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Abstract: MSC-derived exosomes display, among others, an efficient biocompatibility and a reduced
intrinsic immunogenicity, representing a valuable vehicle for drug delivery in a tumor-therapeutic
approach. Following treatment of several human mesenchymal stroma/stem-like cell (MSC)
populations with sub-lethal concentrations of taxol for 24 h, exosomes were isolated and applied
to different human cancer populations including A549 lung cancer, SK-OV-3 ovarian cancer, and
MDA-hybl breast cancer cells. While MSC control exosomes revealed little if any growth inhibition
on the tumor cells, exposure to taxol-loaded MSC-derived exosomes was associated with 80-90%
cytotoxicity. A similar application of taxol-loaded exosomes from HuVEC displayed much fewer
effects. Quantification by LC-MS/MS analysis demonstrated a 7.6-fold reduced taxol concentration in
MSC exosomes when compared to equivalent cytotoxic in vitro effects achieved with taxol substances,
indicating a specific and more efficient tumor-targeting property. Consequently, MSC-derived taxol
exosomes were tested in vivo. Highly metastatic MDA-hyb1 breast tumors were induced in NODscid
mice, and systemic intravenous application of MSC-derived taxol exosomes revealed a more than
60% reduction of subcutaneous primary tumors. Moreover, the amount of distant organ metastases
observed at least in lung, liver, spleen, and kidney was reduced by 50% with MSC taxol exosomes,
similar to the effects observed with taxol, although the concentration of taxol in exosomes was about
1000-fold reduced. Together, these findings in different cancer cell populations and in vivo provide
promising future perspectives for drug-loaded MSC-derived exosomes in efficiently targeting primary
tumors and metastases by reducing side effects.

Keywords: therapeutic exosomes; mesenchymal stem cells; targeted therapy; cancer cells;
tumor therapy

1. Introduction

Extracellular vesicles (EVs) represent membranous organelles generated by various cells under
different physiological and pathophysiological conditions and can be discriminated into, among others,
exosomes, microvesicles, apoptotic/necroptotic bodies, phagosomes, and damage-associated molecular
patterns (DAMPs) [1-3]. Besides very small exomers, EVs differ in size, origin, and content and may
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be separated together with lipid-based but non-vesicular structures such as chylomicrons or very-low-,
low-, intermediate-, and high-density lipoproteins [4].

Exosomes as small membrane particles approximately 20-200 nm in diameter represent
multivesicular bodies of endocytic origin released into the extracellular compartment and contain a
large panel of proteins, mRNAs, and regulatory microRNAs (miRs), which can alter the functionality of
recipient cells [5,6]. Consequently, the EV secretome changes significantly in disease, inflammation, and
cancer [7]. Typical marker proteins of exosomes include at least surface glycoproteins of the tetraspanin
transmembrane-4 family such as CD9, CD63, and CD81 (=TAPA-1 (target of the antiproliferative
antibody 1) = tetraspanin-28) [5,8].

Most cells release exosomes, including cancer cells and populations that can associate with tumor
tissue, such as heterogeneous mesenchymal stroma/stem-like cells (MSC), also termed multipotent
mesenchymal stromal cells or medicinal signaling cells [9,10]. According to multiple direct and indirect
interactions between MSC and cancer cells, mutual exchange of exosomes contributes to altering cancer
cell functionalities and vice versa to modify MSC into carcinoma-associated (CA-) MSC [11-14].

MSC preferentially reside in perivascular niches of nearly all kinds of human tissues [15,16] and
exhibit certain functional differences according to their tissue-specific origins, although heterogenic
MSC populations share distinct surface marker expressions such as CD73, CD90, and CD105 by
maintenance of the capability to differentiate at least along certain phenotypes of the mesodermal
lineage [17-20]. Moreover, MSC contribute to the regulation of hematopoietic stem cell homeostasis
in the bone marrow and accumulate at damaged or injured tissues to utilize repair processes [21]
and support neovascularization [22]. MSC are also located in a tumorigenic microenvironment and
contribute to immune modulation [23], tumor angiogenesis, and alteration of a large variety of cancer
cell functionalities [14,24-27] by different types of interactions including the release of therapeutically
useful exosomes [28].

Both MSC and cancer cells including cancer stem-like cells can secrete extracellular vesicles with
mutual metabolic effects on tumorigenesis, whereby exosomes from heterogeneous MSC of different
tissue origin contain various unique factors displaying distinct functionalities in tumors [29-31]. Thus,
MSC-derived exosomes can mediate distinct effects in breast cancer cells including suppression of
angiogenic potential by down-modulation of VEGF via exosome-associated miR-16 [32]. Moreover,
miR-222/223-containing exosomes released by tumor-stimulated MSC confer drug resistance and
promote quiescence in breast cancer cells [33]. Conversely, human umbilical cord MSC-derived
exosomes can protect against cisplatin-induced nephrotoxicity and promote cell proliferation [34].
Other research has demonstrated that human bone marrow MSC-derived exosomes increase tumor
growth in vivo [35]. Irrespective of these controversial findings transcellular exchange of exosomes
provides a useful tool to deliver therapeutic compounds since the biocompatibility of exosomes enables
drug transport as a cell-free vehicle that is capable of overcoming various biological barriers and may
target various cancer cell populations including cancer hybrid cells and cancer stem-like cells [13,36-38].
Accordingly, the present study provides data for such an innovative therapeutic approach after the
isolation of EVs with exosomal properties from taxol-exposed MSC followed by subsequent treatment
of various in vitro cancer populations and in vivo tumors with metastases.

2. Results

Previous work has demonstrated uptake and incorporation of MSC-derived exosomes by cancer
cells [28]. Accordingly, we addressed the question whether these MSC-derived exosomes could be used
as a vehicle to deliver chemotherapeutic compounds to cancer cells. To minimize donor-specific effects,
four different human MSC populations in distinct passages (MSC280416 P2; MSC290115 P3; MSC030816
P4; MSC060616 P6) were randomly chosen for exosome production. Evaluation of these primary four
MSC cultures revealed adherence and constitutive expression of the core markers CD73, CD90, and
CD105 in more than 90% of the individual cell populations, respectively, with simultaneous low to
undetectable levels of CD45 consistent with MSC characterization guidelines [15,18,20] (Figure 1A).
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Figure 1. (A) Characterization of four different mesenchymal stroma/stem-like cells (MSC) populations
(MSC280416 P2; MSC290115 P3; MSC030816 P4; MSC060616 P6) was performed by flow cytometry
analysis with the positive markers CD73, CD90, and CD105 as compared to the negative marker

CD45. (B) Production of exosomes and release into serumfree medium by MSCGFP

was analyzed
at the time points indicated. Relative fluorescence intensity was measured in exosome aliquots
whereby auto-fluorescence of cell-free supernatant (medium control) was subtracted (normalized to
medium control = 0). (C) Protein quantification was performed in cell lysates of the four MSC primary
populations. Moreover, protein was also quantified in exosomes from these MSC, respectively, isolated
from 24 h serumfree supernatant of steady state cultures (control) and from 24 h serumfree supernatant
of previously 10 uM taxol-treated cells for another 24 h. The amount of exosomal protein per cell is
calculated in the bar diagram. Data represent the mean + s.d. of three replicates. (D) Cell cycle analysis
of the four different control MSC (left histograms) and after treatment with 10 uM taxol for 24 h (right
histograms). Quantification of cell cycle phases was performed using FlowJo V10 cell cycle software.

Supernatants of 24 h serumfree MSC cultures were sequentially centrifuged according to the
described exosome isolation method. Analysis by transmission electron microscopy as described
elsewhere [39] revealed exosome-like round organelles that varied in size between 50 and 200 nm
(Supplementary Material Figure S1). The kinetic of exosome production by MSCSFP was investigated
after preparation of serumfree medium at different time points and demonstrated a progressively
increasing exosome release, which reached a plateau after 24 h with little if any change after 48 h
(Figure 1B). Accordingly, collection of MSC-derived exosomes was systematically performed from 24 h
serumfree stem cell cultures. Quantification of exosomes by BCA protein assay demonstrated slight
differences among the various MSC types, and equal aliquots of the randomly chosen four populations
revealed an average of 113.0 + 29.9 ug exosome protein produced by 1.89 + 0.21 x 10° MSC, which
equals 60 + 14.3 pg exosome protein per control cell within 24 h (Figure 1C). Likewise, taxol-treated
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MSC exhibited an average of 134.8 + 67.1 ug exosome protein produced by 1.68 + 0.7 x 10 MSC, which
equals 92.4 + 58.2 pg exosome protein per taxol-treated cell within 24 h (Figure 1C).

Exosomes from the four selected MSC cultures were isolated from control MSC in steady state
and from MSC after treatment with 10 uM taxol as the maximal tolerable concentration for 24 h. This
was substantiated by cell cycle analysis of all four MSC populations, demonstrating 87.5% =+ 1.1% of
control cells in GO/G1 and 6.6% + 1.3% in G2/M phase after 24 h in serumfree medium (Figure 1D,
left histogram). Conversely, taxol treatment and subsequent 24 h culture in serumfree medium was
associated with a reduced G0/G1 phase of 59.6% + 6.2% and an approximately 5-fold accumulation
of 33.1% + 5.9% in G2/M phase (Figure 1D, right histogram). However, apoptotic/necroptotic subGl1
phase cells remained at equally low levels in control (1.6% + 0.6%) and taxol-treated (1.7% =+ 1.1%)
MSC populations, confirming no detectable cytotoxic effects (Figure 1D).

