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Abstract

Tumor-targeted drug delivery has the potential to improve therapeutic efficacy and mitigate non-
specific toxicity of anticancer drugs. However, current drug delivery approaches rely on inefficient
passive accumulation of the drug carrier in the tumor. We have developed a unique, truly active
tumor targeting strategy that relies on engineering mesenchymal stem cells (MSCs) with drug-
loaded nanoparticles. Our studies using the A549 orthotopic lung tumor model show that nano-
engineered MSCs carrying the anticancer drug paclitaxel (PTX) home to tumors and create
cellular drug depots that release the drug payload over several days. Despite significantly lower
doses of PTX, nano-engineered MSCs resulted in significant inhibition of tumor growth and
superior survival. Anticancer efficacy of nano-engineered MSCs was confirmed in
immunocompetent C57BL/6 albino female mice bearing orthotopic Lewis Lung Carcinoma (LL/2-
luc) tumors. Further, at doses that resulted in equivalent therapeutic efficacy, nano-engineered
MSCs had no effect on white blood cell count whereas PTX solution and PTX nanoparticle
treatments caused leukopenia. Biodistribution studies showed that nano—engineered MSCs
resulted in greater than 9-fold higher AUC)yng of PTX (1.5 pg.day/g) than PTX solution and
nanoparticles (0.2 and 0.1 pg.day/g tissue, respectively) in the target lung tumors. Furthermore, the
lung-to-liver and the lung-to-spleen ratios of PTX were several folds higher for nano-engineered
MSC:s relative to those for PTX solution and nanoparticle groups, suggesting that nano—engineered
MSCs demonstrate significantly less off-target deposition. In summary, our results demonstrate
that nano-engineered MSCs can serve as an efficient carrier for tumor specific drug delivery and
significantly improved anti—cancer efficacy of conventional chemotherapeutic drugs.
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Introduction

Site-directed delivery of chemotherapeutic agents can improve their therapeutic index by
reducing their exposure to non-target tissues. Current approaches to targeted drug delivery
rely primarily on nano drug carriers that accumulate in solid tumors because of the leaky
tumor vasculature. However, such passive accumulation is highly inefficient and typically
less than 5% of injected dose is delivered to the tumor (1). In addition, solid tumors are
characterized by elevated interstitial fluid pressure and high solid stress, both of which
contribute to poor intra—tumoral distribution of the drug carriers (2).

Recent studies have investigated cell-based targeting approaches using macrophages (3), red
blood cells (4), neural stem cells (5), mesenchymal stem cells (MSCs) (6) and T cells (7). Of
these cell-based strategies, stem cells (8,9) and macrophages (10,11) have the potential to
infiltrate specific tumor types. Concerns have been raised regarding the safety of
macrophages because of their tendency to change into a tumor-promoting phenotype in
response to environmental factors (12). Our studies are focused on investigating MSCs as
cellular drug carriers. MSCs have been indicated for tumor-targeted therapy owing to their
ability to selectively and actively home to tumors (13,14). MSCs genetically engineered to
express suicide genes (cytosine deaminase, thymidine kinase, and carboxylesterase) have
been shown to elicit significant antitumor response against brain tumors, ovarian,
hepatocellular, pancreatic, renal or medullary thyroid carcinomas, breast and prostate cancer,
and pulmonary metastases (15-17). Thus, the tumor—tropic nature of MSCs enables the
possibility of true active targeting of anticancer agents to the tumor tissue. In addition, recent
studies show that MSCs infiltrate tumor tissue uniformly and improve the intra—tumoral
distribution of the therapeutic agent payload (18).

Previous studies with MSCs have typically involved genetic modifications to express
peptides and proteins with anti—tumor properties (13,15-17). Our work is focused on non-
genetic modification of MSCs by incorporating nanoparticles loaded with
chemotherapeutics to create cellular drug depots capable of homing to tumors and releasing
the drug over a prolonged period of time. Our previous studies show that nano—engineering
of MSCs does not alter their tumor homing potential (14,19). In the current study, we
investigated the anticancer effectiveness of nano—engineered MSCs carrying paclitaxel
(PTX) in orthotopic models of lung cancer and the underlying mechanisms of action.

Materials and Methods

Materials

Ammonium acetate, chloroform, gentamycin, PTX, and polyvinyl alcohol (PVA) were
purchased from Sigma (St. Louis, MO, USA). Fetal bovine serum and penicillin/
streptomycin were obtained from Bioexpress (Kaysville, UT, USA). Dulbecco’s phosphate
buffered saline (DPBS), RPMI 1640 medium, and trypsin-EDTA solution were purchased
from Invitrogen Corporation (Carlsbad, CA, USA). Ester-terminated 50:50 poly(DL-lactide—
co-glycolide) (inherent viscosity: 0.55 — 0.75 dL/g) was procured from Lactel Absorbable
Polymers (Birmingham, AL, USA). Methanol and acetonitrile was purchased from Fisher
Scientific (Pittsburgh, PA, USA). Near-infrared dye SDB 5491 was acquired from HW
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Sands (Jupiter, FL, USA). FITC anti-human STRO-1, Brilliant Violet 421™ anti-human
CD90 (Thyl), and PE anti-human CD34 antibodies were purchased from BioLegend
Antibodies (San Diego, CA, USA).

