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Purpose: Cell-mediated delivery of nanoparticles is emerging as a new method of cancer
diagnostics and treatment. Due to their inherent regenerative properties, adult mesenchymal
stem cells (MSCs) are naturally attracted to wounds and sites of inflammation, as well as
tumors. Such characteristics enable MSCs to be used in cellular hitchhiking of nanoparticles.
In this study, MSCs extracted from the skin connective tissue were investigated as transporters
of semiconductor nanocrystals quantum dots (QDs).

Materials and methods: Cytotoxicity of carboxylated CdSe/ZnS QDs was assessed by lactate
dehydrogenase cell viability assay. Quantitative uptake of QDs was determined by flow cytom-
etry; their intracellular localization was evaluated by confocal microscopy. In vitro tumor-tropic
migration of skin-derived MSCs was verified by Transwell migration assay. For in vivo migration
studies of QD-loaded MSCs, human breast tumor-bearing immunodeficient mice were used.
Results: QDs were found to be nontoxic to MSCs in concentrations no more than 16 nM.
The uptake studies showed a rapid QD endocytosis followed by saturating effects after 6 h of
incubation and intracellular localization in the perinuclear region. In vitro migration of MSCs
toward MDA-MB-231 breast cancer cells and their conditioned medium was up to nine times
greater than the migration toward noncancerous breast epithelial cells MCF-10A. In vivo,
systemically administered QD-labeled MSCs were mainly located in the tumor and metastatic
tissues, evading most healthy organs with the exception being blood clearance organs (spleen,
kidneys, liver).

Conclusion: Skin-derived MSCs demonstrate applicability in cell-mediated delivery of nano-
particles. The findings presented in this study promise further development of a cell therapy
and nanotechnology-based tool for early cancer diagnostics and therapy.

Keywords: mesenchymal stem cells, tumor tropism, quantum dots, nanoparticles, tumor-specific
delivery, immunodeficient mice

Introduction

Despite advances made in cancer therapy, it is generally accepted that conventional
treatment methods are not sufficient to permanently eliminate cancer and cancer
stem-like cells.! Nanotechnology emerged as one of the most promising solutions;
however, nanoparticles themselves lack specificity to tumors, and thus, cell-based
therapies were proposed. Out of all potential human cell sources, human mesen-
chymal stem cells (MSCs) were introduced as the most promising. MSCs do not
evoke ethical controversy, have no tissue compatibility issues, and possess low
tumorigenicity risk.>* MSCs are non-hematopoietic spindle-shaped fibroblast-like
cells derived from the mesoderm.* MSCs possess self-renewal and immunomodulatory
properties, are capable of transdifferentiation, and participate in wound healing, bone
regeneration, angiogenesis, and homeostasis.””’ Due to these characteristics, MSCs
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hold great promise in the treatment of wounds, degenerative
diseases, and other pathologies.® Cancer cells secrete various
chemokines similar to the ones produced in the lesion sites;’
therefore, tumors are sometimes called wounds that do not
heal.'” MSCs have chemokine receptors!! and a tendency to
migrate through the chemokine gradient toward the tumor.'!?
Owing to these tumor-tropic properties, MSCs could be used
to transport therapeutic molecules directly to cancerous
tissues. MSC-mediated transportation of different signal-
ing molecules (interleukins, interferons, chemokines),'*!s
genetically modified viruses,'® gene therapy components,'’
chemotherapeutic drugs and prodrugs!'®!® are already topics
of research. There are also successful studies investigating
the use of MSCs in transportation of nanoparticles — one of
the main achievements was the delivery of optically active
nanoparticles via MSCs across the blood—brain barrier and
homing to glioblastomas.?*?! Knowledge about MSC tumor-
tropic properties and their potential to perform tumor-directed
delivery of nanoparticles opens the way to novel therapy.

Of'the wide variety of nanoparticles investigated, quantum
dots (QDs) have perhaps the most extensive applications.
QDs exhibit unique photophysical properties. Some of the
most desired characteristics of QDs are broad excitation
and a narrow photoluminescence (PL) emission spectra.?
Together with the quantum confinement effect, which imple-
ments the size-dependent PL emission of QDs, such spectral
characteristics enable the use of several QDs with different
wavelengths in a single experiment and the construction of
nanocrystals that fluoresce in a tissue optical window.?*?* QDs
are also characterized by their brightness and high photosta-
bility.>> These optical properties permit QDs to be used in
long-term tissue imaging and in vivo cell tracking. QDs have
already been employed to track MSCs in regenerative or cancer
therapies due to their superior in vitro cell tracking capability
compared to commercial cell trackers.” The large surface area
of nanoparticles allows the attachment of multiple biologically
active molecules, such as proteins, drugs, photosensitizers,
and/or antibodies.* Thus, QDs could combine a cell-imaging
probe and a tumor-targeting agent in one platform.