Characterization and quantification of isolated vesicles for exosomal properties was performed by
nanoparticle tracking analysis (NTA) and by Immunoblot analysis (Figure 2). Exosome preparations
usually display a negative surface charge as determined by the zeta potential, whereby higher charged
particles are less likely to aggregate and are much more stable in dispersion [3]. Accordingly, a
reasonable quality and stability of our exosomes preparations was confirmed by measuring the surface
charge zeta potential and particle mobility at 25 °C, respectively. An equal mixture of the four MSC
control exosomes exhibited a zeta potential of —40.19 + 1.67 mV compared to —43.08 + 1.58 mV of
the four MSC taxol-treated exosomes. In addition, the four MSC control exosomes demonstrated
a particle mobility of —3.39 + 0.14 pm/sec/V/cm compared to —3.63 + 0.13 pum/sec/V/cm in MSC
taxol-treated exosomes.

Whereas all measurements slightly increased between the NTA light scatter and the NTA
fluorescence values, the latter were considered as exosome diameters due to the GFP-labeling of
the cells. Thus, an equal mixture of GFP-labeled exosomes derived from the four MSC populations
revealed an average size of 171.4 + 78.2 nm. Moreover, exosomes isolated from the 24 h taxol-treated
MSC exhibited an average diameter of 204 + 93.1 nm, suggesting that incubation with taxol slightly
enlarged the corresponding exosomes, although not statistically significantly (Figure 2A). Exosome
concentrations revealed 4.5 x 10° fluorescence particles/mL in control MSC and 9.8 x 10” fluorescence
particles/mL in taxol-treated MSC, indicating a significantly increasing exosome release per cell
(p < 0.001) upon exposure to this chemotherapeutic compound, which is most likely related to
enhanced cellular stress upon taxol treatment (Figure 2B). Indeed, cellular stress including heat was
associated with elevated production of doxorubicin-loaded exosomes [40]. Further exosome analysis
by the presence of tetraspanins in immunoblots revealed altered expression levels of the 26 kDa core
protein and the 30-60 kDa glycosylated form of CD63 in all control and taxol-treated samples, with
Image] quantification for relative intensities (Figure 2C). This is supported by Western blot analysis
of previous work demonstrating the presence of exosome-associated CD63 tetraspanin molecules in
MSC-derived exosome preparations [28].

Together, these data substantiated isolation of EVs displaying stable exosomal properties.
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Figure 2. Characterization of isolated exosomes by nanoparticle tracking analysis (NTA) was performed

arbitrarey
units

in fluorescence mode of the ZetaView PMX120 by measurement of (A) fluorescence particle size and
(B) the amount of fluorescence particles from the four different MSC cultures (light blue bars), a mixture
of the four MSC exosomes (blue bars), the four different MSC cultures after treatment with 10 uM
taxol for 24 h (light red bars), and a mixture of the four MSC-derived fluorescence particles after
treatment with 10 uM taxol for 24 h (red bars), respectively. (C) Immunoblot analysis (upper panel) was
performed for the presence of tetraspanins (CD63) in the various different MSC exosome preparations
in the absence and presence of taxol as indicated, a mixture of two different HuVEC control exosome
preparations, and a particle mixture of these two HuVEC cultures after treatment with 10 uM taxol for
24 h. Intensities of the appropriate expression levels (lower panel) were quantified using the Image]
software. The corresponding original blot is documented in Supplementary Materials Figure S5.

Determination and quantification of the amount of taxol in the MSC-derived exosomes delivered
to the cancer cells was assessed by LC-MS/MS. Representative histograms for the detection of
taxol (paclitaxel) and its evaluation compared to the internal standard (docetaxel) are presented for
1.68 x 10° MSC290115%FF and demonstrated 7.5 + 1.5 uM taxol (1 = 3) in the cell culture medium
supernatant remaining after a 24 h treatment with 10 uM taxol (Figure 3A,D). Moreover, cell-associated
taxol of MSC2901155FF exhibited 1.17 + 0.01 uM (n = 3) after a 24 h stimulation with 10 uM taxol
(Figure 3B,D) and released exosomes isolated after further 24 h culture in serumfree medium of
previously 24 h-treated MSC2901155" with 10 uM taxol revealed 74.9 + 3.9 nM (n = 3) of this
compound (Figure 3C,D).

The minimalized heterogeneity of taxol incorporation into MSC by randomly choosing four
different donors and passages is summarized in Figure 3D. Thus, 7.3 + 0.7 uM taxol (n = 4) remained in
the medium supernatant of the four MSC cultures after a 24 h treatment with 10 uM taxol. Accordingly,
1.4 + 0.4 uM taxol (n = 4) was found in the cell homogenates of the four taxol-treated MSC cultures
demonstrating 14% incorporation of taxol. Furthermore, 123 + 0.7 nM taxol (n = 4) was detectable in
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the different exosome preparations of the four taxol-exposed MSC populations equivalent to 1.23%
incorporation of the initial taxol stimulation (Figure 3D).
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Figure 3. Representative MSC2901155" L.C-MS/MS-chromatograms of paclitaxel (m/z: 854—105,
retention time: 6.3 min) and the internal standard docetaxel (m/z: 808—226, retention time: 6.5 min)
of (A) cell culture medium supernatant of 10 uM taxol-treated MSC290115 after 24 h, (B) cell lysate
of 10 uM taxol-treated MSC290115 after 24 h, and (C) exosome lysate released after 24 h from
previously 10 uM taxol-treated MSC290115 for 24 h. The peak of the internal standard represents
constant intensities in the range of 5 x 104 cps in all samples. Accordingly, paclitaxel intensities
are varying in the different samples whereby in (A). 2.2 x 10° cps, in (B). 3.5 x 10° cps, and in
(). 2.5 x 10* cps were determined. (D) Quantification of taxol concentrations were performed by
LC-MS/MS in the corresponding cell culture medium supernatants of 10 uM taxol-treated four MSC
populations (MSC2901155FF, MSC030816%FF, MSC0606165F, and MSC2804165FF) (=taxol/medium),
in the corresponding cell lysates of 10 uM taxol-treated four MSC populations (=taxol/cells), and in
the corresponding exosome lysates released after 24 h from previously 10 uM taxol-treated four MSC
populations for 24 h (=taxol/exosomes). Data represent the mean + s.d. of three replicates.

Equal aliquots from all four MSC-derived control or taxol exosomes were combined and incubated
with different cancer cell populations, including A549 lung cancer cells, SK-OV-3 ovarian cancer
cells, and MDA-hyb1 breast cancer cells. Cytotoxic effects were evaluated by fluorescence reduction
in a fluoroscan assay whereby culture of the different cancer cell populations in control medium
was set to 100%. Treatment with different amounts of taxol exhibited a concentration-dependent
cytotoxicity of all cancer cells. Thus, exposure to 100 nM taxol for 72 h revealed a viability of
21.2 £ 1.2% (n = 3) in A549 lung cancer cells, 12.7 £+ 0.3% (n = 3) in SK-OV-3 ovarian cancer cells, and
11.3 £ 0.8% (n = 3) in the MDA-hyb1 hybrid breast cancer variant (Figure 4A). Conversely, incubation
with MSC-derived control exosomes (1:150 dilution) demonstrated fluorescence levels similar to
Ab549 lung cancer cells and SK-OV-3 ovarian cancer control cells with little effects on MDA-hyb1
cells reaching about 90% of the growth and viability rate of untreated control cells. In contrast,
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treatment with exosomes derived from taxol-treated MSC (1:150 dilution) carrying 0.82 nM taxol
(=1.23 nM/150) was associated with a pronounced cytotoxicity in all different cancer types which was
significantly elevated as compared to effects observed with the 6.25 nM taxol substance (Figure 4A).
These findings suggested that MSC-derived taxol exosomes displayed a markedly enhanced tumor
cell killing efficiency, albeit carrying 7.6-fold less taxol, which was also supported by morphological
alterations in fluorescence microscopy. Whereas exposure to control exosomes revealed a normal viable
phenotype in the different cancer cell populations including A5495FF lung cancer, SK-OV-35FF ovarian
cancer, and MDA-hyb1"*™Y breast cancer cells (Figure 4B, left panel), a significantly reduced cell
number accompanied by apoptotic/necroptotic disintegration of the different cancer cell populations
was observed within 72 h following treatment with MSC taxol-primed exosomes (Figure 4B, right
panel). These findings suggested a successful in vitro treatment of different cancer cell populations
with taxol-treated MSC-derived exosomes.
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Figure 4. (A). Relative chemotherapeutic response of different human cancer cell populations, including
A549CFP Jung cancer (upper panel), SK-OV-3SFF ovarian cancer (middle panel), and MDA-hyb1cherry
breast cancer (lower panel) cells was tested for relative cell viability after exposure to different
concentrations of taxol (100 nM, 25 nM, and 6.25 nM) compared to the appropriate steady state cancer
cell populations cultured in the highest solvent concentration of taxol (control). Moreover, relative
cytotoxic effects of control exosomes (from steady state MSC cultured in the highest taxol solvent
concentration) and of taxol exosomes (1:150 dilution derived from 10 uM taxol-treated MSC) were
evaluated. Following 72 h incubation of the different cancer cell population data were obtained
from fluoroscan assays in triplicate and calculated as mean =+ s.d. with corresponding controls set
to 100%. Significance (p) was calculated by ANOVA followed by Tukey’s multiple comparisons test.
(B) Fluorescence microscopy was performed for the different cancer cell lines following incubation
with control exosomes (left micrographs) and compared to treatment with taxol exosomes (right
micrographs) for 72 h. Bars represent 200 pm.
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To address the question of whether MSC-derived exosomes exhibit a potentially superior advantage
for tumor targeting, two different HuVEC populations were randomly chosen as a comparison and
similarly tested. Primary HuVECs as endothelial cell model were selected due to the supportive role of
endothelial cells within the tumor microenvironment to initiate angiogenesis and promote subsequent
tumor neovascularization. Characterization of these primary HuVEC cells was performed by FACS
analysis revealing more than 99% expression of the endothelial marker CD31 paralleled by undetectable
levels of CD90 (Supplementary Material Figure S2). Treatment of the two HuVEC cultures with 10 pM
taxol for 24 h revealed little if any differences in the appearance of dead cells similar to the observations
in the different MSC populations. Characterization of the exosome preparations from the two control
HuVEC cultures by NTA demonstrated an average diameter of 152.1 + 65.2 nm for HuVEC-4 and 159.8
+ 74.5 nm for HuVEC-6. In agreement with the observations in the four different MSC populations,
the exosome size in HuVECs slightly increased after taxol treatment and accordingly, 10 uM taxol
treatment for 24 h revealed an average diameter of 160.6 +7.4 nm in HuVEC-4 and 169.7 + 74.3 nm in
HuVEC-6 (Supplementary Material Figure S3). Compared to MSC, however, the amount of released
exosomal particles in HuVECs was increased by about 36-fold reaching 1.65 x 10! particles/mL. While
taxol exposure of HuVECs reduced the release of exosomes to 1.02 x 10!! particles/mL, this amount
of exosomes from taxol-treated HuVECs was still 10.4-fold enhanced in comparison to the particles
detected from taxol-treated MSC (Supplementary Material Figure S4). Accordingly, HuVEC-derived
exosomes demonstrated the expression of tetraspanins with significantly higher levels of CD63 as
compared to MSC-derived exosomes (Figure 2C).

