
tumor clone remains unanswered. We therefore chose MM as a
model disease to examine the mechanism by which the BM micro-
environment may induce genetic changes in the tumor clone that
lead to tumor progression and dissemination. We first characterized
BM-MSC-derived exosomes as key regulators of direct interaction
with the clonal MM plasma cells. Moreover, although microRNAs
(miRs) may be transferred via exosomes, as has been shown in mast
cells, the same phenomenon has not yet been described in tumors.
Notably, miRs characteristic of certain solid tumors were detected in
serum-derived exosomes from patients with glioblastomas, ovarian
cancer, and lung cancer (18-21). Therefore, we hypothesized that
miRs present in the exosomes may mediate epigenetic transfer from
the BM-MSCs to the MM tumor clone.

In the present study, we showed that BM-MSCs release exo-
somes and that exosomal miR content may be transferred to
MM cells. We found that exosomes isolated from BM-MSCs
of patients with MM induced MM tumor growth in vivo and
promoted dissemination of tumor cells to the BM in an in
vivo translational model of MM. Moreover, the profile of miR
exosomal content varied between normal and MM BM-MSC-
derived exosomes: for example, levels of exosomal miR-15a were
significantly increased in normal versus MM BM-MSC-derived
exosomes, suggestive of a tumor-suppressive role of MSC-
derived exosomal miR-152 in MM. In addition, depletion of miR-
15a in primary normal BM-MSCs and in the related exosomal
content enhanced MM cell growth. However, the lack of tumor
suppressor miRs in exosomes was not sufficient to explain the
induction of tumor proliferation that we observed with MM
BM-MSC-derived exosomes. Therefore, we investigated the pro-
teomic content of exosomes and found that normal and MM
BM-MSC-derived exosomes also differed in their protein con-
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Characterization of BM-MSC—derived exosomes and their ability to be transferred to MM cells. (A) Primary BM-MSCs are able to release
exosomes. Exosomes were immunogold labeled with anti-CD63 and anti-CD81. Scale bar: 100 nm. (B) Western blot on MM (n = 3) and nor-
mal (n = 2) BM-MSC—derived exosome proteins using anti-CD63 and anti-CD81 antibodies. The normal stromal cell line HS-5 is also shown.
Lysates obtained from human CD63- or human CD81—transfected 293T cells served as positive controls. (C) MM.1S cells were cultured in
the absence (control) or presence of normal or MM BM-MSC—derived PKH67-labeled exosomes for 30 minutes. Exosomes were uptaken
from MM cells, as shown using a confocal microscope (original magnification, x100). MM cells were stained using DAPI (nuclei) and FITC-

conjugated anti-tubulin antibody.

tent, with higher expression of oncogenic proteins, cytokines,
and protein kinases in MM BM-MSC-derived exosomes. These
findings demonstrated the existence of exosome-driven inter-
actions between the BM microenvironment and MM cells and
that exosomes constitute a novel mechanism for intercellular
transfer of genetic and protein information in hematological
malignancies such as MM.
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Results

BM-MSC—derived exosomes are transferred to MM cells. Exosomes were
isolated from primary BM-MSC conditioned medium obtained
from either patients with MM or healthy individuals, as described
previously (18, 22, 23). The purity of BM-MSCs, evaluated as pre-
viously described (24, 25), was greater than 95% (Supplemental
Table 1 and Supplemental Figure 1; supplemental material avail-
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Figure 2

Normal and MM BM-MSC—derived exosomes differen-
tially affect MM cell proliferation in vitro and in vivo. (A
and B) MM cell lines MM.1S (A) and RPMI.8226 (B)
(30,000 cells/well; RPMI medium plus 10% exosome-
depleted FBS) were cultured in the absence or pres-
ence of MM (n = 4), MGUS (n = 2), smoldering MM
(S-MM; n = 2), or normal (n = 4) BM-MSC—derived
exosomes (200 ug/ml; 48 hours). Loaded exosomes
are expressed as ug of protein-containing exosomes.
Cell proliferation was assessed using [3H]-thymidine
uptake. Cell-conditioned media absent cells and pro-
cessed as in all samples tested served as control. Aver-
age of 3 independent experiments is shown. P values
were generated using ANOVA. MM and normal BM-
MSC—derived exosomes showed a differential impact
on MM cell growth in vitro. (C) TEBs were loaded with
GFP+Luct MM.18S cells alone or with primary MM or
normal BM-MSC—derived exosomes (3 x 108 cells/

