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Klaus Pfizenmaier*
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Mesenchymal stem cells (MSCs) are currently exploited as gene delivery systems for
transient in situ expression of cancer therapeutics. As an alternative to the prevailing
viral expression, we here describe a murine MSC line stably expressing a therapeutic
protein for up to 42 passages, yet fully maintaining MSC features. Because of superior
antitumoral activity of hexavalent TNF-related apoptosis-inducing ligand (TRAIL) formats
and the advantage of a tumor-targeted action, we choose expression of a dimeric
EGFR-specific diabody single-chain TRAIL (Db-scTRAIL) as a model. The bioactiv-
ity of Db-scTRAIL produced from an isolated clone (MSC.TRAIL) was revealed from
cell death induction in Colo205 cells treated with either culture supernatants from or
cocultured with MSC.TRAIL. In vivo, therapeutic activity of MSC.TRAIL was shown upon
peritumoral injection in a Colo205 xenograft tumor model. Best antitumor activity in vitro
and in vivo was observed upon combined treatment of MSC.TRAIL with bortezomib.
Importantly, in vivo combination treatment did not cause apparent hepatotoxicity, weight
loss, or behavioral changes. The development of well characterized stocks of stable
drug-producing human MSC lines has the potential to establish standardized protocols
of cell-based therapy broadly applicable in cancer treatment.

Keywords: mesenchymal stem cells, apoptosis, non-viral transfection, TNF-related apoptosis-inducing ligand,
diabody, cell-based therapy, mouse xenograft

INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent stem cells that have generated a great deal of interest
since their first identification in 1960s by Friedenstein (1, 2) due to their exceptional capabilities,
foremost multilineage differentiation potential (3, 4), and hypoimmunogenic properties (5, 6).
Because of these features, MSCs were early on applied in the field of regenerative medicine (7)
and subsequently in a variety of other diseases, including autoimmune disorders, cardiovascular
malignancies, and liver diseases [reviewed by Squillaro et al. (8)].

In addition, because of their tumor-homing capability [reviewed by Hagenhoft et al. (9)], MSCs
are currently exploited as cell-based delivery systems for cancer protein therapeutics (10, 11).
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Conceptionally, it is anticipated that through tumor homing of
MSC the localized production of a given therapeutic protein is
advantageous over systemic application of a recombinant protein
considering not only effective in situ concentrations of the drug
and thus favorable pharmacokinetic parameters but also mini-
mizing unwanted systemic actions, often being the dose-limiting
factor in clinical application. The TNF-related apoptosis-inducing
ligand (TRAIL), also known as Apo2L (12), has raised great hopes
for a novel, broadly applicable treatment of cancers due to its
apparently selective induction of tumor cell apoptosis. However,
the clinical trials with a recombinant soluble form of TRAIL, con-
sisting of a non-covalently assembled homotrimer, by and large,
failed to show therapeutic activity (13, 14), whereas inadvertently
existing agglomerates in preparations of soluble TRAIL displayed
toxic activity toward non-malignant tissue, in particular hepato-
cytes (15). Over the past decades, many recombinant versions
of TRAIL have been generated to enhance its pharmacokinetics
and/or antitumoral activity (16-18). By now, it is evident that the
failure of a soluble, strictly trimeric TRAIL in clinical trials is not
only due to very short serum half-life but even more related to the
fact that proper death receptor activation requires stable recep-
tor crosslinking, which can be achieved by at least a hexavalent
organization of the TRAIL molecule (19). Nevertheless, to cope
with insufficient pharmacokinetic properties, several studies
have addressed the use of in situ production of a standard soluble
TRAIL molecule by different adult stem cells (20-22). Further,
two studies have reported antitumoral activity of human MSC
expressing antibodies in a diabody format (23, 24).

So far, use of viral vectors prevails to introduce therapeutic
genes into stem cells, despite still existing safety concerns
[reviewed by Stuckey and Shah (25)] because, conceptionally,
viral transduction allows the use of autologous, patient-derived
stem cells for gene delivery. However, due to the apparently low
immunogenicity of MSCs, allogeneic transplantation is effec-
tively used in regenerative medicine (26, 27) and, thus allows an
alternative concept for in situ cell-based production of protein
therapeutics. Based on these considerations and on knowledge
about the requirements of effective apoptosis induction by TRAIL
ligands, we investigated whether it is possible to generate a MSC
line stably producing a highly bioactive, tumor-targeted single-
chain TRAIL fusion protein under retention of its full MSC
properties. Here, we report on the establishment of such a cell line
(MSC.TRAIL) and its therapeutic activity in a xenotransplanta-
tion tumor model.

