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Abstract

Cell-based delivery system is a promising strategy to protect therapeutic agents from

the immune system and provide targeted delivery. Mesenchymal stem cells (MSCs)

have recently been introduced as an encouraging vehicle in cell-based gene therapy

due to their unique features including tumor-tropic property and migratory ability.

However, gene transfer into MSCs is limited due to low efficiency and cytotoxicity of

carriers. In this study, we designed a novel delivery system based on polyethylenimine

(PEI25) to improve these features of carrier and transfect plasmid encoding TRAIL to

MSCs. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a death

ligand of TNF family with selective effect on cancerous cells. Then, death induction

and migration ability of TRAIL-expressing MSCs was studied in melanoma cells. The

effect of engineered-MSCs as an antitumor vehicle was also investigated in mice bear-

ing melanoma cells. Our findings indicated that heterocyclic amine derivative of PEI25

showed significant improvement in MSCs viability determined by MTT assay and gene

expression using fluorescent microscopy, flow cytometry, and Western blot analysis.

We observed that engineered-MSCs could migrate toward and induce cell death in

B16F0 cells in vitro. The single administration of TRAIL-expressing MSCs could delay

tumor appearance and efficiently reduce tumor weights. Hematoxylin and eosin

staining of tumor sections revealed extensive neoplastic cells necrosis. Furthermore,

engineered-MSCs could migrate and localize to tumors sites within 5 days. Our results

indicated that MSCs engineered by modified-PEI/TRAIL complexes could be consid-

ered as a promising cellular vehicle for targeted tumor suppression.

K E YWORD S

cellular vehicle, genetic engineering, mesenchymal stem cells, nonviral vector, targeted tumor

suppression

1 | INTRODUCTION

Gene therapy has been considered as a promising approach for cancer

treatment in recent years. Several important points should be deliber-

ated in this field including cytotoxicity of vehicles, induction of the

immune response and targeted delivery to the tumor site. On the

other hand, recent studies showed that some kinds of cells can effi-

ciently provide most of these criteria.1 Among them, mesenchymal

stem cells (MSCs) have been considered as an attractive cellular vehi-

cle for targeted delivery of therapeutic agents to the tumor cells. Two
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important characteristics of MSCs suggested their promising poten-

tial: first, they could be genetically engineered to produce different

therapeutic agents. Second, these cells are able to selectively migrate

and incorporate within the tumors environments and their metastases

even after the systemic administration.2,3 In recent years, genetically-

modified MSCs have been studied for delivery of different factors into

tumor cells including tumor necrosis factor-related apoptosis-inducing

ligand (TRAIL; Apo2L).4,5 TRAIL is a type II transmembrane death

ligand which can selectively induce apoptosis in tumor cells while

sparing normal cells. This feature makes TRAIL a promising candidate

in cancer therapy. However, some limitations such as short biological

half-life and rapid clearance of recombinant TRAIL after systemic

administration should be considered. Using engineered-MSCs as cellu-

lar vehicle offers more extended and targeted delivery of this pro-

tein.6 Different types of gene delivery systems have been used to

develop engineered-MSCs as cellular vehicles. Recently, some non-

viral delivery systems have been developed and applied for MSCs

manipulation including mineral nano-hydroxyapatite, branched poly-

ethylenimine, amphipathic peptides,7 and Lipofectamine 2000.8 How-

ever, most of these carriers led to low transfection efficiency or high

cytotoxicity. Therefore, it is necessary to design nonviral delivery sys-

tems with improved transfection efficiency and low cytotoxicity to

make the MSCs suitable for clinical applications.

Polyethylenimine (PEI) is one of the most commonly used cationic

polymer for gene delivery because of its great characteristics espe-

cially high transfection efficiency and strong buffering capacity due to

the high content of amino groups. However, cytotoxicity of PEI espe-

cially at high molecular weights is an important limitation mainly for

in vivo applications.9,10

In our previous study, for improving of transfection efficiency and

cytotoxicity of PEI25, pyridine as a heterocyclic amine was substituted

to about 50% of primary amines of branched PEI25 via amide bond

formation.11 Herein, for developing engineered-MSCs expressing

TRAIL for in vivo antitumor administration, we used polyplex con-

sisting of PEI25Pyr50% and plasmid encoding TRAIL-GFP. Transfec-

tion efficiency into hard-to-transfect MSCs, gene expression, and

cytotoxicity were evaluated using fluorescent microscopy, flow cyto-

metry, Western blot analysis, and MTT experiment. Then, the anti-

tumor effect of engineered-MSCs, as a targeted cellular vehicle, was

investigated in mice bearing melanoma cells. This strategy with combi-

nation of nonviral gene therapy and stem cell technology can provide

an effective approach for targeted cancer gene therapy.