Most researchers use bone marrow!'?*2® or adipose
tissue-derived'®?*3* MSCs. In this study, we used human der-
mal MSCs. The successful application of dermal MSCs for
the delivery of nanoparticles would be highly advantageous
because of the high tissue accessibility and tractability.’!
MSCs are abundant in skin tissues and can be obtained
with minimally invasive procedures. In addition, after
some surgeries, the skin tissue is considered a surgical waste
and, therefore, could be used for a cost-effective appliance

in cancer treatment. Post-surgery material gathered after
liposuction,®? amputations,* or surgical debridement* has
already been suggested as a source of MSCs.

We used Invitrogen Qdot® 625 ITK™ Carboxyl QDs to
investigate the effect of nanoparticles on MSC migration
in vitro and in vivo. Here, we identified the optimal nontoxic
concentration of QDs, internalization dynamics of QDs into
MSCs, nanoparticle intracellular localization, and most
importantly, the QD-loaded MSC ability to migrate toward
cancer cells in vitro and in vivo. Altogether, the results pre-
sented in this article show the promising potential of MSCs
to be used as nanoparticle carriers to the tumors.

Materials and methods

Materials

Qdot 625 ITK nontargeted carboxyl-coated QDs used in
the study were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). QDs consisted of CdSe/ZnS core/
shell and were coated by carboxylic acid—functionalized
polyethylene glycol (PEG) lipids, and had a strong emission
in the red region with the emission peak at 625 nm. Atomic
force microscopy and dynamic light scattering data showed
mean nanoparticle size to be ~14.5 nm (Figure 1).

Mouse anti-human monoclonal antibodies were the fol-
lowing: CD44 conjugated with Alexa Fluor® 488 (BioLegend,
San Diego, CA, USA), CD90 conjugated with fluorescein iso-
thiocyanate (FITC) (Dako Denmark A/S, Glostrup, Denmark),
CD73 conjugated with phycoerythrin (PE; BD Biosciences,
San Jose, CA, USA), CD105 conjugated with allophycocya-
nin (APC) (R&D Systems, Minneapolis, MN, USA), CD45

[ AFM data
—=— DLS data
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Figure | Analysis of QD size measured using AFM and DLS, and representative
AFM micrograph of QDs dispersed on freshly cleaved mica surface.

Notes: The hydrodynamic diameter was measured using a DLS device Zeta Plus
PALS (Brookhaven Inc., Holtsville, NY, USA). AFM Innova (Veeco Inc., Plainview, NY,
USA) was used for QD imaging in the tapping mode using silicon nitride probes.
Abbreviations: AFM, atomic force microscopy; DLS, dynamic light scattering;
QDs, quantum dots.
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conjugated with FITC, CD34 conjugated with PE, CD14
conjugated with APC, CD184 (CXCR4) conjugated with PE
(all four from BD Biosciences). The lactate dehydrogenase
(LDH) cytotoxicity detection kit CytoTox 96® was purchased
from Promega (Madison, WI, USA).

Primary cell cultures and cell lines

Primary human skin MSCs used for this study were sup-
plied by a frozen primary cell bank established from
cultivated dermis-derived adherent cells, isolated from post-
surgery materials as described earlier.*> MSCs were used
in accordance with authorized approval from the Institute
of Experimental and Clinical Medicine Ethics committee,
University of Latvia (issued on 04.06.2014). Skin MSCs were
grown in DMEM with F12 Nutrient mixture (DMEM/F12,
3:1 v/v; Thermo Fisher Scientific) supplemented with 10%
of fetal bovine serum (FBS; Sigma-Aldrich, St Louis, MO,
USA) and 1% antibiotics (100 U/mL penicillin, 100 pg/mL
streptomycin; Biochrom, Berlin, Germany). MSCs used in
the experiments were between passages 4 and 8. To ensure
the consistency of the results and prevent donor-dependent
variations, MSCs from a single donor were used in all the
experiments, if not stated otherwise.

Human breast cancer cell line MDA-MB-231 (ATCC
HTB-26™) and human mammary epithelial cell line MCF-
10A (ATCC CRL-10317™) were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA). MDA-MB-231 cells were cultured in DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS and
1% antibiotics. MCF-10A cells were cultured in HUMEC
Basal Serum-Free Medium supplemented with 1% HuMEC
supplement, 0.4% bovine pituitary extract (all from Thermo
Fisher Scientific), and 1% antibiotics.

Cells were cultured and passaged in 25-75 cm? cell
culture flasks with up to 90% confluence with complete cell
culture medium. Cells were grown in a humidified chamber
at 37°C with 5% CO,.

Immunostaining of MSCs

MSCs were characterized by the criteria set by the Interna-
tional Society of Cellular Therapy.** Immunophenotype of
MSCs was detected by staining 1x10° cells using antibodies
against mesenchymal markers CD90, CD73, CD105, and
hematopoiesis markers CD45, CD34, CD14, according to
the manufacturer’s instructions. Additionally, cells were
stained with CD184 to detect the amount of CXCR4 on the
membrane of MSCs. Stained and washed cells were analyzed
with a flow cytometer.