MATERIALS AND METHODS

Cell Lines

Mouse bone marrow-derived MSC have been previously
described (28) and were kindly provided by Dr. Angelika
Hausser (IZI, University of Stuttgart, Germany). These cells
were cultivated under sterile conditions, at 37°C in a 5% CO;
humidified atmosphere, in alpha-MEM supplemented with 10%
FBS (HyClone) plus 1% penicillin/streptomycin. MSCs were
passaged at a confluence of 70% every 3—4 days if not mentioned
otherwise. Colo205 and HCT116 cells were obtained from ATCC

(Manassas, VA, USA) and cultured, at 37°C and 5% CO,, in
RPMI-1640 medium (Invitrogen) supplemented with 10% FCS
(Thermo Fisher Scientific).

MSC Transfection

Mesenchymal stem cells were transfected with polyethylenimine
(PEI) using a ratio 1:3 for DNA and PEI. Briefly, 150 X 10° cells/
well in a six-well plate were grown in 2-ml culture medium for
18 h. Next, cell culture medium was removed, and 1.5 ml of
serum-free alpha-MEM was added. Three hundred microliters
of Opti-MEM were incubated with 12 pg of PEI for 5 minutes
(min) at room temperature (RT). Next, 4 pg of plasmid DNA was
added to the mixture, and after 20 min incubation, the mix was
carefully added drop-wise to the cells. After 18 h incubation at
37°C cells were transferred into a flask and allowed to grow in cell
culture medium for 24 h. Next, in order to select the transfected
cells, 250 pg/ml of geneticin (G418) was added to the medium.
Subsequently, a single clone selection, making limiting dilutions
with a statistical density of 1 cell/well was performed. The best
clone, named MSC.TRAIL, was used for further studies. The
coding sequence of Db-scTRAIL (EGFR-specific pCR3-Db-
scTRAIL) construct was reported by Siegemund et al. (19).

Purification of Recombinant Proteins

The EGFR targeting Db-scTRAIL fusion protein (see Figure S1 in
Supplementary Material) was produced from transfected MSCs
and purified from cell culture supernatant by anti-FLAG affinity
chromatography as described previously (19). In brief, cell-free
supernatant was incubated with anti-FLAG M2 Affinity Gel
(0.3 ml bead volume/100 ml supernatant, Sigma-Aldrich) for at
least 2 h or alternatively overnight at 4°C on a roller mixer, prior
to collecting of beads in an empty column, washing with TBS, and
eluting with 100 pg/ml FLAG peptide in TBS. After dialysis in
PBS, eluates were concentrated with Vivaspin 20 devices (50 kDa,
Sartorius), and the purified protein was analyzed by western
blotting.

Cell Death Assays

Colo205 (4 x 10* cells/well), HCT116 (3 x 10* cells/well), or
MSCs (2 x 10* cells/well) were grown in 100-ul culture medium
in 96-well plates for 18 h, followed by treatment either with serial
dilutions of Db-scTRAIL proteins or supernatant from trans-
fected MSC:s, in triplicates. For positive control, cells were killed
with 0.25% Triton X-100. Cell death assays were performed in the
absence or presence of bortezomib (BZB) (250 ng/ml; UBPBio).
TRAIL blocking antibody (1 pg/ml; Enzo Life Sciences) was
used in the combined treatments. BZB was added 30 min before
incubation with the proapoptotic proteins to sensitize cancer cells
for cell death induction. After 16 h of incubation, cell viability was
determined by crystal violet staining (19).