TEB; 1 ug exosomes) and implanted subcutaneously in
SCID mice. Exosomes (1 ug) were also injected in situ
every 4 days until the end of the studies. Tumor growth
was determined by measuring bioluminescence imag-
ing (BLI) intensity at baseline (t0) and days 7 (t1), 10
(t2), and 14 (t3) (n = 5 per group). MM and normal BM-
MSC—derived exosomes showed a differential impact
on MM cell growth in vivo.
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able online with this article; doi:10.1172/JCI66517DS1), indica-
tive of multipotent MSC origin. Isolated exosomes were studied by
electron microscopy, which demonstrated rounded particles with
approximately 100 nm in size and a membrane-like bilayer, as usu-
ally observed in exosomes (Supplemental Figure 2A). The exosom-
al expression of CD63 and CD81, surface antigens commonly used
as exosomal markers (18, 23, 26), was subsequently evaluated and
confirmed using immunogold labeling and Western blot (Figure
1, A and B). Similar results were obtained when we compared the
morphology and immunophenotype of exosomes isolated using
the 2 procedures adopted (i.e., with and without ExoQuik solu-
tion; Supplemental Figure 2B).
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We next examined whether BM-MSC-derived exosomes could
be transferred to MM cells. PKH67 fluorescently labeled exosomes
isolated from both normal and MM BM-MSC conditioned medi-
um were cultured with MM cells. We confirmed the ability of MM
cells to uptake exosomes using confocal microscopy (Figure 1C).
These findings were validated by reading the fluorescence signal
of MM cells exposed to fluorescently labeled exosomes (Supple-
mental Figure 2C). These results indicate that normal and MM
BM-MSC-derived exosomes can be transferred into MM cells, sug-
gestive of a potential role in regulating MM biology.

Functional sequelae of exosomes on MM cell proliferation and homing to
the BM. The interaction between the BM microenvironment and
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Figure 3

Visualization and quantification of MM cells ex vivo on TEB scaffolds. (A) Immunofluorescence detection of GFP+ MM.1S cells ex vivo on TEB
scaffolds. Nuclei were stained using DAPI. 1 representative image per group is shown. Original magnification, x40. (B) GFP+ MM.1S cells were
counted in 4 different regions per TEB scaffold per mouse. Average + SD count is shown.
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MM plasma cells plays a pivotal role in supporting MM patho-
genesis and progression (27). Our findings of exosomal transfer
between BM-MSCs and MM cells support the hypothesis that
exosomes may actively mediate tumor growth and dissemination.
Therefore, we next examined the effect of normal and MM BM-
MSC-derived exosomes on in vitro and in vivo MM cell growth.

The MM.1S and RPMI.8226 MM cell lines were exposed to
increasing concentrations of conditioned medium-derived exo-
somes isolated from both primary normal and MM BM-MSCs.
Exosomes were tested for their functional effects at concentra-
tions previously reported (19, 28, 29). Normal BM-MSC-derived
exosomes were able to significantly reduce MM cell proliferation
compared with MM BM-MSC-derived exosomes, which slightly
increased MM cell growth in vitro (P < 0.05; Supplemental Figure
3A). Similar findings were obtained using 4 MM, 2 monoclonal
gammopathy of undetermined significance (MGUS), 2 smoldering
MM, and 4 normal BM-MSC-derived exosome samples (Figure 2,
Aand B). It was previously reported that the whole BM stromal cell
population promotes MM cell proliferation, due the presence of
either autocrine or paracrine circuits of growth that support MM
cell proliferation (30-35). This was previously established using
primary MM BM-MSCs and HS-5 cells as a model of normal BM-
MSCs (36). We therefore compared the effect of the whole BM-MSC
compartment using normal BM-MSCs, MM BM-MSCs, or HS-5
cells — and their related exosomal counterparts — on MM cell pro-
liferation. We found that primary MM BM-MSCs clearly increased
MM cell proliferation (36%-38%), and both HS-5 cells and nor-
mal BM-MSCs exerted similar effects (15%-32% and 9%-16%,
respectively), thus recapitulating previous findings (30-36).
Importantly, MM BM-MSC-derived pure exosomes exerted a pro-
proliferative effect of about 22%-30% on MM cells, whereas HS-5
cells and normal BM-MSC-derived pure exosomes inhibited MM
cell proliferation (28%-31% and 30%-40%, respectively; Supple-
mental Figure 3B).

We next investigated the ability of normal and MM BM-MSC-
derived exosomes to modulate MM cell growth and dissemination
in vivo. Tissue-engineered bones (TEBs) were loaded with equal
numbers of GFP*Luc* MM.1S cells in the presence of either primary
MM BM-MSC-derived exosomes or primary normal MSC-derived
exosomes (37). TEBs loaded with GFP*Luc* MM.1S cells were used
as a control. TEBs were then injected subcutaneously in SCID mice.
Tumor burden was evaluated using bioluminescence in vivo imag-
ing. Mice had similar tumor penetrance at baseline, whereas at
days 7, 10, and 14 after implantation, recipients of MM BM-MSC-
derived exosomes had a significantly higher tumor growth rate than
did recipients of MM cells only or of normal BM-MSC-derived exo-
somes (Figure 2C and Supplemental Figure 3, C and D).

These findings were further confirmed by immunofluorescence
on TEB scaffolds ex vivo (Figure 3A). A significantly higher number
of MM cells was found in TEBs loaded with MM BM-MSC-derived
exosomes versus those loaded with normal BM-MSC-derived exo-
somes (Figure 3B), which indicated that the presence of normal
and MM BM-MSC-derived exosomes inhibited and induced tumor
growth, respectively, compared with control MM cells alone.