2 | MATERIALS AND METHODS

2.1 | Materials

Minimum essential media alpha (MEM α), fetal bovine serum (FBS), horse

serum L-glutamine, penicillin and streptomycin, and trypsin were

obtained from Gibco (Gaithersberg, MD). 3-(4,5-Dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) was obtained from Sigma-Aldrich

(Munich, Germany). Branched PEI with an average molecular weight of

25 kDa (PEI25) was obtained from Polysciences, Inc. (Warrington, PA).

3-Pyridylacetic acid hydrochloride, N-hydroxybenzotriazole (HOBt),

1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC)

were obtained from Sigma-Aldrich (Germany). Mouse mesenchymal stem

cell marker antibody panel and Annexin V-FITC apoptosis detection kit

were purchased from R&D and eBioscience, respectively. TRAIL anti-

body was obtained from Abcam. BM chemiluminescence Western blot-

ting kit and BIO-RAD protein assay kit was purchased from Roche

(Germany) and Bio-Rad, respectively. Dexamethasone, glycerol

2-phosphate, ascorbic acid 2-phosphate and 1,10-Dioctadecyl-3,3,30,30-

tetramethylindocarbocyanine perchlorate (Dil) were obtained from

Sigma-Aldrich. Alizarin Red S and Oil Red O solution were supplied from

Santa Cruz Biotechnology. Plasmid DNA coding for the TRAIL

(pCMV6-AC-GFP, ORF Size: 873 bp) was supplied by OriGENE. This

plasmid was amplified using Escherichia coli DH5α and purified using

QIAGEN Plasmid Mega Kit (QIAGEN, Germany).

2.2 | Isolation and expansion of mesenchymal
stem cells

Murine mesenchymal stem cells were isolated from the bone marrow

of 6–8 weeks old female C57BL/6 mice (N = 5; 22.5 ± 0.7 g). Briefly,

mice were sacrificed by cervical dislocation and bone marrow was col-

lected by flushing femurs and tibias with complete medium consti-

tuted of MEM α supplemented with 10% FBS, penicillin/streptomycin

(100 and 100 μg/ml). The cell suspension was filtered through a

70 μm filter mesh, centrifuged at 400g for 20 minutes and plated in

the T25-flasks. The harvested cells were cultured at 37�C in a 5%

CO2 humidified incubator. After 48 hr, the medium was changed and

nonadherent cells were removed. When adherent spindle-shaped cells

reached 70–80% confluency, usually 7–9 days after seeding, the cells

were harvested using trypsin 0.25% and then replated. The medium

was changed every 2–3 days. Third-fifth passage cells were used for

the subsequent experiments.12,13

2.3 | Characterization of isolated cells

The expression of the special mouse MSC antigens and multipotent

capacity of these cells were investigated by flow cytometric analysis

and differentiation experiments, respectively.14

2.3.1 | Flow cytometric analysis of MSCs surface
markers

MSCs from passage 3 were used to investigate the expression of the

special mouse MSC antigens (CD73, CD106, CD105, CD29, CD44,

and Sca-1) and the absence of hematopoietic antigens (CD45 and

CD11b) by flow cytometry (FACS Calibur machines; Becton Dickin-

son) according to the manufacturer method (Mouse mesenchymal

stem cell marker antibody panel, R&D).
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2.3.2 | Differentiation of MSCs

Osteogenic differentiation

MSCs at passage 3 were plated in a 12-well tissue culture plate at a den-

sity of 4 × 104 cells per well. Osteogenic induction media composed of

dexamethasone (10−7 M), glycerol 2-phosphate (10 mM) and ascorbic

acid 2-phosphate (0.2 mM) (all from Sigma-Aldrich) was added to each

well when the cells reached to 70–80% confluency. Induction medium

was replaced every 2–3 days. After 21 days, cells were fixed and stained

with Alizarin Red S solution (Santa Cruz Biotechnology).14,15

Adipogenic differentiation

To induce adipogenic differentiation, MSCs at passage 3 were cul-

tured in a 12-well tissue culture plate at a density of 4 × 104 cells per

well. Adipogenic induction media containing dexamethasone

(10−6 M), insulin (10 μg/ml) and indomethacin (100 μM) (all from

Sigma-Aldrich) was added to each well and replaced every 2–3 days.

After 21 days, lipid droplet staining was performed using Oil Red O

solution (Santa Cruz Biotechnology).14,15

2.4 | Synthesis and characterization of
heterocyclic derivative of PEI

3-Pyridylacetic acid hydrochloride was covalently coupled to PEI25 to

prepare PEI25Pyr50% nonviral vector according to the method described

previously. Briefly, PEI25 was dissolved in HOBt solution and added

dropwise to the solution containing EDC and the calculated amount of

heterocyclic amine and stirred at room temperature for 24 hr. The final

product was dialyzed in distilled water for 3 days and lyophilized.