Optimization and quantification of QD

internalization

Maximum nontoxic QD concentration was determined using
standard LDH cytotoxicity assay. MSCs were seeded into
96-well plates at a density of 5x10° cells per well in 100 uL
of complete medium. After 24 h, the growth medium was
supplemented with increasing concentrations of QDs varying
from 0.8 to 80 nM. Cells were incubated with QDs for 24 and
48 h. A few wells were chosen as a positive control. Positive
control cells were lysed with lysis buffer. After incubation,
CytoTox 96 reagent was added to the wells. After 30 min,
the stop solution terminated the reaction and the absorbance
at 490 nm was measured using Infinite 200 PRO (Tecan,
Mainnedorf, Switzerland). Toxicity was determined by the
following formula:

OD,, of the cells with QDs
OD,,, of lysed cells

Toxicity, % =100 x

where OD is optical density.

Quantitative accumulation of QDs was performed seeding
MSCs into six-well plates at a density of 1x10° cells per well
in 2 mL of complete medium. After 24 h, QDs were added
to the culture medium to a final concentration of 16 nM.
The incubation was carried out from 1 min to 48 h. After the
appropriate incubation time, the monolayer of the cells was
washed three times with PBS (Biochrom), trypsinized, and
centrifuged (200x g for 5 min). The cells were resuspended
in 100 uL PBS and analyzed with a flow cytometer.

Intracellular localization

MSCs were seeded in eight-well chamber slides (Nunc
Lab-Tek II; Thermo Fisher Scientific) at a density of 3x10?
cells per well in 400 puL of complete medium. After 24 h,
the QDs were diluted in the complete growth medium to a
concentration of 16 nM and poured over the cells. The cells
were incubated for various time points ranging from 15 min
to 48 h. After incubation, the cells were washed a few times
with Dulbecco’s PBS (Thermo Fisher Scientific) to prevent
cell detachment. Cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 15 min, permeabilized with 0.2% Triton
X-100 (Sigma-Aldrich) for 4 min, and blocked with 1%
bovine serum albumin (Sigma-Aldrich) for 20 min. Cells
were incubated with 15 U/mL Alexa Fluor 488 Phalloidin
(Thermo Fisher Scientific) for 30 min to label actin
filaments. Nuclei were stained with 25 pg/mL Hoechst 33258
(Sigma-Aldrich) for 30 min. Slides were mounted with Qdot
Mounting media (Thermo Fisher Scientific).
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In vitro migration

The tropism of MSCs to tumor cells was determined using
Transwell® Permeable Support inserts (Corning Inc., Corning,
NY, USA). MDA-MB-231 and MCF-10A (1x10° cells/well)
cells were seeded onto lower wells of 24-well plates in 600 uL
of a serum-free medium. The remaining wells contained
MDA-MB-231-conditioned medium (filtered [0.22 pum filter]
serum-free medium in which MDA-MB-231 cancer cells had
been cultured for 24 h), MSC growth medium supplemented
with 20% FBS (positive control), or serum-free medium
(negative control). After 24 h, QD-loaded and unlabeled
MSCs were resuspended in 100 UL of serum-free medium and
placed onto polycarbonate membrane inserts with 8 pim pores
(3x10* cells/insert). MSC-containing inserts were positioned
in the lower wells. MSCs were allowed to migrate through
the pores for 24 h under standard cultivation conditions (37°C
with 5% CO,). Nonmigratory cells were wiped away from the
inside of the insert using a wet cotton bud. Migratory cells
were fixed with 4% paraformaldehyde for 15 min and stained
with 25 ug/mL Hoechst overnight. The migrated MSCs were
examined under the confocal microscope. Results were evalu-
ated by directly counting the number of migrated cells in at
least five fields. The data were normalized according to the
MSC migration toward positive control, which represented
100% migration. Results are presented as a mean + SD. To
determine whether in vitro cell migration depends on the
donor, MSC migration toward MDA-MB-231 cells, FBS-
supplemented and FBS-free medium was tested with, overall,
three different donors.

Animals and tumor model

Experiments were performed on 6-week-old female CB17
SCID mice (Taconic Biosciences, Lille Skensved, Denmark).
Mice were maintained at a constant temperature (22°C£1°C),
relative humidity 55%%10%, and a photoperiod (12 h light/
dark cycle). Animals were acclimatized for 7 days before
each experiment. The animals were provided with auto-
claved rodent chow (Diet 4RF25; Mucedola, Milan, Italy)
and purified water ad libitum. Animal experiments were
approved by the Animal Care and Use Committee of the
State Food and Veterinary Service (approval No G2-29),
and all procedures were in accordance with the guidelines
for animal research set out in the European Union Directive
2010/63/EU and national regulations. Mice were inoculated
with 2x10® MDA-MB-231 cells in a volume of 200 uL
growth medium into adipose tissue around the nipple using
23G needles. The tumor volume was estimated by mea-
suring three orthogonal diameters (L [length], W [width],
H [height]) with calipers; the volume (V) was calculated as

follows: V =(L x W x H) x0.523. The migration studies were
performed when the tumor size reached 300 mm?®, generally
50-60 days after inoculation. At least five mice were used
in the experimental groups.