To further corroborate the differential impact of exosomes in
regulating MM progression, we next examined whether MM BM-
MSC-derived exosomes also induce cell dissemination and metas-
tasis to distant BM niches, which is a hallmark of MM. Using in
vivo confocal imaging, we were able to visualize the BM vasculature
and the possible presence of GFP* MM cells (38). Mice were imaged
1546

The Journal of Clinical Investigation

http://www.jci.org

4 weeks after subcutaneous implantation of the TEBs; this time
point was considered the baseline across the 3 cohorts of animals,
in which no detection of GFP* MM cells was observed. At 7 and
8 weeks after implantation, imaging showed clear differences in
the ability of MM cells to disseminate to the distant BM niches in
vivo. At week 7, a higher tumor burden was observed in recipients
of TEB implants loaded with MM cells exposed to MM BM-MSC-
derived exosomes compared with those loaded with MM cells only
(Figure 4, A and B). In contrast, in recipients of TEBs loaded with
MM cells mixed with normal BM-MSC-derived exosomes, only
a weak GFP signal was detected (Figure 4C). These results were
further corroborated by femur BM immunofluorescence ex vivo
(Figure 5, A and B). These findings suggest that BM-MSCs may
play an oncogenic role in the progression and widespread dissemi-
nation of this disease.

Exosomal miR and protein content differs between normal and MM BM-
MSCs. Large amounts of small RNAs have recently been reported in
exosomes, which suggests that they may contain miRs. Indeed, the
presence of miRs in exosomes was recently documented in mast
cells (18). We therefore hypothesized that BM-MSC-derived exo-
somes may differ in their miR content, leading to epigenetic trans-
fer of this information to the tumor clone. We next performed
miR expression profiling on normal, MGUS, and MM BM-MSC-
derived exosomes. Supervised clustering analysis comparing nor-
mal versus MM and MGUS BM-MSC-derived exosomes showed
statistically significant differences between the 2 cohorts of sam-
ples: specifically, reduced expression of 16 miRs and increased
expression of 2 miRs was observed in MM BM-MSC-derived exo-
somes compared with normal and MGUS BM-MSC-derived exo-
somes, which presented with similar patterns (P < 0.05; Figure 6A).
In particular, we found miR-15a to be one of the downmodulated
miRs in MM BM-MSC-isolated exosomes. We next validated and
confirmed the lower miR-15a levels in 5 additional MM BM-MSC-
derived exosome samples, compared with 2 normal BM-MSC-
derived exosome samples (Supplemental Figure 4A).

The presence of miRs in exosomes led us to hypothesize that exo-
somes may represent an active vehicle between the BM microenvi-
ronment and MM cells, thus functionally modulating the biologi-
cal behavior of MM cells. We previously reported that primary MM
cells present with reduced expression of miR-15a compared with
their normal cellular counterparts, and functional studies have
corroborated the role of miR-15a as a tumor suppressor miR in this
disease (32). However, the finding that miR-154 was also deficient
in MM BM-MSCs, not only in the tumor clone, led us to hypoth-
esize that the lack of this miR in exosome transfer from MM BM-
MSCs to the tumor clone mediates oncogenesis in MM. We first
evaluated the expression of miR-15a4 in BM-MSCs and found that
primary normal BM-MSCs had higher miR-154 expression than
did primary MM BM-MSCs. In addition, miR-15a levels were com-
parable in HS-5 cells and normal primary BM-MSCs (Supplemen-
tal Figure 4B). We next evaluated the expression of miR-154 in MM
cells cultured either alone or in the presence of BM-MSCs; miR-15a
was significantly upregulated in MM cells cocultured with nor-
mal BM-MSCs or HS-5 cells, but not with MM BM-MSCs (Figure
6B), suggestive of miR-15a transfer from BM-MSCs to MM plasma
cells. To further confirm that miR-15a is actively transferred to
the tumor cells, we used WT and miR-15a/16-17/- C57BL/6 mice.
Murine BM-MSCs were used at the fourth passage and presented
with a multipotent MSC phenotype (Supplemental Figure 4C), as
previously described (39, 40).
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Normal and MM BM-MSC—derived exosomes differentially affect MM cell homing and growth in vivo. Detection of MM cell homing to the BM was per-
formed by in vivo confocal microscopy (original magnification, x5). Green, GFP+ MM cells (denoted by arrows); red, Evans Blue—positive blood ves-
sels. Specific BM niches are shown in boxed regions with dotted lines; relative tridimensional reconstruction is shown for each panel (scale expressed
in um). In B, specific BM niches were obtained by changing the focal plane, moving toward the skull of the mouse (boxed region with solid line).
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Exosomes were isolated from BM-MSCs of WT or miR-
15a/16-17/- mice. Levels of miR-15a and miR-16-1 were con-
firmed by quantitative RT-PCR (qRT-PCR) on both BM-MSCs
and BM-MSC-derived exosomes from miR-15a4/16-17/- and WT
mice (Supplemental Figure 4, D and E). After coculture of MM
cells with murine WT BM-MSC-derived exosomes, miR-15a
expression increased in MM cells, providing further evidence of
transfer of MSC-derived exosomes containing miR-15a into the
plasma cells. No changes were observed in MM cells exposed to
miR-15a/16-17/~ BM-MSC-derived exosomes (Figure 6C). Similar
findings were obtained for miR-16-1 (Supplemental Figure 4F).
We next sought to determine whether murine miR-15a/16-17/~
BM-MSCs can functionally target MM cells. MM cells were cul-
tured in the presence or absence of BM-MSCs isolated from WT
or miR-15a/16-17/~ mice. miR-15a/16-17/~ BM-MSCs were found
to significantly induce MM.1S cell proliferation, and similar
results were obtained using RPMI.8226 cells (Figure 6D and
Supplemental Figure 4G).