Preparation and characterization of PTX-loaded poly(lactide—co—glycolide) (PLGA)
nanoparticles

Cell culture

PTX and an infrared dye (SDB 5491) loaded PLGA nanoparticles were formulated by
emulsion-solvent evaporation technique (14). The organic phase comprised of 7 mg of PTX,
50 g of SDB 5491 dye, and 32 mg of PLGA dissolved in 1 mL of chloroform. This mixture
was emulsified in 7.5 mL of 2.5% w/v PVA using a probe sonicator (Model W-375, Heat
Systems Ultrasonics Inc., Farmingdale, NY, USA) at 20 W power for 5 min. Chloroform
was removed by stirring the emulsion overnight under ambient conditions, followed by one
hour stirring under vacuum. The resulting nanoparticles were collected by
ultracentrifugation at 35,000 rpm for 35 min at 4°C (Optima XPN-80 Ultracentrifuge, Rotor
type: 50.2 Ti, Beckman Coulter, Brea, CA, USA) and washed three times with deionized
water. The nanoparticle pellet was then dispersed in deionized water and centrifuged at 1000
xg for 6 min and finally the supernatant was lyophilized (Labconco, FreeZone 4.5, Kansas
City, MO, USA). Control nanoparticles containing the near-infrared dye but no PTX were
formulated similarly.

The hydrodynamic diameter of nanoparticles was measured by photon correlation
spectroscopy. Nanoparticles were dispersed in deionized water (0.1 mg/mL) with sonication
and subjected to particle size analysis using a Delsa™ Nano C Particle Analyzer (Beckman,
Brea, CA, USA) operating at a 165° constant scattering angle. To determine PTX loading,
nanoparticles were dispersed in methanol (1 mg/mL) and extracted overnight using a rotary
extractor. The nanoparticle dispersion was centrifuged at 13,000 rpm for 30 min (Allegra
X-30R Centrifuge, Rotor type: FX 301.5, Beckman Coulter, Brea, CA, USA). The
methanolic extract was used for quantification of PTX using reversed phase high-
performance liquid chromatography (HPLC) (20).

Human mesenchymal stem cells (MSCs) isolated from human bone marrow were purchased
from ScienCell Research Laboratories (Carlsbad, CA, USA) and were cultured in human
mesenchymal stem cell media (ScienCell Research Laboratories). C57BL/6 mouse
mesenchymal stem cells with GFP were purchased from Cyagen Biosciences, Inc. (Santa
Clara, CA, USA) and were propagated in mouse mesenchymal stem cell growth medium
(Cyagen Biosciences, Inc.). A549-luc-C8 (A549-luc) is a luciferase expressing cell line
derived from human lung carcinoma cells, which are stably transfected with Firefly
Luciferase gene, was purchased from Caliper Lifesciences (Hopkinton, MA, USA). A549-
luc cells were grown in RPMI 1640 medium supplemented with 10% v/v fetal bovine serum
(FBS) and 1% penicillin—streptomycin antibiotic solution. The LL/2-Red-FLuc Bioware®
Brite Cell Line (LL/2-luc), a red-shifted firefly luciferase expressing cell line derived from
mouse Lewis lung carcinoma, was purchased from PerkinElmer Health Sciences (Shelton,
CT, USA). LL/2-luc cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% v/v FBS and 1% v/v penicillin and streptomycin. All cell lines were
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maintained in a humidified incubator with 5% carbon dioxide at 37°C. All the cells were
continuously monitored for morphology and growth characteristics and were used as
received without any further testing. Cells were thawed and passaged 2—-3 times before being
used for /n vivo or in vitro experimentation.

Preparation of nano-engineered MSCs

Human MSCs were used in all the studies except in the LL/2 efficacy study where both
human and mouse MSCs were used. The protocol used for nanoengineering of MSCs was
optimized in our previous studies (21). MSCs (2.5x10° cells/mL) were suspended in culture
media and incubated with nanoparticles (100 pg/mL) for 4 h at 37 °C with occasional
stirring. This results in the internalization of nanoparticles by MSCs through endocytosis.
After 4 h of incubation, the cell suspension was centrifuged at 1,000 rpm for 5 min (Allegra
X-30R Centrifuge, Rotor type: SX4400, Beckman Coulter, Brea, CA, USA) to remove un-
endocytosed nanoparticles. This centrifugation step was repeated twice, with reconstitution
using DPBS and the final cell pellet was resuspended in culture media for further studies.

In vitro migration potential of nano-engineered MSCs

The migration potential of nano-engineered MSCs was evaluated using a 96-Transwell®
plate with 8.0 um pores size PET membrane insert (Corning Life Sciences, Lowell, MA,
USA). MSCs were serum-starved for 24 h and nano-engineered as described previously
under serum-free condition. Cells were seeded in the top well at a density of 5x103 cells/
well in 50 pL serum-free medium. The bottom well was filled with 200 pL of culture media
containing 5% (v/v) serum, serum-free media or tumor conditioned media prepared by
conditioning A549 lung adenocarcinoma cells for 72 h. Cells were incubated for 20 h at

37 °C in a 5% carbon dioxide incubator. After incubation, both the wells were washed with
DPBS and 200 pL of Calcein AM (1.2 pg/mL) in cell dissociation solution was added to the
bottom well. Following 1 h incubation in dark at 37°C, the cells suspensions were
transferred to a black-walled 96-well plate and fluorescence intensities were recorded at
485/520 nm (excitation/emission) using a FLx800 microplate fluorescence reader (Biotek
Inc., Winooski, VT, USA). The number of migrated nano-engineered MSCs were
determined from a standard curve made with nano-engineered MSCs. Unmodified MSCs
treated under similar conditions were served as positive control for this experiment.

