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ABSTRACT

Extracellular microvesicles (EVs) have been recognized for many potential clinical
applications including biomarkers for disease diagnosis. In this study, we identified
a major population of EVs by simply screening fluid samples with a nanosizer. Unlike
other EVs, this extracellular nanovesicle (named HG-NV, HG-NV stands for HomoGenous
nanovesicle as well as for Huang-Ge- nanovesicle) can be detected with a nanosizer
with minimal in vitro manipulation and are much more homogenous in size (8-12 nm)
than other EVs. A simple filtration platform is capable of separating HG-NVs from
peripheral blood or cell culture supernatants. In comparison with corresponding
exosome profiles, HG-NVs released from both mouse and human breast tumor cells
are enriched with RNAs. Tumor derived HG-NVs are more potent in promoting tumor
progression than exosomes. In summary, we identified a major subset of EVs as a
previously unrecognized nanovesicle. Tumor cell derived HG-NVs promote tumor
progression. Molecules predominantly present in breast tumor HG-NVs have been
identified and characterized. This discovery may have implications in advancing both
microvesicle biology research and clinical management including potential used as a

biomarker.
INTRODUCTION of EVs is the predominant type in a specimen or upon
isolation is not known.
Intercellular communication is a hallmark The recent increase of EV research has strongly
of multicellular organisms. Recently, extracellular emphasized the application of these nanovesicles as

microvesicles (EVs) have been recognized as one of the
major mechanisms for intercellular communication [1-3].
EVs have been isolated from diverse body fluids, including
semen [4], blood [5], urine [6], saliva [7], breast milk [8],
amniotic fluid [9], ascites fluid [10, 11], cerebrospinal fluid
[12-16], and bile [17, 18]. However, EVs include more
than one type, and whether a particular subpopulation

diagnostic and treatment monitoring tools [19-22].
Utilizing the most abundant EVs circulated in the body
fluid will be the best resource for such applications. A
primary class of EVs is thought to be exosomes. However,
current protocols used for isolation of exosomes [3], do not
aid in determining if exosomes are the most abundant EV's
in a sample. Specifically, whether the presence of other
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types of vesicles from exosome-depleted supernatants
is overlooked and has not been investigated. Moreover,
exosomes carry various proteins, bioactive lipids and
genetic information to alter the phenotype and function
of recipient cells. Thus, exosomes have been implicated
in numerous biological and pathological processes [3,
23, 24]. Like other EVs, exosomes are heterogeneous
in size (50-150 nm) and in function, and are released
from many cell types. The heterogeneity of exosomes
makes it very challenging to determine if a specific
subpopulation of exosomes is the dominate subpopulation
or phenotype in a clinical specimen. Current strategies
for charactering exosomes are limited to multiple in vitro
manipulations for isolation and purification, followed
by analytic approaches that generate data that may
not represent what takes place in vivo. Therefore, the
ability to identify, isolate, and molecularly characterize
EVs with minimal in vitro manipulation is urgently
needed. In this study, we demonstrated that unlike
other identified EVs including exosomes which cannot
be detected using a nanosizer without concentration
in vitro, HG-NVs which are 8-12 nm in size can be
readily detected from blood and cell cultured supernatants
without in vitro manipulations. As proof of concept, HG-
NVs released from mouse and human breast tumor cells
were further characterized. HG-NVs have a number of
unique characteristics in comparison with corresponding
exosomes purified from identical samples. HG-NVs
released from tumor cells are relatively homogenous in
size; have specific RNAs induced in a disease dependent
manner in a mouse breast tumor model and a LPS induced
septic shock mouse model; and higher percentages of PS
lipids. In combination with the feature that HG-NVs are
a predominate set of EVs, HG-NVs could be utilized as a
better source for disease diagnosis. The biological effect
of HG-NVs on promoting tumor progression was further
demonstrated in lung and liver metastasis of murine
breast tumor and colon cancer models. Collectively,
the identification of previously unrecognized HG-NVs
may also increase our fundamental understanding of the
biology of EVs and increase diagnostic value for a non-
invasive diagnostic and screening tool to detect stages of
certain types of cancers.

RESULTS

The heterogeneous size of EVs is based on data
generated from EVs after multiple in vitro manipulations.
The identification of EVs prior to isolation by in vitro
manipulations was not possible. We first examined
peripheral blood collected from naive and tumor bearing
mice, healthy subjects and diseased patients, and the cell
culture supernatants using a standard nanosizer (Zetasizer
Nano ZS). We observed that all samples we examined,
predominantly contained nanosize particles (Figure 1A).
Nanosize particles were detected in the blood of naive

mice (8.79 £ 1. 68 nm), 4T1 breast tumor bearing mice
(7.12 £ 2.11 nm), SLE patients (7.69 £ 1.57 nm) and
colon cancer patients (9.25 + 1.37 nm), means + S.E.M).
Nanosized particles have also been detected in cell culture
supernatants of 4T1 cells (9.41 = 1.83 (nm) and of MDA-
MB-231 human breast tumor cell line (8.94 £ 2.55 (nm)
indicating that EVs with a diameter of 8-12 nm are
readily detected in blood and cell culture supernatants.
The presence of the EVs with a diameter of 8-12 nm are
also observed in the blood samples of mice with acute
inflammation induced by an IP injection of LPS and in
blood samples from different genetic background mice
(C57BL/6 versus BALB/c) (Supplementary Table 1).
Therefore, unlike other EVs, with minimal in vitro
manipulation this extracellular HG-NV can be detected
with a nanosizer and are much less heterogeneous
in size (8—12 nm) than other EVs (for an example,
exosomes, 50—150 nm, microparticles 300-1,000 nm).
To further characterize the HG-NVs released from 4T1
tumor cells, HG-NVs from exosome-depleted samples
were isolated with a simple column infiltration method.
The column filtration consists of a filter with 500 kDa
cutoff (Supplementary Figure 1) and pumped to regulate
the speed of fluid passing through the column. After a
simple, one step procedure for sample concentration with
the column infiltration, followed by sucrose gradient
purification, the size distribution of the HG-NVs was
determined using a nanosizer (Figure 1B) and confirmed
by electron microscopy (Figure 1C). HG-NVs are less
charged (Figure 1D) than exosomes isolated from the
same sample used for HG-NV isolation.

