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CHAPTER 7

Manuscript in submission

EV-COMMUNICATION BETWEEN TUMOR CELLS IN VIVO
ABSTRACT | Most cancer cells release heterogeneous populations of extracellular
vesicles (EVs) containing proteins, lipids and nucleic acids. In vitro experiments
showed that EV uptake can lead to transfer of functional mRNA and altered
cellular behavior. However, similar in vivo experiments remain challenging, since
cells that take up EVs cannot be discriminated from non- EV-receiving cells. Here
we used the Cre-LoxP system to directly identify and study tumor cells that take
up EVs in vivo. We show that EVs released by malignant tumor cells are taken up
by more benign tumor cells located within the same and within distant tumors,
and that these EVs carry mRNAs involved in migration and metastasis. By intravital
imaging we show that the benign tumor cells that take up EVs displayed enhanced
migratory behavior and metastatic capacity. We postulate that tumor cells locally
and systemically share molecules carried by EVs in vivo, and that this affects
cellular behavior.
	
  
Introduction
The heterogeneous nature of tumors dramatically complicates the successful
treatment of cancer (Meacham and Morrison, 2013). Tumors display intratumoral
heterogeneity as a consequence of genetic differences between individual cells.
Together with the diverging microenvironment surrounding tumor cells, this leads to
intercellular differences in epigenetic profiles and subsequently to differential cellular
behavior (Bissell and Hines, 2011; Postovit et al., 2006). The tumor microenvironment
consists of cells, soluble factors such as growth factors, and non-soluble factors
including the extracellular matrix (Joyce and Pollard, 2009). A growing number of
studies suggest that extracellular vesicles (EVs) may also be an important
microenvironmental factor (Raposo and Stoorvogel, 2013) that could potentially affect
tumor heterogeneity. Many different cell types have been shown to transfer
biomolecules including proteins, lipids and nucleic acids through the release and
uptake of EVs (Raposo and Stoorvogel, 2013). In vitro assays showed that EV-cargo,
such as mRNA, is functional in cells that take up EVs (Valadi et al., 2007) leading to
behavioral changes of recipient cells (Ratajczak et al., 2006; Salomon et al., 2013).
Tumor cells also release a wide variety of EVs (Bobrie and Thery, 2013; Thery et al.,
2009), the cargo of which can potentially be used as biomarkers (Balaj et al., 2011;
D'Souza-Schorey and Clancy, 2012; Skog et al., 2008). The cargo of EVs isolated from
tumor cell culture media can also be bioactive, since injection of concentrated tumor
cell line-derived EVs educates tumor-supporting cells, such as bone marrow-derived
cells, that subsequently prepare sentinel lymph nodes and lungs for metastasis (Hood
et al., 2011; Peinado et al., 2012). Vice versa, EVs from stromal cells, for example
fibroblasts and activated T cells, have been shown to alter the protrusive and
migratory behavior of tumor cells (Cai et al., 2012; Luga et al., 2012).
EV exchange between tumor cells in heterogeneous tumors could potentially
dramatically accelerate tumor progression if highly metastatic cells spread their
malignant behavior to more benign cells. However, acquiring direct evidence for the
exchange of active biomolecules between tumor cells in vivo so far remained
challenging due to many technical limitations (Raposo and Stoorvogel, 2013; Thery,
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Figure 1 | In vivo visualization of EV release and characterization of the mRNA EV cargo
(A) Confocal images of sections of MDA-MB-231 tumors expressing the fluorescent protein Dendra2.
Nuclei are visualized using DAPI. Arrows point to different EVs. The boxed areas in the left image are
enlarged in the images on the right, with corresponding outlines. Scale bars represent 10 μm (left
image) and 1 μm (middle and right image). (B) Intravital imaging movies (Movies S1-3) were acquired of
MDA-MB-231 tumors consisting of cells expressing different fluorescent proteins. Stills are maximum
projections of 5 z-planes with a total z-volume of 25 m. Shown are three examples of cells (represented
in cyan) that release an EV (marked by circles). Scale bar represents 10 μm. (C) Electron microscopy
analysis of EVs isolated from MDA-MB-231 tumors. Scale bar represents 500 nm. (D) NanoSight particle
analysis displaying the size distribution of EVs isolated from MDA-MB- 231 tumors. Black line represents
mean of 5 experiments and gray the SD. (E) EVs and cells were isolated from MDA-MB-231 tumors and
the RNA profile was determined. Smoothed color density representation shows RNA levels of whole
cells versus RNA derived from EVs. Red dots represent genes that are significantly and more than 2-fold
enriched in EVs (see Experimental Procedures); significance is based on replicate experiments (n = 6).
These genes were used as input for WebGestalt analysis (Wang et al., 2013). (F) Bar plot representation
of P-values from a gene ontology enrichment analysis. The biological processes involved in cell
movement are shown in red. See also Movies S1-3 and Tables S1-2.