Coculture of MSCs and Cancer Cells

Colo205 (1 x 10* cells/well) or HCT116 (8 x 10° cells/well) were
seeded in 24-well plates, in 600 pl of MSC medium (alpha-MEM),
and allowed to grow at 37°C. After overnight incubation, MSCs
were added using different ratios of MSCs:colorectal cancer
(CRQ) cells, in a final volume of 1 ml/well. Different treatments
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with BZB (250 ng/ml) and TRAIL blocking antibody (1 pg/ml)
were performed and finally analyzed by crystal violet staining as
described above.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Enzyme-linked immunosorbent assay assays were performed
using the kit OptEIA™ human TRAIL ELISA Set (BD),
according to the manufacturer’s instruction. Briefly, the ELISA
plate was coated with 100 pl/well of capture antibody and
incubated overnight at 4°C, and the remaining binding sites
were blocked with 2% (w/v) dry milk/PBS. Next, a titration
(1:3) of standard TRAIL protein and either serial dilutions of
MSC supernatant or serum blood (dilution 1:20) were added
and incubated for 2 h at RT, in duplicate. After five washing
steps, working detector solution was incubated for 1 h at
RT. Bound proteins were detected using ELISA developing
solution (0.1 mg/ml TMB, 100 mmol/l sodium acetate buffer,
pH 6.0, 0.006% H>0,). The reaction was stopped with H,SO,
(1 mol/l). Absorbance was measured at 450 nm in an ELISA
reader.

Western Blotting

TNF-related apoptosis-inducing ligand secreted by transfected
MSCs in culture medium was purified by an anti-FLAG affin-
ity chromatography as described above. The purified proteins
were separated on SDS-PAGE (12%) and then blotted on PVDF
membrane. After incubation with primary antibody (anti-TRAIL
MAB687, R&D), the secondary anti-mouse HRP-conjugated
antibody (Sigma-Aldrich) was added. Finally, the membrane
was treated with a peroxidase substrate (enhanced chemilu-
minescence detection system from Pierce) according to the
manufacturer’s instructions to visualize the signals and exposed
to an X-ray film.

Flow Cytometry

To analyze the expression of surface markers, MSCs (10 X 10* cells/
well) were seeded in a 96-well plate and incubated with the directly
conjugated antibody (CD9, CD44, CD71, CD105, CD14, and
CD34). Signals from respective isotype control antibodies were
subtracted from all samples to compensate unspecific antibody
binding.

Propidium iodide (PI, Sigma-Aldrich) staining of cells was
done after 18 h of treatment. The cells were collected, incubated
with 10 pg/ml of PI, and immediately analyzed by flow cytometry.

In order to test cleaved caspase-3 activation, Colo205
(8 x 10* cells/well) were seeded in the bottom of a transwell plate
(Costar) and incubated at 37°C overnight. Then, BZB (250 ng/ml)
was added into the culture medium and incubated for 30 min.
Next, into the upper chamber of the transwell, 16 X 10° cells for
each MSC line were seeded. After 18 h of coculture, Colo205 cells
from the lower chamber were collected, fixed in PFA (4%), and
permeabilized with 0.1% Triton X-100. Then, primary antibody
(Asp 175, Cell Signaling Technology) was incubated for 1 h at RT.
After two washing steps and secondary antibody incubation, the
cells were resuspended and analyzed.

Immunofluorescence and Microscopy
Mesenchymal stem cells were seeded on glass coverslips and
incubated for 3 h at 37°C. Then, coverslips were washed with PBS
and cells were fixed with 4% PFA and permeabilized with 0.1%
Triton X-100. The blocking step was performed by incubating
the cells with 5% FBS in PBS for 30 min at RT. Next, cells were
washed and incubated with primary antibody and DAPI (1 pg/ml,
Sigma) diluted in blocking buffer for 2 h. When required, incu-
bation with secondary antibody, diluted in blocking buffer, was
performed for 1 h. Coverslips were mounted in Fluoromount G
and analyzed with the Spinning Disc (Zeiss) using 488, 543, and
633 nm excitation and a 20x/0.8 DIC objective lens. Images were
processed with ZEN software.