Identification of HG-NV RNA composition

Most cells release extracellular vesicles (EVs)
containing RNAs, proteins, and lipids [3, 23-25]. To
determine whether HG-NVs contain RNA, we took the
HG-NVs and exosomes from 4T1 cells and isolated their
RNA. Substantial amounts of small-sized RNAs were
detected by gel electrophoresis. The HG-NV RNA was
found to be resistant to RNase treatment (Figure 2A,
right panel). Next, the amounts of RNAs from HG-NVs
were compared with the amounts of RNAs in exosomes.
Interestingly, although the amounts of HG-NV RNAs from
naive mouse plasma is less than those from exosomes, there
is no difference in the levels of RNA present in the HG-
NVs and exosomes from the plasma of healthy subjects
(Figure 2B). However, the amounts of RNA extracted
from HG-NVs of 4Tl cells and the MDA-MB-231
human breast tumor cells were higher than the amounts
of RNAs extracted from their exosomes (Figure 2B,
right two panels).

To examine if the RNAs were unique to or common
between exosomes and HG-NVs, we sequenced RNA from
4T1 HG-NVs and exosomes (Supplementary Table 2).
For RNA data analysis, we first removed the low abundant
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RNAs (< 4 normalized counts per million RNA reads)
and then compared the remaining RNAs between 4T1
exosomes and HG-NVs (Figure 2C). Of these, 1,918 were
detected in both exosomes and HG-NVs (Figure 2D).
In addition to the RNAs that were shared, we also
identified some RNAs that were unique to HG-NVs (536)
and exosomes (3,300). To validate the RNA sequencing
data, we performed a qPCR analysis of 20 RNAs that
were randomly selected from the RNA profile that were
present or absent in HG-NVs in comparison to exosomes.
The data (18/20 RNAs) (Figure 2E-2F) from qPCR were
consistent with the data generated from RNA sequencing.
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Next we determined whether the PCR data generated from
the 4T1 cell line could be repeated in an animal model
for potential use as biomarkers for disease diagnosis.
HG-NVs and exosomes were isolated from the plasma
of 4T1 tumor bearing mice. The data (Figure 2F, right
panel, 17/20 RNAs) from qPCR were consistent with the
data generated from the 4T1 cell line. Then, we further
determined whether the HG-NV RNAs that increased
in 4T1 tumor bearing mice was disease specific by a
comparing the results with a LPS induced inflammation
model. The reason we used a LPS induced inflammation
mouse model is because inflammation has been known
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Figure 1: Identification and characterization of HG-NV. (A) 800 ul of samples were added to the cuvette, and the size distribution
was determined using the Zetasizer Nano ZS. (B) The size distribution of banded 4T1 samples from sucrose gradient ultracentrifugation
was visualized by the Zetasizer Nano ZS (B) and electromicroscopy (C). The surface Zeta-potential of the particles was determined using
the Zetasizer Nano ZS (D). Results (A—C) represent one of three independent experiments.
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to be involved in the development and progression of
numerous diseases. Fifteen out of 20 HG-NV RNAs are
4T1 tumor specific. Eight of 15 of HG-NV RNAs are
increased in the plasma of 4T1 tumor bearing and 7/15
are decreased in comparison with HG-NV RNAs in the
plasma of LPS challenged mice. Collectively, the PCR
data suggest that these HG-NV RNAs could potentially
be used as a biomarker for disease diagnosis. The data
generated from ingenuity path analysis (IPA) of 4T1
HG-NVs and exosome RNA profiles suggested that the
most abundant functions for HG-NV RNAs (Figure 2H)
were altered and related to the biosynthesis pathways
of guanine/guanosine, adenosine/uridine and putrescine
biosynthesis III. This conclusion is also supported by
real-time PCR results generated from MDA-MB-231
exosome/HG-NV RNA. Seven randomly selected RNAs
that are involved in the biosynthesis pathways of guanine/
guanosine, adenosine/uridine and putrescine biosynthesis
1T were quantitatively analyzed with real-time PCR. The
results indicate that 6/7 of HG-NV genes are decreased
in the MDA-MB-231 HG-NV in comparison to MDA-
MB-231 exosomes (Figure 21I).

Identification of HG-NV protein composition

Shown in Figure 3A (left panel) is the migration
pattern of 4T1 EV proteins stained with Coomassie blue and
Supplementary Table 3 is a listing of the proteins. A total
of 848 proteins were identified in the 4T1 EV proteome.
In general, many of the proteins identified contained
two or more unique peptide hits. Supplementary Table 3
contains detailed information on all of the proteins
identified for exosomes and HG-NVs, including the
number of unique peptides identified per protein. The pie
chart (Figure 3A, right panel) shows that of these proteins,
362 were common to both exosomes and HG-NVs.
Furthermore a total of 452 unique proteins were identified
in exosomes and 34 unique proteins were identified in HG-
NVs (Figure 3A, right panel). To validate the protein data
generated from MS/MS analysis, we performed a western
blot analysis of proteins that were randomly selected from
the protein profile that were increased or decreased in HG-
NVs in comparison with exosomes. Western blot analysis
(Figure 3B) indicated that both TSG101 and CD63, both
of which are considered as exosomal markers, were
enriched in exosomes. Albumin was detected in both the
exosomes and HG-NVs, suggesting that an equal amount
of protein was loaded which validates the western blot
results. A higher level of GAPDH was detected in the
cell lysates, suggesting that exosomes CD63 and Tsgl01
are selectively sorted into the exosomes. We attempted
but have not confirmed at this time the specific proteins
identified in HG-NVs by MS/MS analysis, which could be
due to not having the commercial antibodies available or
the lack of specificity for the antibodies available.

Using the IPA software, we classified the proteins
that are enriched in HG-NVs or exosomes based on

biological function. The top functions for HG-NV proteins
(Figure 3C, upper panel) are related to atherosclerosis
signaling, ubiquitination and FXR/LXR/RXR mediated
signaling pathways. The top functions for exosomal
proteins are related to phagosome maturation and
EIF2 signaling pathways (Figure 3C, bottom panel).
The clathrin-mediated endocytosis signaling pathway
is common to both exosomes and HG-NVs. We also
classified the proteins which are enriched in MDA-
MB-231 HG-NVs or exosomes based on biological
function. Supplementary Table 3 contains detailed
information on all of the proteins identified for MDA-
MB-231 exosomes and HG-NVs, including the number of
unique peptides identified per protein. The top functions
for MDA-MB-231 HG-NV proteins (Figure 3D, upper
panel) are related to tRNA charging and the coagulation
system; whereas the predominate function of MDA-
MB-231 exosomes was linked to the PI3K and p70S6K
mediated signaling pathways (Figure 3D, bottom panel).
Agrin interaction at neuromuscular junctions and actin-
based mobility signaling pathways are common to both
exosomes and HG-NVs.