In vivo migration

After the tumors were formed, 5x10° QD-loaded MSCs were
injected subcutaneously (in 200 uL growth medium) ~5 mm
below the tumor with 23G needles. Control mice were
injected with a sterile saline solution. The mice were left for
24 h or 7 days in standard conditions. After the appropriate
time, mice were sacrificed and tumor, peritoneum from MSC
injection site, lungs, kidneys, brain, heart, spleen, liver, and
metastases (if found) were taken. The organs were either cut
into slices with cryomicrotome (10 um slice thickness) or
homogenized and analyzed with flow cytometer. Slices were
analyzed with confocal microscope to get fluorescent images
and later stained with hematoxylin and eosin to get respec-
tive histologic images. For the flow cytometric analysis, the
organs were minced and digested with 0.25% trypsin/EDTA
(Biochrom) for 30 min with continuous shaking at 37°C.
After enzymatic dissociation, the suspension was rigorously
pipetted with a cut pipette tip. The digested tissues were
passed through 70 pum filters to obtain a single cell suspension,
mixed with 10% FBS/PBS solution, and centrifuged at 400x g
for 5 min. The cells were resuspended in PBS and counted.
Then, 1x10° cells were stained with anti-CD44 antibody for
30 min, washed, and analyzed with a flow cytometer.

Flow cytometry

Flow cytometric analyses were performed using Accuri
C6 (Accuri Cytometers, Inc., Ann Arbor, MI, USA) or
Guava EasyCyte (Merck Millipore, Billerica, MA, USA)
flow cytometers. A minimum of 10,000 viable cells were
acquired. The data were analyzed with FlowJo (Tree Star,
Inc., Ashland, OR, USA) and Accuri C6 software (Accuri
Cytometers, Inc.).

Laser scanning confocal microscopy

Samples were examined under the Nikon Eclipse TE2000-U
microscope (Nikon, Yokohama, Japan) with the confocal laser
scanning system Clsi (capable of 32-bit spectral imaging).
Imaging was performed by scanning with the beam of diode
laser (404 nm) for Hoechst, argon ion laser (488 nm) for
Alexa Fluor 488, and helium—neon laser (543 nm) for QDs
using oil immersion 60x NA 1.4 objective (Plan Apo VC;
Nikon). Three different band pass filters were used —450/35
for Hoechst, 515/30 for Alexa Fluor 488, and 605/75 for
QDs. Image processing was performed using EZ-C1 Bronze
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version 3.80 (Nikon) and ImageJ 1.48 (National Institute of
Health, Bethesda, MD, USA) software.

Statistical analysis

Data are shown as the representative result or as the mean
of at least three independent experiments = SD. Statistical
analyses were performed using the two-tailed Student’s
t-test; differences were considered significant at p=0.05,
and p-values are shown in figures where needed.

Results

Characterization of MSCs

The cells isolated from donor skin tissue were plastic adher-
ent and had fibroblast-like spindle-shaped morphology
(Figure 2A). The ability of the cells to differentiate into
adipocytes, osteocytes, and chondrocytes was evaluated
earlier.’”3® The cultured cells were >95% positive for the
expression of mesenchymal markers CD90, CD73, and
CD105, and displayed no expression (=0.5%) of hematopoi-
etic markers CD45, CD34, and CD14 (Figure 2B). Accord-
ing to the criteria defined by the International Society for

Cellular Therapy,* cells used in this study were considered
to be MSCs.

Optimization and quantification of QD

internalization

For MSCs to be used as nanoparticle vehicles, the optimal

conditions for maximum QD loading must be established.
To evaluate the possible cytotoxic effect of nanoparticles

and determine the maximum tolerated QD concentration,

standard LDH cytotoxicity assay was used. Using various

Count 0

Count

concentrations of nanoparticles and different incubation
time points, we detected that 16 nM was the maximum QD
concentration that did not cause any cytotoxicity to MSCs
even after 48 h of treatment (Figure 3A). Higher concentra-
tions of QDs caused only minor toxicity (1.7%—5%). Hence,
16 nM concentration was used in the following experiments.
The negative value seen in Figure 3A is due to the increased
metabolic activity of MSCs after incubation with nanopar-
ticles, because the assay measures LDH activity in the cells.
This shows the stimulating effect of nanoparticles on growth
and proliferation of MSCs. Such an effect was also noticed
by other authors.*

To optimize the uptake of nanoparticles, the effect of the
incubation time was assessed and a quantitative accumulation
curve was acquired (Figure 3B). The curve corresponded
to the standard S-shaped sigmoid QD accumulation curve
(lag, growth, and saturation stages).* For the first hour, the
QD PL signal was low; after an hour, the PL signal sharply
increased until 6 h at which time the transitional phase was
reached. Since the results showed that incubation for 6 h is
sufficient to obtain the early saturation phase of accumula-
tion, 6 h incubation time point was chosen as the optimal QD
incubation time (Figure 3B).

