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Tumor Necrosis Factor-o/CD40 Ligand-Engineered
Mesenchymal Stem Cells Greatly Enhanced
the Antitumor Immune Response and Lifespan in Mice

Somayeh Shahrokhi!* Saeed Daneshmandi?” and Farid Menaa®

Abstract

The interaction between mesenchymal stem cells (MSCs) and dendritic cells (DCs) affects T cell development
and function. Further, the chemotactic capacity of MSCs, their interaction with the tumor microenvironment,
and the intervention of immune-stimulatory molecules suggest possible exploitation of tumor necrosis factor-o
(TNF-o) and CD40 ligand (CD40L) to genetically modify MSCs for enhanced cancer therapy. Both DCs and
MSCs were isolated from BALB/c mice. DCs were then cocultured with MSCs transduced with TNF-o
and/or CD40L [(TNF-o/CD40L)-MSCs]. Major DCs’ maturation markers, DC and T cell cytokines such as
interleukin-4, -6, -10, -12, TNF-«, tumor growth factor-f, as well as T cell proliferation, were assessed.
Meantime, a BALB/c mouse breast tumor model was inducted by injecting 4T1 cells subcutaneously. Mice
(n=10) in each well-defined test groups (n=13) were cotreated with DCs and/or (TNF-0./CD40L)-MSCs. The
controls included untreated, empty vector-MSC, DC-lipopolysaccharide, and immature DC mouse groups.
Eventually, cytokine levels from murine splenocytes, as well as tumor volume and survival of mice, were
assessed. Compared with the corresponding controls, both in vitro and in vivo analyses showed induction of T
helper 1 (Thl) as well as suppression of Th2 and Treg responses in test groups, which led to a valuable
antitumor immune response. Further, the longest mouse survival was observed in mouse groups that were
administered with DCs plus (TNF-0/CD40L)-MSCs. In our experimental setting, the present pioneered study
demonstrates that concomitant genetic modification of MSCs with TNF-o. and CD40L optimized the antitumor
immunity response in the presence of DCs, meantime increasing the mouse lifespan.

Introduction

MESENCHYMAL STEM CELLS (MSCs) are a heteroge-
neous population of self-renewing and multipotent
cells isolated from the bone marrow (BM) (Staba et al., 1998;
Liu et al., 2004). It has been demonstrated that all organs
containing connective tissue contain MSCs (Vaananen,
2005). MCSs are known to display immunomodulatory ac-
tivities, including suppression of lymphocyte proliferation
(Aggarwal and Pittenger, 2005; Beyth et al., 2005), inhibition
of dendritic cells (DCs), maturation in vitro and in vivo, in-
hibition of cytokines secretion, downregulation of molecules
involved in the migration to the lymph nodes, antigen (Ag)
presentation to CD4™ T cells, and cross-presentation to
CD8™ T cells (Beyth et al., 2005; Jiang et al., 2005; Nauta

et al., 2006; Pevsner-Fischer et al., 2007; Tomchuck et al.,
2008; Spaggiari et al., 2009). More specifically, the sup-
pressive actions of MSCs are exerted at two levels (Aggarwal
and Pittenger, 2005; Jiang et al., 2005; Ren et al., 2008): (i)
through cell—cell contact molecules (e.g., major histocom-
patibility I [MHC-I], intercellular-adhesion molecule 1/2,
vascular cell adhesion molecule-1/2, and cyclooxygenases-1/
2); (ii) through the intervention of soluble factors (e.g., in-
terleukin [IL]-6, IL-8, tumor growth factor-f§ [TGF-f],
prostaglandin E2, nitric oxide).

The chemotactic capacity of MSCs raised hope for their
clinical exploitation of genetically modified MSCs for cancer
therapy and other immune-mediated diseases (Studeny ef al.,
2004; Calzascia et al., 2007; Dazzi and Horwood, 2007;
Uccelli et al., 2007; Uccelli and Prockop, 2010). The main
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advantage of MSCs for enhanced tumor therapy resides in
their great tumor tropism, their use as a selective and highly
bioavailable drug/gene delivery system, as well as their ease
for tissue and immune reconstitution, compared with other
available tumor therapeutic methods (Aboody et al., 2008;
Rameshwar, 2009; Galderisi et al., 2010; Hu et al., 2010; Sun
et al., 2011; Shah, 2012; Gao et al., 2013). Although anti-
tumoral MSCs might cause some adverse effects, MSCs
should be considered in metastatic cancer therapy (Dazzi and
Horwood, 2007; Hall et al., 2007; Yagi et al., 2010).

Besides, tumor necrosis factor (TNF) superfamily mem-
bers (i.e., TNF-o and CD40 ligand [CD40L]) are involved in
the activation and maturation of DCs, which are considered
as the most potent primary ‘‘professional”” Ag-presenting
cells, acting via MHC complexes to activate T and B cells in
secondary lymphoid organs (Steinman, 1991; Schmidt et al.,
2012; Ma et al., 2013). DCs belong to the hematopoietic
system and arise from CD34" stem cells in the BM
(Schmidt et al., 2012).