For evaluation of a potentially superior effectiveness, we applied HuVEC exosomes in comparison
to MSC-derived exosomes to the different cancer cell populations in a concentration-dependent manner.
While a 1:64 dilution of taxol exosomes from MSC reduced the amount of A549 lung cancer cells by
59%, corresponding taxol exosomes (1:64) from HuVEC-6 reached only a 17% reduction and little if
any effects were observed with taxol exosomes (1:64) from HuVEC-4 after 72 h. Treatment of A549
with 1 nM and 10 nM taxol substance reached about 50% and 74% of A549 cytotoxicity, respectively
(Figure 5, upper panel).

Similarly, exposure to MSC-derived taxol exosomes (1:64) revealed a 64% reduction of SK-OV-3
cells compared to only 18% with taxol exosomes (1:64) from HuVEC-6 and no significant effect with
taxol exosomes (1:64) from HuVEC-4. Taxol substance (1 nM and 10 nM) revealed a 57% and 84%
reduction of the ovarian cancer after 72 h, respectively (Figure 5, middle panel).

While control exosomes (1:64) slightly reduced the amount of MDA-hyb1 cells (from MSC by about
30% and from HuVEC-4 by about 17%), treatment of MDA-hyb1 cells with MSC-derived taxol exosomes
(1:64) was associated with an 83% cytotoxicity, and a 1:256 dilution still reached a 50% reduction of
these cancer cells after 72 h. HuVEC-derived taxol exosomes were much less effective, revealing only
a 34% cytotoxicity with HuVEC-4 exosomes (1:64) and a 53% cytotoxicity with HuVEC-6 exosomes
(1:64). In contrast, a 1:256 dilution of taxol exosomes from both HuVEC populations displayed no
detectable effects. Treatment of these breast cancer cells with 1 nM and 10 nM taxol substance reached
about 74% and 99% cytotoxicity, respectively (Figure 5, lower panel).

Although standardized exosome potency assays and definitions for a comparable bioequivalence
remain to be established, together, these in vitro data suggested a promising approach for MSC-derived
exosomes as a chemotherapeutic vehicle with superior effects as compared to an even 10.4-fold higher
amount of HuVEC-derived exosomes. A possible explanation for the superiority of MSC exosomes
may be attributed to the multipotent and unique functional properties of these stem-like cells, which
are not observed in HuVECs or other cell populations.
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Figure 5. In vitro cytotoxicity of different human cancer cell lines including A549 lung cancer (upper
panel), SK-OV-3 ovarian cancer (middle panel), and MDA-hyb1 breast cancer (lower panel) was
measured by GFP fluoroscan assay. The different cancer cell populations were treated with appropriate
dilutions of control exosomes from MSC and HuVECs as indicated (light blue bars), taxol-loaded
exosomes from MSC and HuVECs as indicated (light red bars), and taxol substance (0.1 nM to 100 nM,
dark grey bars) for 72 h, respectively. Fluorescence values of untreated steady state control cells (control,
light gray bars) were set to 1, and relative cytotoxic effects were calculated as part of the control.
Data represent the mean + s.d. (n > 3), and significance (p) was calculated by an unpaired two-tailed
Student’s t-test.

We therefore tried to substantiate these findings with MSC-derived exosomes in vivo by using the
aggressively metastasizing MDA-hyb1 breast cancer cells for induction of tumors in NODscid mice.
Following detectable tumor development in 12 NODscid mice within 5 d, treatment was performed in
three groups twice weekly by appropriate tail vein injection of 1) 100 L of exosomes isolated from
solvent (control), 2) 100 pL of taxol-treated MSC containing an average concentration of 123 nM taxol,
or 3) 100 uL of 117 uM taxol substance. Each mouse was treated four times with taxol substance
or MSC-derived exosomes (either from control MSC or taxol-treated MSC), respectively, following
isolation from approximately 1.7 X 10® MSC/application and the same MSC-derived exosome mixture
as used in the in vitro cancer cell assay (Figure 4). After 21 d, animals were sacrificed by cervical
dislocation and dissection of the tumors revealed an average tumor weight of 1,655 + 467 mg (n = 4) in
control animals (after intravenous injection of MSC-derived control exosomes) (Figure 6A). Following
treatment with exosomes isolated from previously taxol-incubated MSC, the average tumor weight
was reduced by 64.2%, reaching 593 + 394 mg (n = 4). Substance control was achieved by intravenous
application of initially 10 mg/kg taxol and thereafter, due to incompatibility, 5 mg/kg taxol twice weekly,
which displayed a final tumor weight of 57 + 32 mg (n = 4) equivalent to a 96.5% reduction compared
to the control tumors (Figure 6A).

Similar data were obtained by comparing the relationship of tumor weight to mouse weight.
This value decreased from 7.7 + 2.3 in control tumors by 62.3% to 2.9 + 1.7 in taxol exosome-treated
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tumors and further down to 0.3 + 0.1 in taxol-treated tumors (Figure 6B). These findings were also
substantiated by the evaluation of tumor volume. Tumor volumes of MDA-hyb1l-induced tumors
were calculated with the longitudinal diameter (length) and the transverse diameter (width) [41].
Accordingly, the average control tumor volume of 2103 + 815 mm?® decreased by 63.9% to 759 + 477 mm?3
in taxol exosome-treated tumors and to 66 + 32 mm? in taxol-treated tumors (Figure 6C). These data
documented that a four-time systemic application of exosomes from only about 2 x 10° previously
taxol-treated MSC significantly reduced mouse tumor growth by more than 60%.
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control taxol taxol 9 control taxol el
exosomes exosomes exosomes exosomes

Figure 6. Tumors were grown in NODscid mice after injection of human mcherry-labeled MDA-hyb1
breast cancer cells. (A) Tumor weight of each treatment group (1 = 4) was measured after dissection of
the solid subcutaneous primary tumors only (excluding metastatic tumor tissue). (B) The mouse weight
was determined and the ratio of tumor weight to the corresponding mouse weight was calculated.
Data represent the mean =+ s.d. and significance (p) was calculated by ANOVA followed by Dunnett’s
multiple comparisons test. (C) Tumor length and width of each tumor was measured and the average
tumor volume was calculated for each treatment group according to [41]. Data represent the mean +
s.d. and significance (p) was calculated by ANOVA followed by Dunnett’s multiple comparisons test.

Detection and formation of distant organ metastases became evident by thin section cherry
fluorescence microscopy (Figure 7A). Whereas no metastases were observed in heart or brain,
respectively, therapeutic effects of taxol-loaded exosomes were clearly detectable during metastatic
growth. Thus, a total of 12 organ metastases (lung, liver, spleen, and kidney) in control mice were
reduced to six identified metastases in taxol exosome-treated mice. The same number of six total organ
metastases was detectable in mice after application with maximal doses of taxol (Figure 7A).

These observations were also supported by RT-PCR, demonstrating simultaneous expression of
the mcherry gene originating from the MDA-hyb1 breast cancer cells in the representative organs.
Moreover, treatment with taxol-loaded exosomes or taxol revealed a reduced mcherry expression,
whereby unaltered GAPDH expression served as a loading control. In addition, previous microarray
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and PCR data demonstrated expression of CD73 in the MDA-hybl cells [25]. These findings were used
to further substantiate the presence of CD73-carrying MDA-hyb1 breast cancer cells in the primary
tumor and at reduced expression levels in organ metastases of kidney, spleen, liver, and lung, however,
these cells were undetectable in brain and heart tissue (Figure 7B). In addition, quantification of taxol
as pM per gram [g] wet tissue revealed about 43.6 pM/g tumor tissue in taxol-treated mice as compared
to a 29-fold reduced amount of 1.5 pM/g in taxol exosome-treated tumors. Furthermore, taxol in
metastatic tissues of kidney and liver was below the detection limit in taxol exosome-treated mice.
Conversely, taxol-treated mice exhibited 0.4 pM/g taxol in the kidney and 4.3 pM/g taxol in the liver.