ESI-MS/MS profiling and quantitation of 4T1
EV lipids

Electrospray ionization of crude lipid extracts
(Figure 4A) from 4T1 exosomes and HG-NVs resulted
in the generation of single charged molecular ions with
excellent concentration sensitivity. The molecular species
of phospholipids present, i.e., PC, PE, PG, PI, PS, PA,
lysoPC, and lysoPE, were identified (Supplementary
Table 4). The proportion of SM/DSM was twice as high in
HG-NVs as in the exosomes; whereas, ePC was much lower
in HG-NVs than in exosomes (Figure 4B). An increase of
PC and lysoPC and a decrease of lysoPE was observed in
HG-NVs in comparison to exosomes (Figure 4B).

Biological effect of HG-NVs on tumor
progression

We next investigated the in vivo biological effects of
HG-NVs. To determine the tissue tropism of HG-NVs in
comparison with exosomes, in vivo biodistribution of DiR-
labeled HG-NVs or DiR-labeled exosomes was evaluated
in mice using a Kodak Image Station 4000 MM Pro
system. Six h after a tail-vein injection, DiR fluorescent
signals were predominantly detected in the liver, lung, and
splenic tissues (Figure SA). FACS analysis of cells of mice
16 h after receiving an i.v. injection of PKH67-labeled
HG-NVs, revealed that higher percentages of CD1lc*
DCs, F4/80" macrophages and Ly6C* monocytes took up
HG-NVs than exosomes (Figure 5B, Table 1).

Since the cells targeted by HG-NVs are known to
be involved in immune modulation by releasing an array
of cytokines, we conducted an analysis of cytokines
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Figure 2: Characterization of tumor cell derived HG-NV RNA. (A) After electrophoresis on a 12% polyacrylamide gel,
HG-NV RNA pretreated with/without RNase was stained with ethidium bromide and visualized using a UVP PhotoDoc-It"™ Imaging
System. (B) Total RNA from HG-NVs and exosomes was quantified using Nanodrop spectrophotometry to measure absorbance at 260 nm,
and expressed as ng/ug of microvesicle protein (B) Error bars represent standard deviation (+ SD) (**p <0.01). “N” represents the number
of samples analyzed. (C) XY-scatter plot shows the log2 transformed read counts of RNA sequencing data (Supplementary Table 2)
between exosomes (X-axis) and HG-NVs (Y-axis) purified from 4T1 cells. The red dots represent RNAs that are higher in HG-NVs than
in exosomes (Differential expression of log2 value > 2), the green dots represent the RNAs that are higher in exosomes than in HG-NVs,
the blue dots represent similar levels of RNAs detected in exosomes and HG-NVs. Venn diagram (D) shows comparative RNA overlap of
the HG-NVs and exosomes. (E) Listed RNAs randomly selected from the Supplementary Table 2 are predominately presented in the HG-
NVs (upper panel) or vice versa (bottom panel). (F) Real-time PCR quantitation of RNAs isolated from HG-NVs and exosomes of 4T1
cell line (left panel) or plasma of 3-week 4T tumor bearing mice (right panel). Fold changes of HG-NV RNA were expressed as the levels
of HG-NV RNA/exosomes RNA. *P < (.05 and **P < 0.01 (two-tailed #-test). Data are representative of three independent experiments
(n = 3 error bars, SEM.). (G) Real-time PCR quantitation of RNAs isolated from peripheral blood HG-NVs of naive mice, 21 day 4T1
tumor bearing mice, and 24 h LPS challenged mice. Fold changes of HG-NV RNA were expressed as the levels of HG-NV RNA from
4T1 tumor bearing mice or LPS challenged mice/PBS treated mice (naive mice). *P < 0.05 and **P < 0.01 (two-tailed #-test). Data are
representative of two independent experiments (n = 5 error bars, SEM). (H) Approximately 300 RNAs that are 5-fold or above lower in
HG-HVs than in exosomes were selected and analyzed with ingenuity pathway analysis (IPA). The pathways that are regulated by HG-
NV derived RNAs are boxed. (I) Listed RNAs isolated from MDA-MB-231HG-NV and exosomes were quantified using real-time PCR.
*P < 0.05 (two-tailed #-test). Data are representative of three independent experiments (n = 3 error bars, SEM.).

(Supplementary Figure 2) released from bone marrow increased substantially in HG-NV treated macrophages
derived DCs, macrophages, and immature monocytes in comparison to exosome treated macrophages. We also
after they were stimulated with HG-NVs or exosomes noticed, in general, that stronger inflammatory cytokine
or PBS as a control. Inflammatory cytokine array data signals were detected in the cell culture supernatants of
(Figure 5C) indicated that the cytokines identified cells treated with either HG-NVs or exosomes than from
are in much higher concentrations in the cell culture the PBS control.

supernatants of macrophages stimulated with HG-NVs Among these three cell types mentioned previously,
for 7 h than with exosomes. MCSF, TIMP1 and KC are macrophages are the most abundance in the many
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Table 1: Percent of cell up taking 4T1 exosomes and HG-NVs

Liver (n =5) Lung (n =5)
Cell Type
PBS Exosomes  HG-NVs PBS Exosomes HG-NVs
CD11¢'PKH26" (DC cells) 0.5+0.1 24+0.2 11.2+0.3 0.1+0.1 1.1+0.2 3.1+£0.2
F4/80"PKH26" (macrophages) 1.1+0.1 3.1+03 4.6+0.5 1.3+0.1 41+04 7.6+0.1
Ly6C*'PKH26" (monocytes) 0.2+0.1 24+£02 45+03 0.4+0.1 33+0.6 10.3+0.1
CDI11b"PKH26" (Myeloid cells) 0.7+0.1 13.8+£04 | 193+0.7 0.3+0.1 69+0.3 13.2+0.8

different types of tumors and metastatic tissues [26—28].
The upregulated cytokines [29, 30] we detected in culture
supernatants of macrophages are known to promote tumor
progression. Therefore, we further hypothesize that HG-
NVs might enhance or increase tumor progression. Like
human breast tumor, 4T1 cells provide an established
model of stage IV breast cancer because these cells
form tumors when transplanted into mammary glands of
mice and spontaneously metastasize to lungs and liver.
Therefore, we used the 4T1 murine breast tumor model to
test this hypothesis.