Orthotopic lung tumor models

All animal studies were conducted in accordance with and approved by an Institutional
Animal Care and Use Committee (IACUC) at the University of Minnesota. Female Fox
Chase SCID® Beige mice (CB17.Cg-PrkdcscidLystbg-J/Crl) and C57BL/6 albino female
mice of 6-8 weeks old were purchased from Charles River Laboratories (Wilmington, MA,
USA)). Orthotopic model of human lung cancer was developed in SCID® Beige mice
through tail vein injection of A549-luc cells (1x10 cells in 200 UL of DPBS). Similarly,
syngeneic mouse lung orthotopic tumors were established in immunocompetent C57BL/6
mice through tail vein injection of murine LL/2-luc cells (1x10° cells in 200 UL of DPBS).
To monitor tumor growth, mice were injected intraperitoneally with 150 mg/kg of D-
luciferin potassium salt solution (Gold Biotechnology, St. Louis, MO, USA) and tumor

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 5

associated bioluminescence was recorded using an 1VIS Spectrum In Vivo Imaging System
(Caliper Life Sciences, Hopkinton, MA, USA).

Anticancer efficacy of nano-engineered MSCs in orthotopic lung tumor models

SCID® Beige mice with A549-luc tumor bioluminescence of 10°-108 photons/sec were
randomly divided into six groups receiving intravenous injection of saline, untreated MSCs
(1x10° on day 0 and 0.5x10% MSCs at every 14 days; MSC), MSCs incubated with blank
(drug free) nanoparticles (1x10° on day 0 and 0.5x10% MSCs at every 14 days; MSC +
Blank NP), PTX solution (administered at 40 mg/kg on day 0, 4, and 8; PTX solution), PTX
loaded nanoparticles (administered at 40 mg/kg on day 0, 4, and 8; PTX NP), and MSCs
preincubated with PTX loaded nanoparticles (1x10° on day 0 and 0.5x10% MSCs at every 14
days; MSC+PTX NP). PTX solution and nanoparticle formulation dosing regimen was
selected based on other pre-clinical studies that demonstrate that this dosing regimen is
effective in inhibiting lung tumor growth (22). Anticancer efficacy of nano-engineered
MSCs was further evaluated in C57BL/6 mice bearing orthotopic LL/2-luc tumors. Mice
that developed tumors were divided into nine groups receiving intravenous injection of
saline, untreated MSCs, MSC + Blank NP, PTX solution, PTX NP, and MSC + PTX NP as
described for A549-luc tumor model. In this study, mice treated with MSC, MSC + Blank
NP, and MSC + PTX NP received a second full dose of MSCs on day 14 (instead of half the
dose as was done in the A549-luc tumor model). Additional groups included untreated
mouse MSCs (3x10% MSCs on day 0 and 14; mMSC), mouse MSCs incubated with blank
nanoparticles (3x10% MSCs on day 0 and 14; mMSC + Blank NP), and mouse MSCs
preincubated with PTX loaded nanoparticles (3x10% MSCs on day 0 and 14; mMSC + PTX
NP). The dose of mouse MSCs was selected based on the equivalent PTX loading. Animals
were imaged at predetermined time points to monitor lung bioluminescence. Mice were
euthanized when they showed signs of stress such as loss of appetite, weight loss, and
ruffled hair. The lung tumors were collected at the end of the study and saved at —80 °C for
further analysis.

Safety of nano-engineered MSCs

Hematologic and liver toxicity profile was evaluated in tumor free C57BL/6 mice following
administration of the different treatments that were used in the efficacy studies. Mice were
randomly divided into five groups (8 animals in each group) and were administered
intravenous injection of saline, MSC + Blank NP (1x106 cells on day 0), PTX solution
(administered at 40 mg/kg on day 0 and 4), PTX NP (administered at 40 mg/kg on day 0 and
4), and MSC + PTX NP (1x10° cells on day 0). For complete blood count (CBC), blood
(about 250 pL per mouse) was collected from four mice of each group into EDTA tubes and
gently mixed to prevent sample clotting. For liver function test, blood (about 200 pL per
mouse) was collected from remaining four mice of each group into heparin-coated tube and
pooled together. Blood samples were analyzed at Charles River Clinical Pathology Services
(Shrewsbury, MA, USA).

Biodistribution of nano-engineered MSCs

Biodistribution profile of nano-engineered MSCs was determined in A549-luc orthotopic
lung tumor model. For efficient tracking and quantification, MSCs were nano-engineered
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with SDB 5491 dye loaded nanoparticles. Mice having a lung tumor bioluminescence of
105-108 photons/sec were injected intravenously with 2.5x10° nano-engineered MSCs via
tail vein (n =5 per group) and the resulting fluorescence profiles were imaged at 10 min, 1
h,4h,1d,2d, 4d,6d,and 8 d post injection. The distribution of the nano-engineered
MSCs was observed based on the intrinsic fluorescence of SDB 5491 dye (Aey: 745 and
Aem: 820 nm). The fluorescence images were captured and analyzed using Living Image®
software version 4.2 (Caliper Life Sciences, Hopkinton, MA, USA).