Additionally, CD40L was reported to be the most potent
DC inducer among the TNF superfamily, and similarly
TNF-o (Pasparakis et al., 1996; van Horssen et al., 2006;
Calzascia et al., 2007) and CD40/CD40L engagement is
then important in tumor and/or infectious immunity (Yu
et al., 2003). Importantly, TNF-o- (Staba et al., 1998; Liu
et al., 2004) or CD40L-based gene therapy is considered for
immune response induction in animals and humans (Elgueta
et al., 2009). Hence, CD40L and TNF-« could be applied for
DNA-based vaccine therapies toward DC activation (Yu
et al., 2003).

So far, therapeutic genes have been incorporated into
stem cells and delivered to tumors with high selectiv-
ity. These included prodrug-activating enzymes, apoptosis-
promoting genes, metalloproteinases, and immune-enhancing
agents such as IL-2, IL-4, IL-12, IL-23, and interferon-f
(IFN-f) (Aboody et al., 2008; Bexell et al., 2010). Among
the TNF superfamily members, TNF-related apoptosis-
inducing ligand (TRAIL) has been delivered by MSCs be-
cause of its selective antitumor activity (Loebinger et al.,
2009; Menon et al., 2009; Grisendi et al., 2010; Porada and
Almeida-Porada, 2010). However, there is still a paucity of
reports related to genetically modified MSCs for cancer
therapy (Studeny et al., 2004; Gao et al., 2010). In fact, and
to the best of our knowledge, there are no studies that ex-
plored TNF-o. and/or CD40L delivery by MSCs for possible
enhanced tumor immune activation.

Therefore, the present research study aimed to evalu-
ate, for the first time, the potential CD40L- and TNF-o-
engineered MSCs, in the presence or absence of DCs, to
greatly activate immune tumor responses.

Materials and Methods

All the in vitro and in vivo experiments have been real-
ized in triplicate for statistical analysis.

Construction of vector and engineered
lentivirus production

TNF-o (GenBank: BC117057.1) and CD40L (GenBank:
BC119225.1) mouse genes inserted into pCR4-Topo vectors
were purchased (ImaGene). The genes were successfully
subcloned into the p240 (pLOX-EWgfp modified vector)

241

lentivirus (LV) transfer vector (Addgene), as confirmed by
electrophoresis and sequencing.

HEK?293T cells (NCBI code: C497, Cell Bank, Pasteur
Institute of Iran) were then transduced by the LVs re-
combined with a mixture of three vectors: p240-TNFao or
p240-CD40L, plox-MD, (Addgene), and plox-PAX2 (Ad-
dgene). Eventually, the supernatant of infected HEK293T
cells was collected and concentrated by ultracentrifugation.
Expression of GFP (i.e., green fluorescent cells, also known
as [aka] GFP* cells) was used to monitor the transduced
cells by immunofluorescence microscopy and titer LVs by
flow cytometry.

Preparation of tumor cell lysate

The 4T1 cell line (NBCI code: C604), which mimics
stage IV of human breast cancer, was obtained from the Cell
Bank of Pasteur Institute of Iran.

4T1 cells were first cultured overnight in T25 culture
flasks containing RPMI-1640 complete medium (Sigma)
(i.e., Roswell Park Memorial Institute-1640 supplemented
with 11 mM sodium bicarbonate, 2 mM L-glutamine, 100 U/
ml penicillin, 100 pg/ml streptomycin, and 10% fetal bovine
serum [FBS] [v/v] [Gibco]). Then, 1X 107 cells were
resuspended in 1 ml RPMI-1640 complete medium.

The tumor cell lysate (TL) was eventually prepared
by subjecting 4T1 cells to three-to-five cycles of freezing in
liquid nitrogen before thawing at 65°C. Total protein was
assessed by Bradford assay. About 50 ug/ml of total protein
was used as reference in all TL-loaded DC tests for specific
Ag presentation and specific splenocyte stimulation.

Isolation and characterization of DCs and MSCs

BM-derived DCs. Eight- to 10-week-old female inbred
BALB/c mice with an average weight of 22 g (Pasteur In-
stitute of Iran; n=35) were obtained, and the mouse experi-
ments were in accordance with the guidelines approved by
the Ethics Committee of the Lorestan University of Medical
Sciences, Iran. The procedures were performed according to
the Guide for the Care and Use of Laboratory Animals.

Inbred BALB/c mice (n=5) were euthanized by cervical
dislocation, and dissected. After flashing the marrow cavity
of femur and tibia, cell suspension was obtained. Red blood
cells were lyzed by the ammonium chloride buffer. Lysed
cells were washed, and 1—1.5x10° cells/ml were cultured
in a 24-well plate containing complete RPMI-1640 medium.
On the first day, 20 ng/ml GM-CSF and 10 ng/ml IL-4 (R&D
Systems) were added to the culture. The nonadherent cells
were recultured with 10 ng/ml GM-CSF and 5 ng/ml IL-4 on
day 3 till day 5. On day 5 the immature DCs (iDCs) were
then harvested. Flow cytometry was performed to confirm
the purity of DCs.