A. lung liver spleen heart kidney brain
2/a 3/4 a/a
control exosomes
, n/d n/d
(total metastases: 12)
taxol exosomes n/d n/d
(total metastases: 6)
taxol n/d n/d
(total metastases: 6)
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Figure 7. (A) Formation of distant organ metastases was detected by appearance of mcherry fluorescence
in thin sections of organ tissues. Exemplary phase contrast/luorescence microscopy overlay pictures of
organ metastases are documented. Moreover, the total number of organs with distal metastatic tumor
cells is displayed (n.d. = not detectable). Bars represent 100 um. (B) PCR analysis of primary tumor and
organ tissue aliquots was performed to substantiate detection of metastatic MDA-hyb1 cancer cells by
the presence of mcherry and CD73 transcripts. Unaltered GAPDH mRNAs served as loading control.

Altogether, these findings demonstrate a significant reduction of both primary tumor growth and
the appearance of organ metastases by an approximately 1000-fold reduced taxol concentration using
a systemic approach with therapeutic MSC-derived exosomes. Moreover, these data suggested an
about 34-fold more specific addressing, delivery, and accumulation of taxol to these tumors via taxol
exosomes since the initially 1000-fold reduced amount of taxol administered by taxol exosomes to the
whole mice was reduced by only 29-fold when quantified in the tumor tissues.

3. Discussion

MSC-mediated secretion of exosomes within the tumor microenvironment enables them to
relay tumor-promoting and/or tumor-suppressive signals by carrying distinct surface molecules.
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Controversial findings discuss MSC and their secreted products with tumor inhibitory [42,43] or
tumor-promoting properties [44—46]. While MSC subtypes exhibit an alternating balance between
cancer-promoting (CA*-MSC) and cancer-inhibiting (CA™-MSC) functionalities, the overall effects
were suggested to partially depend on the net balance between these opposite functioning cell-derived
exosomes [13].

The usage of exosomes in clinical applications, particularly in anti-cancer therapy is still at
the beginning [47]. While physiological functions of MSC-derived exosomes are not defined, the
present study demonstrated partial cytotoxic effects of MSC- and HuVEC-released control exosomes
after application to triple negative human MDA-MB-231-derived MDA-hyb1 breast cancer cells,
suggesting various exosomal anti-tumor content including distinct proteins, DNA, mRNAs and
miRs [48]. Several options for applying anti-tumor cargo to MSC-derived exosomes include the
loading with chemotherapeutics via electroporation or equipment with specific proteins, metabolites,
or designed miRs for interference with tumor-regulatory pathways [49]. Other technical approaches
revealed the ability of MSC to release extracellular vesicles after entrapping silk/curcumin nanoparticles
using a so-called “carrier-in-carrier” system [50,51].

Advantages of MSC-derived exosomes include cell-specific tropism, an efficient biocompatibility
and a reduced intrinsic immunogenicity among others, which characterizes them as an appropriate
cell-free vehicle to deliver, e.g., vaccines, regenerative material, or anti-tumor cargo. Thus, MSC
engineered for a suicide gene expression and delivery via exosomes demonstrated growth inhibition in
human prostate or breast cancer cell lines in the presence of the prodrug 5-fluorocytosine [52]. Moreover,
exosomes released by macrophages and loaded with paclitaxel by sonication were suggested as potential
biological tool for delivery of a therapeutic compound [53]. Previous findings also demonstrated that
paclitaxel-loaded exosomes from murine MSC or from human gingival papilla-derived MSC reduced
in vitro growth of tumor cell lines [54,55]. Furthermore, MSC educated with photosensitizer-loaded
nanoparticles and subsequent irradiation induced cell death in osteosarcoma cells during in vitro
co-culture [56]. Other work introduced nanoparticle-engineered quantum dots in MSC as a promising
drug delivery vehicle to tumor cells in a three-dimensional in vitro co-culture system [57]. An alternative
and extended concept was followed in the present work by applying MSC-released taxol vesicles in an
in vivo tumor system, demonstrating significant therapeutic effects both on the primary tumors and on
distant organ metastases. Of interest, our intravenous application of exosome-associated drug delivery
in vivo demonstrated a similar reduction in formation of metastases with a 1000-fold reduced taxol
amount in exosomes as compared to the corresponding application of the substance itself, suggesting
specific tumor cell addressing and accumulation paralleled by reduced degradation of taxol exosomes
in the liver. Detection of approximately 10-fold higher amounts of taxol substance in the liver, as
compared to kidney tissue, is supported by previous studies demonstrating predominantly hepatic
metabolization of taxol via cytochrome P450 isozyme-mediated hydroxylation [58]. These findings
suggest a highly specific tumor targeting by the MSC-derived exosomes. Indeed, selective tumor cell
adhesion of paclitaxel-loaded exosomes was also demonstrated in pancreatic carcinoma cells by using
an autologous in vitro system [59]. Our findings furthermore suggest a pronounced reduction of side
effects when a markedly lower drug administration via specifically tumor-targeting exosomes achieves
similar therapeutic effects in reduction of both tumor growth and the appearance of metastases.

4. Materials and Methods

4.1. Cell Culture

Isolation of primary human MSC was performed from umbilical cord explant cultures as
reported previously [60]. The cells were cultured in «MEM (Sigma Chemie GmbH, Steinheim,
Germany) supplemented with 10% of allogeneic human AB-serum (blood from 31 male AB donors
was commercially obtained from a blood bank, Hannover Medical School, Germany, and processed to
serum), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine (Sigma). Subculture of
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MSC was performed following accutase (Sigma) treatment for 3 min at 37 °C. MSC from four different
donors and passages (MSC280416 P2; MSC290115 P3; MSC030816 P4; MSC060616 P6) were used in
the experiments.

Human umbilical vein-derived endothelial cells (HuVECSs) from two different donors were isolated
and cultured in endothelial cell basal medium MV2 (PromoCell GmbH, Heidelberg, Germany) together
with the endothelial cell growth medium supplement mix (PromoCell GmbH). Subculture of HuVECs
was performed by treatment with Trypsin/EDTA solution (Sigma) for 10 min at 37 °C.

The isolation of primary human cells from umbilical cord tissue has been approved by the local
Ethics Committee of Hannover Medical School, Project #443 on February 26th, 2009. Informed written
consent was obtained from all donors.

Human SK-OV-3 ovarian cancer cells (ATCC® #HTB-77TM) were commercially obtained in P25
from the ATCC, Manassas, VA, USA, originally established from the malignant ascites of a patient
with progressive adenocarcinoma of the ovary.

Human A549 lung carcinoma cells were used as reported elsewhere [61]. This cell line
was originally derived from explanted alveolar basal epithelial adenocarcinoma of a 58-year-old
Caucasian male.

The ovarian and lung cancer populations were cultivated at 1750 cells/cm? in RPMI 1640
supplemented with 10% (v/v) fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Subculture was performed by trypsin/EDTA (Biochrom GmbH, Berlin, Germany)
treatment for 5 min at 37 °C.

Human MDA-hyb1 breast cancer cells were cultured in MSC culture medium. This population
represents an aggressively tumorigenic and highly metastatic breast cancer cell line derived from an
MSC/MDA-MB-231 breast cancer cell fusion as characterized previously [25].

All cell lines were tested for mycoplasma by the luminometric MycoAlert Plus mycoplasma
detection kit (Lonza Inc., Rockland, ME, USA) according to the manufacturer’s recommendations.
Cell line authentication was performed by short tandem repeat (STR) fragment analysis using the
GenomeLab human STR primer set (Beckman Coulter Inc., Fullerton, CA, USA) and was confirmed in
previous work [62] according to the STR database provided by the ATCC, Manassas, VA, USA.

In order to detect the primary tumor and metastatic cells in vivo and to quantify proliferative
capacity in the fluoroscan assay in vitro, the different MSC and tumor cell populations were transduced
with a 3rd generation lentiviral SIN vector containing the eGFP or the mcherry gene, respectively, as
described in previous work [14].

4.2. Flow Cytometry Analysis

For antibody staining, the cells were blocked with 2% FCS in PBS for 15 min at room temperature,
washed with PBS, and stained with mouse monoclonal CD31-FITC (clone WM59, IgG1, Dako, Agilent,
Santa Clara, CA, USA), mouse monoclonal CD90-PE (clone 5E10, IgG1, BioLegend, San Diego, CA,
USA), and dual PE-/FITC-labeled IgG1 control antibody (Dako Denmark AS, Glostrup, Denmark)
at 4 °C for 15 min, respectively. Following two washes with PBS, cells were analyzed in a Galaxy
(Sysmex Partec GmbH, Miinster, Germany) flow cytometer using FlowMax V2.9 software (Sysmex
Partec GmbH).

4.3. Preparation of Control Exosomes and Chemotherapeutic-Loaded Exosomes

Subconfluent cell cultures (about 2 x 10 cells) at a density of 1.4 x 10* cells/cm? were incubated
either in appropriate dilution (1:700) of solvent (50.17% ethanol = final concentration of 0.07% ethanol)
for control exosomes or in the presence of 10 uM taxol (paclitaxel in solvent, diluted 1:700 from a 7 mM
stock solution) for 24 h, washed with serumfree culture medium, and incubated with serumfree culture
medium for a further 24 h. Thereafter, the conditioned medium was removed and the supernatant
was sequentially centrifuged in four steps (1. 360 g for 10 min to remove cells; 2. 2000 g for 10 min
to remove dead cells; 3. 10,000 g for 30 min to remove debris and large vesicles; 4. 100,0000 g for
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70 min to precipitate exosome-like particles) according to the protocol by Thery et al. [63]. While
some characterization for exosomal properties was performed according to the recently updated
MISEV (minimal information for studies of extracellular vesicles) 2018 standards [64], the obtained
vesicles were termed exosomes in this manuscript rather than EVs although no further purification was
performed after the four centrifugation steps. Aliquots of cellular protein and of the corresponding
exosomes were quantified by measurement of protein concentration using the colorimetric BCA-assay
(Thermo Scientific, Schwerte, Germany). The precipitated cell-derived exosomes were resuspended in
50 pL of PBS and stored at —80 °C.