Adipogenic and Osteogenic Differentiation
For the adipogenic differentiation, MSCs were grown to conflu-
ence on Permanox 4-well chamber slides (Thermo Scientific).
Then, the culture medium was replaced with adipogenic medium
(a-MEM supplemented with 10% FBS, 1% penicillin/strepto-
mycin, 1 uM dexamethasone, 500 tM IBMX, 10 pug/ml human
insulin, and 100 uM indomethacin) and changed every 2-3 days.
Twelve days after initial adipogenic induction, cells were washed
with PBS and fixed for 10 min in 4% Histofix (Roth). Next, cells
were rinsed once with H,O, incubated in 60% isopropanol for
5 min, and then with Oil Red O for 10 min. Finally, the cells were
washed once with 60% isopropanol followed by H,O. Nuclei were
counterstained with hemalaun. As a negative control, cells grown
in culture medium for 12 days were used. In order to analyze the
osteogenic differentiation, MSCs were grown to 90-100% conflu-
ence in 24-well plates and then cultured in osteogenic medium
(a-MEM supplemented with 15% FBS, 1% penicillin/streptomycin,
100 nM dexamethasone, 50 pg/ml ascorbate-2- phosphate, and
10 mM beta-glycerol phosphate) for 21 days. At this time point,
the differentiation was assessed by Alizarin Red staining. In brief,
cells were washed with PBS and allowed to dry for 5-10 min. Next,
cells were fixed with 50% ethanol for 20 min. The fixed cells were
then stained with 1% Alizarin red (Roth) at pH 6.4 for 30 min
under continuous shaking. Finally, cells were rinsed three times
with H,O, and transmitted light pictures were taken. As a negative
control, cells grown in culture medium for 21 days were used.

Xenograft Mouse Tumor Model

Animal care and all experiments performed were in accordance
with federal guidelines and had been approved by university and
state authorities. Female NMRI nu/nu mice (Janvier), 8 weeks old,
were injected subcutaneously (s.c.) with 3 X 10° Colo205 cells in
100 pl PBS at left and right dorsal sides. Treatment started 10 days
after tumor cell inoculation when tumors reached ~100 mm’. In
particular, 4 X 10° MSCs were resuspended in 100 pl PBS mixed
with 100 TU/ml of heparin (29) and then peritumorally injected
(p.t.). During the injections of all cell lines, mice were anesthe-
tized with isoflurane. The Colo205-bearing mice received three
p-t. injections of MSCs at day 10, 17, and 27. In addition, 5 pg of
BZB in 100 pl PBS were injected i.p. every second day, starting
from day 11 until day 31. Mice in the control groups received
either 100 pl PBS i.p. injected or MSCs.Mock. Tumor growth was
monitored as described (30). Blood samples were taken from the
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tail at day 31, centrifuged (10,000 X g, 10 min, 4°C) and then
stored at —80°C. Activity of ALT was determined by an enzymatic
assay accordingly to the manufacturers instructions (BIOO
Scientific, Austin, TX, USA).

Statistics

All values are expressed as means + SD, while for the analysis
of the in vivo studies the 95% confidence interval (95% CI)
was used. Significances, for each experiment, were calculated
with GraphPad prism one-way ANOVA with Tukey’s post-test.
In particular: * represents a p-value < 0.05, ** represents a
p-value < 0.01, and *** represents a p-value < 0.001.

RESULTS

Engineered MSCs Express Bioactive

Soluble Db-scTRAIL

As a prerequisite to study the application of MSCs as cell-based
therapy for Db-scTRAIL fusion protein expression, we first
investigated the TRAIL sensitivity of these cells in comparison
to a CRC cell line Colo205. In accordance with our previous
study (19, 30), combinatorial activity of the Db-scTRAIL fusion
protein with the apoptosis sensitizer BZB exerts a potential
superior apoptotic effect on CRC cells. In fact, we observed
a strong enhancement of cell death induction on Colo205 cells
upon combined treatment resulting in a ~9-fold increase of
TRAIL-mediated apoptosis induction with BZB (ECs values:

Db-scTRAIL 19 pM; Db-scTRAIL + BZB 2.2 pM) (Figure 1A).
Conversely, under the same conditions, MSCs were fully resist-
ant to Db-scTRAIL activity even in the presence of the sensi-
tizer (Figure 1B), confirming that MSCs are a well-suited cell
delivery system of highly active TRAIL variants. Next, we tested
Db-scTRAIL expression after transient transfection by ELISA
and immunoblotting as well as in vitro bioactivity. MSCs were
able to secrete Db-scTRAIL, revealing an accumulation of intact
product over the observed time period of 5 days (Figures 1C,D).
With the applied transient transfection protocol, Db-scTRAIL
production, as revealed by specific ELISA and bioassay (induc-
tion of Colo205 cell death) was highest 1 day after transfection
(~0.44 pg/cell) and declined thereafter, with still significant
protein and bioactivity detectable after 5 days of culture and four
subsequent media changes (Figure 2). Additionally, we tested
cell death induction with PI staining after coculture of MSCs and
Colo205 at ratios of 1:5 and 1:50, showing a significant increase
of PI levels in a cell-dose and BZB-dependent manner (Figure S2
in Supplementary Material). These data collectively demonstrate
that MSCs are a suitable system for the expression of bioactive
Db-scTRAIL proteins.