To investigate whether HG-NVs affected
progression of primary and metastatic breast cancer, we
injected 1 x 10* 4T1 cells into inguinal mammary fat pads
of BALB/c mice. Seven-day tumor bearing mice with
similar size tumors were selected and i.v. injected with
4T1 HG-NVs or 4T1 exosomes (40 pg in 50 ul PBS) every
three days for 10 days. The host mice displayed visible
mammary tumors within two weeks after injection and
tumors became necrotic by day 30 which resulted in the
experiment being terminated due to Institutional Animal
Care and Use Committee guidelines. At day 30 after
tumor cells were injected, the tumors in mice receiving
HG-NVs increased more rapidly than did tumors in mice
receiving exosomes or PBS as a control (Figure 6A). We
then sought to determine whether an i.v. injection of 4T1
HG-NVs would promote or increase metastatic occurrence
of the tumor. Hematoxylin and eosin staining revealed a
significant increase in the number of micro-metastases in
the lung (Figure 6B, upper panel) and liver (Figure 6B,
bottom panel) compared to exosomes or PBS under the
same conditions. ELISA analysis of peripheral blood of
mice treated with HG-NVs further revealed a significant
increase in TNFo and IL6 detected in the lung and liver
tissue lysates and the immunosuppressive cytokine
IL-10 (Figure 6C). Collectively, these data indicate that
HG-NVs promote early dissemination of the 4T1 cells
from primary tumors to lung and liver.

Exosomes released from tumor cells also have a
local effect. Published data suggest that exosomes are
released into the extracellular tissue space and play a role
in tissue remodeling processes [31-33]. Matrix degradation
by tumor exosomes has severe consequences on tumor
and host cell adhesion, motility, and invasiveness [34].
Our Ki67 FACS analysis results indicate that HG-NVs

are more potent in promoting endothelial cell and tumor
cell proliferation (Supplementary Figure 3). To address
the local effect of HG-NVs on tumor growth, the CT26
colon cancer model was used. The CT26 colon cancer
model requires a much longer time for tumor metastasis
to occur than the 4T1 model. Therefore, the CT26 colon
cancer model is suitable for studying the local effect of
HG-NVs in terms of tumor growth before metastasis
takes place. Seven-day tumor bearing mice with similar
size tumors were treated with CT26 tumor HG-NVs or
exosomes or PBS as a control. HG-NVs were injected into
the tumor every week for a total of two injections. We
then determined their effect on primary colon carcinoma
growth. HG-NVs significantly accelerated tumor growth
in comparison with exosomes or PBS (Figure 6D), an
effect that was evident by day 13 (Figure 6D, right panel
*p <0.05, *¥**p < 0.001) after the subcutaneous injection
of CT-26 tumor cells. On day 14, the tumor volume in
the HG-NV treated group was 264.3 + 38.6 mm?, which
was significantly larger than tumors in the exosome or
PBS treated groups (Figure 6D, ***p < 0.001). We further
hypothesized that HG-NV treatment of mice creates
a pre-metastatic niche not only by i.v. injection of HG-
NVs as shown in Figure 6B but via an intra-tumoral
injection as well. To test this hypothesis, one day after the
last intra-tumoral injection of HG-NVs, tumor bearing
mice were intrasplenic injected with CT26 tumor cells,
which is a standard procedure for studying murine colon
cancer metastasis to the liver. As shown in Figure 6E,
intra-tumor injection of HG-NVs led to a significant
increase in the number and size of micro-metastases
in the liver compared with exosomes or PBS under the
same conditions. However, when NK and T cell deficient
NOG mice instead of immunocompetent BALB/c mice
were used, no significant differences in terms of tumor
growth and liver metastasis was detected (Supplementary
Figure 4), indicating that HG-NV-mediated suppression
of NK and T cells may be involved in enhancing tumor
growth and liver metastasis.

DISCUSSION

In this study, we show that with minimal in vitro
manipulation only HG-NVs from blood and cell culture
supernatants can be detected with a Zetasizer. Five
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Figure 3: Characterization of tumor cell derived HG-NV proteins. (A) After electrophoresis on the 8% SDS polyacrylamide
gel, the gel was stained with Coomassie Blue and scanned using an Odyssey Imaging System: representative images of the stained gel
are shown (left panel), and a Venn diagram (right panel) shows comparative protein overlap of the HG-NVs and exosomes. (B) TSG101,
CD63, albumin, and GAPDH expression was analyzed by Western blotting. Approximately 200-300 genes that are highly expressed in
4T1 (C) or MDA-MB-231 (D) HG-NVs or exosomes were analyzed with ingenuity path analysis (IPA). The graph shows the top ten
canonical pathways that are regulated by 4T1 or MDA-MB-231HG-NV and exosome derived genes. The x-axis represents -log (p-value),
where multiple-testing corrected p-values were obtained using the Benjamini Hochberg method and represent the significant enrichment of

uploaded genes in the functional and canonical pathways shown in Y-axis.
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lines of evidence support that HG-NVs are a previously
unrecognized nanovesicle. First, unlike exosomes [35, 36],
HG-NVs are much smaller in size (8—12 nm in diameter
versus 50-150 nm in diameter of exosomes), much
less heterogeneous in size and less negatively charged
(=10 £ 5 mV) than exosomes (—40 + 10 mV) released
from the same cell types. Second, after depletion of
exosomes using a standard protocol, HG-NVs are still
present in the samples. Third, based on composition
analysis, we identified a number of unique proteins and
RNAs being present/absent in the HG-NVs compared with
exosomes released from both human and murine breast
tumor cells. Fourth, in order to characterize exosomes,
they must be concentrated using different technologies
that could cause an alteration in their properties [37].
Determining whether the properties of exosomes have
actually been altered after in vitro concentration is a
challenging problem. In contrast, without concentration
or other forms of laboratory manipulation, HG-NVs
(8-12 nm in diameter) from blood or cell supernatants can
be detected with a Nanosizer. Finally, from a biological
effects perspective, our data indicate that HG-NVs are
different from exosomes (1) in their RNA profile from
tumor bearing mice and LPS challenged mice; (2) in their
cytokine profile from macrophages, dendritic cells and
immature myeloid cells; and (3) in their promoting tumor
growth based on two different mouse tumor models used
in this study.