BM-derived MSCs. The BM cells previously isolated
were incubated for 3hr at 37°C and 5% CO, in complete
Dulbecco’s modified Eagle’s medium (DMEM; Sigma Che-
mical Co.; i.e., DMEM supplemented with 1% penicillin/
streptomycin mixture and 10% FBS [v/v]; Gibco). Then,
nonadherent cells were harvested and replaced in fresh
DMEM. The cells were subcultured for 3 weeks in DMEM
to achieve an optimal purity. Subsequently, flow cytometry
was performed to confirm the purity of MSCs.
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Transduction of MSCs, their coculture with DCs,
and assessment of DCs’ maturation markers

About 1.5x10° MSCs/ml were cultured for 24 hr in a
6-well plate containing DMEM supplemented with 10%
FBS before transduction. Two hours before transduction,
adhered MSCs were washed three times with phosphate
buffered saline (PBS) 1 X and maintained in DMEM. Then,
concentrated TNF-o and CD40L LVs in multiplicity of
infection (MOI=20) were added to the cells. Eventually,
the cells were incubated at 37°C, and medium replace-
ments were performed 16 hr later. The MSCs transduced
with TNF-o and/or CD40L [(TNF-o./CD40L)-MSCs] re-
presented the test groups. Control groups included empty
vector-MSCs (i.e., unmodified LVs-MSCs aka untrans-
duced MSCs) as internal control, iDCs as negative external
control, and DCs-lipopolysaccharide (LPS) as positive
external control.

In order to evaluate the contact effects between (TNF-o./
CD40L)-MSCs and DCs 72hr after MSC transduction,
3x10° MSCs/well of test and control groups were cultured
in 1/1 ratio with TL-pulsed DCs for 24 hr in a 96-well plate
containing RPMI-1640 complete medium (contact experi-
ment) (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/hum).

To further study the involvement and molecular mecha-
nism of soluble factors, 3x 10° TL-loaded DCs/well were
cultured for 24 hr with the supernatant collected from the
different MSC groups in a 96-well dish containing RPMI-
1640 complete medium (supernatant experiment) (Supple-
mentary Table S1).

Eventually, after MSC-DC coculture in contact (con) and
supernatant (sup) experiments, DCs were harvested and
characterized for CD86 (Becton Dickinson), CD40 (Becton
Dickinson), and MHC-II (Becton Dickinson) maturation
markers in CD11c™ cells by a routine flow cytometry pro-
tocol adapted from Becton Dickinson and Company. The
supernatants of MSC-DC cocultures were assessed for TNF-
o, IL-4, IL-6, and IL-12 by enzyme-linked immune sorbent
assay (ELISA) according to the manufacturer’s instructions
(eBiosciences).

Allostimulatory capacity of harvested DCs

In order to assess the allogenic reactions of harvested
DCs, precultured with MSCs, we evaluated the allostimu-
latory capacity of harvested DCs (Colvin et al., 2009).

The mice were handled for experiments in accordance to
guidelines approved by the Ethics Committee of the Lore-
stan University of Medical Sciences, Iran, and the Guide for
the Care and Use of Laboratory Animals. Lymph node T
cells were purified by nylon wool from inbred C57BL/6
mice.

Then, the allogenic T cells were cocultured (1:10 ratio)
for 72hr in RPMI-1640 complete medium with TL-pulsed
DCs, which were harvested from “‘con” and ‘“‘sup’ exper-
iments and pre-'>"Cs y-irradiated at a dose of 3 Gy during
3 min. External negative and positive controls included iDCs
(+T cells) and DCs+LPS (+T cells), respectively. Internal
control was represented by empty vector-MSCs.

After incubation, T cell proliferation was assessed based
on MTT reduction using cell proliferation assay kit I
(Roche). Moreover, the supernatant was collected for as-
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sessing IFN-y, TGF-p, IL-4, and IL-10 cytokines by ELISA,
according to the manufacturer’s instructions (eBiosciences).

Tumor model induction and in vivo treatment

4T1 cells were grown for tumor induction. When cells
reached their logarithmic phase, 1 x 10° cells resuspended in
PBS were subcutaneously injected into mouse flank. On day
7 after tumor induction, 1 X 10° DCs and 1 x 10° MSCs were
coresuspended in 100 ul PBS, and intratumorally injected in
different BALB/c mouse groups (n=10 mice/group). The
controls included untreated, empty vector-MSC, iDC (neg-
ative), and DC-LPS (positive) mouse groups (Supplemen-
tary Table S1).

Mouse tumor volume and survival

Ten days after tumor induction (day 10) of BALB/c mice
(n=>5/group), the tumor volume of each BALB/c mouse was
measured by digital caliper every 4 days until day 34, which
allowed us to collect a 7-point measurement (i.e., day 10,
day 14, day 18, day 22, day 26, day 30, day 34).

At day 10, the tumor volume was estimated according to
the following formula:

V=LW?/2 (V, tumor volume; L, large diameter; W, small
diameter). Tumor-induced mice were followed up until day
100. The day of their death was recorded for survival
analysis using Kaplan—Meier method.