Stable MSCs.TRAIL Cell Line Induce
Tumor Apoptosis by Caspase 3 Activation

In Vitro
Based on the positive results with transient transfection of MSCs,
we aimed at generation of stable producer clones by standard
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FIGURE 2 | Cell death induction assay of secreted diabody single-chain TNF-related apoptosis-inducing ligand (Db-scTRAIL) on Col0205. Left axis:
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transfected mesenchymal stem cells (MSCs). After 18 h of treatment, cell viability of Colo205 was determined using crystal violet staining and data were normalized
using BZB-treated cells as control (mean + SD, n = 4). Right axis: the daily amount of soluble Db-scTRAIL released in cell culture medium of MSCs was measured
by enzyme-linked immunosorbent assay (mean + SD, n = 3).

selection methods and isolation of individual clones by limiting
dilution. The two highest expressing clones out of 13 identified
positive clones after the first screening round proofed to be stable
expressors in vitro and one clone, named MSC.TRAIL was used
for further analyses of long-term expression and in vivo activity
(Figure S3 in Supplementary Material). MSC.TRAIL showed
cumulative secretion of the protein during culture for 5 days
and stable expression of the product in vitro for 44 passages
(data not shown). Western blot analysis of the purified TRAIL
verified secretion of full-length protein (Figure 3A). Bioactivity
of the secreted Db-scTRAIL was tested in coculture assays
with Colo205 as target cells in the presence or absence of BZB
(Figure 3B). A strong reduction of the cell viability in combina-
tion with BZB and complete neutralization of cell death in the
coculture by a TRAIL blocking antibody proofed secretion of
bioactive protein and strictly TRAIL-dependent cell death. The
same results were observed after coculture of MSC.TRAIL with
a different CRC cell line (HCT116) sensitive to TRAIL (Figures
S4A,B in Supplementary Material). In order to confirm that the
observed reduction of cell number is due to an apoptotic process,
we analyzed cleaved caspase-3 levels as a hallmark of apoptosis
induction. For this, we performed coculture using a double
chamber system with a membrane allowing free exchange of solu-
ble mediators. Colo205 cells were seeded in the bottom chamber
and the MSC.TRAIL or the Mock cells were seeded in the upper

chamber. Cleaved caspase-3 levels in Colo205 cells were deter-
mined by flow cytometry after 18 h of coculture (Figure 3C). As
expected, a strong increase of cleaved caspase-3 levels was found
when Colo205 cells were exposed to Db-scTRAIL-producing
cells in combination with the sensitizer BZB. MSC.Mock served
as negative control and a weak signal was noted upon incubation
with sensitizer BZB only. Collectively, the in vitro studies show
that stable MSC producer clone can be established exerting long-
term expression of a highly bioactive Db-scTRAIL fusion protein.

