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Bone marrow-derived mesenchymal stem cells co-expressing
interleukin-18 and interferon-3 exhibit potent antitumor
effect against intracranial glioma in rats
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Abstract. Bone marrow-derived mesenchymal stem cells
(BMSCs) are promising gene vehicles for cancer gene therapy.
In our previous study, we reported that BMSCs expressing
interleukin (IL)-18 effectively inhibit the growth of glioma
in rats. In the present study, we further detected the effect
of BMSCs co-expressing IL-18 and interferon (IFN)-f,
both of which are immunostimulatory cytokines. BMSCs
were genetically engineered to express IL-18 and IFN-f by
transfection of recombinant lentivirus-mediated gene transfer.
Results showed that BMSCs co-expressing the two cytokines
displayed more significant inhibition effect on glioma cell
growth in vitro when compared with BMSCs solely expressing
IL-18 or IFN-f. Treatment of BMSCs co-expressing IL-18 and
IFN-f significantly prolonged the survival and inhibited tumor
growth in a rat intracranial glioma model. Furthermore, these
genetically engineered BMSCs remarkably promoted cell
apoptosis, antitumor cytokine production and CD4* and CD8*
T-cell infiltration in intracranial glioma tissues than BMSCs
solely expressing IL-18 or IFN-f3. Results of the present study
suggested that IL-18 and IFN-f had a synergistic effect on
glioma inhibition. Moreover, results provided evidence that
delivery of IL-18 and IFN-$ by BMSCs may be an excellent
and promising approach to develop an effective treatment
protocol for glioma therapy.
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Introduction

Glioma, which is refractory to tumor therapies with high
mortality and morbidity worldwide, is the most frequent
intracranial tumor in humans (1,2). Despite the improvement
in treatment technology, the disease still has a poor prognosis
and survival rate (3). Thereby, developing effective treatment
methods is necessary. The lack of sufficient vehicles that
specifically target glioma in the brain limits the development
of effective therapies. In recent years, bone marrow-derived
mesenchymal stem cells (BMSCs) were found to possess selec-
tive tumor-tropic properties, which can migrate throughout the
experimental brain tumors (4). BMSCs were proposed as a novel
cellular vehicles for local delivery of drugs or biological agents
to gliomas due to their specific glioma tropism (5,6). Therefore,
BMSCs are promising gene vehicles for the treatment of gliomas.

The brain is an immune-privileged site that lacks lymphatic
drainage due to the blood-brain barrier, which accelerates the
development and progression of gliomas. Immunotherapy for
the treatment of glioma has been reported (7). Interleukin
(IL)-18 with a molecular weight of 18.3 kDa is a member
of IL family that specifically induces Thl cytokine produc-
tion, particularly interferon (IFN)-y from T cells and natural
killer cells (8,9). IL-18 activates cytotoxic T activity, augment
T cell proliferation, enhance natural killer cytolytic activity
and promote antigen presentation (10-12). Furthermore,
IL-18 induces the production of IL-2, which has significant
antitumor activity against experimental and clinical model of
glioma (13,14). Thereby, IL-18 has been proposed as potential
immunomodulator for the treatment of malignant gliomas.
IFNs containing IFN-a, IFN-f and IFN-y are a family of
natural glycoproteins that activate immune cells, including
macrophages, T cells and natural killer cells augmenting
antitumor immunity and inhibiting oncogene expression and
tumor angiogenesis (15-17). Of these IFNs, IFN-f3 has been
widely studied in the treatment of tumors. This glycoprotein
displays potent antiproliferative activity against melanoma
cells (18). IFN-f also has a direct cytotoxic effect on glioma
cells, and the intratumoral IFN-f§ delivery significantly
enhances the cytotoxic T and natural killer activity without
any side-effect (19,20).
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In summary, BMSCs possess specific glioma-tropic prop-
erties, which are ideal vehicles for gene therapy of gliomas.
Our previous study demonstrated that IL-18-expressing
BMSCs effectively inhibits intracranial glioma in rats
in vivo (21). Considering the vital function of IFN-f in inhib-
iting tumor growth, we speculated that the co-expression of
IL-18 and IFN-f displays more potent and effective antitumor
effect against glioma. To test this hypothesis, we constructed a
recombinant lentivirus co-expressing IL-18 and IFN-f3, which
was then introduced into BMSCs to engineer the BMSCs
genetically to express both IL-18 and IFN-f3. In the present
study, we explored the effect of these engineered BMSCs
in glioma treatment in vitro and in vivo in a rat intracranial
glioma model.