Immunohistological staining of nano-engineered MSCs in vivo

Untreated MSCs, nano-engineered MSCs, and A549-luc cells were seeded in 8-chamber
slides (Nunc™ Lab-Tek™ Il Chamber Slide™ System, Rochester, NY, USA) at a density of
5x10°2 cells/well and incubated overnight at 37°C and 5% carbon dioxide. Following DPBS
washes, cells were fixed in ice-cold methanol for 5 min and blocked with 1% (w/v) bovine
serum albumin for 1.5 h at room temperature. Cells were then incubated with Brilliant Violet
421™ anti-human CD90 (Thy1), FITC anti-human STRO-1, and PE anti-human CD34
antibodies for 1 h at room temperature. After washing with DPBS three times, cells were
mounted with coverslip using SlowFade® gold antifade mount (Molecular Probes, Inc.,
Eugene, OR, USA) mounting medium. The stained cells were photographed with an
Olympus FluoView FV1000 BX2 upright confocal microscope (Olympus Corporation,
Tokyo, Japan) using a 20%/1.30 numerical aperture oil-immersion objective. The images
were captured and analyzed using FVV1000 Viewer software (FV 1000-ASW ver. 2.1c,
Olympus Corporation, Tokyo, Japan) and ImageJ software (NIH), respectively.

In vivo distribution of PTX

The tumor-bearing animals were distributed randomly into 3 groups receiving 5 ug PTX per
mouse in the form of 10 mg/mL DMSO solution diluted in DPBS, PTX and infrared dye
loaded nanoparticles, and nano-engineered MSCs. After intravenous injection of the
treatments, the three animals from each group were euthanizedat2 h,1d,2d,5d,and 12d
by carbon dioxide euthanasia and blood, liver, spleen, and lungs were collected. Blood
samples were collected by cardiac puncture into Capiject® tubes and centrifuged at 13,500
rpm for 10 minutes to separate the plasma from the cells. Plasma and other tissue samples
were stored at —80°C until processed for LC-MS/MS analysis. Additionally, one set of
animals received a second dose of the initial treatment at 12 d. Those animals were
euthanized 2 h after redosing and blood and other organs were collected as described earlier.
Tissues from untreated tumor-bearing mice were used as blank controls.

Tissue samples were homogenized in DPBS (1 mL for lungs and spleen, and 2 mL for liver)
using a PowerGen 125 tissue homogenizer (Fisher Scientific, Waltham, MA, USA). The
tissue homogenate was spiked with 50 pL of 1.5 pg/mL docetaxel (internal standard, IS) and
extracted using 5 mL of tertiary butyl methyl ether (TBME). Plasma and tissues from
controlled mice were spiked with PTX to determine its extraction efficiency. The mixture
was vortexed for 5 min, followed by centrifugation for 20 min at 4,000 rpm (Centrifuge
5810 R, Eppendorf AG, Hamburg, Germany). The organic layer (4 mL) was transferred into
a new tube and evaporated at room temperature under nitrogen flow (N-EVAP™,
Organomation, Berlin, MA, USA). The residue was reconstituted in 150 pL of methanol and
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used for LC-MS/MS analysis. For plasma, 100 pL of sample was spiked with 50 pL of
internal standard and extracted with 1.2 mL of TBME. The mixture was then vortexed and
centrifuged like other tissue samples. One milliliter of the ether extract was dried and
reconstituted in 150 UL methanol for LC-MS/MS analysis.

The concentrations of PTX was determined by Aquity UPLC® System (Waters, Milford,
MA, USA) coupled with Waters/Micromass Quattro Ultima LC/MS/MS mass spectrometer
(Waters, Milford, MA, USA). Separation of PTX and IS was performed on the Zorbax
Eclipse XDB-C18 (50 mm x4.6 mm, 1.8 pm) analytical column (Agilent Technologies, CA,
USA). Five microliter of the processed sample was injected into the column using a
temperature-controlled auto sampler maintained at 10°C. The isocratic mobile phase
composed of a mixture of methanol and 0.1% (v/v) formic acid in water (75:25, v/v) at a
flow rate of 0.4 mL/min. Mass spectrometric detection of PTX and IS was carried out in
positive ion mode using a triple quadrupole mass spectrometer (Waters, Milford, MA, USA),
equipped with an electrospray ionization interface operating at a capillary voltage of 3 kV
and cone voltage of 50 V. The collision energy was set at 33 V for PTX and 30 V for IS.
Detection of the ions was performed in multiple-reaction monitoring mode, monitoring the
transition ion pair m/z 876.22/307.91 for PTX and m/z 830.16/548.97 for the IS. The dwell
time per transition was 0.4 sec for both PTX and IS. Data acquisition and peak integration
were achieved by MassLynx software, version 4.1. The assay was sensitive and linear over a
range of 1 ng/mL to 1,000 ng/mL. Pharmacokinetic parameters in blood, lungs, liver, and
spleen were determined using Phoenix WinNonlin 6.4 software (Pharsight Corporation,
Mountain View, CA).