Recently, EV-derived molecules have been
extensively studied for potential use as biomarkers. In this
study, the composition of 4T1 breast tumor cell-derived
and MDA-MB-231 human breast tumor cell-derived
HG-NVs was further characterized. Besides the proteins

Exo HG-NVs

e

0.317 _0.055

Exosomes

and RNAs that are shared among exosomes, the fact that
HG-NVs contain much higher copies of specific proteins
and RNAs than exosomes released from the same type
of tumor cells supports the idea that HG-NV derived
RNA and proteins may be used as potential biomarkers
for prodiagnosis and diagnosis. This notion was also
supported by the specific migration pattern of HG-NV
proteins stained with Coomassie dye (Supplementary
Figure 5). Furthermore, our data show that one of the
biological attributes of the tumor cell-derived HG-NVs
is to promote tumor growth and metastasis through
immunomodulation. This effect greatly increases the
complexity by which tumor cells communicate with
immune cells, including macrophages, dendritic cells,
and immature myeloid cells that take up HG-NVs as
we demonstrated in this study. Cytokines released from
macrophages, dendritic cells, and immature myeloid cells
participation in immunomodulation in terms of promoting
or inhibiting tumor progression and cytokines are major
mediators that regulate other immune cell mediated anti-
tumor activity including NK, NKT and T cells [38—40].
The results presented in this study indicate that in addition
to the identical cytokines induced by exosomes and HG-
NVs, some cytokines are only induced by HG-NVs or the
exosomes. These cytokines are proinflammatory in nature.
A hallmark of tumor progression is the involvement of
proinflammatory cytokines [41, 42]. Tumor-associated
macrophages [41, 42] and immature myeloid cells [43—45]
are the hallmark of immunosuppression in tumors.
Therefore, our findings may provide a rationale for
developing better cancer immunotherapy strategies by
blocking the production of tumor HG-NVs or inhibiting
uptake by tumor associated macrophages and immature
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Figure 4: Characterization of tumor cell derived HG-NV lipids. Lipids were detected by TLC analysis of the lipid extracts from
4T1 exosomes and HG-NV. The lipids extracted from 4T1 exosomes and HG-NV were separated on a thin-layer chromatography plate
and visualized by spraying the plate with a 10% copper sulfate and 8% phosphoric acid solution. (A) A representative image was scanned
using an Odyssey Scanner. Results represent one of four independent experiments. (B) Pie chart with a summary of the putative lipid
species in 4T1 exosomes and HG-NVs, reported as percent of total EVs lipids. Major details are reported in Supplementary Table 4 in the
Supporting Information. PS: Phosphatidylserine; PI: Phosphatidylinositol; PE: Phosphatidylethanolamines; PC: Phosphatidylcholines; SM/

DSM: Mono/Di/ N-(dodecanoyl)-sphing-4-enine-1-phosphocholin.
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Figure 5: In vivo biodistribution of the HG-NV. (A) Imaging of DiR dye labeled 4T1 exosomes and HG-NV administered
intravenously (i.v.) to mice (Left panel) and in vivo distribution of DiR dye labeled 4T1 exosomes and HG-NVs determined by scanning
(Odyssey scanner) each organ of mice i.v. injected with DiR dye labeled 4T1 exosomes and HG-NVs (right panel). A representative
image from each group of mice is shown. (B) At 16 h after PKH67 florescent dye labeled 4T1 HG-NVs were administrated intravenously,
the percentages of lung and liver leukocytes were quantitatively analyzed by FACS. A representative image is shown. Data (A, B) are
representative of at least three independent experiments. (C) Inflammatory cytokine expression in HG-NV and exosome stimulated bone
marrow derived macrophages (top panel), immature myeloid cells (middle panel) and dendritic cells (bottom panel) was determined using
the Proteome Profiler from R&D systems. Each dot represents a cytokine detected by a capture antibody and printed in duplicate on the
membrane. The signal intensity of dots on the developed X-ray film was quantified using the LI-COR imaging system and analyzed with
LI-COR® Image Studio™ Lite Software V3.1.
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Figure 6: Tumor cell derived HG-NVs promote tumor progression. (A) Growth curves of 4T1 tumors by orthotopical injection
of 4T1 cells into the mammary fat pads in BALB/c mice (5 mice per group) tail-vein injected with 4T1 exosomes or HG-NVs (40 pg/
mouse). Schematic representation of injection schedule (a, left panel). Error bars represent standard deviation (= SD) (two-way ANOVA;
**p <0.01). (B), A representative photograph showing the H&E stained tissue of 4T1 tumor metastases per field of sectioned lung (Upper
panel) and liver (Bottom panel) of 30-day tumor bearing mice. The results are based on three independent experiments (rz = 5). Means of
the number of metastatic foci/field are shown; P < 0.001. (C), Before mice were sacrificed at day 30 after tumor cells were injected, the
levels of IL-6 and TNFa in the lysates from each tissue as labeled in the figure were quantitatively analyzed using an ELISA. The levels of
IL-6, IL-10 and TNFo. in the sera were also quantitatively analyzed using an ELISA. The results are based on three independent experiments
(n=15) and are presented as the mean = S.E.M.; *p < 0.05, **p <0.01. (D) Growth curves of CT26 tumors after subcutaneously injection
of CT26 cells in BALB/c mice (5 mice per group) which were intra-tumorally injected with CT26 exosomes, HG-NV (100 pg/mouse),
and PBS as a control. Schematic representation of the injection schedule (d, left panel). Error bars represent standard deviation (= SD)
(two-way ANOVA; *p < 0.05, ***p < 0.001). (E) A representative photograph shows the H&E stained tissue of CT26 micro-tumors per
field of sectioned liver at low magnification (upper panel) and higher magnification (bottom panel) of 21-day tumor bearing mice. The
results are based on three independent experiments (n = 5).

myeloid cells. Furthermore, given the fact that tumor
HG-NV-mediated promotion of lung and liver metastasis
did not occur in NOG immune deficient mice, the HG-
NVs may have a general role in regulating immune
activities of liver, lung and spleen.

In this study, we also demonstrated that one of the
characteristics of HG-NVs is that they are much smaller
in size than reported for other EVs. In general, the size of
a chemically synthesized nanoparticle typically prevents
rapid renal clearance (typically must be less than 20 nm)
and also prevents uptake by the liver and spleen (typically
particles must be greater than 100 nm) [46-51]. However,
unlike chemically synthesized nanoparticles, i.v. injected
tumor cell-derived HG-NVs do not accumulate in the
kidney but do accumulate in lung and liver. Whether the
preferential accumulation of HG-NVs in lung and liver is
tumor cell specific was not addressed in this study, and

requires further study to determine whether HG-NVs from
different types of cells under different microenvironments
have an effect on in vivo distribution and the biological
effects on recipient cells.