4.4. Characterization of Exosome Preparations by Nanoparticle Tracking Analysis (NTA)

The different exosome preparations in PBS were analyzed for vesicle concentration, size
distribution, and preparation quality in scatter and fluorescence mode using the ZetaView PMX120
NTA (Particle Metrix GmbH, Meerbusch, Germany) with an embedded 40 mW laser at 488 nm and a
CMOS camera. Zeta potential was measured using 0.05 x PBS to adjust conductivity to approximately
500 uS/cm. For each measurement, one cycle was performed by scanning 11 randomly chosen positions
of particle distribution and by capturing 60 frames in scatter mode per position and 15 frames in
fluorescence mode per position using the following settings: camera sensitivity in scatter mode: 82.0;
camera sensitivity in fluorescence mode: 97.0; shutter: 100. Following frame capture, the videos were
analyzed by the in-build ZetaView Software 8.05.05. SP2 (Particle Metrix GmbH) with appropriate
analysis parameters: maximum particle size: 1000, minimum particle size: 5, minimum particle
brightness: 30; tracelength: 15 in scatter mode and 7 in fluorescence mode.

4.5. Immunoblot Analysis of Exosomes

Western blot analysis was performed as described previously [65]. Briefly, protein amounts
of exosomal preparations were measured using the BCA method and 10 ug of exosomal proteins
were separated on a 10% SDS polyacrylamide gel and transferred to a nitrocellulose membrane
(GE Healthcare Lifescience, Freiburg, Germany) after semi-dry blotting (Peqlab Biotechnology
GmbH, Erlangen, Germany) at 1.5 mA/cm? for 1 h. The blots were incubated with a 1:200 dilution,
respectively, of the mouse monoclonal antibody CD63 (clone MX-49.129.5) (Santa Cruz Biotechnology,
Inc., Heidelberg, Germany)

4.6. Detection and Quantification of Taxol in Culture Medium, Cells, and Exosomes by Liquid
Chromatography-Tandem Mass Spectrometry (LS-MS/MS) Analysis

Corresponding aliquots of the 24 h taxol cell culture medium supernatants were treated with ice
cold extraction solvent and simultaneously, the four MSC cultures treated with 10 uM taxol for 24 h were
washed with PBS and lysed with 700 pL of ice cold extraction solvent (acetonitrile-methanol-water
(2:2:1, v/v); ].T. Baker., Deventer, The Netherlands), respectively. Likewise, exosomes isolated from
the four taxol-treated MSC populations were extracted with ice cold extraction solvent, respectively.
Aliquots of tumor tissues and organ metastases were extracted with 800 pL of ice cold extraction
solvent with 0.25 uM docetaxel (Sigma and Aldrich, St. Louis, MO, USA) as an internal standard.

All extracts were frozen overnight at —20 °C to complete protein precipitation. Thereafter, the
samples were centrifuged for 10 min at 20,800 g at 4 °C. The supernatant fluid was transferred to a
2 mL reaction tube and evaporated under a gentle nitrogen stream at 40 °C. The dried pellet was
reconstituted in 100 uL of internal standard solution. Samples were again centrifuged for 10 min at
20,800 g at 4 °C, and the supernatant fluid was transferred to a mass spectrometry vial. Aliquots of
10 puL were injected into the LC-MS/MS system.

As calibrators, 100 uM stock solutions of paclitaxel were prepared in methanol (J.T. Baker) and 10
calibrators were prepared by an appropriate 1:2 dilution, resulting in a calibration range from 0.26 to
1000 nM paclitaxel. Calibrators were stored in 50 uL aliquots at —20°C. An internal standard solution
was prepared in HPLC-grade water (J.T. Baker) with docetaxel (Sigma) to a final concentration of
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1 uM. Each calibrator was treated with 200 uL of ice-cold extraction solvent, and the mixture was
dried under a constant nitrogen stream at 40 °C. The dried pellet was dissolved in 100 uL of internal
standard solution.

Culture medium-, tissue-, cell-, and exosome-extracted paclitaxel and calibrators were analyzed
by LC-MS/MS using a Shimadzu HPLC-system (Shimadzu, Duisburg, Germany), consisting of two
HPLC-Pumps (LC-30AD), a temperature controlled autosampler (SIL-30AC), a degasser (DGU-20A4),
and a column oven (CTO-20AC). For chromatographic analysis, a C18 reversed phase column (Zorbax
Eclipse XDB-C18, 4.6 x 50 mm (Agilent Technologies, Santa Clara, CA, USA) was used. This column
was connected to a C18-Security guard (Phenomenex, Aschaffenburg, Germany) and a 2 p column
saver (Sigma-Aldrich). The column was maintained at 25 °C. Mobile phases were water (A) and
methanol (B), each containing 0.1% formic acid. The initial solvent composition was set to 50% A and
50% B. For analyte separation, a gradient was applied starting with an increase of solvent B to 95%
within 6.9 min. This solvent composition was kept for 5 min before the column was re-equilibrated to
starting conditions for 4 min. Total analysis runtime was 16 min with a flow rate of 0.4 mL/min. Under
these conditions, retention times of 6.3 min (paclitaxel) and 6.5 min (docetaxel, internal standard)
were observed.

Detection and quantification of paclitaxel was carried out on a tandem mass spectrometer
(5500QTRAP® (Sciex, Framingham, Massachusetts) equipped with an ESI-source (electrospray
ionization). For positive SRM detection, mass transitions for paclitaxel and docetaxel were identified
as follows: paclitaxel: m/z 854—105 (quantifier) and m/z 854—286 (identifier); docetaxel (internal
standard): m/z 808—226. Control of LC and the mass spectrometer as well as data sampling was
performed by Analyst software (version 1.5.2., Sciex). For quantification, calibration curves were
created by plotting peak area ratios of paclitaxel, and the internal standard versus the nominal
concentration of the 10 calibrators. The calibration curve was calculated using quadratic regression
and 1/x weighing. The lower limit of quantification (LLOQ) was defined as the lowest calibrator point,
showing an accuracy of 100 + 20% regarding the nominal concentration. For paclitaxel, an LLOQ of
0.24 nM was calculated.

4.7. Cytotoxicity Measurements of Exosomes by Fluoroscan Assay

Control and taxol-loaded exosomes from MSC and HuVECs were dissolved in appropriate cell
growth medium and different dilutions were incubated with in vitro cultures of different cancer
cell populations. The proliferative capacity was evaluated by fluorescence measurement using the
fluoroscan assay as previously described [61]. Briefly, 1000 A549SF, SK-OV-35FF, or MDA-hyb1cherry
cells/well were seeded with standard culture medium (100 pL/well) in flat bottom 96-well plates
(Nunc/ThermoFischer Scientific, Roskilde, Denmark) and incubated overnight to allow attachment.
Thereafter, 100 puL of culture medium with drug solvent was added to the cells as a control, and in
other wells 100 pL of culture medium containing appropriate dilutions of taxol substance, taxol-loaded
exosomes, and control exosomes were respectively added to the cells. Following incubation for 72 h,
the medium was removed and the cells were lysed with 5% (w/v) SDS. Afterwards, the fluorescence
intensities of GFP or cherry in the cell homogenate, which corresponded to the appropriate cell number
of cancer cells, were measured at an excitation of 485 nm and an emission of 520 nm (GFP), or an
excitation of 584 nm and an emission of 612 nm (cherry) using the Fluoroscan Ascent Fl (ThermoFisher
Scientific, Schwerte, Germany).

4.8. Cell Cycle Analysis

Detection and quantification of the different cell cycle phases in the various MSC cultures was
performed as described previously [66]. Briefly, 10° cells were fixed in 70% (v/v) ice-cold ethanol at 4 °C
for 24 h. Thereafter, the fixed cells were stained with propidium iodide staining solution (12.5 pg/mL
propidium iodide, 0.5% Triton-X-100 and 100 U/mL DNase-free RNase in PBS). The samples were then
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analyzed in a FACSCalibur (BD Biosciences GmbH, Heidelberg, Germany) flow cytometer using the
FlowJo V10 cell cycle software.

4.9. In Vivo Experiments

Animal research using NODscid mice was carried out by following the internationally recognized
guidelines on animal welfare and has been approved by the institutional licensing committee ref. #
33.19-42502-04-15/1992 on Dec. 18th, 2015.

About 2 x 106 MDA-hyb!1 cells were injected subcutaneously into 12 animals of 5-6 weeks old
female NODscid mice, respectively. After 5 days post-injection, all 12 mice had developed subcutaneous
tumors. The tumor-bearing mice were randomized into three groups, and treatment was started by
intravenous application of a 100 pL volume of MSC-derived control exosomes, taxol-loaded exosomes,
or taxol substance, as follows:

1. intravenous application of MSC-derived control exosomes twice weekly (— control tumor
development);

2. intravenous application of subsequently derived exosomes from taxol-treated MSC twice weekly;

3. intravenous application of initially 10 mg/kg taxol and thereafter, due to weight loss and
incompatibility, 5 mg/kg taxol twice weekly.

Tumor progression was monitored and measurement of tumor size was recorded using a digital
caliper (VWR International).

After 21 days post-MDA-hyb1 cell transplantation when control tumors of the four animals treated
with MSC-derived control exosomes exceeded 2 cm? and thus, reached criteria for termination of the
experiment, all animals were sacrificed by cervical dislocation. Primary tumor tissues were dissected,
washed in PBS, and weighted. Organs were also dissected from the mice, and thin sections were
analyzed by fluorescence microscopy for the presence and accumulation of metastatic cells.