Materials and methods

Experimental animals. Adult male Fisher 344 rats (9-11 weeks
old, weighing 180-220 g) were purchased from Gongdong
Medical Laboratory Animal Center (Guangzhou, China) and
housed in the animal care facility under standard protocols. All
animal procedures were conducted according to the institu-
tional and the national guidelines approved by the Institutional
Animal Care and Use Committee of Xi'an Jiaotong University.

Cell cultures.Rat 9L glioma cells were obtained from American
Type Culture Collection (ATCC; Manassas, VA, USA) and
grown in Dulbecco's modified Eagle's medium (DMEM,;
Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Invitrogen), 2 mM L-glutamine, and 1%
streptomycin and penicillin. 293FT cells (Invitrogen) were
maintained in DMEM containing 10% fetal calf serum and 1%
streptomycin and penicillin. Primary rat BMSCs were isolated
and cultured as described in our previous study (21). Fisher 344
rats were sacrificed via intraperitoneal injection of 10% chloral
hydrate (0.4 ml/100 g). The femurs and tibias were isolated,
and the medullary cavity was flushed with 5 ml of DMEM,
followed by density gradient centrifugation (Ficoll-Paque; BD
Biosciences, Lincoln Park, NJ, USA) at 2,000 rpm for 15 min.
The mononuclear cells were then harvested and resuspended
in low glucose DMEM supplemented with 15% FBS, 2 mM
L-glutamine and 1% streptomycin and penicillin. All these
cells were cultured in a humidified incubator containing 5%
CO, at 37°C.

Recombinant lentivirus construction and infection. The
full length cDNAs of IL-18 and IFN-f were amplified
using pCR3.1-IL-18 (New England Biolabs, Beverly, MA,
USA) and Ad-CMV-IFN-f (provided by the Department
of Microbiology, The Second Military Medical University,
Shanghai, China), respectively. These cDNA fragments were
subcloned into the lentiviral vector pLenti6/V5-DEST to
construct the recombinant vectors pLenti6/V5-DEST-IL-18,
pLenti6/VS5-DEST-IFN-f or pLenti6/V5-DEST-IL-18-IFN-f.
These vectors were packaged using ViraPower™ Lentiviral
Expression Systems (Invitrogen) according to the manufac-
turer's instruction. After transfection with 293FT cells for
48-72 h, the culture medium was harvested and filtered using
a 0.45 um filter (Amicon Ultra-15 100K; Millipore, Billerica,
MA, USA). These recombinant lentivirus were named
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LV-IL-18, LV-IFN-f and LV-IL-18-IFN-f, respectively. For
infection, BMSCs were seeded into 24-well tissue plates at
1x10° cells/well for 24 h. Subsequently, the lentiviral super-
natants were added and incubated for 24 h. Stable clones were
selected with Blasticidin S (Invitrogen). These genetically
engineered BMSCs were named BMSCs-IL-18, BMSCs-IFN-f
and BMSCs-IL-18-IFN-f.

Quantitative real-time PCR (qRT-PCR). The total RNA
extracted using total RNA extraction system (Qiagen,
Dusseldorf, Germany) was reversely transcripted into cDNA
using M-MLYV reverse transcriptase (Clontech, Palo Alto,
CA, USA) according to the manufacturer's instruction.
gRT-PCR was performed with SYBR-Green PCR master mix
(Invitrogen) on a PTC-100 DNA thermal cycler (MG Research,
Waltham, MA, USA). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal reference for the
quantification of the relative mRNA expression.

Western blot analysis. Equal amounts of proteins from
different samples were loaded on 12.5% SDS-PAGE, sepa-
rated and transferred to nitrocellulose membranes (Miltenyi
Biotec, Auburn, CA, USA). The membranes were blocked with
non-fat milk and then incubated with primary antibodies at
4°C overnight. Subsequently, secondary antibodies coupled
with horseradish peroxidase (Bioss, Beijing, China) were
added for 1 h at room temperature. The immunoreactive
proteins were detected using an enhanced chemiluminescence
reagent (GE Healthcare, Piscataway, NJ, USA). Primary anti-
bodies, including anti-IL-18, anti-IFN-f and anti-GAPDH
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Enzyme-linked immunosorbent assay (ELISA). The concen-
trations of IL-18, IFN-f, IFN-y and IL-2 in the cell cultured
medium or tumor tissues were measured using commercial
ELISA kits (R&D Systems, Minneapolis, MN, USA) according
to the manufacturer's instructions.