The finding that HG-NVs are a predominant
population among EVs raises a number of important
questions to be addressed in the EV field. To date there
are almost no data in this field that address the question
of whether there is a predominant EV among EVs. Our
findings reported in this study provide the basis for further
exploring whether HG-NVs are originally released from
the same or different compartment of the mother cells
as exosomes or whether HG-NVs are originally released
from exosomes.

Both exosomes and other EVs could be taken up by
the same recipient cells. Currently available isolation and
purification methods do not allow one to fully distinguish
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the biological effect between subpopulations of EVs, and
lacking such technology hampers the identification of
the in vivo physiological relevance and function for each
subpopulation. This study demonstrated that tumor cell
HG-NVs can be separated from other EVs by differential
centrifugation and purified by a simple column based
filtration platform. This strategy not only provides a
means for investigating the biological effects of HG-NVs
released from non-tumor cells under physiological and
pathophysiological conditions in general, but could it also
provide a possible means to investigate a specific cell type
where HG-NVs are detected.

Despite our data that supports that idea that HG-NVs
are a predominant subpopulation of EVs, it is important
to acknowledge a number of caveats. There is no direct
evidence that HG-NVs in the plasma are not contaminated
with HDL particles since both are similar in size [52].
However, searching protein profiles from HG-NVs
released from mouse and human breast tumor cells, no
apolipoprotein A-I (apoA-I), the main protein component
of HDL [53], was detected in the HG-NV preparations,
suggesting that it is unlikely that the HG-NV's are HDL.
Also, it is important to bear in mind that just because a
tumor cell-derived HG-NV has the potential to promote
tumor progression, that does not mean that other EVs
have no role in promoting tumor progression as reported
by other groups [19, 21, 24, 54—60]. Instead, this finding
opens up a new avenue for further studying whether
other types of EVs, which are minor in terms of quantity,
have a regulatory role and act in either a synergetic or
antagonistic manner with HG-NVs.

MATERIALS AND METHODS

Isolation of HG-NV

To characterize the HG-NV, it was necessary to
eliminate other subset populations of EVs from the
samples. To do this, we saved the supernatants after
exosomes had been isolated using a protocol described
in the material and methods section, noted as “Exosome
isolation”. The isolation and concentration of HG-
NVs (HG-nanovesicle isolation system) consists of an
Ultrafiltration Biomax-500 (Millipore) and a Masterflex
pump with a speed controller. The schematic of the HG-NV
isolation system is depicted in Supplementary Figure 1.
The supernatants with exosomes depleted were passed
through a 0.2 pum filter before loading on the HG-NV
isolation system. The supernatants were passed through

Purification of HG-NVs using sucrose gradients

After passing through the HG-NV isolation system,
molecules larger than 500 kDa were centrifuged on a
8-45% sucrose density gradient as described previously
[61-63]. The purified HG-nanovesicles and exosomes
were prepared for EM using a conventional procedure and
observed using an FEI Tecnai F20 electron microscope
operated at 80 kV and a magnification of 30,000.
Photomicrographs were taken using an AMT camera
system. Details of other methods used in this study are
described in the supplemental experimental procedures.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by grants from the National
Institutes of Health (NIH) (RO1AT008617, UH2TRO000875,
and UH3TRO00875) and the Louisville Veterans
Administration Medical Center (VAMC) Merit Review
Grants and VA Research Career Scientist Award (H.-G.Z.).
The authors thank Dr. Ruth Welti and Ms. Mary Roth
(Kansas Lipidomics Research Center, Kansas State
University) for quantitation of lipid molecular species. We
thank Dr. Jerald Ainsworth for editorial assistance.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed by
the author.

Author’s contributions

All authors designed the experiments, analyzed and
interpreted the results and wrote the paper. P.C., Y.T., X.H.,
QW,AY,X.Z,AS.,JM, Z.D., and J.M. performed the
experiments.

REFERENCES

1. Lo Cicero A, Stahl PD, Raposo G. Extracellular vesicles
shuffling intercellular messages: for good or for bad. Curr
Opin Cell Biol. 2015; 35:69-77.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes,
microvesicles, and friends. J Cell Biol. 2013; 200:
373-383.

3. Thery C, Ostrowski M, Segura E. Membrane vesicles as

conveyors of immune responses. Nat Rew Immunol. 2009;
9:581-593.

the Ultrafiltration Biomax-500 column at a flow rate of 4. Aalberts M, van Dissel-Emiliani FM, van Adrichem NP,
approximately 3 ml/min, and any molecules less than van Wijnen M, Wauben MH, Stout TA, Stoorvogel W.
500 kDa that passed through the column were collected Identification of distinct populations of prostasomes
in a waste jar. Molecules larger than 500 kDa were that differentially express prostate stem cell antigen,
retained, concentrated, and subjected to sucrose gradient annexin Al, and GLIPR2 in humans. Biol Reprod. 2012;
centrifugation. 86:82.

www.impactjournals.com/oncotarget 41359 Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

Caby MP, Lankar D, Vincendeau-Scherrer C, Raposo G,
Bonnerot C. Exosomal-like vesicles are present in human
blood plasma. Int Immunol. 2005; 17:879-887.

Huebner AR, Somparn P, Benjachat T, Leelahavanichkul A,
Avihingsanon Y, Fenton RA, Pisitkun T. Exosomes in urine
biomarker discovery. Adv Exp Med Biol. 2015; 845:43-58.

OgawaY, Miura Y, Harazono A, Kanai-Azuma M, Akimoto Y,
Kawakami H, Yamaguchi T, Toda T, Endo T, Tsubuki M,
Yanoshita R. Proteomic analysis of two types of exosomes
in human whole saliva. Biol Pharm. 2011; 34:13-23.

Admyre C, Johansson SM, Qazi KR, Filen JJ, Lahesmaa R,
Norman M, Neve EP, Scheynius A, Gabrielsson S.
Exosomes with immune modulatory features are present in
human breast milk. J Immunol. 2007; 179:1969-1978.

AseaA, Jean-Pierre C, Kaur P, Rao P, Linhares IM, Skupski D,
Witkin SS. Heat shock protein-containing exosomes in
mid-trimester amniotic fluids. J Reprod Immunol. 2008;
79:12-17.

Navabi H, Croston D, Hobot J, Clayton A, Zitvogel L,
Jasani B, Bailey-Wood R, Wilson K, Tabi Z, Mason MD,
Adams M. Preparation of human ovarian cancer ascites-
derived exosomes for a clinical trial. Blood Cell Mol Dis.
2005; 35:149-152.