4.10. Transcript Analysis by RT-PCR

Total RNA was isolated from the tumor tissues and the organs using RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. One pg of RNA was reverse-transcribed
into cDNA, and reactions were performed with corresponding primers specifically as described
previously [25].

5. Conclusions

In summary, MSC-derived taxol exosomes exhibited superior cytotoxic in vitro effects when
compared to taxol exosomes from HuVECs. Moreover, these data demonstrate promising therapeutic
in vivo effects of taxol-treated MSC-derived exosomes, which was associated with a marked inhibition
of primary tumor growth and a reduction of distant organ metastases to the same level observed with
an about 1000-fold higher treatment using taxol substance. While systemic exosome application was
very well tolerated by the mice, this approach provides encouraging future perspectives including a
possible combination of different chemotherapeutics via MSC-educated exosomes or the use of further
exosome sources for more specific addressing of tumor cells. Moreover, drug-loaded MSC-derived
exosomes may also provide opportunities to target heterogeneity of the tumor including the presence
of cancer stem-like cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/798/s1,
Figure S1: MSC-derived exosomal preparation is documented by transmission electron micrographs demonstrating
a single rounded exosome of approx. 90 nm in diameter (lower left panel). The content of MSC-secreted exosomes
includes among others proteinous precipitate (indicated by arrows, upper left and right panel). Exosomes isolated
from MSC cultures are varying in size between 50 to 200 nm (right panel). Bar represents 200 nm. Figure 52:
Characterization of HuVECs by FACS analysis using the PE-labeled CD90 and the FITC-labeled CD31 antibodies.
Figure S3: The average diameter of exosomes isolated from 2 different HuVEC control cultures (light blue bars)
and corresponding 2 HuVEC cultures after treatment with 10 uM taxol for 24 h (light red bars) was measured by
NTA using the ZetaView PMX120. Figure S4: Exosome concentration of two different HuVEC control cultures
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(light blue bars) and corresponding two HuVEC cultures after treatment with 10 uM taxol for 24 h (light red bars)
was evaluated by NTA measurement. Figure S5: The original Western blot is demonstrated according to the data
in Figure 2C, upper panel.

Author Contributions: V.R., Y.Y,, and ].v.d.O. isolated and analyzed the exosomes. C.M. and Y.Y. performed the
in vitro tests. H.B. analyzed and quantified the samples by LC-MS/MS. C.M. and R.H. performed the in vivo
experiments. R.H. designed the study and drafted the manuscript. All authors critically read and approved the
final manuscript.

Funding: This research was funded by a grant from the Erich and Gertrud Roggenbuck-Stiftung for Cancer
Research to Ralf Hass, and the APC was supported by the German Research Foundation (DFG) and the Open
Access Publication Fund of Hannover Medical School (MHH).

Acknowledgments: The authors are grateful to colleagues from Hannover Medical School including Thomas
Rothémel for support with the STR fragment analysis. Electron microscopy was performed by the Research Core
Unit electron microscopy (Jan Hegermann), Hannover Medical School. Further acknowledgement is given to
Christina Klasen (Particle Metrix GmbH, Meerbusch, Germany) for data and support with nanoparticle tracking
analysis of the exosome preparations using the ZetaView PMX120 and ZetaView Software 8.05.05. SP2 (Particle
Metrix GmbH).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes
and other extracellular vesicles for cell-to-cell communication. Nat. Cell. Biol. 2019, 21, 9-17. [CrossRef]
[PubMed]

2. Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.;
Bojmar, L.; et al. Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric
flow field-flow fractionation. Nat. Cell. Biol. 2018, 20, 332-343. [CrossRef] [PubMed]

3. Soares Martins, T.; Catita, J.; Martins Rosa, I.; A B da Cruz E Silva, O.; Henriques, A.G. Exosome isolation
from distinct biofluids using precipitation and column-based approaches. PLoS ONE 2018, 13, e0198820.
[CrossRef] [PubMed]

4. Karimi, N.; Cvjetkovic, A.; Jang, S.C.; Crescitelli, R.; Hosseinpour Feizi, M.A.; Nieuwland, R.; Lotvall, J.;
Lasser, C. Detailed analysis of the plasma extracellular vesicle proteome after separation from lipoproteins.
Cell Mol. Life Sci. 2018, 75, 2873-2886. [CrossRef] [PubMed]

5. Tkach, M.; Thery, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go.
Cell 2016, 164, 1226-1232. [CrossRef]

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

7. Phinney, D.G,; Pittenger, M.F. Concise Review: MSC-Derived Exosomes for Cell-Free Therapy. Stem Cells
2017, 35, 851-858. [CrossRef]

8.  Momen-Heravi, F; Balaj, L.; Alian, S.; Mantel, P.Y.; Halleck, A.E.; Trachtenberg, A.].; Soria, C.E.; Oquin, S.;
Bonebreak, C.M.; Saracoglu, E.; et al. Current methods for the isolation of extracellular vesicles. Biol. Chem.
2013, 394, 1253-1262. [CrossRef]

9. Caplan, A.I. Mesenchymal Stem Cells: Time to Change the Name! Stem Cells Trans. Med. 2017, 6, 1445-1451.
[CrossRef]

10. Boregowda, S.V.; Booker, C.N.; Phinney, D.G. Mesenchymal Stem Cells: The Moniker Fits the Science.
Stem Cells 2018, 36, 7-10. [CrossRef]

11. Coffman, L.G.; Choi, YJ; McLean, K;; Allen, B.L; di Magliano, M.P.; Buckanovich, R.J. Human
carcinoma-associated mesenchymal stem cells promote ovarian cancer chemotherapy resistance via a
BMP4/HH signaling loop. Oncotarget 2016, 7, 6916-6932. [CrossRef] [PubMed]

12.  Mandel, K;; Yang, Y.; Schambach, A ; Glage, S.; Otte, A.; Hass, R. Mesenchymal stem cells directly interact
with breast cancer cells and promote tumor cell growth in vitro and in vivo. Stem Cells Dev. 2013, 22,
3114-3127. [CrossRef] [PubMed]

13.  Melzer, C.; von der Ohe, J.; Hass, R. Concise Review: Crosstalk of Mesenchymal Stroma/Stem-Like Cells
with Cancer Cells Provides Therapeutic Potential. Stem Cells 2018, 36, 951-968. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41556-018-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/30602770
http://dx.doi.org/10.1038/s41556-018-0040-4
http://www.ncbi.nlm.nih.gov/pubmed/29459780
http://dx.doi.org/10.1371/journal.pone.0198820
http://www.ncbi.nlm.nih.gov/pubmed/29889903
http://dx.doi.org/10.1007/s00018-018-2773-4
http://www.ncbi.nlm.nih.gov/pubmed/29441425
http://dx.doi.org/10.1016/j.cell.2016.01.043
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1002/stem.2575
http://dx.doi.org/10.1515/hsz-2013-0141
http://dx.doi.org/10.1002/sctm.17-0051
http://dx.doi.org/10.1002/stem.2713
http://dx.doi.org/10.18632/oncotarget.6870
http://www.ncbi.nlm.nih.gov/pubmed/26755648
http://dx.doi.org/10.1089/scd.2013.0249
http://www.ncbi.nlm.nih.gov/pubmed/23895436
http://dx.doi.org/10.1002/stem.2829
http://www.ncbi.nlm.nih.gov/pubmed/29603861

Cancers 2019, 11, 798 18 of 20

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yang, Y.; Otte, A.; Hass, R. Human mesenchymal stroma/stem cells exchange membrane proteins and
alter functionality during interaction with different tumor cell lines. Stem Cells Dev. 2015, 24, 1205-1222.
[CrossRef] [PubMed]

Caplan, A.I. Mesenchymal stem cells. ]. Orthop. Res. 1991, 9, 641-650. [CrossRef] [PubMed]

Friedenstein, A.; Kuralesova, A.I. Osteogenic precursor cells of bone marrow in radiation chimeras.
Transplantation 1971, 12, 99-108. [CrossRef] [PubMed]

Bianco, P. “Mesenchymal” stem cells. Annu. Rev. Cell Dev. Biol. 2014, 30, 677-704. [CrossRef] [PubMed]
Hass, R.; Kasper, C.; Bohm, S.; Jacobs, R. Different populations and sources of human mesenchymal stem cells
(MSC): A comparison of adult and neonatal tissue-derived MSC. Cell Commun. Signal 2011, 9, 12. [CrossRef]
Phinney, D.G. Building a consensus regarding the nature and origin of mesenchymal stem cells. ]. Cell
Biochem. Suppl. 2002, 38, 7-12. [CrossRef]

Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A ;
Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem
cells. Science 1999, 284, 143-147. [CrossRef]

Sasaki, M.; Abe, R.; Fujita, Y.; Ando, S.; Inokuma, D.; Shimizu, H. Mesenchymal stem cells are recruited into
wounded skin and contribute to wound repair by transdifferentiation into multiple skin cell type. J. Immunol.
2008, 180, 2581-2587. [CrossRef] [PubMed]

Ghajar, C.M.; Kachgal, S.; Kniazeva, E.; Mori, H.; Costes, S.V.; George, S.C.; Putnam, A.J. Mesenchymal cells
stimulate capillary morphogenesis via distinct proteolytic mechanisms. Exp. Cell Res. 2010, 316, 813-825.
[CrossRef] [PubMed]