To further confirm that miR-15a plays a critical role in MSC-
mediated tumor progression, we performed loss- and gain-of-
function studies. HS-5 cells were transfected with either pre- or
anti-miR-15a, and transfection efficiency was tested by qRT-PCR
(Supplemental Figure SA). MM cells were exposed to exosomes
isolated from transfected HS-S cells for 48 hours; importantly,
exosomes isolated from pre-miR-15a-transfected HS-5 cells sig-
nificantly inhibited MM cell proliferation (Figure 6E). To further
confirm the ability of miR-15a-containing exosomes to inhibit
MM cell proliferation, we collected exosomes from primary BM-
MSCs transfected with pre- or anti-miR-15a. Transfection efficien-
cy was tested by qRT-PCR (Supplemental Figure 5B). We observed
a lower proliferation rate of MM.1S cells exposed to pre-miR-15a-
transfected BM-MSC-derived exosomes, and similar results were
obtained using RPMI.8226 cells (Figure 6F and Supplemental Fig-
ure 5C). Together, these findings confirmed that miR-15a acts as
a tumor suppressor miR that is present in normal BM-MSCs but
absent in MM BM-MSCs and that the lack of exosome-mediated
miR-15a transfer to malignant plasma cells is permissive for the
growth and dissemination of clonogenic MM cells.

However, the lack of transfer of tumor suppressor miRs could
not explain all of the changes in MM cells in response to MM BM-
MSC-derived exosomes. Therefore, we next sought to determine
whether exosomes may selectively transfer certain proteins from
BM-MSCs to recipient tumor plasma cells. A high-throughput
antibody-based protein array was performed on exosomes isolated
from primary normal and MM BM-MSCs, as well as on the whole
population of normal and MM BM-MSCs. BM-MSC-derived exo-
somal proteins differed from BM-MSC-derived cellular proteins
(Supplemental Table 2), which suggests that MM BM-MSC-
derived exosomes present specifically higher content levels of IL-6,
CCL2 (also known as MCP1), junction plakoglobin (also known as
y-catenin), or fibronectin that does not reflect the protein content
of the cells of origin. Indeed, IL-6, fibronectin, CCL2, and junc-
tion plakoglobin demonstrated minimal changes between normal
and MM BM-MSCs (Supplemental Tables 2 and 3). These findings
suggest that exosomes may selectively transfer certain proteins to
the recipients cells, behaving as vesicles that selectively transport
specific proteins to cells they interact with (Figure 7A). It was pre-
viously reported that CCL2 plays a crucial role in MM pathogen-
esis and disease progression, demonstrated both in vitro and in
vivo (41, 42). Our present findings also demonstrated that MM
1548
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BM-MSC-derived exosomes contain higher levels of CCL2 than
do normal BM-MSC-derived exosomes, confirming the role of this
protein in supporting MM biology.

We next sought to determine whether the differentially expressed
exosomal protein content between MM and normal BM-MSCs
could functionally affect MM cells. MM cells were exposed to MM
or normal BM-MSC-derived exosomes, and IL-6 levels were found
to be increased in the conditioned media of MM cells exposed to
MM compared with normal BM-MSC-derived exosomes (Figure
7B and Supplemental Figure 6A). A recent study on the proteomic
content of exosomes and their function indicates that the proteins
are not restricted to the interior of the exosome (43). Exosomal
proteins may therefore be released from the intraexosomal space
and interact with extracellular proteins via as-yet undefined mech-
anisms. Our present data are similar in showing that MM BM-
MSC-derived exosomes increased IL-6 levels in the conditioned
medium. We next demonstrated that MM BM-MSC-derived
exosome-dependent induction of IL-6 release from MM cells was
significantly abolished when cells were exposed to IL-6 blocking
antibody (Figure 7C and Supplemental Figure 6B), which indi-
cates that IL-6 released by exosomes is functionally important in
MM cell growth.