Intracellular localization

Using laser scanning confocal microscope, the uptake and
intracellular localization of QDs was detected (Figure 4).
The attachment of QDs to the cell membrane was rapid and
occurred as early as 15 min incubation (Figure 4, insert a),
and was followed by the endocytosis of nanoparticles. The
uptake was first detected after 1 h and increased gradually

/\ 99.2% M 99%

0
10° 10" 10® 10° 10*10° 10' 102 10° 10* 10° 10' 10° 10° 10°
CD90 CD73 CD105

m 0.4% A 0.5%

0
10° 10" 102 10° 10%10° 10' 102 10° 10*10° 10' 107 10° 10¢
CD45 CD34 CD14

98%

0.4%

Figure 2 (A) Morphology of isolated dermal MSCs. Magnification 10x, scale bar 400 pm. (B) Immunophenotype of MSCs.
Notes: Black curve, control; green, mesenchymal markers; red, hematopoiesis markers. Percentage shows positive events.

Abbreviation: MSCs, mesenchymal stem cells.
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Figure 3 (A) QD cytotoxicity to MSCs. (B) Dynamics of QD uptake by MSCs.
Note: Error bars represent the SD.
Abbreviations: MSCs, mesenchymal stem cells; PL, photoluminescence; QDs, quantum dots.

with the incubation time. QDs were localized inside the  demonstrated that after microinjection or membrane dam-
vesicles, demonstrating that endocytosis was their entry  age, the QDs were uniformly dispersed in the cytoplasm
pathway (Figure 4, insert b) — our previous study on QD  of the cells and did not form any vesicular structures,
microinjection, mimicking passive diffusion of nanoparticles,  proving endocytosis is responsible for vesicle formation.*

15-30 min

Figure 4 Confocal micrographs showing intracellular localization of QDs in MSCs.

Notes: Blue, nuclei (Hoechst); green, actin (Alexa Fluor 488°® Phalloidin); red, QDs. Magnification 60X, scale bar 15 um. White squares (a—d) mark the zoomed parts shown
in the inserts. Inserts scale bar 10 um.

Abbreviations: MSCs, mesenchymal stem cells; QDs, quantum dots.
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After 6 h, all MSCs had incorporated QDs and the endocytic
vesicles with nanoparticles inside were spread all over the
cytoplasm. After 24 h, the vesicles with QDs merged into
multivesicular body-like structures that localized mostly in
the perinuclear region (Figure 4, insert d). Along with the
intracellular localization, the size of the vesicles containing
QDs also changed over time (Figure 4, inserts). QDs were
not detected in the nuclei.

In vitro migration

Several studies*“¢ demonstrate the tendency of MSCs to
migrate to the sites of the tumor. Therefore, to investigate
whether skin MSCs possess the same properties, we simulated
the migration of MSCs toward cancer cells (MDA-MB-231)
and noncancerous breast epithelial cells (MCF-10A) using
Transwell migration assay. During the assay, all the cells
were incubated in serum-free medium to prevent nonspecific
chemotactic movement toward the serum.

The excessive migration toward positive control (growth
medium supplemented with 20% serum) showed that even
after the prolonged ex vivo cultivation, MSCs retained their
migratory capabilities (Figure SA, B). The migration toward
MDA-MB-231 cancer cells was thirty times greater than
the random undirected cell migration toward serum-free
medium (negative control), as shown in Figure 5C. In order
to verify that MSCs do not migrate toward all types of cells
including healthy tissue, cell migration toward nonmalignant

breast tissue epithelial cells MCF-10A was tested. The results
demonstrate that the migration toward healthy breast tissue
cells was the same as an undirected MSC migration (<2%).
The migration toward MDA-MB-231—conditioned medium
(~33%) proved that cancer cells secrete soluble molecules
stimulating MSC migration (Figure 5C). Furthermore, the
impact of nanoparticles on the migration of MSCs was
evaluated when comparing the migration of QD-loaded and
unlabeled MSCs. QDs did not reduce the MSCs’ ability
to migrate, as there were no statistically significant differ-
ences between nanoparticle-labeled and unlabeled MSCs
(Figure 5A—C).

To detect whether in vitro migration of MSCs depends
on the donor, we tested the migration of MSCs extracted
from three different donor skin tissues (Figure 6). The results
showed no differences in migration toward positive and
negative controls between different donor cells. Yet, some
differences arose in migration toward cancer cells — one out
of three donor MSCs displayed higher in vitro migration both
with and without QDs.