Amide bond formation was confirmed by Fourier transform infrared

spectroscopy (FTIR). Proton NMR spectra of the product has been also

obtained. The mean hydrodynamic particle size and surface charge of

polyplexes were measured using dynamic light scattering (DLS) and

laser Doppler velocimetry (LDV), respectively by a Malvern Nano ZS

instrument and DTS software (Malvern Instruments, UK).11

2.5 | Transfection experiment in mesenchymal
stem cell

MSCs were seeded in a 24-well plate at a density of 17 × 103 cells/well

and cultured for 24 hr. Polyplexes were prepared by adding calculated

amount of polymer solution in Opti-MEM to equal volumes of plasmid

DNA solution (1.5 μg per well plasmid encoding TRAIL-GFP) with gen-

tle pipetting and incubated for 30 min. After replacing the cell culture

medium with 500 μl of serum-free MEM α, 80 μl of a suspension of

polyplexes was added into each well. After 4 hr, the medium was rep-

laced with serum supplemented MEM α and the cells were incubated

at 37�C for 48 hr. Then, the expression of plasmid in MSCs was evalu-

ated using JuLI Smart Fluorescent Cell Analyzer (Ruskin Technology

Ltd, Bridgend, UK) and FACS calibur flow cytometer (Becton Dickinson,

CA). The data were analyzed using WinMDI 2.9 Software.

2.6 | Cell viability assay

The cytotoxicity of polyplexes prepared with PEI derivative and plasmid

DNA was evaluated using MTT assay. MSCs were treated with the

same protocol as described in transfection procedure. After 48 hr, 80 μl

MTT reagents in PBS (5 mg/ml) was added to each well and incubated

for 3 hr. The medium was removed and the formazan crystals were dis-

solved in 200 μl DMSO. The absorbance of each well was read with an

ELISA microplate reader (TECAN infinite M200, Switzerland) at

570/630 nm. The cell viability (%) relative to control cells not treated

with polyplexes was calculated as [A] test/[A] control × 100.16

2.7 | Western blot analysis

After 72 hr of transfection, first supernatants were centrifuged, then

either MSCs expressing TRAIL (MSCs-TRAIL) or MSCs-EGFP were

lysed in lysis buffer containing Tris–HCl (50 mM, pH 7.4), NaCl

(150 mM), Triton-X 100 (1%, w/v), EDTA (1 mM), SDS (0.2% w/v), pro-

tease inhibitor cocktail (1%, w/v), phosphatase inhibitor cocktail (1%,

w/v), and phenyl methyl sulfonyl fluoride (PMSF) (1 mM). The protein

concentrations were quantified by Bradford assay. Twenty micrograms

of total protein were separated on 10% SDS-acrylamide gel and trans-

ferred to a PVDF membrane (Bio-Rad). The membranes were incubated

first with anti-TRAIL antibody (1:1000, Rabbit polyclonal antibody,

Abcam, UK) and then with Rabbit IgG secondary antibody (1:3000, cell

signaling). Blots were visualized with Enhanced Chemiluminescence Kit

(ECL, Bio-Rad) according to the manufacturer’s instructions.17,18

2.8 | In vitro evaluation of antitumor activity of
MSCs-TRAIL

To study the antitumor activity of MSCs-TRAIL in vitro, different can-

cer cell lines were studied using co-culture assay. MSCs-TRAIL were

cultured with the target cancerous cells including 4T1, CT26, C26, C6,

B16F0, and NIH/3T3 cells as the normal cells in a 12-well plates. Fur-

thermore, MSCs were also cultured with mentioned cell lines to inves-

tigate the antitumor effect of nonengineered cells. A total of 50,000

cells were plated in each well with ratio of 1:1 and incubated for

72 hr. Apoptosis and cell death of floating and adherent cells was

evaluated by flow cytometry using FITC-conjugated Annexin V and

20 μg/ml propidium Iodide. Annexin V−/PI− cells were considered as

the nonapoptotic cells. Annexin V+/PI− cells were judged to be apo-

ptotic. Annexin V+/PI+ cells were considered as being dead.19

2.9 | In vitro MSCs migration assay

To evaluate the migratory potential of MSCs or MSCs-TRAIL to tumor

cells, migration assay was performed using Transwell plates. Either

B16F0 cells (7 × 104 cells) or their conditioned medium (CM) were

added to the distinct lower wells of Transwell plate (24 well, 8 μm
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pore membrane, BD Biosciences) as target cells. Moreover, NIH/3T3

cells (7 × 104 cells) and their conditioned medium or MEM α medium

were used as controls. After 24 hr, 45 × 103 MSCs or MSCs-TRAIL

were added to the upper wells and permitted to migrate through the

membrane overnight at 37�C. Then, the cells attached to the upper

side of the membrane were removed and the migrated cells on the

lower side were stained with trypan blue and counted under an

inverted microscope (five fields of view, at 10× magnification). Experi-

ments were done in triplicate.20

2.10 | In vivo MSCs migration assay

Six to eight weeks old female C57BL/6 mice were supplied from Pas-

teur Institute (Tehran, Iran) and maintained under standard conditions.