11). First, in vivo tumor cells are exposed to EVs released by various cell types making
it impossible to specifically measure the effect of tumor-derived EVs on other tumor
cells. To address this, concentrated EV preparations isolated from cancer cell culture
supernatants have been injected into animal models. However, this does not reflect
the location, concentration and continuous nature of EV release by tumor cells in their
in vivo setting. Second, techniques have been lacking to directly track and study cells
that take up in vivo-released tumor-EVs, and to compare their behavior to counterparts
that did not take up tumor-EVs. Therefore, it is unknown whether, in heterogeneous
tumors in living mice, cells with high metastatic potential can transfer biomaterial to
less metastatic cells, thereby influencing tumor progression.
Here, we combine high-resolution intravital imaging with a Cre recombinasebased method to study EV exchange between tumor cells. To show the spread of
metastatic behavior through EVs in living mice, we directly visualized the release of
EVs by highly metastatic human MDA-MB-231 mammary tumor cells. Moreover, in
living mice we identified and studied the behavior of more benign human T47D
mammary tumor cells that take up these in vivo-released MDA-MB-231-EVs. Our study
illustrates that tumor heterogeneity contains an additional layer of complexity with
tumor cells sharing biomolecules through local and systemic transfer of EVs, which
profoundly affects cell behavior.
Results and discussion
Tumor cells release a heterogeneous population of EVs in vivo
To examine the in vivo release of EVs by highly metastatic tumor cells, we
orthotopically transplanted MDA-MB-231 cells in the mammary glands of mice leading
to the formation of highly metastatic mammary tumors. Next, we examined sections of
these tumors using confocal microscopy. As expected, we observed EVs with a wide
variety of sizes (Figure 1A). Next, to further analyze the in vivo release of these EVs, we
intravitally imaged similar mammary tumors consisting of differently labeled MDA-MB-
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231 cells (Figure 1B). We observed the release of EVs with a diameter of 2.5 μm and
smaller (Figure 1B and Movie S1 to S3). Since the resolution of a multiphoton
microscope is one order of magnitude smaller than the size of EVs such as exosomes
(~500 vs. 50 nm, respectively), the signal of small EVs will be blurred to an area
according to the microscope's point spread function (>1 μm diameter). To characterize
the heterogeneous mixture of EVs, including plasma membrane-shed vesicles and
exosomes, we isolated EVs from MDA-MB-231 tumors as confirmed by electron
microscopy (Figure 1C) and determined the size distribution by nanoparticle tracking
analysis (NanoSight) (Figure 1D). Next, to identify potentially functional EV cargo, from
tumors we took the cells and EVs and isolated their mRNA. We identified the
differential mRNA profile using gene expression arrays (Figure 1E), and found a
significant enrichment of mRNA molecules from >200 genes in EVs compared to the
cells (red dots Figure 1E and Table S1). Gene ontology analysis showed that many of
these enriched mRNA molecules are involved in migration and metastasis, both of
which promote tumor progression (indicated in red in Figure 1F and Table S2). Thus,
within the tumor microenvironment, a heterogeneous population of EVs is present that
cocontain mRNAs involved in migration and metastasis that may represent a
mechanism of cell to cell communication with a potential role in tumor progression.
The Cre/LoxP system can be used to study EV uptake
To study whether EV exchange directly affects migration and metastasis, we
utilized the Cre-LoxP system to induce a color-switch specifically in reporter-expressing
cells (reporter+) that take up EVs released from cells expressing the Cre recombinase
(Cre) (Cre+ cells) (Figure 2A). This system uses the reverse approach of rendering
donor cells vesiculation-deficient: recipient cells that do not take up EVs are marked
with DsRed (i.e.
	
  
unrecombined reporter) and serve as an internal control for eGFP-expressing recipient
cells that have taken up EVs. Importantly, the detection is restricted to uptake of EVs
released by Cre+ cells. This enables, for the first time, the analysis of biological effects
induced by EVs released from an a priori defined cell population in vivo.
To study EV exchange using the Cre-LoxP system, we generated a MDA-MB231 cell line expressing mTurquoise and Cre. We isolated EVs released from this Cre+
cell line, as confirmed by electron microscopy (Figure 2B), and determined their size
distribution (Figure 2C). Importantly, tumor cells were able to take up purified and
fluorescently labelled EVs in vitro (Figure 2D and Movie S4). Next, by Western blot
analysis we confirmed that the EVs contained the typical EV markers CD63 and Hsp70.
Although Cre protein was undetectable (Figure 2E) in EVs, Cre mRNA was readily
detected by RT-PCR (Figure 2F). Thus, Cre mRNA molecules are incorporated into EVs
that can be taken up by tumor cells.
In order to determine whether Cre from mTurquoise+ Cre+ cells can be
functionally transferred to reporter+ cells, we co-cultured MDA-MB-231 Cre+ and
reporter+ cells for one week. In co-cultures of Cre+ cells and reporter+ cells,
converted eGFP+ reporter+ cells appeared (Figure 3A), and the percentage of cells
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Figure 2 | The Cre-LoxP system to measure EV uptake
(A) Cartoon showing the Cre-LoxP system used to report the transfer of Cre recombinase (Cre) activity.