Detection of fibronectin, CCL2, and junction plakoglobin
was further confirmed by Western blot (Figure 7D). Because we
observed that exosomes from MM BM-MSCs presented with
higher fibronectin content, and based on accelerated dissemi-
nation of MM cells to distant BM niches, we next examined
whether exosomes regulate adhesion properties of MM cells to
the surrounding BM milieu. MM cell adhesion to fibronectin was
reduced when cells were cultured in the presence of primary nor-
mal BM-MSC-derived exosomes, whereas MM BM-MSC-derived
exosomes did not affect the cells’ ability to adhere to fibronectin
(Figure 7E). These findings indicate that BM-MSC-derived exo-
somes may differentially impact MM cell adhesion. To further
corroborate that this is indeed mediated by different fibronectin
contents, we tested adhesion of MM cells to non-fibronectin-
coated wells and found that MM cells increased their adhesion
abilities when exposed to MM versus normal BM-MSC-derived
exosomes (Figure 7F).

Additionally, downmodulated phosphorylation of the adhesion
protein FAK was observed when MM cells were treated with nor-
mal versus MM BM-MSC-derived exosomes, and inactivation of
cofilin was found in MM cells exposed to MM BM-MSC-derived
exosomes, compared with normal MSC-derived exosomes, in
which increased phosphorylation of cofilin was observed (Supple-
mental Figure 6C).

Discussion
It has long been believed that BM-MSCs support MM cell growth,
thus resulting in MM progression (1-3). Although many investi-
gations have explored the role of the BM microenvironment in
releasing cytokines and growth factors that may support MM
pathogenesis and therefore disease progression, to date, little is
known of the transfer of genetic and protein information from
BM-MSCs to clonal plasma cells via exosomes. Our present study
revealed a novel mechanism by which BM-MSCs play an onco-
genic role in MM.

We first confirmed that BM-MSCs promoted release and trans-
fer of exosomes to MM cells, and next demonstrated differences in
miR profiling of normal versus MM BM-MSC-derived exosomes.
Number 4

Volume 123 April 2013



MM cells + MM
BM-MSC—derived exosomes

MM cells + MM
BM-MSC—derived exosomes

MM cells

J
Al

DAPI GFP+

DAPI

DAPI

The Journal of Clinical Investigation

http://www.jci.org

research article

P < 0.000001

P = 0.00002
400 - P < 0.000001

300 -

200 -

100 -

MM.1S GFP+ cells
(cell count within femur)

F

MM.1S +
MM.1S

MM.1S +
MM BM-MSC—derived exosomes

MNormal BM-MSC—derived exosomes

Figure 5

Visualization and quantification of MM cells ex vivo
on femur BM. (A) Immunofluorescence detection of
GFP+MM.18S cells ex vivo on bone tissues. Nuclei were
stained using DAPI. 1 representative image per mouse
per group is shown. Original magnification, x40. (B)
GFP*+ MM.18 cells were counted in 4 different regions
per femur per mouse. Average + SD count is shown.
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Figure 6

miR-15a expression differs between normal and MM BM-MSCs, and
miR-15a—containing exosomes are transferred into MM cells. (A)
miR expression profiling on total RNA isolated from normal (n = 4),
MM (n =7), and MGUS (n = 2) BM-MSC—derived exosomes. A heat-
map was generated after supervised hierarchical cluster analysis.
Differential miR expression is shown by red (upregulation) versus
blue (downregulation) intensity (d-Chip software; normal versus
MM, 1.5-fold change, P < 0.05). (B) MM.1S and RPMI.8226 MM
cells were cultured in the absence or presence of primary MM
(n =4) or normal (n = 3) BM-MSCs or the HS-5 cell line for 48 hours.
miR-15a expression was determined by gRT-PCR in MM cells (2-24Ct
method, normalized to RNU6B miR as reference). Results are aver-
age + SD of 3 independent experiments. miR-15a was upregulated
in MM cells when in contact with normal BM-MSCs. (C) Murine exo-
somes were isolated from BM of WT or miR-15a/16-1-- mice and
subsequently added to MM cells for 48 hours. miR-15a levels were
determined by gRT-PCR in human MM cells (2-2A¢t method, nor-
malized to C. elegans miR-39 reference, used as spiked control).
Bars represent SD. (D) MM cells were cultured in the presence or
absence of murine WT or miR-15a/16-1-- BM-MSCs for 48 hours,
and cell proliferation was assessed as [3H]-thymidine uptake. Bars
indicate SD. (E and F) HS-5 cells (E) or primary BM-MSCs (F) were
transfected with scramble, pre-miR-15a, or anti-miR-15a probe.
Cells were then exposed to the indicated exosomes for 48 hours.
Cell-conditioned media absent cells and processed as in all sam-
ples tested served as control. Cell proliferation was assessed using
[3H]-thymidine uptake assay. Bars indicate SD.