All animal experimental processes were in accordance with the Insti-

tutional Ethical Committee and Research Advisory Committee of

Mashhad University of Medical Sciences based on the national guide-

lines from Ministry of Health and Medical Education of Iran. Tumor

tropism of MSCs or MSC-TRAIL was evaluated by fluorescent labeling

with Dil dye according to the manufacturer’s protocol. Briefly, cells

were incubated with 5 μM Dil solution (excitation 550 nm; emission

567 nm) for 20 min at 37�C followed by 20 min incubation at room

temperature. Cells were then rinsed three times with PBS and diluted

to 5 × 105 cells/200 μl in PBS. When B16F0 tumors were established,

the labeled cells were injected into the mice tail vein. At different

times post-injection (up to 5 days), fluorescent imaging of isolated

organs and tumors was performed using Kodak in vivo imaging system

F Pro (CRI, Inc., Woburn, MA).20,21

2.11 | Gene-engineered MSCs for tumor therapy

Two mouse melanoma models were established to evaluate the effect

of MSCs-TRAIL on tumor growth in vivo. In the first model, B16F0 cells

were suspended in 0.2 ml PBS and injected into the left flank of the

mice with either MSCs or MSCs-TRAIL, simultaneously. Tumor volume

and body weight were measured and recorded every 3 days. After

27 days, tumors were removed, weighed and fixed in 4% paraformalde-

hyde and processed for hematoxylin and eosin (H&E) staining. The ratio

of necrotic area to non-necrotic area was determined in 10–15 fields

from three sections of each tumor using ImageJ software.14,22

In the next stage, the therapeutic potential of MSCs-TRAIL was

investigated in the second model. Fourteen days after B16F0 inocula-

tion, when tumors became palpable, MSCs and MSCs-TRAIL was

injected subcutaneously. At day 27, mice were sacrificed and tumors

were removed and assessed as in the previous step.

2.12 | Statistical analysis

The statistical significance was determined by One-way ANOVA

followed by Tukey’s multiple comparison using Graphpad Prism

software version 7. p Values of <.05 were considered significant.

Results are reported as the mean ± SD of triplicates.

3 | RESULTS

3.1 | Synthesis of heterocyclic derivative of PEI

In order to increase transfection efficiency and reduce the cytotoxic-

ity of PEI25, 3-pyridylacetic-acid hydrochloride was grafted onto PEI25

through amide linkage. FTIR spectroscopy and 1H NMR (D2O) con-

firmed the conjugation of the heterocyclic moieties to PEI25 as

reported previously.11

3.2 | Isolation and characterization of
mesenchymal stem cells

Bone marrow-derived cells from C57BL/6 mice were plated in

25 cm2 cell culture flasks. After 24–48 hr, nonadherent cells were

carefully removed and fresh complete medium constituted of MEM

α supplemented with 15% FBS and horse serum with a ratio of 1:1,

L-glutamine (2 mM), penicillin/streptomycin (100 and 100 μg/ml)

was added. The primary spindle-shaped cells appeared after

2–4 days and became 70–80% confluent within 7–9 days

(Figure 1a). At this time, cells were lifted with trypsin 0.25% and

cultured in another flask. After three passages, the cell population

became more homogeneous of spindle-shaped cells and was used

for characterization process.

3.2.1 | Analysis of cell surface antigens

Expression of cell surface antigens on isolated cells at passage 3 was

investigated using flow cytometry. Histogram analysis revealed that

these cells were positive for MSC markers (Sca-1, CD106, CD29, and

CD44) and negative for hematopoietic markers (CD45 and CD11b).

The respective isotype control is shown as green (Figure 1b).

3.2.2 | Differentiation assays

Multilineage differentiation capacity of isolated cells was investigated

with culturing them in induction mediums for 3 weeks.

Osteogenic differentiation

MSCs were cultivated in osteogenic induction medium for 3 weeks.

After Alizarin Red S staining, orange red calcium deposits could be

observed within the cytoplasm (Figure 1c).

Adipogenic differentiation

MSCs were cultured in adipogenic induction medium for 21 days.