Gutwein P, Stoeck A, Riedle S, Gast D, Runz S, Condon TP,
Marme A, Phong MC, Linderkamp O, Skorokhod A,
Altevogt P. Cleavage of L1 in exosomes and apoptotic
membrane vesicles released from ovarian carcinoma cells.
Clin Cancer Res. 2005; 11:2492-2501.

Redzic JS, Ung TH, Graner MW. Glioblastoma extracellular
vesicles: reservoirs of potential biomarkers. Pharmgenomics
Pers Med. 2014; 7:65-77.

Street JM, Barran PE, Mackay CL, Weidt S, Balmforth C,
Walsh TS, Chalmers RT, Webb DJ, Dear JW. Identification
and proteomic profiling of exosomes in human cerebrospinal
fluid. J Transl Med. 2012; 10:5.

Marzesco AM, Janich P, Wilsch-Brauninger M, Dubreuil V,
Langenfeld K, Corbeil D, Huttner WB. Release of
extracellular membrane particles carrying the stem cell
marker prominin-1 (CD133) from neural progenitors and
other epithelial cells. J Cell Sci. 2005; 118:2849-2858.

Akers JC,Ramakrishnan V,KimR, SkogJ, Nakano1, Pingle S,
Kalinina J, Hua W, Kesari S, Mao Y, Breakefield XO,
Hochberg FH, Van Meir EG, et al. MiR-21 in the
extracellular vesicles (EVs) of cerebrospinal fluid (CSF):
a platform for glioblastoma biomarker development. PloS
one. 2013; 8:¢78115.

Chen WW, Balaj L, Liau LM, Samuels ML, Kotsopoulos SK,
Maguire CA, Loguidice L, Soto H, Garrett M, Zhu LD,
Sivaraman S, Chen C, Wong ET, et al. BEAMing and
Droplet Digital PCR Analysis of Mutant IDHI mRNA in
Glioma Patient Serum and Cerebrospinal Fluid Extracellular
Vesicles. Mol Ther Nucleic Acids. 2013; 2:€109.

Masyuk AI, Huang BQ, Radtke BN, Gajdos GB,
Splinter PL, Masyuk TV, Gradilone SA, LaRusso NF.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ciliary subcellular localization of TGRS determines the
cholangiocyte functional response to bile acid signaling.
Am J Physiol Gastrointest Liver Physiol. 2013; 304:
G1013-1024.

Masyuk Al, Huang BQ, Ward CJ, Gradilone SA, Banales JM,
Masyuk TV, Radtke B, Splinter PL, LaRusso NF. Biliary
exosomes influence cholangiocyte regulatory mechanisms
and proliferation through interaction with primary cilia. Am
J Physiol Gastrointest Liver Physiol. 2010; 299:G990-999.

Nakano I, Garnier D, Minata M, Rak J. Extracellular
vesicles in the biology of brain tumour stem cells—
Implications for inter-cellular communication, therapy
and biomarker development. Semin Cell Dev Biol. 2015;
40:17-26.

Yang J, Wei F, Schafer C, Wong DT. Detection of tumor cell-
specific mRNA and protein in exosome-like microvesicles
from blood and saliva. PloS one. 2014; 9:e110641.

Zhang HG, Grizzle WE. Exosomes: a novel pathway of
local and distant intercellular communication that facilitates
the growth and metastasis of neoplastic lesions. A J Pathol.
2014; 184:28-41.

D’Souza-Schorey C, Clancy JW. Tumor-derived
microvesicles: shedding light on novel microenvironment
modulators and prospective cancer biomarkers. Genes &
development. 2012; 26:1287—-1299.

Thery C. Cancer: Diagnosis by extracellular vesicles.
Nature. 2015; 523:161-162.

Colombo M, Raposo G, Thery C. Biogenesis, secretion,
and intercellular interactions of exosomes and other
extracellular vesicles. Annu Rev Cell Dev Biol. 2014,
30:255-289.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ,
Lotvall JO. Exosome-mediated transfer of mRNAs and
microRNAs is a novel mechanism of genetic exchange
between cells. Nat Cell Biol. 2007; 9:654—659.

Hoshino A, Costa-Silva B, Shen TL, Rodrigues G,
Hashimoto A, Tesic Mark M, Molina H, Kohsaka S, Di
Giannatale A, Ceder S, Singh S, Williams C, Soplop N,
et al. Tumour exosome integrins determine organotropic
metastasis. Nature. 2015; 527:329-335.

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM,
Jairam V, Cyrus N, Brokowski CE, Eisenbarth SC,
Phillips GM, Cline GW, Phillips AJ, Medzhitov R.
Functional polarization of tumour-associated macrophages
by tumour-derived lactic acid. Nature. 2014; 513:559-563.
Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, Campion LR,
Kaiser EA, Snyder LA, Pollard JW. CCL2 recruits
inflammatory monocytes to facilitate breast-tumour
metastasis. Nature. 2011; 475:222-225.

Chockalingam S, Ghosh SS. Macrophage colony-
stimulating factor and cancer: a review. Tumour biol. 2014;
35:10635-10644.

Osawa Y, Suetsugu A, Matsushima-Nishiwaki R, Yasuda I,
Saibara T, Moriwaki H, Seishima M, Kozawa O. Liver

WWW

.impactjournals.com/oncotarget

41360

Oncotarget



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

acid sphingomyelinase inhibits growth of metastatic colon
cancer. J Clin Invest. 2013; 123:834-843.

Denzer K, Kleijmeer MJ, Heijnen HF, Stoorvogel W,
Geuze HJ. Exosome:
multivesicular body to intercellular signaling device. J cell
SCI. 2000; 11319:3365-3374.

Lakkaraju A, Rodriguez-Boulan E. Itinerant exosomes:
emerging roles in cell and tissue polarity. Trends Cell Biol.
2008; 18:199-209.

Mathivanan S, Ji H, Simpson RJ. Exosomes: extracellular

from internal vesicle of the

organelles important in intercellular communication.
J Proteomics. 2010; 73:1907—-1920.

Yue S, Mu W, Erb U, Zoller M. The tetraspanins CD151
and Tspan8 are essential exosome components for
the crosstalk between cancer initiating cells and their
surrounding. Oncotarget. 2015; 6:2366-2384. doi:10.18632/
oncotarget.2958.

Pospichalova V, Svoboda J, Dave Z, Kotrbova A, Kaiser K,
Klemova D, Ilkovics L, Hampl A, Crha I, Jandakova E,
Minar L, Weinberger V, Bryja V. Simplified protocol for
flow cytometry analysis of fluorescently labeled exosomes
and microvesicles using dedicated flow cytometer.
J Extracell Vesicles. 2015; 4:25530.