In vivo migration

In vitro migration experiment showed that MSCs have a
predisposition to migrate specifically to cancer cells while
avoiding healthy cells (Figure 5); thus, the in vivo experi-
ment with human breast tumor-bearing immunodeficient
mice was performed. Confocal micrographs of tumor and

()

p=0.002
p=0.0002
_l_

.

With QDs

100 1 MSCs with QDs

U221 MSCs without QDs

80

60

Migration (%)

40 p=0.001

Without QDs

20 4 p=0.001

Figure 5 In vitro migration of MSCs.

Notes: MSCs (A) with QDs and (B) without QDs migrated through 8 um pores toward a growth medium supplemented with 20% FBS. White arrows in (A) show some
of the QDs. Cells were stained with Hoechst (nucleus stain); red, QDs. Magnification 10X, scale bar 200 um. (C) MSC in vitro migration toward various chemoattractants.
Error bars represent the SDs. Data were normalized according to the migration toward 20% FBS (positive control). p-values show significant differences compared to the
negative control (FBS-free medium).

Abbreviations: FBS, fetal bovine serum; MSCs, mesenchymal stem cells; QDs, quantum dots.
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Figure 6 In vitro migration of MSCs extracted from three different donors.

Notes: (A) Migration of unlabeled MSCs. (B) Migration of QD-loaded MSCs. Data were normalized according to the migration toward 20% FBS (positive control). Error

bars represent the SDs.

Abbreviations: FBS, fetal bovine serum; MSCs, mesenchymal stem cells; QDs, quantum dots.

metastasis cryosections showed red QD PL (Figure 7A and D).
Interestingly, QD-labeled MSCs were distributed throughout
the entire tumor (Figure 7A—C), while in the metastatic tis-
sue, most QDs were detected in cells of different morphology
(Figure 7D-F).

In parallel, tissue homogenates were analyzed with a
flow cytometer. To accurately evaluate QD-positive cells,
homogenized samples were stained with anti-human CD44

antibody that binds only to cancer cells and MSCs. It was
discovered that up to 19% of tumor cells were QD-positive
cells (Figure 8A). During the tumor formation period, several
mice developed spontaneous metastases due to rapid tumor
growth. It was a good chance to investigate the accumulation
of MSCs at the metastasis site. Up to almost 7% of the cells
constituting the metastases were identified as QD positive
(Figure 8B). A comprehensive flow cytometric analysis was
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28
&
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Figure 7 Micrographs showing QD-loaded MSCs in (A—C) tumor and (D—F) metastatic tissues. (A, D) PL, (B, E) PL and autofluorescence, (C, F) respective morphologic

images (H&E staining).
Note: Scale bar 50 um.

Abbreviations: H&E, hematoxylin and eosin; MSCs, mesenchymal stem cells; PL, photoluminescence; QDs, quantum dots.

submit your manuscript

8136

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Skin-derived MSCs as QD vehicles

A 1074Q1 Q2
0.1% 19.0%
108 C 20
) . Ty
8 108 . V)7 days
16
10 g 14—-
0 Q4 st Q3 7)) i
14.5% 66.4% =
ESELA ‘ ' ‘ ® 124
0 10* 10° 10% 107 (¥} ]
CD44-Alexa Fluor 488 S 101 p=0.01
= 1| 7 —
® o
B o ?.215% e?.gg% 8‘ ° 1
Q 6- p=0.02
106 (¢} . —
n 47
a 108 J
(¢) 2. ﬁ% p=0.01
| —
o 0 i %% o T = T T
< . o < o & < )
57.7% O &) @ @ % N 2
A PR N R N P RS
0 10* 10° 10° 107 & &
CD44-Alexa Fluor 488 ©

Figure 8 In vivo migration of QD-loaded MSCs.

Notes: (A) Flow cytometry dot plot showing tumor homogenate stained with anti-CD44. (B) Flow cytometry dot plot showing metastasis homogenate stained with anti-
CD44. Q3 quadrant shows human cancer cells, Q4 shows mouse cells, Q2 shows QD-loaded MSCs. (C) QD-positive cells found in the respective tissues. p-values show

significant differences between 24 h and 7 days.
Abbreviations: MSCs, mesenchymal stem cells; QDs, quantum dots.

carried out with healthy mice organs as well. Set side by side,
it became obvious that the largest number of QD-positive
cells was detected in the tumor. However, after a week,
the amount of tumor-residing QD-labeled cells decreased
approximately two times (Figure 8C). Twenty-four hours
after the injection of MSCs, a statistically significant amount
of QD-loaded MSCs was detected in the spleen and kidneys.
After 7 days, the amount of QD-positive cells decreased and
of all healthy mice organs, they were detected mainly in the
liver. The highest accumulation of MSCs in mice organs was
in the body parts responsible for filtration and clearance of
blood and lymph (liver, spleen, kidneys), which indicates
that after 7 days MSCs redistributed into the liver or were
cleared from the mice (Figure 8C). The amount of MSCs
found in the MSC injection site remained similar throughout
the experiment.