Lipid vacuoles could be observed at day 5. After 3 weeks, Oil Red
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F IGURE 1 (a) Morphological features of BM-derived MSCs from C57BL/6 mice. (a) Spindle-shaped MSCs appeared on day 3. (b–d) More
confluent cultures with homogeneous cell populations after three passages (scale bar is 100 μm) (original magnification ×10). (b) Investigation of
cell surface antigens on murine MSCs with flow cytometry analysis. Isotype control was shown with green line. (c) Alizarin red staining indicated
the calcium deposition in (A) the differentiated cells cultured with osteogenic induction medium after 3 weeks compared to the control (B). The

magnification was ×4. (d) Oil red O staining indicated the accumulation of lipid vacuoles in the differentiated cells cultured with adipogenic
induction medium after 3 weeks (A and B) compared to the control (C). The nuclei were stained with hematoxylin in Figure A which were shown
blue. The magnification of panel (A) was ×40 and the magnification of panels (B) and (C) was ×10. MSCs, mesenchymal stem cells
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O staining showed the accumulation of lipid vacuoles in the differ-

entiated cells. The nuclei were stained with hematoxylin

(Figure 1d(.

3.3 | Characterization, transfection experiment,
and cytotoxicity of the synthesized vector

Based on our previous results11, PEI25Pyr50% with highest transfection

results on MSCs, was used for more evaluations in this study. Particle

size and their surface charge was about 157.8 ± 1.1 nm and

27.9 ± 0.8 mv, respectively. Expression of TRAIL-GFP plasmid in

MSCs was investigated using fluorescent microscopy and flow cyto-

metry. As indicated in Figure 2a, PEI25Pyr50% at carrier to plasmid

weight ratios (C/P) = 2 showed significant increase in transfection

efficiency compared to PEI25 (***p < .001) when plasmid encoding

TRAIL-GFP was used. The cytotoxicity assay of polyplexes showed

significant improvement in the cell viability with modified vector com-

pared to PEI25 (*, p < .05) (Figure 2b). Moreover, fluorescent micros-

copy displayed the enhancement of EGFP expression in MSCs using

PEI25Pyr50% polyplexes (Figure 2c).

3.4 | Western blot analysis

Western blot analysis was used to confirm the expression of TRAIL

protein in MSCs 72 hr post transfection with TRAIL plasmid/

PEI25Pyr50% complexes. High expression of TRAIL was observed in

MSC-TRAIL cell lysates (Figure 2d).

3.5 | TRAIL-expressing MSCs induced antitumor
effects in vitro

To investigate antitumor effect, several cancerous cell lines were co-

cultured with MSCs and MSCs-TRAIL. After 72 hr, apoptosis and cell

death were evaluated by flow cytometry. At the top of the panel in

Figure 3, MSCs-TRAIL histogram (MSCT) indicates the cell death

because of the cytotoxicity of polyplexes in the transfection process.

This amount was subtracted from the cell death resulting in cancerous

cells co-cultured with MSCs-TRAIL. As shown in Figure 3, B16F0 cells

F IGURE 2 (a) Expression of plasmid encoding TRAIL-GFP in
murine MSCs transfected with polyplexes prepared from PEI25Pyr50%
and PEI25 as a control. (b) Cytotoxicity of polyplexes in MSCs at
different C/P ratios. (c) Investigation of TRAIL-GFP expression in

MSCs transfected with polyplexes from PEI25Pyr50% (A–C) and PEI25
(D–F) as a control at C/P 1, 2 and 4 using fluorescent microscopy
(scale bar is 100 μm). (d) Western blot analysis of MSCs-TRAIL cell
lysates after 72 hr of transfection with polyplexes prepared from
TRAIL plasmid and PEI25Pyr50% vector. Results are reported as the
mean ± SD of triplicates. *p < .05 and ***p < .001. MSCs,
mesenchymal stem cells
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exhibited the highest sensitivity to mouse TRAIL displaying 17.46%

apoptosis and cell death whereas MSCs expressing TRAIL could

induce 7.76% apoptosis and cell death in C26 cells. Apoptosis and cell

death were not detectable in normal cells (NIH/3T3 cell). Further-

more, nonmodified MSCs did not show any antitumor effects on can-

cerous cells (Figure 4).

3.6 | In vitro and in vivo migration of MSCs

First, the ability of either MSCs-TRAIL or MSCs to migrate toward

cancerous cells was investigated by transwell plate experiment.

B16F0 cells and their conditioned medium were used as targets.