Immunohistological analysis of tumors

The tumors were fixed in 4% (w/v) formaldehyde solution for 24 h followed by storage in
70% ethanol. The fixed tumors were processed, paraffin-embedded, and cut at 4 um thick
slices. The sections were stained for cleaved caspase-3 (for apoptosis), Ki-67 (for tumor
proliferation), and CD31 (for angiogenesis). Both cleaved-caspase 3 (Cell Signaling
Technology, Danvers, MA, USA) and Ki-67 clone SP-6 (Biocare, Concord, CA, USA)
utilized a 1:100 antibody concentration followed by Envision Rabbit Horseradish Peroxidase
(HRP) detection system (Dako, Carpenteria, CA, USA). CD31assay utilized a 1:1200
antibody concentration (Santa Cruz, Dallas, TX, USA) followed by Goat-on-Rodent (HRP)
polymer system (Biocare, Concord, CA, USA). All sections were developed using DAB
chromogen (Dako) and counterstained with Mayer’s Hematoxylin (Dako). The relative
staining for each target was analyzed by ImageJ software (Bethesda, MD, USA) to
determine the fraction of positive stain per unit tissue area.

Statistical analyses

Statistical analyses were performed using one-way ANOVA, followed by Bonferroni-Holm
post-hoc analysis for comparison between individual groups. Log-rank test was conducted to
compare the survival distribution of different treatment groups. A probability level of P <
0.05 was considered significant.
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Results

Preparation and characterization of PTX-loaded PLGA nanoparticles

PLGA nanoparticles loaded with PTX and a near-infrared fluorescent dye (SDB 5491) were
fabricated with a mean hydrodynamic diameter of 282.5 + 5.2 nm and a polydispersity index
of 0.21. Nanoparticles exhibited a net negative surface charge of -18.4 + 2.5 mV. PTX
loading in nanoparticles was 18.1 + 1.9 % (w/w).

Preparation and characterization of nano-engineered MSCs

Nano-engineered MSCs were prepared using our optimized protocol reported previously
(21). The in vitro migratory behavior of nano—engineered MSCs was similar to that of
untreated MSCs, with about 3.1-3.5—fold increase in migration towards serum or tumor—
reconditioned media compared to that towards serum—free medium (Figure S1).

Anticancer efficacy of nano-engineered MSCs in orthotopic lung tumor models

Anticancer efficacy of nano-engineered MSCs was evaluated in both A549-luc human lung
adenocarcinoma model and syngeneic murine LL/2-luc lung tumor model. Orthotopic lung
tumors were formed by intravenous injection of A549-luc human lung adenocarcinoma cells
that were stably transfected with luciferase gene (23). Treatment with nano—engineered
MSCs resulted in significant inhibition of the lung tumor growth (P < 0.0001) compared to
that with other controls (Figure 1A). The therapeutic effectiveness of nano—engineered
MSCs also manifested in the superior survival rates compared to that with other controls
(Figure 1B). While the animals in the control groups died between 35-98 days after
treatment, the mean survival of nano—engineered MSCs treated animals was 147 days.
Similar results were obtained in the syngeneic murine LL/2-luc lung tumor model (Figure
1C). Despite significantly lower doses of PTX (~2.5 mg/kg total dose for nanoengineered
MSCs Vs 120 mg/kg for free- and nanoparticle-encapsulated drug), nano-engineered MSCs
resulted in similar or slightly greater tumor inhibition (Figure 1C inset). We also compared
the relative effectiveness of human and mouse MSCs. As shown in Figure 1D, nano-
engineered mouse MSCs were also effective in inhibiting tumor growth compared to non-
drug controls (Figure 1D). It was interesting to note that both nano-enginerred human and
mouse MSCs had similar anticancer activity in this immuno-competent mouse tumor model.

Safety of nano-engineered MSCs

PTX is known to cause dose-dependent hematologic toxicities, particularly leukopenia and
neutropenia (24,25). Similarly, PTX induced abnormalities in liver enzymes including
aspartate aminotransferase, alkaline phosphatase, and bilirubin has been reported in clinical
trials (26). Therefore, the effect of different treatments on hematological and biochemical
parameters were evaluated. Treatments with PTX solution and PTX NP (P < 0.05) resulted
in about 25-45% decrease in white blood cell (WBC) count, however, MSC + Blank NP and
MSC + PTX NP did not alter the WBC count (Table 1 and Table S1). Moreover, PTX
solution treatment resulted in significantly decreased (P < 0.05) red blood cell (RBC) count
and hemoglobin concentration compared to saline treated mice. PTX solution and PTX NP
also resulted in slightly elevated alanine aminotransferase (ALT) levels and a decrease in the
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alkaline phosphatase (ALP) levels (Table 2 and Table S2). Nano-engineered MSCs did not
alter any of the liver enzymes.

Biodistribution of nano-engineered MSCs

MSCs engineered with NIR dye-labeled nanoparticles were injected in both tumor— and
non-tumor bearing mice. Our studies showed that nano—engineered MSCs accumulated in
the lungs at early time points, irrespective of the tumor burden (Figure 2A and B).
Interestingly, by 24 h, MSCs cleared from the lungs of healthy, non—-tumor bearing animals.
By 48 h, most of the fluorescence from thoracic area disappeared, and instead, strong
fluorescence signal was detected in the abdomen. In contrast, MSC-associated fluorescence
was present in the lungs with tumors even after 8 days following injection, suggesting
prolonged residence of MSCs in the lungs of tumor—bearing animals. Even within tumor—
bearing animals, fluorescence could be detected only in the lungs with tumor and not in the
lungs without tumor (Figure 2C), suggesting that MSCs are not simply trapped in the lung
vasculature.