A red-to-green color switch is induced in reporter+ tumor cells (right) upon the transfer of Cre activity
derived from mTurquoise+ Cre+ tumor cells (left). (B) Electron microscopy analysis of EVs isolated from
MDA-MB-231 cells. Scale bar represents 150 nm. (C) NanoSight particle analysis displaying the size
distribution of EVs isolated from MDA-MB- 231 cells. Black line represents mean of 5 experiments and
gray the SD. (D) Confocal images of reporter+ cells that have taken up green-labelled MDA-MB-231isolated EVs three hours after addition of these EVs to the culture. Arrow points to EVs that are taken
up. Scale bar represents 50 μm. The boxed area in the left image is enlarged on the right side. (E-F)
Characterization of extracellular vesicles (EVs) pelleted from MDA-MB-231 culture media (CM) using
high-speed centrifugation. The supernatant (sup) obtained during this centrifugation procedure was
used as negative control in (E) Western blot analysis of CD63, Hsp70 and Cre protein levels and (F)
reverse transcriptase PCR for Cre mRNA of samples as indicated.

that switched color increased with the ratio of Cre+ cells over reporter+ cells (Figure
3B). Importantly, nearly all eGFP+ cells were negative for mTurquoise, excluding the
possibility that cell fusion between Cre+ and reporter+ cells, rather than EV transfer,
causes the appearance of eGFP+ cells (Figure 3C). To further investigate cell- cell
contact-independent biomolecule transfer as a mechanism of functional Cre transfer,
we used transwell co-cultures that preclude passage of Cre+ cells but allow passage of
Cre+ EVs. Indeed, seeding of Cre+ cells in the top well led to the appearance of
eGFP+ reporter+ cells in the lower well (Figure 3D, left panels). To study whether
malignant MDA-MB-231 cells can also transfer Cre to other, more benign, tumor cells,
we generated T47D and MCF-7 reporter+ cells. Interestingly, Cre was also transferred
from malignant to these benign cells in a cell-cell contact- independent manner (Figure
3D, middle and right panels) and concentration-dependent manner (Figure 3E). These
data suggest that in vitro, tumor cells with a high metastatic potential can functionally
transfer biomolecules (e.g. Cre) to more benign cells that could potentially affect their
physiology.
Tumor cells take up tumor cell-derived Cre+-EVs in vivo
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Figure 3 | In vitro visualization of transfer of Cre activity
(A) Confocal images of cultures of MDA-MB-231 reporter+ cells (negative control, red) or mixed cultures
of MDA-MB-231 Cre+ (cyan) and reporter+ cells. Note the appearance of eGFP+ reporter+ cells in the
presence of Cre+ cells. Scale bars represent 50 μm. (B) Quantification of the percentage of eGFP+ cells
in several conditions with varying ratios of Cre+ and reporter+ cells (n = 5 independent experiments).
(C) For 50 cells, the fluorescent levels of eGFP (reporting Cre activity) was plotted against the
fluorescent level of mTurquoise (Cre+ cells). Intensities of non-fluorescent cells were zero (red dot). In
the left plot, cell fusion was experimentally simulated by transfecting eGFP+ cells with mTurquoise
DNA. In the middle plot, communication was experimentally simulated by transfecting reporter+ cells
with Cre DNA. The right plot shows the results of the experimental co-culture. The blue dotted line
outlines cells that show cell fusion, the green dotted line shows eGFP expression derived from cell-cell
communication other than fusion. (D) Confocal images of MDA-MB-231 reporter+ cells (left), T47D
reporter+ cells (middle) or MCF- 7 reporter+ cells (right) at the bottom well of a transwell system in the
absence (upper images) or presence (lower images) of MDA-MB-231 Cre+ cells in the upper well (n = 3
independent experiments). Scale bars represent 50 μm. Bar graphs below show a quantification of cells
in the bottom well reporting Cre activity corresponding to the cell lines indicated above the images. (E)
Quantification of T47D cells (left graph) or MCF-7 cells (right graph) that express eGFP for several
conditions with varying ratios of Cre+ and reporter+ cells (n = 5 independent experiments).

Next, we used the Cre-LoxP system to investigate the in vivo existence of cellto-cell transfer of mRNA and other biomolecules in three different mammary tumor
models in living animals: two models based on the injection of human cell lines (MDAMB-231 and T47D) and one genetic tumor model (PyMT) (Figure 4 and Figure S1). We
confirmed that EVs isolated from Cre+ tumors contained Cre mRNA (Figure 4A) and
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Figure 4 | The transfer of EVs between tumor cells in living mice
(A) Reverse transcriptase PCR of Cre mRNA in EVs and tumor cells isolated from Cre+ tumors and EVs
isolated from Cre- tumors. (B) The cartoon shows the experimental setup: EVs isolated from Cre+ cells
were intratumorally injected in T47D reporter+ tumors. Graph shows the quantification of eGFP+
reporter cells in this setup (n = 45 frozen tumor sections from 3 mice). Right: representative multiphoton images of control and intratumoral EV-injected tumors. Scale bars represent 50 μm.