Splenocyte isolation, proliferation, and cytokine assays

On day 35, posttumor induction and treatment, half of the
BALB/c mice (n=5) from each group were randomly eu-
thanized. The splenocytes were then isolated in aseptic
condition, and 4 X 10° cells/well were cultured in a 96-well
plate containing RPMI-1640 complete medium.

For specific stimulation, 20 ug/ml TL was added to each
well. About 48 hr later, the splenocyte proliferation was
assessed by MTT assay kit I (Roche) according to the
manufacturer’s instructions.

Furthermore, the concentrations of TNF-o, TGF-f, IL-4,
IL-6, IL-12, IL-10, and IFN-y were analyzed from the
splenocyte supernatant by ELISA kit (eBiosciences), ac-
cording to the manufacturer’s instructions.

Statistical analysis

Cytokine data were statistically analyzed by SPSS (ver-
sion 17) software. Kruskal-Wallis test and Mann—Whitney
U-test were used for determining within- and between-
group statistical differences, respectively. Kaplan—Meier
test was used for survival, and the groups were compared
by Log-rank. p-Value<0.05 was considered statistical
significant.

Results
Production of CD40L/TNF-o. LVs

Production of recombinant (TNF-o and CD40L)-p240
vectors was confirmed by polymerase chain reaction and
sequencing (Supplementary Figs. S1 and S2).

To produce sufficient quantity of LVs, HEK293T cells
were transduced with recombinant p240 vectors before
being analyzed by immunofluorescence microscopy and flow
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cytometry. Cells expressing GFP indicated transduced cells

that produced the engineered LVs (Supplementary Fig. S3).
Eventually, MSCs were transduced successfully, with a

satisfactory estimated rate of over 70% GFP™ cells.

DCs’ maturation markers after coculture with MSCs

The maturation status of TL-pulsed DCs in ‘‘con’ and
“sup’” experiments was characterized by flow cytometry for
CD40, CD86, and MHC-II surface markers.

The results presented in Fig. 1 show higher percentage of
CD40*/CD86*/MHC-TI"-CD11c¢* DCs in the sup (Fig.
1A) and con (Fig. 1B) fractions of the transduced MSC
groups when compared with the sup and con fractions of
untransduced MSCs. However, these differences were not
statistically significant.

Cytokine assay after MSC-DC coculture

In order to evaluate the impact of soluble (sup) and
contact (con) factors of genetically engineered (TNF-o/
CD40L)-MSCs on TL-loaded DCs, the concentration levels
of TNF-o, IL-4, IL-6, and IL-12 produced by DCs were
assessed by ELISA.

As shown in Fig. 2A, TNF-o levels were significantly
increased in both sup and con fractions of genetically en-
gineered MSCs when compared with the negative (i.e.,
iDCs) and internal controls (i.e., empty vector-MSCs).
However, these changes were significantly lower than the
positive control (DCs +LPS).

As presented in Fig. 2B, genetically engineered MSCs
produced significantly lower IL-4 levels in both sup and con
fractions of cocultured cell groups when compared with
their respective internal control.

As exhibited in Fig. 2C and D, IL-6 and IL-12 levels
showed a significant increase in both sup and con fractions
of cocultured genetically engineered MSCs when compared
with negative and internal controls.

Allostimulatory capacity of harvested DCs

To investigate whether the cocultured DC-MSC groups
in vitro (Supplementary Table S1) were able to stimulate
allogeneic T cells, DCs were precultured with MSCs before
being cocultured with allogenic T cells. Subsequently, T cell
proliferation and IFN-y, TGF-f, IL-4, and IL-10 levels were
assessed by ELISA.

As shown in Fig. 3A, significant increased T cell prolif-
eration (i.e., stimulation index) was noticed in all con-
treated DCs (precultured with engineered MSC)-T cell
groups when compared with the negative control (i.e.,
iDCs-T cells). This increase was also statistically significant
in all sup- and con-treated DC groups cocultured with ge-
netically engineered MSCs, when compared with the inter-
nal control (i.e., empty vector-MSCs). Nevertheless, the T
cell proliferation was significantly lower when compared
with the positive control (i.e., [DCs+LPS]-T cells).

As exhibited in Fig. 3B, a significant increase of IFN-y
levels was obtained in all sup- and con-treated DCs (pre-
cultured with engineered MSCs)-T cells when compared
with internal controls.

As represented in Fig. 3C, TGF-f levels were signifi-
cantly decreased in sup- and con-treated DCs (precultured
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with coengineered MSCs)-T cells or DCs (precultured with
(TNF-0:)-MSCs)-T cells when compared with their respec-
tive internal control.

As displayed in Fig. 3D, IL-4 levels were significantly
decreased in all sup- and con-treated DCs (precultured with
engineered MSCs)-T cells, when compared with their re-
spective internal control.

Eventually, in Fig. 3E, a significant decrease of IL-10
concentration levels in sup-treated DCs (precultured with
coengineered MSCs)-T cells and all con-treated DCs (pre-
cultured with engineered MSCs)-T cells was observed
compared with their respective internal control.