Fibroblast NIH/3T3 cells and their conditioned medium and also MEM α

F IGURE 3 TRAIL-expressing MSCs (MSCT) exhibit antitumor effects in vitro. Different cancerous cell lines were co-cultured with MSCs-
TRAIL for 72 hr. Flow cytometry plots represent death and apoptosis in B16F0 or C26 cells (cancerous cells) compared to NIH/3T3 cells (normal
cells). MSCs, mesenchymal stem cells

F IGURE 4 The effect of nonmodified MSCs on different cancer cells was investigated by co-culture experiment. After 72 hr, any
considerable apoptosis and cell death were not detected by flow cytometry using FITC-conjugated Annexin V-PI. MSCs, mesenchymal stem cells
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were applied as controls. Migration of both MSCs and MSCs-TRAIL sig-

nificantly increased toward the B16F0 cells or their conditioned medium

compared to control groups (Figure 5a). Furthermore, tumor tropism of

both MSCs and MSCs-TRAIL was evaluated with Dil labeled cells in mel-

anoma model. When tumors became palpable, 5 × 105 of either labeled

MSCs or MSC-TRAIL were injected into the mice. During 24 hr, MSCs

as well as MSCs-TRAIL were generally localized to the liver and lung

from where they mostly disappeared within 48–72 hr and were mainly

engrafted into tumor site. These results confirmed that migration capac-

ity of TRAIL-engineered MSCs was not disturbed compared to non-

modified MSCs in in vivo as well as in vitro experiments (Figure 5b).

3.7 | TRAIL-expressing MSCs displayed antitumor
activity in mouse melanoma models

To establish two subcutaneous melanoma models, B16F0 cells were

injected concurrently with MSCs or MSC-TRAIL (model 1) or 14 days

after B16F0 inoculation, when tumors became palpable, MSCs and

MSCs-TRAIL were injected subcutaneously (model 2) into the left

flank of the mice.

Our results in the first model indicated that the appearance of

tumors were delayed when MSCs-TRAIL was co-administrated with

B16F0 cells (CMT group). Furthermore, 1 out of 5 mice was tumor-free

in MSCs-TRAIL group. Moreover, in this group, tumor volume reduced

and tumor weight significantly decreased compared to mice receiving

PBS as control (0.46 ± 0.16 g vs. 1.21 ± 0.33 g; p < .01) (Figure 6a).

Results of the second model indicated that MSCs-TRAIL could

also inhibit tumor growth and caused delay in tumor development

when injected 14 days after inoculation (NMT group). Furthermore,

tumor volume reduced and tumor weight significantly decreased in

this model (0.59 ± 0.13 g vs. 1.52 ± 0.40 g; p < .01) (Figure 6b).

Consistently, hematoxylin and eosin staining of tumor sections

indicated that administration of MSCs-TRAIL in both models resulted

in massive neoplastic cells necrosis compared to mice receiving PBS

as a control (Figure 7).

F IGURE 5 (a) MSCs and MSCs-TRAIL migrated toward cancer cells and their conditioned medium (CM) in vitro. Mean migrated cells from
five random fields were considered; ***p < .001. (b) Biodistribution of labeled MSCs and MSCs-TRAIL in the mice with established melanoma
tumors. MSCs, mesenchymal stem cells
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4 | DISCUSSION

Specificity and targeted delivery of therapeutic agents is one of the

most important subjects in cancer therapy. Unwanted effects or off

target side effects of therapeutic agents can be dramatically

decreased with targeted delivery.23 It has been shown that cell-

mediated systems can provide effective targeted approach in gene or

drug delivery with minimal toxicity to normal cells.24,25 Red blood

F IGURE 6 Legend on next page.
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cells, leukocytes and stem cells have been exploited as cellular vehicle