Intra—tumoral localization of nano-engineered MSCs

To further confirm that the enhanced fluorescent signal observed in the lung tumors in the
above study was because of MSC accumulation and not from free dye, we performed IHC
on lung tumor tissues isolated from treated mice on day 8 after treatment initiation. Viable
MSCs have previously been identified by the presence of cell surface markers such as CD90
(Thy-1), Stro-1, CD44, CD105, CD106, SSEA-4, CD271, and CD146 and the absence of
CD19, CD34, and CD45 among others (27,28). In order to determine the most suitable
marker to differentiate the A549-luc lung cancer cells from nano—engineered MSCs, we
stained the cells with STRO-1, CD90, and CD34 antibody (28). CD34 and STRO-1 were
unsuitable for detection of MSCs in our study because A549-luc cells also showed similar
staining pattern as that of MSCs (Figure S2). However, MSCs stained strongly for CD90,
which was absent on A549-luc cells (Figure 3A). In addition, nano—engineered MSCs (MSC
+ PTX NP) had a similar high CD90 staining as the unmodified MSCs (Figure 3A),
confirming that CD90 could be used reliably for the identification of MSCs.

As can be seen from Figure 3B, both nano—engineered MSCs (MSC + PTX NP) and
unmodified MSCs were found in and around tumor cells at 8 days post treatment. Untreated
tissues did not stain for MSCs. Distinct CD90 staining on the surface of viable cells suggests
that the MSCs were viable several days after localizing in the lung tumors.

In vivo biodistribution of PTX

We also evaluated whether nano-engineered MSCs resulted in enhanced tumor delivery of
the drug. We analyzed the amount of PTX present in circulation, in tumor—bearing lungs,
and in clearance organs such as liver and spleen at different time points after administration
of PTX free in solution, encapsulated in nanoparticles and in the form of nano—engineered
MSCs (Figure 4A). The plasma concentration of PTX after intravenous injection of the
soluble drug followed a biexponential decay, characterized by a rapid distribution to the
different organs followed by a slower clearance of the drug from the body. Nano-engineered
MSCs maintained the PTX concentration in plasma for a much longer duration, resulting in
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higher AUC of the drug in the plasma. The overall AUCpjasma Of PTX between 2 h and 12
days was 1.3 pg.day/L for PTX solution, 3.0 pg.day/L for PTX nanoparticles and 6.0
pg.day/L for nano—engineered MSCs.

Concentration of PTX in the lungs 2 h post injection was 9—fold higher for nano—engineered
MSCs compared to PTX solution (Figure 4B). This elevated lung deposition of nano—
engineered MSCs resulted in greater than 9-fold higher AUC)yng of PTX delivered as nano—
engineered MSCs (1.5 pg.day/g tissue) compared to PTX solution and nanoparticles (0.2 and
0.1 pg.day/g tissue, respectively). The overall concentration of PTX in the lung was
consistently about an order of magnitude higher with nano—engineered MSCs than other
formulations. Furthermore, the lung concentration of PTX was much higher at 12 days with
nano—engineered MSCs compared to other treatments.

Furthermore, the lung-to-liver and the lung-to-spleen ratios of PTX were several folds higher
for nano-engineered MSCs relative to those for PTX solution and nanoparticle groups
(Figure 4 C and D). This suggests that unlike free drug and nanoparticle treatments, nano—
engineered MSCs demonstrate significantly less off-target deposition.

Effect of nano-engineered MSCs on tumor cell proliferation and induction of apoptosis

Tumor samples were stained for cleaved caspase 3, Ki-67, and CD31 to determine the effect
of various treatments on induction of apoptosis, cell proliferation and angiogenesis,
respectively (Figure 5A). Treatment with nano—engineered MSCs significantly reduced cell
proliferation in the tumor tissue as evidenced by the lower number of Ki-67 positive cells
relative to that in other treatment groups (Figure 5B). Similarly, treatment with nano—
engineered MSCs significantly reduced tumor angiogenesis. Microvessel density was
significantly higher in the case of saline, MSC, and MSC+Blank NP treated animals than
free PTX and PTX nanoparticle treated animals. However, animals treated with nano-
engineered MSCs were characterized by significantly fewer CD31 positive blood vessels (P
< 0.01) compared to all other groups (Figure 5C). An inverse staining profile was observed
for cleaved caspase 3. Treatment with nano-engineered MSCs induced significantly higher
cleaved caspase-3 levels in tumor compared to all other groups (Figure 5D).