De Miguel, M.P; Fuentes-Julian, S.; Blazquez-Martinez, A.; Pascual, C.Y,; Aller, M.A.; Arias, J;
Arnalich-Montiel, F. Inmunosuppressive properties of mesenchymal stem cells: Advances and applications.
Curr. Mol. Med. 2012, 12, 574-591. [CrossRef] [PubMed]

Hass, R.; Otte, A. Mesenchymal stem cells as all-round supporters in a normal and neoplastic
microenvironment. Cell Commun. Signal 2012, 10, 26. [CrossRef] [PubMed]

Melzer, C.; von der Ohe, J.; Hass, R. Enhanced metastatic capacity of breast cancer cells after interaction and
hybrid formation with mesenchymal stroma/stem cells (MSC). Cell Commun. Signal 2018, 16, 2. [CrossRef]
Melzer, C.; Yang, Y.; Hass, R. Interaction of MSC with tumor cells. Cell Commun. Signal 2016, 14, 20. [CrossRef]
[PubMed]

Ungefroren, H.; Sebens, S.; Seidl, D.; Lehnert, H.; Hass, R. Interaction of tumor cells with the microenvironment.
Cell Commun. Signal 2011, 9, 18. [CrossRef]

Yang, Y.; Bucan, V.; Baehre, H.; von der Ohe, J.; Otte, A.; Hass, R. Acquisition of new tumor cell properties by
MSC-derived exosomes. Int. J. Oncol. 2015, 47, 244-252. [CrossRef]

Lai, R.C,; Tan, S.S.; Teh, B.J.; Sze, S.K.; Arslan, E; de Kleijn, D.P.; Choo, A.; Lim, S.K. Proteolytic Potential of
the MSC Exosome Proteome: Implications for an Exosome-Mediated Delivery of Therapeutic Proteasome.
Int. J. Proteom. 2012, 2012, 971907. [CrossRef]

Lee, Y.; El Andaloussi, S.; Wood, M.]. Exosomes and microvesicles: Extracellular vesicles for genetic
information transfer and gene therapy. Hum. Mol. Genet. 2012, 21, R125-R134. [CrossRef]

Yu, B.; Zhang, X.; Li, X. Exosomes derived from mesenchymal stem cells. Int. ]. Mol. Sci. 2014, 15, 4142—-4157.
[CrossRef] [PubMed]

Lee, ] K,; Park, S.R.; Jung, B.K.; Jeon, Y.K.; Lee, Y.S.; Kim, M.K; Kim, Y.G,; Jang, ].Y.; Kim, C.W. Exosomes
derived from mesenchymal stem cells suppress angiogenesis by down-regulating VEGF expression in breast
cancer cells. PLoS ONE 2013, 8, e84256. [CrossRef] [PubMed]

Bliss, S.A.; Sinha, G.; Sandiford, O.A.; Williams, L.M.; Engelberth, D.].; Guiro, K.; Isenalumhe, L.L.; Greco, S.J.;
Ayer, S.; Bryan, M.; et al. Mesenchymal Stem Cell-Derived Exosomes Stimulate Cycling Quiescence and
Early Breast Cancer Dormancy in Bone Marrow. Cancer Res. 2016, 76, 5832-5844. [CrossRef] [PubMed]
Zhou, Y.; Xu, H.; Xu, W,; Wang, B.; Wu, H.; Tao, Y.; Zhang, B.; Wang, M.; Mao, F,; Yan, Y.; et al. Exosomes
released by human umbilical cord mesenchymal stem cells protect against cisplatin-induced renal oxidative
stress and apoptosis in vivo and in vitro. Stem Cell Res. Ther. 2013, 4, 34. [CrossRef] [PubMed]

Zhu, W,; Huang, L.; Li, Y,; Zhang, X.; Gu, J.; Yan, Y,; Xu, X.; Wang, M.; Qian, H.; Xu, W. Exosomes derived
from human bone marrow mesenchymal stem cells promote tumor growth in vivo. Cancer Lett. 2012, 315,
28-37. [CrossRef] [PubMed]


http://dx.doi.org/10.1089/scd.2014.0413
http://www.ncbi.nlm.nih.gov/pubmed/25525832
http://dx.doi.org/10.1002/jor.1100090504
http://www.ncbi.nlm.nih.gov/pubmed/1870029
http://dx.doi.org/10.1097/00007890-197108000-00001
http://www.ncbi.nlm.nih.gov/pubmed/4936756
http://dx.doi.org/10.1146/annurev-cellbio-100913-013132
http://www.ncbi.nlm.nih.gov/pubmed/25150008
http://dx.doi.org/10.1186/1478-811X-9-12
http://dx.doi.org/10.1002/jcb.10084
http://dx.doi.org/10.1126/science.284.5411.143
http://dx.doi.org/10.4049/jimmunol.180.4.2581
http://www.ncbi.nlm.nih.gov/pubmed/18250469
http://dx.doi.org/10.1016/j.yexcr.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20067788
http://dx.doi.org/10.2174/156652412800619950
http://www.ncbi.nlm.nih.gov/pubmed/22515979
http://dx.doi.org/10.1186/1478-811X-10-26
http://www.ncbi.nlm.nih.gov/pubmed/22943670
http://dx.doi.org/10.1186/s12964-018-0215-4
http://dx.doi.org/10.1186/s12964-016-0143-0
http://www.ncbi.nlm.nih.gov/pubmed/27608835
http://dx.doi.org/10.1186/1478-811X-9-18
http://dx.doi.org/10.3892/ijo.2015.3001
http://dx.doi.org/10.1155/2012/971907
http://dx.doi.org/10.1093/hmg/dds317
http://dx.doi.org/10.3390/ijms15034142
http://www.ncbi.nlm.nih.gov/pubmed/24608926
http://dx.doi.org/10.1371/journal.pone.0084256
http://www.ncbi.nlm.nih.gov/pubmed/24391924
http://dx.doi.org/10.1158/0008-5472.CAN-16-1092
http://www.ncbi.nlm.nih.gov/pubmed/27569215
http://dx.doi.org/10.1186/scrt194
http://www.ncbi.nlm.nih.gov/pubmed/23618405
http://dx.doi.org/10.1016/j.canlet.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22055459

Cancers 2019, 11, 798 19 of 20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Crivelli, B.; Chlapanidas, T.; Perteghella, S.; Lucarelli, E.; Pascucci, L.; Brini, A.T.; Ferrero, I.; Marazzi, M.;
Pessina, A.; Torre, M.L.; et al. Mesenchymal stem/stromal cell extracellular vesicles: From active principle to
next generation drug delivery system. J. Control Release 2017, 262, 104-117. [CrossRef] [PubMed]

Melzer, C.; von der Ohe, J.; Hass, R. In Vivo Cell Fusion between Mesenchymal Stroma/Stem-Like Cells and
Breast Cancer Cells. Cancers (Basel) 2019, 11, 185. [CrossRef] [PubMed]

Melzer, C.; von der Ohe, J.; Hass, R. Involvement of Actin Cytoskeletal Components in Breast Cancer Cell
Fusion with Human Mesenchymal Stroma/Stem-Like. Cells Int. J. Mol. Sci. 2019, 20, 876. [CrossRef]
[PubMed]

Otte, A.; Gohring, G.; Steinemann, D.; Schlegelberger, B.; Groos, S.; Langer, E; Kreipe, H.H.; Schambach, A.;
Neumann, T.; Hillemanns, P; et al. A tumor-derived population (SCCOHT-1) as cellular model for a small
cell ovarian carcinoma of the hypercalcemic type. Int. J. Oncol. 2012, 41, 765-775. [CrossRef]

Yang, Y.; Chen, Y.; Zhang, F; Zhao, Q.; Zhong, H. Increased anti-tumour activity by exosomes derived from
doxorubicin-treated tumour cells via heat stress. Int. J. Hyperth. 2015, 31, 498-506. [CrossRef]

Geran, R.I; Greenberg, N.H.; Macdonald, M.M.; Abbott, B.]. Modified protocol for the testing of new
synthetics in the L1210 lymphoid leukemia murine model in the DR&D program, DCT, NCI. Natl. Cancer
Inst. Monogr. 1977, 151-153.

Gauthaman, K.; Yee, F.C.; Cheyyatraivendran, S.; Biswas, A.; Choolani, M.; Bongso, A. Human umbilical
cord Wharton’s jelly stem cell (hWJSC) extracts inhibit cancer cell growth in vitro. J. Cell Biochem. 2012, 113,
2027-2039. [CrossRef] [PubMed]

Reza, AM.; Choi, Y]J; Yasuda, H; Kim, JJH. Human adipose mesenchymal stem cell-derived
exosomal-miRNAs are critical factors for inducing anti-proliferation signalling to A2780 and SKOV-3
ovarian cancer cells. Sci. Rep. 2016, 6, 38498. [CrossRef] [PubMed]

Lin, R.; Wang, S.; Zhao, R.C. Exosomes from human adipose-derived mesenchymal stem cells promote
migration through Wnt signaling pathway in a breast cancer cell model. Mol. Cell Biochem. 2013, 383, 13-20.
[CrossRef]

McLean, K.; Gong, Y.; Choi, Y.; Deng, N.; Yang, K.; Bai, S.; Cabrera, L.; Keller, E.; McCauley, L.; Cho, K.R.; et al.
Human ovarian carcinoma-associated mesenchymal stem cells regulate cancer stem cells and tumorigenesis
via altered BMP production. J. Clin. Invest. 2011, 121, 3206-3219. [CrossRef] [PubMed]