Discussion

Nanoparticles might become a preferential choice in the future
instead of conventional cancer treatment. Due to exceptional
physical, chemical, and optical characteristics, nanoparticles
are ideal candidates for early cancer diagnostics and great
benefits are anticipated for cancer therapy. Although it is
claimed that nanoparticles should accumulate specifically

inside the tumor due to the enhanced permeability and
retention effect,*” passive accumulation lacks specificity to
tumors.*® As a result, functionalization of nanoparticles using
various targeting molecules — ligands, peptides, antibodies,
and so on — became a natural choice. There were attempts
to use antibody-conjugated QDs for cancer cell imaging and
tracking.*>® We previously showed that the antibody—QD
complex not only recognizes its specific antigen, but also is
engulfed inside the cells, while antibodies conjugated with
commonly used organic fluorophore FITC remained on the
cell membrane.® Although these results show promising
potential of antibody—nanoparticle complexes to be used in
both diagnostics and therapy, the success of such therapy
is limited due to lack of tumor-specific antigens.’! Ergo,
nanoparticle transportation using cells that are naturally
attracted to tumors emerged as a potential treatment method.
MSCs have natural stealth properties and are able to cross
biologic barriers.*>** Thus, MSCs hold a tremendous potential
for being employed in anticancer therapy as drug delivery
vehicles. In addition, nanoparticle-labeled MSC homing to
cancerous tissue would add great benefit to visualization of
tumors and/or metastases and their response to treatment.
In this study, we analyzed the toxicity, accumulation pat-
terns, and both in vitro and in vivo migration of QD-loaded
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dermal MSCs. We have shown that commercially available
QDs are nontoxic to MSCs (Figure 3A), are efficiently and
rapidly taken up by the cells (Figure 3B), and are localized
in endocytic vesicles in the perinuclear region (Figure 4).
Despite studies showing nanoparticle anchoring to the outer
cell membrane,*** QD internalization by MSCs is more
common.>® Nanoparticle uptake and localization inside
the cytoplasm is more advantageous as it leaves the cell
membrane unaltered since the nanoparticles do not block
cellular receptors. Internalization can also protect QDs from
interacting with healthy tissue in vivo and from the unpre-
dictable detachment during cargo transportation.” QDs did
not penetrate into the nucleus of MSCs (Figure 4), hence
minimizing the potential genotoxicity caused by the binding
of nanoparticles to DNA.

Most importantly, our results showed that MSCs,
extracted from the skin connective tissue, were able to
migrate toward cancer cells in vitro and in vivo (Figures 5-8).
The migration capability toward cancerous tissue is a pre-
requisite for MSCs to be used in targeting tumor cells. We
successfully simulated directional migration of MSCs toward
human breast cancer cells and their conditioned medium
in vitro. Our results complement the evidence that MSCs tend
to migrate toward cancer cells,'*!® cancer cell-conditioned
medium,*! and growth medium, supplemented with recom-
binant proteins found in cancer cell-conditioned medium,*
verifying that cancer cells secrete molecules promoting MSC
migration. The key molecules inducing MSC migration
toward tumors supposedly are vascular endothelial growth
factor,®® fibroblast growth factor 2,% stromal cell derived
factor 1 (SDF-1),% chemokine (C-C motif) ligand 2, also
known as monocyte chemotactic protein-1,° and macrophage
migration inhibitory factor.!> MSC migration is suppressed
by antibodies against chemokine (C-X-C motif) receptor 4
(CXCR4)* or by receptor antagonists,'? proving SDF-1/
CXCR4 to be the main axis mediating MSC migration to
cancerous tissue.’' Our research shows that in comparison to
the chemotaxis toward highly potent chemoattractant (growth
medium supplemented with 20% serum), the migration
induced by cancer cells was mediocre (Figures 5C and 6).
However, this may be related to the fact that the conditions
under which MSCs are cultured in vitro are different from
the ones found in their natural in vivo niches.®® Therefore,
longer ex vivo cultivation leads to the reduced expression
of receptors responsible for cell migration toward malignant
cells (eg, CXCR4).% The receptor for SDF-1 — CXCR4 —is
found on both the cancer cell membrane as well as MSCs;
thus, it participates in tumor metastasis if overexpressed in

cancer cells” or partakes in MSC migration toward the tumor
if found on MSCs.”! To detect the level of CXCR4 in skin
MSCs, we performed additional flow cytometric analysis
on MSCs using anti-CXCR4 monoclonal antibody. The
study revealed that our cultured MSCs have only 4%+2.1%
CXCR4-positive cells (Figure S1). Shen et al also found 4.1%
CXCR4 expression in umbilical cord MSCs,” while Shi et
al found an almost negative CXCR4 cell surface expres-
sion in fetal bone marrow MSCs; whereas, upon cytokine
stimulation, the amount of CXCR4 increased to 55.7%." The
poor expression of CXCR4 might be the reason for weak
MSC migration to cancer cells both in vitro and in vivo and
should be increased before in vivo manipulation. Hypoxia,™
cellular modifications,” and preincubation with cytokines,
for example, interleukin-6 or hepatocyte growth factor,’ are
several strategies enhancing the migration of MSCs. Addi-
tionally, MSC migration potential might be donor dependent.
Figure 6 shows that MSC migration depends slightly on
the donor — one donor’s MSCs possessed higher than usual
migration toward cancer cells and such an effect must be
taken into account before choosing a donor as it would lead
to better outcome of the potential therapy.