Indeed, we observed lower miR-15a4 expression in MM versus
normal BM-MSC-derived exosomes. We previously showed that
primary MM plasma cells isolated from patients with relapsed/
refractory disease have lower expression of miR-15a than do their
normal cellular counterparts and that miR-15a displayed tumor-
suppressive properties, as shown by inhibition of cell proliferation
in miR-15a-overexpressing MM cells, both in vitro and in vivo (32).
Here we found that primary MM BM-MSCs shared similarities
with MM tumor cells, including lower miR-15a levels. We there-
fore sought to examine whether transfer of genetic information
(in the form of oncogenic miRs) or, alternatively, lack of transfer of
tumor suppressor miRs (such as miR-15a) could lead to significant
changes in tumor growth and dissemination in MM. We found
that the lack of transfer of the tumor suppressor miR-15a from
MM BM-MSCs to MM cells via exosomes could partially explain
the observed increased tumor burden together with enhanced
tumor dissemination to distant BM niches in vivo. In contrast, the
observed inhibition of tumor growth and MM cell dissemination
may be explained, at least in part, by the effect of miR-15a-express-
ing BM-MSC-derived exosomes. The finding that both tumor
cells (32) and BM-MSCs had low levels of miR-15a is intriguing
and indicates that both cells share similar epigenetic information.
Importantly, miR-15a may represent a potential tumor suppressor
miR in MM, not only because of its absence in the plasma cell clone
(32), but also because of its absence in MM BM-MSCs. Future
studies will examine whether regulation of miR-15a originates in
BM-MSCs and becomes transferred to MM cells during the early
stages of oncogenesis, or whether both cell types acquire the same
epigenetic event concurrently.

However, the data related to miR tumor suppressor regulation
does not fully explain the positive regulation of tumor progres-
sion induced by MM BM-MSC-derived exosomes. Therefore,
we further examined the protein content of these exosomes and
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found that they selectively carried a number of oncogenic proteins,
as well as cytokines or proteins known to be regulators of adhe-
sion and migration. These findings support the hypothesis that
exosomes may act as active vesicles responsible for molding the
microenvironment surrounding MM cells, leading to MM growth,
dissemination, and subsequent disease progression (Figure 8).

In the present study, we did not examine transfer of exosomes
and miRs from the tumor clone to BM-MSCs. We believe that this
phenomenon is also likely to occur (which would indicate that
epigenetic transfer is a bidirectional phenomenon) and that the
BM microenvironment not only plays a supportive role in tumor
cell growth, but also acts as a conduit of epigenetic information
leading to behavioral changes in the tumor clone. Collectively,
our findings suggest that transfer of exosomes from BM-MSCs
to clonal plasma cells represents a previously undescribed mecha-
nism that may highlight the active contribution of BM-MSCs to
MM disease progression.

Methods

Cells and patient characteristics. Primary BM-MSCs obtained from normal
healthy subjects, relapsed/refractory MM patients, MGUS patients, and
smoldering MM patients were cultured and selected in plastic flasks
and used at the third to fourth passage. In keeping with previous reports
and International Society for Cellular Therapy recommendations (24, 25),
combinations of monoclonal antibodies were used to define the grow-
ing cells as MSCs, including FITC-conjugated anti-CD34, anti-CD19,
and anti-CD138; PerCP-Cy5.5-conjugated anti-CD105, anti-CD90, and
anti-CD14; allophycocyanin-conjugated anti-CD106 and anti-CD73; and
PE-conjugated anti-CD45 antibodies (BD Biosciences). Appropriate iso-
type controls were used. The MM cell lines MM.1S, RPMI.8226, and U266
and the stromal cell line HS-5 were purchased from ATCC and used for
in vitro studies. GFP*Luc* MM.1S cell lines were generated by retroviral
transduction with the pGC-GFP/Luc vector (gift of A. Kung, Dana-Farber
Cancer Institute). Patients presented with median age of 69 years (range,
60-72 years) and were diagnosed with either MM, MGUS, or smoldering
MM based on the International Myeloma Working Group criteria (44). All
MM patients presented with active MM, all with relapsed/refractory disease.

Exosome purification and fluorescent labeling. Exosomes were purified from cell
culture supernatant of BM-MSCs. FBS used in culture media for exosome
isolation was precleared by ultracentrifugation at 100,000 g for 3 hours at
4°C. Supernatant fractions collected from 48-hour BM-MSC cultures were
filtered using filtration on 0.22-um pore filters, as previously described (18,
22), followed by ultracentrifugation at 20,000 g for 20 minutes and incuba-
tion with an exosome precipitation solution (ExoQuick; System Bioscienc-
es) (23). Exosomes were then harvested by ultracentrifugation at 100,000 g
for 70 minutes, as previously described (45). Exosomes were also isolated
following the same procedure as described above, but without including the
ExoQuick incubation step, as previously described (18, 22, 45, 46). For func-
tional assays where exosomes were used, the concentration of total proteins
contained in each exosome pellet was quantified using the Bradford assay
(BioRad), as described previously (7, 22); exosome quantities are therefore
expressed as micrograms of containing proteins. Exosomes were labeled with
the green fluorescent linker PKH67 (Sigma-Aldrich), as described previously
(47). Exosomes isolated using the 2 procedures (i.e., with and without Exo-
Quick solution) showed similar results at the ultrastructural level, as shown
by electron microscopy and immunogold labeling.