Mouse tumor volume and survival

After tumor induction of BALB/c mice by 4T1 cells, the
tumor volume and the survival of each mouse were moni-
tored in a time-dependent manner (Supplementary Figs. S4
and S5).

Although there was an increasing trend of tumor volume
in all groups in the 34th day of measurement (Fig. 4A-C),
the lowest tumor volume was noticed in mouse groups treated
with DCs + (TNF-0./CD40L)sup- and con-MSCs (Fig. 4B and
C, respectively). In fact, the administration of engineered
MSCs in the presence or absence of DCs did not cause a
block of the tumor growth but led to a slower tumor pro-
gression.

Mouse survival was assessed using mouse groups treated
with (TNF-0/CD40L)-MSCs (Fig. 5A) or mouse groups
treated with DCs + (TNF-0./CD40L)sup- or con-MSCs (Fig.
5B and C, respectively).

When compared with empty vector-MSC-treated and
untreated mouse groups (mean survival of 30 and 41 days,
respectively), (TNF-0./CD40L)-MSCs and (CD40L)-MSCs
lasted longer (mean survival of 55 and 46 days, respec-
tively) (Fig. 5A).

When compared with iDCs used as negative control
(mean survival of 37 days), mouse groups treated with
DCs + (TNF-0./CD40L)sup-MSCs, DCs + (TNF-o)sup-MSCs,
and DCs+(CD40L)sup-MSCs lasted longer (respective
mean survival of 56, 52, and 50 days) (Fig. 5B). However,
the mouse group treated with DCs+ (TNF-o./CD40L)sup-
MSCs lasted shorter than the positive control-treated
mouse group (i.e., DCs+LPS), which survived on average
57 days.

When compared with iDCs used as negative control
(mean survival of 37 days), mouse groups treated with
DCs+ (TNF-0/CD40L)con-MSCs and DCs+ (TNF-o)con-
MSCs lasted longer (mean survival of 63 and 65, respec-
tively) (Fig. 5C).

Splenocyte proliferation and cytokine assay

In order to identify the dividing capacity of spleen cells
in the developed tumor mouse model, the splenocytes of
tumorigenic BALB/c mice were specifically stimulated
with the TL, before their proliferation being assessed by
the MTT assay.

As shown in Fig. 6A, the results indicated that there was a
significant increase of TL-stimulated splenocyte prolifera-
tion in all DC+MSC-treated mouse groups, in particular
with DCs + (TNF-0./CD40L)sup- or con-MSCs, when com-
pared with the untreated mouse group.
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DCs’ maturation markers. Expression levels of CD40, CD80, and CD86 on DC-MSC coculture were determined

by flow cytometry. (A) Assessment in supernatant (‘‘sup’’) fraction. (B) Assessment in contact (‘‘con’’) experiment. CD11c
was considered for the DC population. CD40L, CD40 ligand; DCs, dendritic cells; iDCs, immature DCs; LPS, lipopoly-
saccharide; MSCs, mesenchymal stem cells; TNF-¢, tumor necrosis factor-o.

The supernatant of TL-stimulated splenocytes, tested in
the different mouse groups, was then collected and mea-
sured for TNF-o, TGF-f, IL-4, IL-6, IL-12, IL-10, and IFN-
y using ELISA (Fig. 6B-H, respectively).

As presented in Fig. 6B, TNF-a levels were signifi-
cantly increased in (TNF-0/CD40L)-MSCs as well as in all
mouse groups treated with DCs+ (TNF-a/CD40L)sup- or
con-MSCs, when compared with either untreated and/or
negative control (i.e., iDC-injected mice) groups. Inter-
estingly, the group treated with cocultured DCs and
(TNF-0/CD40L)con-MSCs showed significantly higher
concentration of TNF-a than the positive control group
(i.e., DCs+LPS).

As shown in Fig. 6C, TGF-f levels showed a significant
decrease in mouse groups treated with DCs+ (TNF-a/
CD40L)sup- and con-MSCs, when compared with the neg-
ative control (i.e., iDCs) and untreated groups. Noticeably, a
decrease in TGF-f levels was observed in all studied groups
when compared with unmodified MSCs (i.e., empty vector-
MSCs), but was significantly not the case when compared
with the positive control (i.e., DCs+LPS).

As presented in Fig. 6D, Il-4 levels were significantly
increased in (TNF-u)-MSCs, but significantly decreased in
mouse groups treated with DCs+ (TNF-a./CD40L)sup- and
con-MSCs and DCs+ (CD40L)con-MSCs when compared
with the untreated mouse group.
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FIG. 2. Produced cytokines in DC-MSC coculture. The supernatant fraction of TNF-o- and/or CD40L-engineered MSCs
was cocultured with DCs in 1/1 ratio for 24 hr. The supernatant was then collected for assessing the concentration levels of
cytokines by ELISA. (A) TNF-«; (B) IL-4; (C) IL-6; (D) IL-12. Data are represented as mean+SEM. ELISA, enzyme-
linked immune sorbent assay; SEM, standard error of mean. *Significant difference compared with negative control (iDCs),
p <0.05. **Significant difference compared with positive control (DCs +LPS), p <0.05. ***Significant difference compared

with internal control (empty vector-MSCs), p <0.05.