Another important factor for low MSC engraftment is the
retaining properties of QDs. QD excretion from MSCs is a
topic of controversy. Although it has been noted that QDs
might leak from intact stem cells,’***7 it was also reported
that QD-labeled cells retain bright QD PL for a few weeks
and do not transfer nanoparticles to adjacent cells and host
tissues.?>™ Such disagreements might be explained by
different QD surface charges, as positively charged nano-
particles were used in most studies that showed QD leakage
from cells,’”” while negatively charged nanoparticles were
retained inside the cells better.”®’ Our previous in vitro
studies showed that QD PL decreases by 30% after the first
24 h most probably due to some degradation in lysosomes
and does not change after additional 24 hours.*®

Our in vitro migration study showed that incubation with
QDs did not diminish cell migration, showing the biocom-
patibility of the nanoparticles used (Figures 5 and 6). These
results are in agreement with previous studies using MSCs
and nanoparticles.3*8!

In vivo migration results with SCID mice revealed that
most MSCs were located in tumor tissue in comparison to
healthy organs and MSC injection site. The highest number
of MSCs was detected in the tumor 24 h postinjection, sug-
gesting that short periods are sufficient and most suitable for
MSCs to reach the tumor. We observed minor engraftment
of subcutaneously administered MSCs in organs comprising
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the mononuclear phagocyte system — liver, spleen, kidneys
(Figure 8C). Previous studies also have shown localization
of exogenously administered MSCs in the aforementioned
tissues.®” No distribution of MSCs was detected in other
healthy organs, including heart, brain, lungs. Although MSC
entrapment in the lungs is quite common due to the large
size of the cells (2024 wm) and the small lung capillaries of
diameter 10-15 um,% we detected only a slight engraftment
of MSCs in the lungs. Our findings concerning poor distribu-
tion of exogenously administered MSCs in healthy tissues
are in agreement with earlier reports.®** This property adds
to the benefits of MSC application in tumor-tropic therapy,
while avoiding multiorgan toxicity.

The role of MSCs in cancer development is a topic of
controversy. Although we did find encouraging data that QD-
loaded MSCs migrate toward breast tumor in vivo, it must be
taken into account that MSCs could act as pro-tumorigenic
due to paracrine stimulation that promotes metastases, angio-
genesis, immune system suppression, expansion of cancer
stem cells,® as well as tumor suppressor agents through the
inhibition of migration, suppression of cell cycle, and apop-
tosis induction.”®*? Thus, to prevent therapy-induced tumor
progression, QDs ought to act as theranostic agents, combin-
ing diagnostics due to PL and therapeutics due to the attach-
ment of anticancer agents, for example, photosensitizers.
Such complexes have been already designed and tested as
effective tools for pancreatic cancer.”

Although we chose breast cancer as a tumor model, recent
studies show the applicability of MSC-based therapy for
the treatment of tumors of various locations, for example,
ovarian,” liver,*® lung,” and so on. A considerable amount of
research has been done on glioma models, as MSCs are able
to cross the blood—brain barrier and localize in intracranial
neoplasms, 203362

Adipose tissue- or bone marrow-derived MSCs are most
commonly used in tumor-tropic cell therapy researches.
To our knowledge, we are the first ones to use skin connective
tissue MSCs for tumor-tropic nanoparticle delivery. Using
skin MSCs for the delivery of anticancer agents would be
advantageous, since the skin tissue composes the widest area
and has the easiest accessibility in the human body.

Conclusion

In this study, we tested the ability of skin-derived MSCs to
be used as cellular nanoparticle vehicles and evaluated their
tumor-tropic migration toward breast cancer cells in vitro and
in vivo. We demonstrated that skin connective tissue MSCs
are able to selectively deliver QDs to human tumor xenograft

models. To our knowledge, this is the first time that skin MSCs
have been used in tumor-tropic in vitro and in vivo studies. We
suggest that QD-loaded skin MSCs could be a useful tool to
target cancer cells. However, further studies are necessary.
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Figure S| Flow cytometry histogram showing the amount of CXCR4 on the

surface of skin-derived MSCs.
Notes: Dotted line, negative control; solid line, CXCR4-PE labeled MSCs.
Percentage shows positive events.

Abbreviations: CXCR4, chemokine (C-X-C motif) receptor 4; MSCs, mesenchymal
stem cells; PE, phycoerythrin.
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