Electron microscopy. Exosomes were adsorbed for 1 minute to a carbon-
coated grid rendered hydrophilic by a 30-second exposure to a glow dis-
charge. Excess liquid was removed with a filter paper (Whatman no. 1), and
samples were stained with 1% uranyl acetate for 30 seconds. After excess
Number 4 1551
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Figure 7

Characterization of exosomal protein content and functional sequel-
ae. (A) Scatter plot showing exosomal and cellular protein content of
MM and normal BM-MSC-derived samples. (B) MM.1S cells were
exposed to exosomes isolated from MM (n = 6) or normal (n = 3) BM-
MSCs for 24 hours, and IL-6 concentration was measured on condi-
tioned media using human IL-6 ELISA. Bars indicate SD. (C) MM.1S
cells were exposed to exosomes isolated from MM or normal BM-
MSCs for 24 hours, and IL-6 concentration was measured in condi-
tioned media in the presence or absence of an IL-6—blocking antibody
(0.2 ug/ml) using human IL-6 ELISA. Mouse |gG2B served as isotype
control. Bars indicate SD. (D) Western blot on MM (n = 6) and nor-
mal (n = 3) BM-MSC—derived exosomes using anti-fibronectin, anti—
junction plakoglobin, anti-CCL2, and anti-actin antibodies. (E and F)
Adhesion of MM cells to BSA (negative control), poly-D-lysine (positive
control), and fibronectin-coated wells, exposed or not to MM (n = 4)
or normal (n = 3) BM-MSC—derived exosomes (200 ug/ml; 6 hours).
Length of adhesion was 2 hours. All data are mean + SD of triplicate
experiments. Cell-conditioned media absent cells and processed as
in all samples tested served as control.

uranyl formate was removed with a filter paper, grids were examined in a
TecnaiG? Spirit BioTWIN, and images were recorded with an AMT 2k CCD
camera. For immunogold labeling, pelleted exosomes were fixed with 2%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), then processed for
ultrathin sectioning and immunogold labeling using anti-CD63 and anti-
CD81 antibodies and protein A coupled with 10- or 15-nm gold particles as
described previously (18, 22). Sections were observed at 80 kV with a Tecn-
aiG? Spirit BioTWIN Transmission electron microscope (FEI), and images
were recorded with an AMT 2k CCD camera.

Immunoblotting. Exosomes were lysed using lysis buffer (Cell Signaling
Technology) reconstituted with 5 mM NaF, 2 mM Na3zVO,, 1 mM PMSF,
5 ug/ml leupeptine, and 5 pug/ml aprotinin. Whole-exosomal lysates
(100 ng/lane) were subjected to SDS-PAGE and transferred to a PVDF
membrane (BioRad Laboratories). Anti-CD63, anti-CD81, anti-p-cofillin,
anti-p-FAK, anti-fibronectin, anti-junction plakoglobin, anti-CXCL2,
anti-tubulin, and anti-actin antibodies were used.

ELISA.IL-6 levels were detected using IL-6 ELISA (human IL-6 immuno-
assay; R&D Systems) according to the manufacturer’s protocol. Anti-IL-6
neutralizing antibody and the related isotype control were purchased from
R&D Systems.

Exosomal RNA isolation and miR profiling. RNA was isolated using RNeasy
mini kit (Qiagen), according to manufacturer’s protocol and as previously
described (18). miR profiling was assessed using TagMan human miR pro-

MM BM-MSCs

Figure 8
BM-MSC—-derived exosomes support MM clone expansion.
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filing. C. elegans miR-39 was chosen as an internal spiked control because of’
alack of sequence homology to human miRs and absence of empiric hybrid-
ization to human miR probes on miR microarrays, as previously described
(48). Mean miR expression was used for miR qRT-PCR data normaliza-
tion, as previously described (49). Comparison among normal (n = 4),
MM (n =7),and MGUS (n = 2) BM-MSC-derived exosomes was performed
using dChip software (1.5-fold change, P < 0.05).

qRT-PCR. qRT-PCR for miRs of interest (TagMan MicroRNA Assays;
Applied Biosystems) was performed on an Applied Biosystems AB7500
Real Time PCR system. All PCR reactions were run in triplicate, and miR
expression — relative to RNUG6B or C. elegans miR-39 — was calculated using
the 2-24¢t method (50).

miR transfection. HS-5 and primary normal BM-MSCs were transfected
with precursor (pre-miR-15a), anti-miR-15a, or a scrambled probe used as
control (Exiqon), at a final concentration of 40 nM, as previously described
(32), using Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instructions. Efficiency of transfection was validated by qRT-PCR for
detection of miR-15a levels.

Confocal microscopy. Exosomes and MM cells were fluorescently labeled
using PKH67 and FITC-conjugated anti-tubulin antibody. Cellular nuclei
were stained using DAPI. Imaging of exosome uptake was performed using
a Yokogawa spinning disk confocal system (Andor Technology) with a x100
1.4NA Plan-Apo chromatic objective on a Nikon Ti-E microscope equipped
with a Hamamatsu OrcaBER CCD camera. Laser illumination, shutters,
and filter wheels were controlled by Andor iQ software (Andor Technol-
ogy). GFP* MM.1S cells were incubated with DiD-labeled exosomes for
30 minutes. Laser excitation of GFP and DiD was performed sequentially
using 488- and 640-nm lasers. Images were acquired using a x100 Plan-Apo
objective lens with a Hamamatsu OrcaER camera. Acquisition parameters,
shutters, filter positions, and focus were controlled by Andor iQ software.