(C) Reporting Cre+-EV uptake in three different mammary tumor models (for 3D reconstruction see
Movie S5): malignant MDA-MB-231, benign T47D and genetic spontaneous PyMT tumors. For the PyMT
model, the Cre-confetti-reporter system was used (see Figure S1B and 1C; all colors are shown in
green). Shown are confocal images of tumors containing only reporter+ cells in control animals
(negative control) and in tumors that contain Cre+ cells and reporter+ cells. Scale bars represent 50 μm.
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showed that upon intratumoral injection of EVs isolated from Cre+ cells, reporter+
cells take up these EVs and report Cre activity (Figure 4B). From this we conclude that
the Cre-LoxP system enables us to identify those cells that have taken up EVs in vivo.
Interestingly, similar to our in vitro observations, in all three mammary tumor models,
eGFP+ reporter+ cells (negative for mTurquoise (Figure S2)) appeared in tumors
consisting of Cre+ cells and reporter+ cells (Figure 4C and see Movie S5 for a 3Dreconstruction of a Z-stack of intravital images). Combined, these data suggest that in
vivo tumor cells can release and take up EVs, and that the uptake can be reported by
the Cre-LoxP system.
The local and systemic transfer of MDA-MB-231-derived EVs to more benign T47D
cells
To test whether more benign tumor cells take up EVs derived from malignant
tumor cells, we analyzed tumors of mice injected with a mixture of malignant MDAMB-231 Cre+ cells and benign T47D reporter+ cells (Figure 5A, top panel). Whilst the
T47D cells outcompeted the MDA-MB-231 cells to some extent, the percentage of
MDA-MB-231 cells in MDA-MB-231/T47D tumors was sufficient to observe local
transfer of Cre activity between these cell types (Figure 5B, top panel). Next, we tested
the possibility of systemic transfer of Cre activity by injecting MDA-MB-231 Cre+ cells
and T47D reporter+ cells in contralateral mammary glands (Figure 5A, lower panel).
We observed that T47D cells reported Cre activity derived from MDA-MB-231 Cre+
cells even when injected in contralateral tumors (Figure 5B, lower panel). As expected,
systemic transfer of Cre activity was less efficient than local transfer (Figure 5C).
However, the observed efficiency in local transfer presumably represents an
underestimation of the actual transfer, since Cre-reporting efficiency depends on the
ratio of Cre+ over reporter+ cells (Figure 3B and 3E) which was 20 to 100 times smaller
in the local communication experiment compared to the distant communication
experiment. Thus, both in in vitro culture models and in living mice, tumor cells release
and exchange functional biomolecules (e.g. Cre) locally and systemically through EVs.
Migration of T47D cells is enhanced upon uptake of MDA-MB-231-derived EVs
Since we found mRNAs from many genes involved in migration and metastasis
in MDA- MB-231-isolated EVs (Figure 1F), and in vitro data has shown that mRNA can
be functionally transferred to other cells (Valadi et al., 2007) (as we confirmed in vivo
for Cre), we investigated whether these EVs can affect the migratory behavior of T47D
recipient cells in vivo. We intravitally imaged T47D cells that reported (eGFP+) or did
not report (DsRed+) the local or distant transfer of Cre activity (Figure 6A). We tracked
the migration of all individual eGFP+ cells and randomly picked proximate DsRed+
cells within the same imaging field (Figure 6B), and measured the average migration
speed of these cells per imaging field (Figure 6C, the values of measurements of
eGFP+ and DsRed+ cells within the same imaging field are connected with a line). In
agreement with intravital observations by others (Condeelis and Segall, 2003; Joyce
and Pollard, 2009), migration varied amongst the different imaging fields and mice,
presumably caused by diverse microenvironments (Figure 6C). However, the proximate
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Figure 5 | Local and systemic transfer EVs between tumor cells in living mice
(A) Cartoon of the experimental setup: a mix of MDA-MB-231 Cre+ and T47D reporter+ cells were
injected in the same (local communication) or contralateral (distant communication) mammary gland(s).
(B) Multi-photon images (merge of blue, green and red channel) of the tumors in mice as indicated.
Scale bar represents 50 μm. (C) Quantification of eGFP+ cells in the local and distant communication
experiments (n = 26 frozen tumor sections from 3 mice).

presence of MDA- MB-231 cells favored a migration-inducing microenvironment for
T47D cells, since both eGFP+ and DsRed+ T47D reporter+ cells migrated faster when
MDA-MB-231 were in close proximity (local communication; Figure 6C) than when
MDA-MB-231 cells were located in a distant tumor (distant communication; Figure 6D).