As presented in Fig. 6E, IL-6 levels were significantly
increased in mouse groups treated with DCs+(TNF-o/
CD40L)con-MSCs, when compared with the untreated group.

As shown in Fig. 6F, IL-12 levels were significantly in-
creased in all mouse groups treated with DCs=*(TNF-o/
CD40L)-MSCs when compared with the untreated group.

Eventually, as displayed in Fig. 6G and H, IL-10 levels
were significantly decreased (Fig. 6G) while IFN-y levels
were significantly increased (Fig. 6H) in all mouse groups
treated with DCs+ (TNF-o/CD40L)sup and DCs+ (TNF-o/
CD40L)con-MSCs when compared with the untreated
mouse group.

Discussion

MSCs can regulate immune cells, which subsequently con-
tribute in the overall immune system control (Aggarwal and
Pittenger, 2005; Beyth ez al., 2005; Jiang et al., 2005; Nauta
et al., 2006; Calzascia et al., 2007; Spaggiari et al., 2009).

Nevertheless, there are conflicting data regarding the ef-
fects of MSCs on tumor growth (Bexell et al., 2009; Coffelt
et al., 2009; Otsu et al., 2009), exemplifying unknown
aspects of MSCs. Consequently, the application of immune-
suppressive property of MSCs in tumor therapy is limited.
Hopefully, MSCs engineered with certain immune-stimulatory
genes (e.g., TNF-o. and/or CD40L) might complement their
naturally occurring chemotactic ability to tumor tissues for
enhancing tumor therapy.

Therefore, in this study, we investigated the immune-
modulatory effects of MSCs genetically engineered with
TNF-o and/or CD40L on DCs, not only in vitro but also
in vivo since it is important to consider the tumor micro-
environment. Thereby, the mechanisms related to cell—cell
contact and secretory factors (i.e., soluble or supernatant
proinflammatory molecules) were studied both in vitro and
in vivo. Our in vitro data reveal the following:

1. The expression levels of DCs’ maturation markers such
as CD86, CD40, and MHC-II were increased when DCs
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genetically modified MSCs before being irradiated and
cocultured with allogenic T cells in 1/10 ratio for 72 hr.
(A) The stimulation index (SI) was assessed by MTT.
The supernatant was assessed for the following cyto-
kines: (B) IFN-y; (C) TGF-f; (D) IL-4; (E) IL-10. Data
are represented as mean® SEM. *Significant difference
compared with negative control (iDCs), p <0.05. **Sig-

— nificant difference compared with positive control
(DCs+LPS), p<0.05. ***Significant difference com-
pared with internal control (empty vector-MSCs),
p<0.05.

IL-10 concentration (pg/ml)

were exposed to all genetically engineered/transduced MSCs  sive effects of MSCs on costimulatory molecules such as
(i.e., DCs+(TNF-0/CD40L)sup- or con- groups), when CD80 (Ma et al., 2012). Indeed, the overexpression of DCs’
compared with DCs+ (empty vector)-MSCs or iDCs. De- maturation markers represents the increased capacity of DCs
spite that the data did not reach statistical significance, the to present tumor Ag to T cells in an efficient way, which
obtained tendency remained promising because of suppres- leads to maturation and effector function of the DCs-T Cells,
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thereby initiating immune responses (Pasparakis et al.,
1996). This is confirmed in our sequential allostimulatory
capacity assay of DCs, in which DCs, precultured with
MSCs, were cocultured with T cells to observe the outcome
in T cell responses. Indeed, although MSCs were shown to
arrest the proliferation of both DCs and T cells (Glennie
et al., 2005) in vitro, our present study conversely shows
that the transduced MSCs led to DC and T cell activation,
when compared with DCs + (empty vector)-MSCs.

2. DCs+ (TNF-0./CD40L)-MSCs resulted in a significant
increase of TNF-o, IL-6, and IL-12 levels, while a signifi-
cant reduction of IL-4 levels was noticed, when compared
with DCs+ (empty vector)-MSCs. These changes were ob-
served both in the supernatant (sup) and in the cell-cell
contact (con) groups. Thus, the transduced MSCs induce a
proinflammatory response in the presence of DCs.

3. The T cell proliferation observed from the allostimu-
latory capacity of DCs was accompanied in these cells by a

significant activation of IFN-y production and a significant
reduction in TGF-f, IL-4, and IL-10 levels, in all transduced
MSC (sup- or con-) groups cocultured with DCs, when
compared with empty vector-MSC groups. Although CD40/
CD40L complex is supposed to mainly act via contact
mechanisms, our results obtained from all sup-treated
groups also suggest the likelihood of soluble mechanisms
involving soluble CD40L. This also suggests that there is no
superiority between cell—cell contact and soluble mecha-
nisms on the cytokine regulation. Interestingly, the in-
creased IFN-y (cytokine of T helper 1 [ThI]) and decreased
IL-4 (cytokine of Th2) levels suggest a shift from Th2
profile toward Thl response, which is the target of tumor
immunotherapy and the consequence of pretreated DC ac-
tions. Accordingly, the declined production of TGF-f, a
cytokine that plays a crucial role in regulating responses
such as Treg induction, is in line with our previous antitu-
moral hypothesis elicited by DC+(7NF-x)-MSCs and
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DC + (TNF-0./CD40L)-MSCs in both sup- and con-treated
groups. Thus, TNF-o. was required to enhance the effec-
tiveness of transduced MSCs with CD40L. Eventually, the
decreased levels of IL-10, another important cytokine im-
plicated in modulatory mechanisms such as Treg induction,
are greatly beneficial to induce antitumor responses. In-
deed, it has been reported that nitric oxide produced by
MSCs induces IL-10 production in macrophages (Prockop
and Oh, 2012), which was not desirable in antitumor
immunity.