MSC Properties Are Not Affected by
Stable Transfection In Vitro

In order to investigate whether the transfection and isolation of a
stable producer cell line affected MSC characteristics in vitro, we
analyzed the properties of this cell line at different passages and
compared it to mock-transfected and untransfected MSCs. We
first tested the phenotype of MSCs by staining the cells with phal-
loidin to visualize the F-actin. All cell lines (MSCs untransfected,
MSC.Mock, and MSC.TRAIL) displayed a typical spindle-shaped
phenotype as described for MSCs (31). Remarkably, the pheno-
type did not change during in vitro cultivation up to passage 42
(Figure 4A). Next, we investigated the expression of stem cell
markers. In accordance with the International Society of Cellular
Therapy, all MSC lines analyzed were positive for CD9, CD44,
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induces specific apoptotic activity in Colo205. (A) Immunoblotting of purified Db-scTRAIL from MSC untransfected (Unt) and MSC.TRAIL cell culture medium
(5 days), using a specific antibody anti TRAIL. Three micrograms of purified Db-scTRAIL were used as positive control (Pos Ctr). (B) The bioactivity of the secreted
Db-scTRAIL was tested after 18 h of coculture of MSC lines and Colo205 (ratios 1:5 and 1:50). The cocultures were treated in combination with bortezomib (BZB)
(250 ng/ml) and/or TRAIL blocking antibody (1 pg/ml). Cell viability was analyzed using crystal violet staining and data were normalized using Colo205 cells treated
with BZB as control (mean + SD, n = 3). (C) Colo205 cells were seeded in the lower chamber of a transwell (8 x 10* cells). After overnight cultivation, the stable cell
lines (Mock. TRAIL and MSC.TRAIL) were seeded in the upper chamber (1.6 x 10* cells) and BZB (250 ng/ml) was added to the medium. After 18 h of treatment,
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CD71, and CD105 and lacked the expression of CD14 and CD34,
as show in Figure 4B. No differences between untransfected MSCs
and the stably transfected cell lines were observed. Interestingly,
the pattern of marker expression was maintained from early pas-
sage (p9) up to passage 42 (Figure S5 in Supplementary Material)
and is in accordance with murine MSCs lines described by oth-
ers [reviewed by Boxall and Jones (32)]. Finally, we verified the
multilineage differentiation capability of MSCs, which is the most
characteristic feature. All MSC lines showed, on one hand, the
capability to generate lipid droplets which indicate a successful adi-
pogenic differentiation (Figure 4C). In rare cases, a spontaneous
adipogenic differentiation was observed, probably due to a high
cell density in the differentiation cultures, without a statistically
significant frequency. Further, the cell lines were also able to dis-
play mineralization, observed by Alizarin red staining, confirming
osteogenic differentiation ability (Figure 4D). The same results
were observed at late passages for all cell lines (data not shown).
These findings demonstrate that the stable non-viral transfection
and the constitutive Db-scTRAIL secretion do not alter the typical
properties of MSCs, even during long-term in vitro culture.

MSC.TRAIL Exert a Significant Antitumor
Activity in Combination with BZB In Vivo

Based on our in vitro results, we assessed the potential thera-
peutic utility of MSC.TRAIL in vivo. First, we performed single

subcutaneous injection of MSCs (s.c.; 4 X 10° cells) in nude mice
in order to verify the presence of Db-scTRAIL in the serum
fraction after 1, 3, 7, 14, and 21 days by ELISA (Figure S6 in
Supplementary Material). No TRAIL signals could be detected
up to 3 days after injection, whereas after 7 and 14 days specific
TRAIL signals were identified in the range of 1.5 ng/ml for MSC.
TRAIL cells. As expected, all control cell injections gave no posi-
tive signal. Next, we investigated the antitumor activity of MSC.
TRAIL in a Colo205 mouse xenograft tumor model, in which
MSCs were peritumorally (p.t.) injected at three time points. The
treatments started when tumors were palpable and vascularized,
reaching a volume of ~100 mm?®. At this time point, the first MSC
(4 X 10° cells) injection was performed, with Mock cells and PBS
used as controls. In the combination treatment groups (MSC.
TRAIL + BZB and MSC.Mock + BZB), 5 ug of BZB was intraperi-
toneally (i.p.) injected every other day. Up to 10 days after the first
MSC injection, we observed no differences in tumor growth for
all groups. However, from day 17 on, coincident with the second
MSC administration, a slight, but increasingly significant reduc-
tion of tumor size was observed for the combination treatment
group MSC.TRAIL + BZB over the whole observation period
(31 days) (Figure 5A). Importantly, at day 26, serum analysis of
Db-scTRAIL in animals receiving MSC.TRAIL revealed a con-
centration of ~1.5 ng/ml (Figure 5C) supporting a direct correla-
tion of TRAIL activity and tumor reduction. Tumor response was
maintained with the third application of MSC.TRAIL, although
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complete remission was achieved only in one case (Figure 5C).
The observed MSC.TRAIL-dependent tumor response required
co-administration of a low dose of the sensitizer BZB, corroborat-
ing the in vitro data. Thus, under the applied protocol, the MSC.
TRAIL cells alone showed only a small, non-significant reduc-
tion in tumor growth, similar to the Mock-transfected MSC in
combination with BZB (Figure 5B).

Administration of MSC.TRAIL In Vivo Does
Not Induce Acute Side Effects

In order to get insights into potential off-target, systemic side
effects of continuous Db-scTRAIL expression in tumor-bearing
animals, we analyzed serum levels of the liver enzyme alanine
aminotransaminase (ALT) as an established marker of acute liver
toxicity. ALT serum levels were determined in tumor-bearing
mice at day 31, after three MSC p.t. injections. The analysis
showed for all MSC groups only slightly elevated serum ALT
levels compared to PBS group (<50 U/l), but low compared

to the Fas ligand treatment known to cause acute liver toxicity
(Figure 5D). This result revealed that the applied treatment
protocol (three MSC administrations with and without BZB)
did not induce discernable acute hepatotoxic effects in vivo, in
accordance with a recent study from Yan and colleagues (21).
Additionally, all the other standard parameters, such as body
weight, remained in the normal range for the entire period of
treatment (data not shown).