In order to test how the transfer of biomolecules, as reported by our Cre
reporter, affects migration within one space-confined microenvironment, we compared
the migration of eGFP+ and DsRed+ cells within one imaging field. In all 18 distinct
positions reporting local transfer (n = 3 mice) (Figure 6C), and in 15 of the 17 distinct
positions reporting systemic transfer (n = 3 mice) (Figure 6D), we observed that eGFP+
cells are more migratory than neighboring DsRed+ cells. To quantify this effect within
the various microenvironments, we normalized the migrated distance of tumor cells to
the average migration path of DsRed+ cells that did not report Cre activity, in each
imaging field independently (Figure 6E, Figure 6F and Figure S3A). Over time, we
tracked the position of more than 360 cells per condition (n = 3 mice), and found that
eGFP+ cells migrate 1.57+/-0.084 (Figure 6E) and 2.37+/- 0.431 (Figure 6F) times
faster than the DsRed+ cells after respectively local and distant communication. Similar
results were found in in vitro studies where we imaged local (co-culture) and distant
(transwell) communication (Figure S3A-C). The observed effects on migration were not
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due to the expression of the different fluorophores because cells that became eGFP+
upon transfection with a Cre-encoding DNA plasmid did not migrate faster than
DsRed+ cells (Figure S3D). Our data suggest that tumor cell migration is dependent
on non-systemic cues in the local microenvironment, and that this migration can be
significantly enhanced by the uptake of migration-associated mRNAs through EV
transmission.
The correlation between Cre uptake and increased motility is fully consistent
with the migratory-inducing mRNA cargo that we identified in MDA-MB-231-EVs,
unless motile cells are somehow more prone to take up biomolecules than less-motile
cells. Several lines of evidence exclude the latter hypothesis. First, within one cell line
(MDA-MB-231) the fast-migratory cells did not take up more fluorescently labelled EVs
than slow-migratory cells (Figure S4A). Second, if motile cells would have a higher a
priori propensity to report Cre activity, then eGFP+ cells would always migrate faster
than DsRed+ cells which was not observed when comparing the migration speed of
eGFP+ and DsRed+ cells across different imaging fields (Figure 6C and 6D). Third, the
percentage of cells that report Cre was not increased in imaging fields with migratorysupporting microenvironments where faster average migration was observed (Figure
S4B). Because migratory cells did not take up EVs more efficiently than slow-migratory
cells, our data collectively suggest that in vivo, MDA-MB-231 cells transfer migrationassociated mRNA and other biomolecules to T47D cells supporting the migratory
potential of the latter.
T47D cells that take up MDA-MB-231 EVs become more metastatic
Since activating migration and invasion is one of the hallmarks of cancer
(Hanahan and Weinberg, 2000, 2011) and key to metastasis (Nguyen et al., 2009), the
transfer of biomolecules, including mRNAs involved in migration, may affect not only
the migratory behavior but also the metastatic potential of tumor cells. To investigate
this, we isolated the lungs of three mice and analyzed in total 862 metastases (Figure
7A). When the potential to metastasize to the lungs is enhanced by EV uptake in the
population of cells that report Cre activity (eGFP+), the ratio of eGFP+ over DsRed+
cells that arrive and grow out in the lung is expected to be increased compared to the
ratio of these populations of cells in the corresponding primary tumor (Figure 7A).
Strikingly, when we analyzed the lungs and corresponding primary tumors (Figure 7B
and 7C), we observed a 43-fold increase in metastatic potential (i.e. 43-fold increase in
the eGFP+ over DsRed+ ratio in lungs compared to the ratio in corresponding primary
tumors) upon local communication (Figure 7B) and a 32-fold increase upon distant
communication (Figure 7C). These data combined with the finding that mRNA
molecules involved in migration and metastasis were enriched in EVs, suggest that the
uptake of these mRNA molecules boosts both migration and metastatic potential of
tumor cells. Since these mRNAs were specifically loaded and enriched in EVs, it is not
surprising that MDA-MB- 231 themselves also showed enhanced migration and
metastasis upon uptake (Figure S3C and S5).
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Figure 6 | More benign T47D cells that take up MDA-MB-231 EVs display enhanced migration
(A) Cartoon of the experimental setup: MDA-MB-231 CFP+ Cre+ cells and T47D reporter+ cells were
injected as a mixture in one mammary gland (local communication) or separately in contralateral
mammary glands (distant communication). (B) Mammary tumors containing MDA-MB-231 Cre+ cells
and T47D reporter+ cells were intravitally imaged for three hours. Shown are migration plots of
migrating T47D DsRed+ (left) and eGFP+ reporter cells (right) within the same imaging field. In the far
right graph, the migration speed of the cells plotted in the migration plots is shown. The red lines
indicate means (n = 26 cells). (C-D) The in vivo migration speed of T47D eGFP+ and DsRed+ reporter+
cells in tumors that report local (C) or distant (D) transfer of Cre from MDA-MB-231 Cre+ cells. Shown
are the average values per imaging field. Values for eGFP+ and DsRed+ cells in the same imaging field
are connected with a line (n = 5-6 imaging fields per mouse for 3 independent mice). (E-F) The
normalized in vivo migration speed of T47D eGFP+ and DsRed+ reporter+ cells in tumors containing a
local (E) or distant (F) transfer of Cre from MDA-MB-231 Cre+ cells. Per imaging field, the values are
normalized to migration speed of DsRed+ cells (n = 17-18 imaging fields in 3 mice).