Vallabhaneni, K.C.; Penfornis, P.; Dhule, S.; Guillonneau, F.; Adams, K.V.; Mo, Y.Y.; Xu, R.; Liu, Y.; Watabe, K.;
Vemuri, M.C,; et al. Extracellular vesicles from bone marrow mesenchymal stem/stromal cells transport
tumor regulatory microRNA, proteins, and metabolites. Oncotarget 2015, 6, 4953—-4967. [CrossRef] [PubMed]
Baglio, S.R.; Pegtel, D.M.; Baldini, N. Mesenchymal stem cell secreted vesicles provide novel opportunities
in (stem) cell-free therapy. Front Physiol. 2012, 3, 359. [CrossRef] [PubMed]

Sempere, L.F,; Keto, ].; Fabbri, M. Exosomal MicroRNAs in Breast Cancer towards Diagnostic and Therapeutic
Applications. Cancers (Basel) 2017, 9, 71. [CrossRef]

Gilligan, K.E.; Dwyer, RM. Engineering Exosomes for Cancer Therapy. Int. J. Mol. Sci. 2017, 18, 1122.
[CrossRef]

Perteghella, S.; Crivelli, B.; Catenacci, L.; Sorrenti, M.; Bruni, G.; Necchi, V.; Vigani, B.; Sorlini, M.; Torre, M.L.;
Chlapanidas, T. Stem cell-extracellular vesicles as drug delivery systems: New frontiers for silk/curcumin
nanoparticles. Int. J. Pharm. 2017, 520, 86-97. [CrossRef]

Tripodo, G.; Chlapanidas, T.; Perteghella, S.; Vigani, B.; Mandracchia, D.; Trapani, A.; Galuzzi, M.; Tosca, M.C.;
Antonioli, B.; Gaetani, P; et al. Mesenchymal stromal cells loading curcumin-INVITE-micelles: A drug
delivery system for neurodegenerative diseases. Colloids Surf. B. Biointerfaces 2015, 125, 300-308. [CrossRef]
[PubMed]

Ursula, A.; Jana, ].; Katarina, B.; Petra, P.; Martin, P; Pavel, P.; Ondrej, T.; Juraj, K.; Martina, Z.; Vanda, R.; et al.
Prodrug suicide gene therapy for cancer targeted intracellular by mesenchymal stem cell exosomes. Int. |.
Cancer 2019, 144, 897-908.

Kim, M.S.; Haney, ML].; Zhao, Y.; Mahajan, V.; Deygen, I.; Klyachko, N.L.; Inskoe, E.; Piroyan, A.; Sokolsky, M.;
Okolie, O.; et al. Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells.
Nanomedicine 2016, 12, 655-664. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jconrel.2017.07.023
http://www.ncbi.nlm.nih.gov/pubmed/28736264
http://dx.doi.org/10.3390/cancers11020185
http://www.ncbi.nlm.nih.gov/pubmed/30764554
http://dx.doi.org/10.3390/ijms20040876
http://www.ncbi.nlm.nih.gov/pubmed/30781614
http://dx.doi.org/10.3892/ijo.2012.1468
http://dx.doi.org/10.3109/02656736.2015.1036384
http://dx.doi.org/10.1002/jcb.24073
http://www.ncbi.nlm.nih.gov/pubmed/22275115
http://dx.doi.org/10.1038/srep38498
http://www.ncbi.nlm.nih.gov/pubmed/27929108
http://dx.doi.org/10.1007/s11010-013-1746-z
http://dx.doi.org/10.1172/JCI45273
http://www.ncbi.nlm.nih.gov/pubmed/21737876
http://dx.doi.org/10.18632/oncotarget.3211
http://www.ncbi.nlm.nih.gov/pubmed/25669974
http://dx.doi.org/10.3389/fphys.2012.00359
http://www.ncbi.nlm.nih.gov/pubmed/22973239
http://dx.doi.org/10.3390/cancers9070071
http://dx.doi.org/10.3390/ijms18061122
http://dx.doi.org/10.1016/j.ijpharm.2017.02.005
http://dx.doi.org/10.1016/j.colsurfb.2014.11.034
http://www.ncbi.nlm.nih.gov/pubmed/25524221
http://dx.doi.org/10.1016/j.nano.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26586551

Cancers 2019, 11, 798 20 of 20

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Pascucci, L.; Cocce, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Vigano, L.; Locatelli, A.; Sisto, F.;
Doglia, S.M.; et al. Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that
inhibit in vitro tumor growth: A new approach for drug delivery. ]. Control Release 2014, 192, 262-270.
[CrossRef] [PubMed]

Cocce, V.; Franze, S.; Brini, A.T.; Gianni, A.B.; Pascucci, L.; Ciusani, E.; Alessandri, G.; Farronato, G.;
Cavicchini, L.; Sordi, V.; et al. In Vitro Anticancer Activity of Extracellular Vesicles (EVs) Secreted by Gingival
Mesenchymal Stromal Cells Primed with Paclitaxel. Pharmaceutics 2019, 11, 61. [CrossRef]

Duchi, S.; Sotgiu, G.; Lucarelli, E.; Ballestri, M.; Dozza, B.; Santi, S.; Guerrini, A.; Dambruoso, P.; Giannini, S.;
Donati, D.; et al. Mesenchymal stem cells as delivery vehicle of porphyrin loaded nanoparticles: Effective
photoinduced in vitro killing of osteosarcoma. J. Control Release 2013, 168, 225-237. [CrossRef]

Saulite, L.; Pleiko, K.; Popena, I.; Dapkute, D.; Rotomskis, R.; Riekstina, U. Nanoparticle delivery to metastatic
breast cancer cells by nanoengineered mesenchymal stem cells. Beilstein J. Nanotechnol. 2018, 9, 321-332.
[CrossRef]

Cresteil, T.; Monsarrat, B.; Alvinerie, P; Treluyer, ].M.; Vieira, I.; Wright, M. Taxol metabolism by human liver
microsomes: Identification of cytochrome P450 isozymes involved in its biotransformation. Cancer Res. 1994,
54,386-392.

Saari, H.; Lazaro-Ibanez, E.; Viitala, T.; Vuorimaa-Laukkanen, E.; Siljander, P.; Yliperttula, M. Microvesicle-
and exosome-mediated drug delivery enhances the cytotoxicity of Paclitaxel in autologous prostate cancer
cells. J. Control Release 2015, 220, 727-737. [CrossRef]

Majore, I.; Moretti, P.; Hass, R.; Kasper, C. Identification of subpopulations in mesenchymal stem cell-like
cultures from human umbilical cord. Cell Commun. Signal 2009, 7, 6. [CrossRef]

Otte, A.; Rauprich, F; Hillemanns, P.; Park-Simon, T.W.; von der Ohe, J.; Hass, R. In vitro and in vivo
therapeutic approach for a small cell carcinoma of the ovary hypercalcaemic type using a SCCOHT-1 cellular
model. Orphanet J. Rare Dis. 2014, 9, 126. [CrossRef] [PubMed]

Otte, A.; Rauprich, E; von der Ohe, J.; Yang, Y.; Kommoss, F.; Feuerhake, F.; Hillemanns, P.; Hass, R. c-Met
inhibitors attenuate tumor growth of small cell hypercalcemic ovarian carcinoma (SCCOHT) populations.
Oncotarget 2015, 6, 31640-31658. [CrossRef]

Thery, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and characterization of exosomes from cell culture
supernatants and biological fluids. Curr. Protoc. Cell Biol. 2006, 30, 3-22. [CrossRef] [PubMed]

Thery, C.; Witwer, KW.,; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.;
Arab, T.; Archer, F.; Atkin-Smith, G.K; et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell Vesicles 2018, 7, 1535750. [CrossRef] [PubMed]

Melzer, C.v.d.O.].; Hass, R. In Vitro Fusion of Normal and Neoplastic Breast Epithelial Cells with Human
Mesenchymal Stroma/Stem Cells Partially Involves Tumor Necrosis Factor Receptor Signaling. Stem Cells
2018, 36, 12. [CrossRef] [PubMed]

Hass, R.; Bertram, C. Characterization of human breast cancer epithelial cells (HBCEC) derived from long
term cultured biopsies. . Exp. Clin. Cancer Res. 2009, 28, 127. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jconrel.2014.07.042
http://www.ncbi.nlm.nih.gov/pubmed/25084218
http://dx.doi.org/10.3390/pharmaceutics11020061
http://dx.doi.org/10.1016/j.jconrel.2013.03.012
http://dx.doi.org/10.3762/bjnano.9.32
http://dx.doi.org/10.1016/j.jconrel.2015.09.031
http://dx.doi.org/10.1186/1478-811X-7-6
http://dx.doi.org/10.1186/s13023-014-0126-4
http://www.ncbi.nlm.nih.gov/pubmed/25103190
http://dx.doi.org/10.18632/oncotarget.5151
http://dx.doi.org/10.1002/0471143030.cb0322s30
http://www.ncbi.nlm.nih.gov/pubmed/18228490
http://dx.doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://dx.doi.org/10.1002/stem.2819
http://www.ncbi.nlm.nih.gov/pubmed/29569804
http://dx.doi.org/10.1186/1756-9966-28-127
http://www.ncbi.nlm.nih.gov/pubmed/19751512
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Cell Culture 
	Flow Cytometry Analysis 
	Preparation of Control Exosomes and Chemotherapeutic-Loaded Exosomes 
	Characterization of Exosome Preparations by Nanoparticle Tracking Analysis (NTA) 
	Immunoblot Analysis of Exosomes 
	Detection and Quantification of Taxol in Culture Medium, Cells, and Exosomes by Liquid Chromatography-Tandem Mass Spectrometry (LS-MS/MS) Analysis 
	Cytotoxicity Measurements of Exosomes by Fluoroscan Assay 
	Cell Cycle Analysis 
	In Vivo Experiments 
	Transcript Analysis by RT-PCR 

	Conclusions 
	References