Discussion

The utility of cytotoxic drugs such as PTX in the treatment of cancer is often limited by their
severe, dose-limiting toxicities. For example, myelosuppression and peripheral neuropathy
are major side effects of PTX therapy. Nanoparticulate systems such as Abraxane (29) and
Doxil (30) can improve the delivery of anticancer drugs to the tumor tissue while reducing
the exposure to normal tissues. Such systems rely on the leaky vasculature found in solid
tumors to passively accumulate in the tumor, a highly inefficient process (31). Active
targeting approaches seek to target receptors or other membrane proteins that are
overexpressed in tumors to enhance tumor cell specific accumulation of the drug carriers
(32). However, such systems have to first passively accumulate in the tumor before they can
bind with tumor cells. Thus, active or ligand-based targeting approaches have similar
limitations as that of passive targeting (33).
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MSCs have shown considerable promise in cancer therapy. MSCs can be isolated from
various tissues including bone marrow and adipose, and can successfullly be grown in petri
plates /n vitro (34). Further, MSCs do not pose significant immunogenicity concerns owing
to low or no expression of HLA class | and class 11 molecules (35). Absence of co-
stimulatory molecules such as CD40, 80 and 86, which are responsible for initiation of
immune response, lends to universal acceptance of allogeneic MSCs (36,37). MSCs that are
genetically modified to express anticancer macromolecules have shown promising
anticancer effectiveness in various tumor models (9,13,38). However, MSCs have not been
pursued as carriers for small molecules, likely because of the difficulty in immobilizing
small molecules in cells for durations required to achieve tumor targeting without affecting
their viability or tumor tropism. Overexpression of drug efflux transporters such as P-
glycoprotein (21,39) in these cells further limits the loading of anticancer drugs, many of
which are substrates for efflux transporters (40).

We have developed a nano-engineering strategy that enables the incorporation of small
molecules in MSCs (21). We used PTX as a model anticancer agent because of its
effectiveness against lung cancer (41,42). Polymeric nanoparticles formulated with a
biodegradable and biocompatible polymer, poly(DL-lactide-co-glycolide) (PLGA), was used
to load PTX in MSCs (43). Previous studies have shown that following endocytic uptake
into cells, PLGA nanoparticles escape the endo-lysosomes and are retained in the cytoplasm
for several days (44). Once the drug is released intracellularly within MSCs, it can diffuse
out of the cell or be effluxed out by the transporters (45). The drug is then available to kill
the cancer cells.

In the current study, we evaluated the anti-cancer efficacy of nano-engineered MSCs in both
orthotopic A549-luc human adenocarcinoma model and syngeneic murine LL/2-luc lung
tumor model. It was interesting to note that despite the significantly lower amount of PTX
used (~9 mg/kg total dose for nano-engineered MSCs Vs 120 mg/kg for PTX solution and
nanoparticles), nano—-engineered MSCs were significantly more effective in inhibting A549
tumor growth than PTX nanoparticles, suggesting better drug delivery to the tumor.
Similarly, despite significantly lower doses of PTX, nano-engineered MSCs resulted in
greater tumor inhibition in the syngeneic mouse model. However, the overall tumor growth
inhibition in the A549 tumor model was higher than that observed in the LL/2 model. This
could be due to the fact that LL/2 is a more aggressive tumor model than the A549 tumor
model (46). Time to reach maximum tumor volumes in untreated animals was much shorter
for LL2 tumors (3 weeks Vs 10 weeks for A549).

It was also interesting to note that two doses of human or mouse nano-engineered MSCs
resulted in similar therapeutic effect in the immune-competent mouse tumor model,
suggesting that an intact immune system does not affect the ability of MSCs to home to
tumor. This is consistent with several previous studies demonstrating that MSCs do not
evoke an immune response because of lack of expression of HLA class | and 11 molecules
and costimulatory molecules such as CD40, 80, and 86, which are responsible for immune
response (47).
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Tumor tropism is a key requirement for using MSCs in tumor targeting. Particles larger than
6 micron (48) and cells can accumulate in lungs (49) after intravenous injection due to
pulmonary first pass effect. In order to determine whether nano—engineered MSCs were
passively accumulating in the lungs or were actively homing to the tumors, we evaluated the
in vivo biodistribution and tumor targeting of nano—engineered MSCs. Our studies show that
nano-engineered MSCs accumulated in the lungs in the early time points, irrespective of the
tumor burden, but were cleared from the healthy lungs by 48 hours. In contrast, we saw
prolonged residence of MSCs in the lungs of animals with lung tumors. In animals that had
tumors in only one of the lungs, MSCs accumulated only in the lung with the tumors,
confirming that MSCs are not simply trapped in the lung vasculature.

There is some debate in the literature regarding the ability of MSCs to actively traffic to
tumors. MSCs possess surface markers such as SDF-1, IFN-y, CCL5/CCRS5, and CCR2 that
allow them to home to sites of inflammation 77 vivo (50). Tumor microenvironment is rich in
pro-inflammatory cytokines, which act as chemoattractants for MSCs (50). Kidd et al.
showed that following intravenous injection in healthy mice, MSCs migrated to the lung and
then to the liver and spleen (51). In mice bearing MDA-MB-231 metastatic tumors,
intravenously injected MSCs demonstrated tropism for lung metastasis. In contrast, Wang et
al reported a lack of tumor targeting in breast cancer xenografts following intravenous
injection of MSCs (52). However, the fate of MSCs was followed only for a short period of
time after IV dosing. It is possible that the duration of the study was not long enough to
detect MSCs in tumors. Our studies, performed over several days, provide strong evidence
for the ability of nano-engineered MSCs to actively traffic to the tumor tissue /in vivo.
Further, our studies demonstrated significantly higher accumulation of PTX in tumors
compared to clearance organs such as liver and spleen in the mice injected with nano-
engineered MSCs, pointing to their active trafficking to the tumor. Sustained retention of
MSCs, in conjunction with slow release of the drug, likely contributes to prolonged exposure
of tumor cells to the drug.