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Figure 7 | Uptake of MDA-MB-231-released EVs by T47D cells leads to increased metastatic
potential
(A) Cartoon of the experimental setup: MDA-MB-231 CFP+ Cre+ cells and T47D reporter+ cells were
injected as a mixture in one mammary gland (local communication) or separately in contralateral
mammary glands (distant communication). The lungs and corresponding primary reporter tumors were
analyzed, and the ratio of GFP+/DsRed+ metastases and cells was determined. If EV uptake results in
an enhanced metastatic potential, the ratio of eGFP+ over DsRed+ cells that arrive and grow out in the
lung is expected to be higher than the ratio of these populations of cells in the primary tumor. (B-C)
Representative confocal images of frozen sections of the primary tumor and lungs of mice of local (B)
and distant communication experiments (C) (n = 3 mice per condition). Scale bars represent 50 μm.
Right dot plots show the fold increase of metastatic potential by plotting the increase in the eGFP+
over DsRed+ ratio in lungs compared to the ratio in corresponding primary tumors. The black line
shows the mean, each symbol represents one cryosection, and the different symbols represent different
mice (n = 3 mice per condition). The P values were calculated using Mann-Whitney U-test. See also
Figure S5.
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Concluding remarks
In this manuscript, we presented a technique to visualize EV transfer between
tumor cells both in vitro and in living mice based on the Cre-LoxP system, and study
the physiological effects of this transfer. Others have tried to study the functional role
of EV-mediated cell-cell communication in vivo by inhibiting multivesicular bodyrelated EV pathways in order to render cells vesiculation-deficient. However, this only
led to a partial reduction in EV production (Bobrie et al., 2012; Peinado et al., 2012),
probably because EV-shedding from the plasma membrane was unaffected. More
importantly, manipulating the EV-producing cells, by any means, may not only affect
EV production, but also EV-independent factors (e.g. the cytokine profile of donor cells
as observed for osteopontin, PIGF-2, PDGF-AA (Peinado et al., 2012)) with EVindependent effects on migration and metastasis of recipients cells. We took an
alternative and reverse approach by using the Cre-LoxP system where the behavior of
eGFP+ tumor cells (i.e. that have taken up tumor-EVs) is compared to the behavior of
DsRed+ tumor cells. The observed differential behavior illustrates how uptake of EVs
released from Cre+ cells affects recipient cells without the requirement to manipulate
EV-releasing cells. An additional advantage of the Cre-LoxP system is that it allows
detection of uptake of only the EVs released from an a priori defined cell population
and has therefore the potential to study the directional transfer of active biomolecules
between many different cell types. However, as with any technique, the Cre-LoxP
system also has down-sides. First, a small fraction of the Cre exchange that we detect
may occur via EV-independent mechanisms, although we also detected EV-uptake
upon intratumoral injection of Cre+ EVs, and we excluded cell-cell fusion and Cre
transfer through direct cell-cell contact. Second, the functional transfer of Cre does not
identify the exact functional biomolecules that are transferred. Although we found a
set of enriched mRNAs of genes involved in migration and metastasis, EVs may also
transfer other functional biomolecules, such as DNA, (signaling) proteins, lipids and
microRNAs that concertedly affect the multiple parallel migration and metastasis
pathways.
Our study provides the first evidence in the physiological context of
heterogeneous tumors inside whole organisms that tumor cells take up in vivoreleased tumor EVs. The here provided proof for the existence of EV transfer between
tumor cells with a role in tumor progression is supported by in vitro studies (Al-Nedawi
et al., 2008; Demory Beckler et al., 2013; Higginbotham et al., 2011; O'Brien et al.,
2013; Skog et al., 2008). We demonstrate, in living mice, that malignant tumor cells,
through transfer of EVs, enhance the migratory behavior and metastatic capacity of
more benign cells. These data exemplify that tumor heterogeneity is much more
complex than currently anticipated, which has profound consequences for our ideas on
the mechanisms of tumor progression and for designing optimal treatment strategies.
EV- mediated long range cell-cell communication could indicate that metastasized
cells may influence the metastatic capacity of more benign tumor cells in the primary
tumor, and that tumor cells that have acquired resistance to chemotherapy may
influence the therapy resistance of other tumor cells. However, more detailed future
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studies are required, especially in a clinical setting, before the full magnitude and
clinical implications of our observations can be revealed.
Experimental procedures

Intravital imaging | Mice were sedated using isoflurane inhalation anesthesia (1.5% to 2%
isoflurane/O2 mixture). The imaging site was surgically exposed, and the mouse was placed with
its head in a facemask within a custom designed imaging box. The isoflurane was introduced
through the facemask, and ventilated by an outlet on the other side of the box. The imaging box
and microscope were kept at 35°C by a climate chamber that surrounds the whole stage of the
microscope including the objectives. Imaging was performed on an inverted Leica TCS SP5 AOBS
multi-photon microscope (Mannheim, Germany) with a chameleon Ti:Sapphire pumped Optical
Parametric Oscillator (Coherent Inc. Santa Clare, CA, USA). The microscope is equipped with four
non-descanned detectors: NDD1 (<455 nm), NDD2 (455-490 nm), NDD3 (500-550 nm), NDD4
(560-650 nm). Different wavelengths between 700 nm and 1150 nm were used for excitation;
mTurquoise and CFP were excited with a wavelength of 840 nm, and GFP and DsRed were
excited with a wavelength of 960 nm. mTurquoise and CFP were detected in NND2, GFP was
detected in NDD3, and DsRed in NDD4. All images were in 12 bit and acquired with a 25x (HCX
IRAPO N.A. 0.95 WD 2.5 mm) water objective. All pictures were processed using ImageJ software;
pictures were converted to an 8 bit RGB, smoothed (if necessary), cropped (if necessary), rotated
(if necessary) and contrasted linearly.