DISCUSSION

In this study, we explored the possibility of generating stable
MSC producer cell lines as delivery system for the expression
of an antitumor protein drug, using a tumor-targeted variant of
the proapoptotic protein TRAIL as a model substance. Since its
first identification (33, 34), TRAIL was extensively studied due
to its characteristics of inducing apoptosis in human cancer cell
lines while sparing normal cells (35, 36). However, TRAIL-based
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n = 8 tumors/treatment group. (B) Individual tumor volumes at day 31 (n = 6 tumors for PBS group and n = 8 tumors for MSC.Mock + BZB, MSC.TRAIL, and
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therapies tested in several clinical trials, in a broad range of
different tumors, yielded very disappointing results [reviewed by
Lembke et al. (37)]. Three major features are considered to limit
the therapeutic activity of conventional recombinant TRAIL
proteins, low in vivo bioactivity and short plasma half-life (38),
intrinsic or acquired resistance to TRAIL (39), and ineflicient
delivery of the proapoptotic protein to the tumor cells, altogether
requiring multiple doses with potential increase in side effects
(40). In attempts to overcome these intrinsic negative features of
recombinant soluble TRAIL, several studies in different tumor
models, including ovary-, lung-, colon-, and pancreas-derived
tumors, exploited the possibility of a transient cell-based TRAIL
expression making use of MSC as delivery system because of
their presumed tumor-homing potential (41-43). Despite that
the specific role of MSCs in the tumor microenvironment is not
fully understood, different studies reported that TRAIL expressed
by MSCs can overcome resistance in colorectal and breast cancer
to treatment with recombinant TRAIL (44, 45). This suggests
that the advantage of using MSC-based in situ production of
soluble TRAIL is not only favorable to overcome the short plasma

half-lives of this antitumor drug but also may contribute to
break TRAIL resistance of tumor cells.

Based on this knowledge, we aimed at an improvement of
MSC-based drug delivery systems from two sides, the producer
cell and the product itself. Thus, using a murine MSC line as
a model which was shown to maintain its phenotype and dif-
ferentiation potential in vitro and in vivo (28), we questioned
whether instead of transient expression, stable producer clones
can be obtained to lay the ground for similar approaches with
human MSC and for establishment of defined drug producer cell
banks suitable for allogeneic transplantation in cancer patients.
Concerning the therapeutic protein, we reasoned that second-
generation TRAIL molecules, with tumor targeting features
and optimized apoptotic potential are functionally superior
to conventional soluble TRAIL. A cell-based in situ expression
system of the model drug, an EGFR-specific diabody single-chain
TRAIL (Db-scTRAIL), comprising a hexavalent TRAIL, could be
well advantageous over costly GMP expression and purification
of such a complex molecule. MSCs isolated from three differ-
ent sources proved to be insensitive to apoptosis induced by
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human recombinant TRAIL, despite the expression of DR4 and
DR5 (46). Because of a low intrinsic bioactivity of such soluble
TRAIL preparations, and the several orders of magnitude higher
bioactivity of the Db-scTRAIL used here, we first confirmed the
insensitivity of MSCs to Db-scTRAIL, even in combination with
the sensitizer BZB. Thus, the model cell system used qualified for
establishing a producer cell.

Concerning the transfection method, despite that the
majority of the studies so far used viral vectors to genetically
modify stem cells, this technology is still debated. This is due
to the fact that some of these viral vectors, like lentiviruses,
are immunogenic and show instability of the transgene, which
can cause severe immune responses when introduced into the
patients [reviewed by Stuckey and Shah (25)]. Additionally, the
specific integration site of the vector DNA into the genome of
the cells is crucial, and disruptions of essential genes that may
cause malignant transformation have to be avoided. Despite
these potential safety issues of viral transduction methods, the
prospects of higher efficiency so far have favored this over non-
viral transfection methods for stem cells (47, 48). Therefore, with
the aim to provide alternative approaches to generate MSC drug
producer cell systems, in this study, we exploited a non-viral
transfection method based on PEI. We achieved the isolation of
a stable and long-term expressing MSC line producing highly
bioactive Db-scTRAIL under retention of its full MSC typical
differentiation capability. Moreover, a significant reduction of
tumor volume could be achieved already after two peritumoral
administrations of MSC.TRAIL, showing that the localized
production achieves therapeutically effective doses of the drug
when combined with BZB, and the systemically detectable levels
of the Db-scTRAIL fusion protein were well tolerated by the
treated animals.