In vivo studies. MM cell homing to the BM was imaged in vivo using a
Zeiss 710 confocal system (Carl Zeiss Microimaging) on an upright Exam-
iner stand with a custom stage. A skin flap was made in the mouse scalp
to expose the underlying dorsal skull surface. Images of the tumors were
captured in approximately 1-hour sessions. High-resolution images with
cellular detail were obtained through the intact mouse skull at depths
of up to 250 um from the surface of the skull using a x5 0.45 NA Plan-
Apo objective (Carl Zeiss Microimaging). Multiple imaging depths were
acquired, and a maximum intensity z projection was performed in Image
J to merge the images. GFP was excited with the 488-nm line on an Argon
laser. Blood vessels were imaged using Evans Blue (Sigma-Aldrich) excited
with a 633-nm laser. Emission signals were collected using Zeiss internal
confocal Quasar detectors. In vivo tumor growth was assessed using in vivo

MM clone expansion

MM cells

Tumor suppressor
miR-15a

IL-6, CCL2, fibronectin
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bioluminescence imaging. Mice were injected with 75 mg/kg luciferase
(Xenogen), and tumor growth was detected by bioluminescence using a
Xenogen In Vivo Imaging System (Caliper Life Sciences). 5-week-old female
SCID-beige mice were obtained from Charles River Labs. miR-15a/16-17~
mice (C57BL/6 background) were a gift of R. Dalla-Favera (Columbia
University, New York, New York, USA). Murine BM-MSCs were isolated as
previously described (39, 40), used at the fourth passage, and characterized
by flow cytometry using FITC-conjugated anti-CD34 and anti-CD44, PE-
conjugated anti-CD45 and anti-CD105, and allophycocyanin-Cy7-conju-
gated anti-CD45R antibodies (BD Biosciences).

TEB. Silk scaffolds were created and differentiated into TEBs as previ-
ously reported (30). TEBs were loaded with MM cells (3 x 10° cells) alone or
in the presence of normal or MM BM-MSC-derived exosomes (1 ug). MM
cells were previously cultured in the presence or absence of exosomes for
48 hours and subsequently implanted s.c. Exosomes (1 ug) were injected
in situ, every 4 days, until the end of the studies. TEB scaffold loaded with
MM cells and materials recovered after Exoquick precipitation of medium
that had not been conditioned by any cells was used as control in vivo.

In vitro studies. DNA synthesis was measured by [*H]-thymidine ([3H]-
TdR; Perkin Elmer) uptake, as previously described (32). Adhesion was
evaluated using an in vitro adhesion assay to fibronectin, following the
manufacturer’s recommendations (EMD Biosciences). Calcein AM was
used to measure adherent cells, and the degree of fluorescence was mea-
sured using a spectrophotometer (485-520 nm). BSA-coated wells served
as a negative control. 48-hour coculture of MM.1S and RPMI.8226 MM
cells with primary normal BM-MSCs or HS-5 cells were performed, and
MM cell proliferation rate was evaluated by [3H]-thymidine uptake, as
previously described (32). Exosomes were tested for their functional
effects at concentrations previously reported (19, 28, 29).

Tissue immunofluorescence. Tissue immunofluorescence was performed on
both TEBs and femurs harvested from mice as described previously (51).
GFP* MM.1S cells were considered cells of interest. DAPI nuclear stain was
added to each slide. Slides were analyzed using a fluorescence microscope
(Nikon TE2000-E; objective x40 plan fluor 0.75 NA). GFP* MM.1S cells
were counted from 4 separate fields per slide. Images were taken using a
Hamamatsu OrcaER camera and NIS-Element software. Image J software
was used to merge the 2 channels.

—

. Chauhan D, et al. Multiple myeloma cell adhesion-

Protein array. Exosomal and cellular protein contents were evaluated using
antibody microarray (BD Biosciences — Clontech) as described previously (52).

Accession number. miR expression profiling data were deposited in GEO
(series accession no. GSE39571).

Statistics. P values described in the in vitro assays were based on ¢ tests
(2-tailed; a0 0.05) or ANOVA. P values less than 0.05 were considered sig-
nificant. Exact P values are provided in the figures. In the protein arrays,
prior to analysis of the protein expression, the data were background cor-
rected (53), normalized within the array using loess normalization of the M
values, and normalized across arrays using quantile normalization to the A
values (54). Linear model with adjustment for correlation between dupli-
cate spots was then applied using the FDR approach. The limma package
in R was used for the analysis (55).

Study approval. Approval for these studies was obtained from the Dana-
Farber Cancer Institute Institutional Review Board. Informed consent was
obtained from all patients and healthy volunteers in accordance with the
Declaration of Helsinki. All mice were treated, monitored, and sacrificed in
accordance with an approved protocol of the Dana-Farber Cancer Institute
Animal Care and Use Committee.
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