Tracking migration of tumor cells | The eGFP and DsRed images of tumors were acquired in living
mice using our multi-photon microscope. Individual DsRed+ and eGFP+ cells can be recognized
equally well and migration differences caused by detection differences can thus be excluded.
Three-dimensional volumes (Z-stacks) were collected, and the images were stored on the harddisk for analysis. Images were corrected for XYZ-drift using custom-made software. Cells were
tracked manually with an ImageJ plugin (“Manual Tracking” Rasband, W.S., ImageJ, U. S. NIH,
Bethesda, Maryland, USA). At the beginning of each movie, a random DsRed+ cell close to an
eGFP+ was selected. The XY position was determined over time and the displacement and track
distance was calculated by Excel (Microsoft).
Analyzing metastatic capacity of tumor cells | 150 μm-thick cryosections of tumors and lungs were
prepared and imaged as described above in ‘Confocal microscopy of tissue sections’. The images
were coded randomly by one investigator, and the images were blinded analyzed by two
independent researchers that did not know the experimental conditions. Tile scans of tumors
were analyzed using ImageJ; a binary threshold was set separately for the red and green channels
and the number of pixels above the threshold (being positive for either red or green) was
measured. The % eGFP+ cells in tumors was then calculated by using the formula: sum eGFP+
pixels/(sum DsRed+ pixels + sum eGFP+ pixels)*100. Tile scans of lungs were analyzed in LAS-AF;
the amount of DsRed+ and eGFP+ metastases was counted manually. The % eGFP+ metastases
in tumors was then calculated by using the formula: amount of eGFP metastases/(amount of
DsRed metastases + amount of eGFP metastases)*100.
Gene expression analysis | Total RNA was isolated from cells and EVs usingtheTRIZOLreagent
according to the manufacturer's instructions (Invitrogen, Carlsbad, CA) and quantified using a
ND1000 spectrophotometer (Nanodrop Technologies Wilmington, DE, U.S.A). The Quality
control, RNA labeling, hybridization and data extraction were performed at ServiceXS B.V.
(Leiden, The Netherlands). The RNA quality and integrity was determined using Lab-on-Chip
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analysis on the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, U.S.A.).
Biotinylated
cRNA was prepared using the Illumina TotalPrep RNA Amplification Kit (Ambion, Inc., Austin, TX,
U.S.A.) according to the manufacturer’s specifications with an input of 200 ng total RNA. Per
sample, 750 ng of the obtained biotinylated cRNA samples was hybridized onto the Illumina
HumanHT-12 v4 (Illumina, Inc., San Diego, CA, U.S.A.). Each BeadChip contains twelve arrays.
Hybridization and washing were performed according to the Illumina Manual “Direct
Hybridization Assay Guide”. Scanning was performed on the Illumina iScan (Illumina, Inc., San
Diego, CA, U.S.A.). Image analysis and extraction of raw expression data was performed with
Illumina GenomeStudio v2011.1 Gene Expression software with default settings (no background
subtraction and no normalization). Primary gene expression analysis of the scanned BeadChip
arrays was performed using Illumina’s GenomeStudio v.2011.1 software with the default settings
advised by Illumina. The data was analyzed with the R/Bioconductor package limma (Wang et al.,
2013). To remove non-linear hybridization artefacts we first performed loess normalization. Next,
we combined replicates to calculate P-values for differential expression. Finally, we took a twofold cut-off to select only the most strongly enriched RNAs in the vesicles compared to whole cell
RNA. The set of enriched genes was analyzed using the WebGestalt tool for functional
classification. The set of enriched RNAs was used as the input set; the genes present on the array
were used as a background set.
Statistical analyses | For all normal distributed measurements the Student’s t test was used to
determine if there was a significant difference between two means (P < 0.05), and for all others
the Mann-Whitney U- test. Significant differences are marked in the graphs. Error bars are
presented as ± s.e.m.
Extended experimental procedures are available in the Supplemental Information section.
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Supplemental Figures

Figure S1 | The different mouse models used to study in vivo vesicle transfer, related to Figure 4
(A) Cartoon of the experimental setup of the MDA-MB-231 xenograft model. MDA-MB-231 Cre+ and
reporter+ cells were injected orthotopically in the fourth mammary gland of immune-deficient mice,
which grew palpable mammary tumors within 4-6 weeks. When tumors had a diameter of 10 mm, the
mice were imaged using a multi-photon microscope. (B) Cartoon of the experimental setup of PyMT
tumor model. Mice in which PyMT is driven by a mammary epithelial-specific promoter were crossed
with mice expressing either CreERT2 or the confetti reporter construct to create tumor pieces of Cre+
and Confetti-reporter+ cells respectively. Small tumor pieces were transplanted into immune-deficient
mice, which grew out to large tumors within 2-4 months. Tumors were isolated once they were 10 mm
and examined for fluorescent cells. (C) Cartoon of the Cre+ and reporter+ confetti cells. Upon Cre
activity, confetti-reporter+ cells express CFP, GFP, YFP or DsRed, which are all shown in green in the
images of Figure 2E.