A vparticular feature attributed to MSCs is their potential
tumor-homing capacity (9). Because we detected circulating
levels of the Db-scTRAIL upon local s.c. injection of MSCs in
non-tumor bearing animals, we focused in this study on analysis
of macroscopic tumor regression; therefore, we cannot tell to
which extent peritumorally injected MSC might have migrated to
the tumor tissue and whether or not this was instrumental for the
observed tumor regression. Further, the in vivo fate of transferred
MSCs remains to be defined in future studies. Specifically param-
eters affecting the duration of therapeutics production, such as
long-term survival with or without potential tissue-specific dif-
ferentiation need to be unraveled.

Currently, the clinical application of MSC-based therapy in
the regenerative medicine is widely accepted with clear benefits
(49-51) while its use in oncology is still in an early exploratory
phase and a general treatment concept is not yet available. Pro-
vided the model described here can be translated into a clinical
application, the data obtained here suggest that with local admin-
istration of a stable producer line, aside from achieving clear
tumor responses, potential additional benefits for the patients
could be expected, for example concerning the frequency of
therapeutic injections. In fact, in the case of TRAIL therapeutics,
the standard clinical treatments but also animal tumor models
with second-generation TRAIL reagents require daily or biweekly
injections (19, 52). While based on the obtained results using

stable producer MSCs, a regimen with a reduced frequency of
administrations, weekly or even less frequent, seems achievable.
Importantly, an efficient translation of cell-based therapy into
clinical application often requires the ability to readily administer
a safe and efficacious product at the optimal dosage. Toward this
aim, an established MSC producer cell bank suited for allogeneic
transplantation potentially offers enormous advantages over
autologous transplantation concerning time constraints and the
unclear chance of isolation of autologous MSCs from the patient
suitable to use for transfection and successful protein expression.
Specifically, in the context of autologous sources, patients are
generally older and may present with multiple comorbidities,
may impact MSC isolation and propagation both in quantitative
and qualitative terms. Because of the hypo-immunogenic feature
of MSCs in general, autologous transplantation appears not man-
datory. Accordingly, we propose that a well-characterized stock
of MSC producer lines, as the model cell line described here, is
a robust alternative to cell-based expression systems relying on
autologous patient material.

In conclusion, in the present study using a murine MSC line
and xenografted tumors as model system, we revealed proof of
concept that a stable MSC line expressing a therapeutic protein
and maintaining MSC characteristics can be generated and can
be applied in vivo to achieve a significant tumor response without
apparent side effects. Our results support the exploitation of this
approach for generation of stable well-characterized cell banks of
human MSC producer lines for local expression of highly active,
yet difficult or costly to produce, cancer therapeutics.
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FIGURE S1 | Scheme of the diabody single-chain TNF-related apoptosis-
inducing ligand fusion protein. An EGFR-specific scFv antibody fragment,
comprising Vi and Vi, was fused to the N-terminus of scTRAIL in which three
extracellular TRAIL domains are genetically linked to one polypeptide chain. A
peptide linker (GGGGS) between Vi and Vi was chosen to obtain a diabody
configuration and, therefore, dimerization of the molecule. F, FLAG tag.

FIGURE S2 | Analysis of cell death induction after coculture of Colo205
with mesenchymal stem cells (MSCs). One day after transient transfection,
MSCs (MSC.TNF-related apoptosis-inducing ligand) were cocultured with
Colo205 cells (1 x 10° cells) in the presence or absence of BZB (250 ng/ml) for
additional 24 h. Two different ratios of MSCs and Colo205 were tested, 1:5 and
1:50. After 18 h of coculture, cell viability was analyzed by PI staining. y-Axis:
number of events analyzed.

FIGURE S3 | Single clone selection. Thirteen clones selected after Dot Blot
analysis were seeded (1 x 10° cells) and cultured. After 3 days, the amount of
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