Coumans FA, van der Pol E, Boing AN, Hajji N, Sturk G,
van Leeuwen TG, Nieuwland R. Reproducible extracellular
vesicle size and concentration determination with tunable
resistive pulse sensing. J Extracell Vesicles. 2014; 3:25922.
Linares R, Tan S, Gounou C, Arraud N, Brisson AR. High-
speed centrifugation induces aggregation of extracellular
vesicles. J Extracell Vesicles. 2015; 4:29509.

Ghesquiere B, Wong BW, Kuchnio A, Carmeliet P.
Metabolism of stromal and immune cells in health and
disease. Nature. 2014; 511:167-176.

Biswas SK, Mantovani A. Macrophage plasticity and
interaction with lymphocyte subsets: cancer as a paradigm.
Nat Immunol. 2010; 11:889-896.

Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S.
Functions of natural killer cells. Nat Immunol. 2008; 9:
503-510.

Gagliani N, Hu B, Huber S, Elinav E, Flavell RA. The
fire within: microbes inflame tumors. Cell. 2014; 157:
776-783.

Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases:
regulators of the tumor microenvironment. Cell. 2010;
141:52-67.

Zhang L, Zhang S, Yao J, Lowery FJ, Zhang Q, Huang WC,
LiP,LiM, Wang X, Zhang C, Wang H, Ellis K, Cheerathodi M,
et al. Microenvironment-induced PTEN loss by exosomal
microRNA primes brain metastasis outgrowth. Nature.
2015; 527:100-104.

Gomez Perdiguero E, Klapproth K, Schulz C, Busch K,
Azzoni E, Crozet L, Garner H, Trouillet C, de Bruijn MF,
Geissmann F, Rodewald HR. Tissue-resident macrophages
originate from yolk-sac-derived erythro-myeloid progenitors.
Nature. 2015; 518:547-551.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor
cells as regulators of the immune system. Nat Rev Immunol.
2009; 9:162-174.

Yu M, Zheng J. Clearance Pathways and Tumor Targeting
of Imaging Nanoparticles. ACS Nano. 2015; 9:6655-74.

Perez-Herrero E, Fernandez-Medarde A. Advanced targeted
therapies in cancer: Drug nanocarriers, the future of
chemotherapy. Eur J Pharm Biopharm. 2015; 93:52-79.
Liu J, Yu M, Zhou C, Yang S, Ning X, Zheng J. Passive
tumor targeting of renal-clearable luminescent gold
nanoparticles: long tumor retention and fast normal tissue
clearance. J Am Chem Soc. 2013; 135:4978-4981.

Deshmukh M, Kutscher HL, Gao D, Sunil VR, Malaviya R,
Vayas K, Stein S, Laskin JD, Laskin DL, Sinko PJ.
Biodistribution and renal clearance of biocompatible lung
targeted poly(ethylene glycol) (PEG) nanogel aggregates.
J Control Release. 2012; 164:65-73.

Sa LT, Albernaz Mde S, Patricio BF, Falcao MV, Jr.,
Coelho BF, Bordim A, Almeida JC, Santos-Oliveira R.
Biodistribution of nanoparticles: initial considerations.
J Pharm Biomed Anal. 2012; 70:602-604.

Jain S, Thakare VS, Das M, Godugu C, Jain AK, Mathur R,
Chuttani K, Mishra AK. Toxicity of multiwalled carbon
nanotubes with end defects critically depends on their
functionalization density. Chem Res Toxicol. 2011;
24:2028-2039.

Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD,
Remaley AT. MicroRNAs are transported in plasma and
delivered to recipient cells by high-density lipoproteins. Nat
Cell Biol. 2011; 13:423-433.

Navab M, Reddy ST, Van Lenten BJ, Fogelman AM. HDL
and cardiovascular disease: atherogenic and atheroprotective
mechanisms. Nat Rev Cardiol. 2011; 8:222-232.

Clancy JW, Sedgwick A, Rosse C, Muralidharan-Chari V,
Raposo G, Method M, Chavrier P, D’Souza-Schorey C.
Regulated delivery of molecular cargo to invasive tumour-
derived microvesicles. Nat Commun. 2015; 6:6919.

Minciacchi VR, Freeman MR, Di Vizio D. Extracellular
vesicles in cancer: exosomes, microvesicles and the
emerging role of large oncosomes. Semin Cell Dev Biol.
2015; 40:41-51.

Webber J, Yeung V, Clayton A. Extracellular vesicles as
modulators of the cancer microenvironment. Semin Cell
Dev Biol. 2015; 40:27-34.

Antonyak MA, Cerione RA. Microvesicles as mediators of
intercellular communication in cancer. Methods Mol Biol.
2014; 1165:147-173.

Vader P, Breakefield XO, Wood M. Extracellular vesicles:
emerging targets for cancer therapy. Trends Mol Med. 2014;
20:385-393.

Lemoinne S, Thabut D, Housset C, Moreau R, Valla D,
Boulanger CM, Rautou PE. The emerging roles of
microvesicles in liver diseases. Nat Rev Gastroenterol
Hepatol. 2014; 11:350-361.

WWW

.impactjournals.com/oncotarget

41361

Oncotarget



60.

61.

62.

Choudhuri K, Llodra J, Roth EW, Tsai J, Gordo S,
Wucherpfennig KW, Kam LC, Stokes DL, Dustin ML.
Polarized release of T-cell-receptor-enriched microvesicles
at the immunological synapse. Nature. 2014; 507:118—123.
Mu J, Zhuang X, Wang Q, Jiang H, Deng ZB, Wang B,
Zhang L, Kakar S, Jun Y, Miller D, Zhang HG. Interspecies
communication between plant and mouse gut host cells
through edible plant derived exosome-like nanoparticles.
Mol Nutr Food Res. 2014; 58:1561-1573.

Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC,
Ju S, Mu J, Zhang L, Steinman L, Miller D, Zhang HG.

63.

Treatment of brain inflammatory diseases by delivering
exosome encapsulated anti-inflammatory drugs from
the nasal region to the brain. Mol Ther. 2011; 19:
1769-1779.

Liu Y, Xiang X, Zhuang X, Zhang S, Liu C, Cheng Z,
Michalek S, Grizzle W, Zhang HG. Contribution
of MyD88 to the tumor exosome-mediated induction of
myeloid derived suppressor cells. Am J Pathol. 2010;
176:2490-2499.

www.impactjournals.com/oncotarget

41362

Oncotarget