A major impediment to the success of anticancer delivery systems is non-homogenous
distribution of the carrier within the tumor. High interstitial fluid pressure and solid stress
exerted by the tumor extracellular matrix inhibit nanoparticle transport within tumors (53)
and reduce the fraction of the drug that is able to reach cells that are more remote - often the
aggressive tumor population (54). IHC studies show that nano-engineered MSCs were found
in and around tumor cells, suggesting that MSCs can allow for better intra-tumoral
distribution of the therapeutic agent.

PTX has been shown to inhibit tumor growth through both a direct cytostatic effect on tumor
cells as well as through inhibition of angiogenesis (55). IHC studies confirmed that PTX
delivered using nano-engineered MSCs resulted in decreased tumor cell proliferation,
inhibited angiogenesis and increased apoptosis within the tumor matrix. These results are
consistent with increased PTX delivery to the tumor and greater inhibition of tumor growth
observed in our studies.

In summary, our studies show that nano-engineered MSCs actively migrate to lung tumors,
where they are retained for several days, thereby facilitating targeted and sustained delivery
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of the drug payload. This results in significantly improved anti—cancer efficacy at a
considerably reduced dose of the drug. This dose-sparing effect of nano-engineered MSCs
mitigated leukopenia, a common side effect of PTX. Thus, these studies demonstrate the true
active targeting potential of nano-engineered MSCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anti-tumor efficacy of nano-engineered MSCs
(A and B) Mice bearing orthotopic A549 lung tumors were intravenously injected with

saline; untreated MSCs (MSC); MSCs engineered with blank nanoparticles (MSC + Blank
NP); paclitaxel solution (PTX solution), PTX-loaded nanoparticles (PTX NP); or nano-
engineered MSCs (MSC + PTX NP). (A) Plot of normalized bioluminescence readings (x
SEM; n=7 for MSC + PTX NP and PTX NP group and n= 6 for all other groups). *
significantly different (P < 0.05) from PTX solution; # significantly different (P < 0.05) from
PTX NP. (B) Kaplan—Meier survival curves for the different treatment groups. Log-rank test
of MSC + PTX NP and each control group yielded P < 0.0001 (*). (C and D) Mice bearing
orthotopic LI/2 lung tumors were intravenously injected with saline; untreated MSCs
(MSC); untreated mouse MSCs (mMSC); MSCs engineered with blank nanoparticles (MSC
+ Blank NP); mouse MSCs engineered with blank nanoparticles (mMSC + Blank NP);
paclitaxel solution (PTX solution), PTX-loaded nanoparticles (PTX NP); nano-engineered
MSCs (MSC + PTX NP), or nano-engineered mouse MSCs (MMSC + PTX NP).
Normalized bioluminescence readings ( SEM; n=7) for (C) human nano-engineered MSCs
and (D) mouse nano-engineered MSCs. The insets in C and D show data for PTX solution,
PTX NP, MSC + PTX NP, and mMSC + PTX NP on days 14, 18, and 20. For C and D, PTX
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solution, PTX NP, MSC + PTX NP, and mMSC + PTX NP are significantly different from
non-drug controls (P < 0.05)
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Figure 2. In vivo tumoritropic properties of nano-engineered MSCs
MSCs engineered with near-infrared dye SDB 5491 labeled nanoparticles were injected in

both (A) tumor-free and (B) A549-luc orthotopic lung tumor-bearing mice. Fluorescence
images were captured at different time points. (C) MSCs engineered with SDB 5491 labeled
nanoparticles were injected in A549-luc orthotopic lung tumor bearing mice and both the
fluorescence and bioluminescence images were captured at 24 h post injection.
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(A) Effect of nano-engineering on MSC phenotype. Immunofluorescence staining of
nano-engineered MSCs. Untreated MSCs were used as controls. MSCs were stained with
fluorescently labeled antibodies against specific surface markers such as STRO-1, Thy-1
(CD90), and CD34 antibody. Both untreated MSCs and nano—engineered MSCs had similar
staining profile for STRO-1+/Thy-1+/CD 34-. (B) Intra-tumoral distribution of MSCs.
Tumor tissues from the saline, untreated MSCs, and MSC + PTX NP treated mice were
fixed in cold methanol and stained using hematoxylin and eosin and anti-human CD90
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antibody followed by DAB staining. Both nano-engineered MSCs and untreated MSCs were
found in and around tumor cells. Untreated tissues did not stain for MSCs.
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Figure 4. Biodistribution of PTX in tumor-bearing mice
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Mice were distributed randomly into 3 groups receiving 5 g PTX per mouse in the form of
solution, PTX-loaded nanoparticles, and nano-engineered MSCs. PTX present in (A) blood,
(B) tumor-bearing lungs, and (C) lung to liver ratio and (D) lung to spleen ratio of PTX at

different time points were determined. Data represents mean + SD (n = 3).
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Figure 5. Immunohistological analysis of tumor sections
(A) Tumors were collected at the end of the efficacy study and stained for Ki-67 (for tumor

proliferation), CD31 (for angiogenesis), and caspase-3 (for apoptosis). Quantification of (B)
Ki67, (C) CD31, and (D) cleaved caspase 3 staining. Data represented as mean + SD, n = 6
images. * P < 0.01 compared to all other treatment groups.
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