in different studies.26 Among them, mesenchymal stem cells have

recently been considered more because of their specific features. One

of the most important aspects of MSCs is their ability to migrate and

home to the tumor sites. Some of possible mechanisms for MSCs

migration include chemokines/cytokines secreted from tumor cells

and receptors expressed by MSCs.27 They have also low immunoge-

nicity and could be genetically engineered to express different pro-

teins.28 On the other hand, there are some evidences that MSCs

could support tumorigenesis and tumor growth through different

mechanisms including immunosuppressive effect,29 promotion of

angiogenesis and differentiation into tumor-associated fibroblasts.30

However, there are many studies that revealed that MSCs could dis-

play tumor suppressive properties through regulation of cell cycle and

induction of apoptosis, increasing infiltration of inflammatory cells and

inhibition of the Wnt and AKT signaling pathways.31-34 Many factors

may be the source of these contradictory activities such as different

sources of MSCs like bone marrow or fat tissue, time of MSCs intro-

duction into the tumor, method and number of MSCs administration,

different tumor microenvironment and tumor type.29,35,36

Several studies have shown that engineered-MSCs could migrate

to the tumor and metastatic sites and deliver the anticancer agents

including IFN-α, IFN-ß, CX3CL1, IL-2, IL-12, NK4, sFIT-1, and suicide

gene.22,29,37,38 Recently, various investigations have focused on TRAIL

as one of the most promising anticancer factors. TRAIL/Apo2L is a

type II transmembrane protein that selectively induces apoptosis in

cancerous cells via the extrinsic apoptotic pathway without toxicity

on normal cells.39 Use of TRAIL-expressing MSCs as a cellular vehicle

offered many advantages such as targeted delivery of therapeutic

agent at specific site of tumors, continuous release for a longer period

of time and more antitumor effects.40 Additionally, a recent novel clin-

ical trial with the title of “Targeted Stem Cells Expressing TRAIL as a

Therapy for Lung Cancer” has been submitted to ClinicalTrials.gov

(ClinicalTrials.gov Identifier: NCT03298763).

To develop MSCs as a cellular vehicle, different types of gene

delivery systems have been used. In most studies, MSCs have been

transduced through common viral vectors to express different thera-

peutic proteins including TRAIL. However, various problems with

viral vectors such as stimulating the immune system, oncogenicity

and lack of safety encouraged the increasing use of nonviral vectors

in recent studies.41 Nonviral vectors have several benefits including

low immunogenicity, low cost, ease of production and high capacity

of gene transfer. Also, they could be easily modified to improve their

biocompatibility and specificity.42,43 However, most nonviral vectors

exhibit low transfection efficiency in MSCs,44 therefore there are

limited studies used nonviral vector for delivery of TRAIL plasmid to

MSCs. In present study, pyridyl derivative of PEI25 (PEI25Pyr50%)

which showed the highest transfection efficiency in MSCs in our

pervious study, was selected to deliver the plasmid encoding TRAIL-

GFP for developing the cellular vehicle against cancer cells. For this

purpose, bone marrow was collected from femoral and tibial chan-

nels of mice and MSCs were isolated with some modification of

Huang’s protocol.12 Investigation of cell surface antigens with flow

cytometry revealed that isolated cells at passage 3 expressed posi-

tive markers for MSC (Sca-1, CD106, CD29, and CD44) and hemato-

poietic markers (CD45 and CD11b) were not detected on these

cells. Culturing the cells in induction media for 3 weeks supported

the ability for multilineage differentiation (adipogenic and osteo-

genic) of isolated cells. After characterization of isolated cells, the

plasmid encoding TRAIL-GFP was transferred to MSCs mediated by

PEI25Pyr50% nanoparticles. Plasmid expression and cytotoxicity were

assessed at different C/P ratios. As shown in Figure 2, the transfec-

tion efficiency of PEI25Pyr50% at C/P = 2 was increased about three

fold compared to PEI25 while the cells viability was improved. These

results are valuable because different studies have reported that

MSCs like other primary cells are usually hard to transfect and most

nonviral vectors have led to great cytotoxicity on these cells.45 Fol-

lowing preparation of cellular vehicle expressing TRAIL, its antitumor

effect and migration ability were investigated in vitro and in vivo. To

find the most sensitive mouse cell line(s) to TRAIL, several cell lines

were co-cultured with engineered-MSCs. MSCs-TRAIL could effi-

ciently induce apoptosis and cell death in B16F0 (17.46%) and C26

(7.76%) cells with no considerable effect on normal cells (NIH/3T3).

As indicated in Figure 4, nonmodified MSCs did not exert any con-

siderable antitumor effects on cancerous cells. For the next steps,

B16F0 cell line as the most sensitive cells to TRAIL was selected for

further studies. Reduced tumor growth and metastases, increased

tumor apoptosis and prolonged survival have been shown in pre-

clinical trials using TRAIL engineered-MSCs with different viral vec-

tors in various cancer models.4,31 In another studies, the effect of

TRAIL on melanoma cells was reported. For example, Jing et al.

observed the apoptotic effect of TRAIL on melanoma cells in vitro46

and Liu et al. reported the antitumor activity of TRAIL-expressing

adenoviral vector on uveal melanoma xenografts.47

F IGURE 6 (a) in vivo antitumor effect of MSCs-TRAIL when delivered concurrently with B16F0 cells into the left flank of C57BL/6 mice
(model 1). (A) Tumor volumes reduced in the MSCs-TRAIL treatment group (CMT group) compared to mice receiving PBS as a control.
Furthermore, 1 out of 5 mice was tumor-free in MSCs-TRAIL group. (B) Tumor weights, on day 27, significantly decreased in the group that