Taken together, our in vitro results showed both an in-
duction of proinflammatory and a suppression of anti-
inflammatory responses. Although increased expression
levels of DCs’ maturation markers were not statistically
significant, the wide range of key cytokines investigated in
DCs-MSCs and DCs (precultured with MSCs)-T cells sup-
ports an important role for DCs’ modulation toward anti-
tumor responses (Fig. 7A).

From our in vivo data, we can state the following:

1. The reduced progression of tumor was observed when
DCs + (TNF-0./CD40L)sup- or con-MSCs were injected into
mice when compared with increased tumor growth observed
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FIG. 5. Mouse survival. The mortality rate of BALB/c
mice was monitored and recorded in each studied group. (A)
Mice treated with empty vector-MSCs. (B) Mice treated
with DCs plus supernatant of (TNF-o/CD40L)-MSCs. (C)
Mice treated with DCs in contact with (TNF-o/CD40L)-
MSCs.

in empty vector-MSC-treated mice. This is a promising new
result that supports our in vitro data. Indeed, in order to
inhibit tumor growth, delivery of immune-stimulatory genes
by MSCs has been performed in various body experiments
(Bexell et al., 2010) via IL-2 (Nakamura et al., 2004), IL-12
(Hong et al., 2009), IL-18 (Xu et al., 2009), CX3CLI aka
fractalkine in humans and neurotactin in mice (Xin et al.,
2007), IFN-o. (Sato et al., 2005), and IFN-f (Studeny et al.,
2004). Increased natural killer cells’ activity along with
CD4% and CD8* T cells’ tumor infiltration (Nakamura
et al., 2004; Xin et al., 2007) were almost the main conse-
quences. However, there were no reports exploiting (TNF-o./
CD40L)-MSCs for cancer treatment, and so our findings
constitute pioneered advances that might be valuable in
oncotherapy.

2. A prolonged survival was noticed in mouse groups
treated with DCs+ (coengineered MSCs)con when com-
pared with the mouse group treated with empty vector-
MSCs. This observation supports our in vitro and further
in vivo immune responses. Other experiments have reported
that MSCs transduced with IFN-f lead to the inhibition
of MDA-231 breast carcinoma cell line and A375SM
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FIG. 6. Splenocyte proliferation and cytokine assays. (A) Splenocytes of each group were isolated and stimulated with
tumor lysate (TL). Splenocyte proliferation was assessed by MTT. The supernatant of TL-stimulated splenocytes was then
collected for assessing by ELISA the concentration levels of the following cytokines: (B) TNF-u; (C) TGF-f; (D) IL-4; (E)
IL-6; (F) IL-12; (G) IL-10; (H) IFN-y. Data are represented as mean+ SEM. *Significant difference compared with vector
MSC, p<0.05. **Significant difference compared with negative control (iDC), p <0.05. ***Significant difference compared

with positive control (DC+LPS), p<0.05. ****Significant difference compared with untreated group, p <0.05.

melanoma cells, resulting in increased survival of mouse
tumor models (Studeny et al., 2004).

3. The increased splenocyte proliferation in all transduced
MSC groups in the presence or absence of DCs indicates
how gene modification could affect MSCs’ effects.

4. The critical cytokine levels of Thl, Th2, and Treg were
altered. Admittedly, the cytokine pattern of splenocytes is a
key indicative of general immune response of the mice in
each group. Thereby, increased secretion of TNF-o by
splenocytes was observed in all studied groups compared
with empty vector-MSC groups. This evoked a negative
impact of MSCs on TNF-o in the microenvironment. In
general, TNF-o-stimulated gene 6 (TSG-6) is the most po-
tent anti-inflammatory molecule released by MSCs (Prock-
op and Oh, 2012). Compared with untreated mice,
coinjection of DCs+MSCs in all “con’ groups and some
“sup’ groups [i.e., (TNFa)-MSCs, (TNF-0./CD40L)-MSCs]

led to elevated amount of TNF-o. This implicates the ef-
fective role of coculturing DCs with genetically engineered
MSC:s in con-treated groups. Although TNF-« is a secretory
cytokine, the results show that it could preferably act in
close distance, such as seen in our ‘“‘con’” model. Besides,
mice treated with DCsztransduced sup- or con-MSCs
showed dropped quantity of TGF-fi compared with empty
vector-MSCs and untreated groups. This demonstrates again
the positive impact of our genetic coengineering and cel-
lular coadministration strategies to reduce this regulatory
proinflammatory cytokine. Further, mouse groups treated
with DCs+ (TNF-0./CD40L)sup- or con-MSCs and DCs+
(CD40L)con-MSCs reduced IL-4 levels compared with un-
treated mice. However, (TNF-o)-MSC-treated mice showed
higher concentrations of IL-4 than untreated mice did. This
implies that CD40L plays a critical role on reducing IL-
4. Intriguingly, increased production of IL-6 was most
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FIG. 6.