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Figure S2 | In vivo transfer of Cre activity is not mediated by cell-cell fusion, related to Figure 4
For 50 cells, the mean fluorescent intensity (MFI) of eGFP (reporter+ cells that received Cre activity) was
plotted against the MFI of mTurquoise (Cre+ cells). Intensities of non-fluorescent cells were zero (red
dot). In the left plot, cell fusion was experimentally simulated by transfecting eGFP+ cells with
mTurquoise DNA. In the middle plot, communication was experimentally simulated by transfecting
reporter cells with Cre DNA. The right plot shows the results of the experimental in vivo local mixture of
MDA-MB-231 Cre+ and reporter+ cells whereby the MFI of mTurquoise and eGFP was measured for
individual and randomly chosen mTurquoise+ and eGFP+ cells (n = 50 cells in 3 mice). The blue dotted
line outlines the cells that show cell fusion and the green dotted line shows cell communication.

Figure S3 | EV exchange leads to enhanced migration in recipient T47D, MCF-7 and MDA- MB231 cells, related to Figure 6 (legend continues next page)
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Figure S3 (continued)
(A) Left graph shows the migration speed of MDA-MB-231 DsRed+ and eGFP+ reporter+ cells that are
cultured with MDA-MB-231 Cre+ cells seeded on top of a 400 nm transwell membrane (n = 3
independent experiments). Right graph shows the normalized in vivo migration speed of eGFP+ and
DsRed+ MDA-MB-231 reporter+ cells in tumors containing a local mixture of MDA- MB-231 Cre+ and
reporter+ cells (Figure S1A). Per imaging field, the values are normalized to migration speed of DsRed+
cells (n = 15 imaging fields in 3 mice). (B) Migration speed of T47D DsRed+ and eGFP+ reporter+ cells
that are cultured together with MDA-MB-231 Cre+ cells in a 1:1 ratio (co-culture; n = 3 independent
experiments) or that are cultured with MDA-MB-231 Cre+ cells seeded on top of a 400 nm transwell
membrane (transwell; n = 3 independent experiments). (C) Migration speed of MCF-7 DsRed+ and
eGFP+ reporter+ cells that are cultured together with MDA-MB-231 Cre+ cells in a 1:1 ratio (co-culture;
n = 3 independent experiments) or that are cultured with MDA-MB-231 Cre+ cells seeded on top of a
400 nm transwell membrane (transwell; n = 3 independent experiments). (D) MDA-MB-231, T47D and
MCF-7 reporter+ cells were transiently transfected with Cre. The in vitro migration of DsRed+ and
eGFP+ cells was tracked over 15 hours. Experiments include at least 150 cells per condition in five
different wells in three independent experiments. Shown are average and s.e.m.

Figure S4 | Migratory cells do not have a priori higher capacity to take up EVs, related to Figure 6
(A) The in vitro migration of MDA-MB-231 cells was tracked over 6 hours. After the migration
experiment, PKH67-labelled MDA-MB-231-derived EVs were added and the uptake was monitored. The
migration speed of the cell was measured and plotted against the vesicle uptake, expressed as the total
PKH67 fluorescence per cell (n = 78 cells; trend line shown in gray). The cells that did not take up any
PKH67 could not be shown in the graph and are therefore indicated at the red dashed line. Note that
the R2 is close to zero indicating that there is no correlation between migration speed and EV uptake.
(B) The average in vivo migration speed per imaging field and the percentage of T47D eGFP+ reporter
cells in tumors that report Cre activity from distant MDA-MB-231 Cre+ cells transplanted in contralateral
glands (Figure 5A) (n = 17 imaging fields in 3 mice; trend line shown in gray).
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Figure S5 | Biomolecule exchange between MDA-MB-231 cells leads to enhanced metastasis
formation, related to Figure 7
(A) A cartoon of the experimental setup, where a mixture of CFP+ Cre+ cells and reporter cells were
injected in the mammary gland, the subsequent tumors were imaged, and the tumors and lungs were
histologically examined for eGFP+ cells and metastases. (B) Shown are representative images of frozen
sections of the primary tumor and lungs of mice injected with a mixture of MDA-MB-231 CFP+ Cre+
and reporter+ cells (n = 3 mice). The images of the lung μm. (C) Dot plot shows the fold increase of
metastatic potential by plotting the increase in the eGFP+ over DsRed+ ratio in lungs compared to the
ratio in corresponding primary tumors. The black line shows the mean, each symbol represents one
cryosection, and the different symbols represent different mice (n = 3 mice per condition). The P-values
were calculated using Mann- Whitney U-test.
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