received MSCs-TRAIL (CMT group) compared with control (**p < .01). (C) The body weights of the animals were also recorded during this period.
CM and CMT represent co-delivery of either MSCs or MSCs-TRAIL with B16F0 melanoma cells, respectively. (b) Antitumor activity of MSCs-
TRAIL when delivered after tumors were established (model 2). (A) MSCs-TRAIL treatment (NMT group) decreased the size of the subcutaneous
tumors compared with mice receiving PBS as a control. (B) Tumor weights significantly reduced in the group that received MSCs-TRAIL (NMT
group) compared with control (**p < .01). (C) No considerable change was recorded in the body weight of treated mice. NM and NMT represent
either MSCs or MSCs-TRAIL when injected non-concurrently with B16F0 melanoma cells. Results are reported as the mean ± SD, and there was
5 mice in each group. MSCs, mesenchymal stem cells
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Our findings in both subcutaneous tumor models indicated that

the single injection of MSCs-TRAIL could reduce the tumor volume

compared to control group that received PBS. Furthermore, tumor

weight was efficiently decreased with a single injection of MSCs-

TRAIL compared to the control in both models. When MSCs-TRAIL

was co-administrated with B16F0 cells, the appearance of tumors was

delayed and 1 out of 5 mice was tumor-free. Moreover, histopatho-

logical examination of the tumor sections revealed tumor necrosis in

all groups. Microscopic evidences of neoplastic cell necrosis were

cytoplasmic and nuclear changes that were observed as caseous

necrosis. Nuclear changes include nuclear pyknosis, karyorrhexis or

nuclear fragmentation, karyolysis, and nuclear absence. The most

common cytoplasmic change in necrotic cells increased eosinophilia

of cytoplasm. The tumor necrosis in control group and MSCs-received

mice in both models (CM and NM group) was focal to multifocal but

either massive necrosis or increased areas of necrosis were observed

in tumors which was injected with MSCs-TRAIL in both models (CMT

and NMT groups). There are some reports indicating the effect of

engineered cells on inhibition of cancer cells in different tumor

models. For instance, IFNγ-expressing MSCs could engraft into tumor

stroma and inhibit melanoma growth and angiogenesis.48 In another

study, MSCs transduced with lentiviral vectors encoding TRAIL could

induce cancer cell apoptosis and decrease in malignant pleural meso-

thelioma tumor growth after systemic administration.49 Finally, the

F IGURE 7 Hematoxylin and eosin staining of tumor sections indicated extensive necrosis of neoplastic cells in mice receiving MSCs-TRAIL
when delivered (a) concurrently with B16F0 cells (model 1) or (b) after establishing of the tumors (model 2) compared with mice receiving PBS as
the control (Hematoxylin and eosin staining, ×20). (c) The ratio of necrotic area to non-necrotic area was determined in 10–15 fields from
3 sections of each tumor using ImageJ software. ***p < .001. CM and CMT represent co-delivery of either MSCs or MSCs-TRAIL with B16F0
melanoma cells, respectively (model 1). NM and NMT represent either MSCs or MSCs-TRAIL when injected non-concurrently with B16F0
melanoma cells (model 2). MSCs, mesenchymal stem cells
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migration ability of MSCs and engineered-MSCs toward cancerous

cells or their conditioned medium was studied in vitro and in vivo.

Tumor cells or their conditioned media could efficiently motivate

migration of MSCs and MSCs-TRAIL in vitro. After systemic delivery

of labeled MSCs and MSCs-TRAIL to mouse melanoma models, gen-

eral localization to the lung and liver was observed during 24 hr.

Within 2–3 days, they mainly disappeared from these organs and

migrated into tumor sites. These results confirmed that migration

capacity of TRAIL-engineered MSCs was not disturbed compared to

nonmodified MSCs. Therefore, transfection with TRAIL plasmid/

PEI25Pyr50% polyplexes did not reduce the migration ability of MSCs.

Many studies revealed that IV administered-MSCs were first accumu-

lated in the lung.3,50 During 24 hr, MSCs migrate to other organs, par-

ticularly the liver and the spleen and after that to damaged tissue and

tumors.48 Much evidence in literature has explained the mechanism

of MSCs migration toward tumors. Soluble factors such as cytokines

or chemokines secreted from cancerous cells also various receptors

and cell adhesion molecules expressed on the surface of MSCs are

probably involved in MSCs migration and homing toward tumor

microenvironment.50,51

5 | CONCLUSIONS

In summary, our data displayed that we could effectively deliver

TRAIL-GFP plasmid to MSCs with novel modified PEI25 vector while

improving the cells viability. This strategy was used to develop the

engineered cellular vehicle for targeting and killing cancer cells. Com-

bination of nonviral gene therapy and stem cell technology provided

an efficient system with potential targeted antitumor effects through

single injection in subcutaneous melanoma models. We believe that

this approach may have an important therapeutic role in treatment of

cancers in the future, although further studies are needed to deter-

mine the long-term safety and fate of engineered-MSCs after being

delivered into the body.
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