observed in mice treated with (TNF-o/CD40L)-MSCs and
DCs + (TNF-0./CD40L)con-MSCs when compared with un-
treated mice. This result might support the induced proin-
flammatory pattern in test groups. Likewise, concentration
levels of IL-12, as a key cytokine inducing a proinflam-
matory pattern, were significantly increased in all mouse
groups treated with (TNF-0/CD40L)-MSCs+DCs when
compared with untreated mice. Eventually, increased
amount of IFN-y and decreased IL-10 levels were noticed in
the group treated with DCs+ TNF-0/CD40L)-MSCs when
compared with the untreated group.

Taken together, our in vivo data suggest an stimulatory effect
of all the genetically engineered MSCs on principal cytokines
of Thi (e.g., IL-12 and IFN-y, whose levels are increased),
which is accompanied by an inhibitory effect of the genetically
engineered MSCs on main cytokines of 7Th2 and Treg devel-
opment (e.g., IL-4 and IL-10, whose levels are decreased). The
observed shift from Th2/Treg toward Thil explains, at least
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(Continued).

partially, the immune tumor response efficiency (Lin et al.,
2006) when transduced MSCs cocultured with DCs are injected
into our BALB/c mouse breast tumor model (Fig. 7B).
Therefore, our experiments have highlighted the impor-
tance of coadministrating DCs with genetically coengineered
MSCs in cancer management. Indeed, our experimental ap-
proach has allowed to find a new therapeutic option to sig-
nificantly reduce tumorigenesis and increase the survival of
the BALB/c mouse breast tumor model. In our experiments,
we used LV-expressing TNF-o/CD40L to transduce murine
MSCs. The advantage of using LVs results in stable inte-
gration of the gene into the target cell genome, resulting in
higher efficiency and longer-term expression of the protein
when compared with adenoviral transduction, which, how-
ever, can result in a higher transduction efficiency (Menon
et al., 2009). Besides, since the engineered MSCs can release
potent therapeutic molecules in a slow and continual manner
(Porada and Almeida-Porada, 2010), these cells are promising
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FIG. 7. Putative molecular mechanisms of the combinatorial genetic and cellular approach. (A) Major in vitro molecular
effects when DCs are combined with MSCs coengineered with TNF-o and CD40L. Briefly, engineered MSCs induced DC
costimulatory molecules and proinflammation valuable for subsequent enhancement of T-cell responses and possible tumor
immunotherapy. (B) Major in vivo effects when DCs are combined with MSCs coengineered with TNF-o. and CD40L.

vehicles for cancer treatment. Only few studies have inves-
tigated the overexpression of the immune-stimulatory gene in
MSCs. These include the TRAIL gene, which contributes to
the experimental therapy of glioma, one of the most aggres-
sive and resistant cancers (Kim et al., 2008; Menon et al.,
2009). However, there is still an inconsistency among studies,
which might be because of differences in experimental set-
tings such as variation in MSC sources and tumor models
(Bexell et al., 2010). In this regard, our study offers new
strengths and insights in the field, allowing us to hypothesize
that BM-derived murine MSCs coexpressing TNF-o and
CDA40L represent an effective and novel approach for tumor
immunotherapy and the development of new cancer vaccines.
Some of the major remaining challenges with MSCs are
because of the difficulty in isolating/obtaining them in a
sufficient quantity from the BM of the same patient, which is
crucial for autologous transplantation contributing to over-
come any difficulties related to immune rejection of the
transplanted cells.

In these regards, we intend to test our genetic approach in
umbilical cord blood-derived MSCs, which can be obtained
and cultured without any difficulty when compared with
BM-derived MSCs. We also aim to use nanobiomaterials
and nanotechnology means (i.e., graphene and derivatives-
based scaffolds, targeted delivery nanosystems) to both favor

MSC growth in vitro and provide an immune boost in vivo
(Menaa, 2013).

Conclusion and Perspectives

To the best of our knowledge, this is the first report re-
lated to TNF-o./CD40L delivery by MSCs for efficient an-
titumor stimulation achieved through a T7h/-mediated
immune response. Eventually, the present findings would be
helpful in the development of new cancer vaccines based on
the delivery of immune-stimulatory genes by the universal
donor MSCs. Future experiments shall compare engineered
BM-derived MSCs with umbilical cord blood-derived MSCs
combined or not with DCs, and assess the combinatorial
effects of nanobiomaterials (e.g., graphene and derivatives) in
modulating the antitumor responses of the genetically en-
gineered (TNFo/CD40L)-MSCs combined or not with DCs.
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