Cell viability assay. Cell viability was detected by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. In brief, 9L cells were seeded into 96-well plates
co-cultured with different genetically engineered BMSCs
or collected cell culture medium for 24 and 48 h. After
replacement with fresh medium, 20 ul of MTT [0.5 mg/ml
in phosphate-buffered saline (PBS)] was added per well and
incubated for 4 h. The medium was discarded and dimethyl-
sulfoxide (150 ul/well) was added to melt the formazan for
15 min. Absorbance was then determined at 450 nm.

Intracranial tumor implantation and treatment. Rat 9L
glioma cells were stereotactically implanted into the rat brain
according to previously described methods with minor modi-
fication (22,23). In brief, rats were anesthetized and placed in a
stereotactic frame. The glioma cells (1x10°%) resuspended into
10 ul of PBS were stereotactically injected into the right corpus
striatum with a Hamilton syringe at a depth of 5 mm. Three
days after 9L cell implantation, the rats were treated with
intratumoral inoculations of 1x10® BMSCs, BMSCs-1L.-18,
BMSCs-IFN-B and BMSCs-IL-18-IFN-f resuspended into
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Figure 1. Detection of 1L-18 and IFN-f expression in different engineered BMSCs. Analysis of the (A) mRNA and (B) protein expression levels in
IL-18-BMSCs, IFN-3-BMSCs and IL-18-IFN-B-BMSCs by qRT-PCR and western blot analysis. BMSCs infected with mock-vehicle were used as control.

“p<0.01 vs. mock-BMSCs. (C) IL-18 and (D) IFN-f expression levels in the supernatants from different cell groups were measured using ELISA Kits.

“p<0.01

vs. mock-BMSCs. IL-18, interleukin-18; IFN-f, interferon-f; BMSCs, bone marrow-derived mesenchymal stem cells.

10 ul of PBS. The tumor volume was monitored using a 1.5 T
MRI system (General Electric, Syracuse, NY, USA) with 3-inch
surface coil every four days for four weeks. Tumor volumes
(mm?) were calculated as follows: (3/4m x length x width x
height) x 1/8.

Immunohistochemical staining. After two weeks of treatment,
brain tumor tissues were removed from the rats, fixed in 4%
paraformaldehyde, dehydrated, frozen and serially cut into
10-um thick sections using a cryostat microtome. The sections
were then incubated with anti-CD4 and anti-CD8 monoclonal
antibodies (Abcam, Cambridge, UK). Immunostaining was
performed using the avidin-biotin complex method with DAB
color development.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. Brain tumor tissue sections were
stained using the TUNEL apoptosis kit (GenMed Scientifics,
Inc., Arlinghton, MA, USA) according to the manufacturer's
instructions. In brief, cells were fixed with 4% paraformalde-
hyde and incubated with TUNEL reaction mixtures at 37°C
for 1 h. The stained cells were visualized and counted under
a fluorescence microscope (Olympus, Tokyo, Japan). The
number of apoptotic cells was counted in random fields in a
blinded manner.

Statistical analysis. Data are expressed as means =+ standard
deviation. One-way ANOVA was carried with SPSS software

package version 11.5 (SPSS, Inc., Chicago, IL, USA) to analyze
statistical differences. The survival curve was calculated with
the Kaplan-Meier method. p<0.05 was considered to indicate
a statistically significant result.

Results

Stable expression of IL-18 and IFN-f in engineered BMSCs.
To detect whether IL-18 and IFN-B were successfully
introduced into BMSCs, we detected their gene expressions
in these engineered BMSCs. The results of qRT-PCR and
western blot analysis showed that the IL-18 and IFN-§ were
expressed in IL-18-BMSCs and IFN--BMSCs, respectively,
at the mRNA (Fig. 1A) and protein (Fig. 1B) levels. Moreover,
co-expression of IL-18 and IFN-f3 occurred in IL-18-IFN-f3-
BMSCs. We also examined the secretion levels of these
proteins in conditioned media by ELISA method. The results
exhibited that soluble IL-18 (Fig. 1C) and IFN-f (Fig. 1D) were
detectable in the supernatants from IL-18-BMSCs and IFN-f3-
BMSCs, respectively, whereas both 1L-18 and IFN-f3 were
detected in the supernatants from IL-18-IFN-$-BMSCs. These
data indicated that the engineered BMSCs were successfully
established.

IL-18-1FN-f3-BMSC:s significantly inhibit the growth of glioma
cells in vitro. To determine the effect of these engineered
BMSC:s on glioma cell growth, we performed the MTT assay.
The results showed that IL-18-BMSCs and IFN--BMSCs
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Figure 2. Detection of the cell viability. The effect of different engineered BMSCs (A) or conditioned medium from the cells (B) on glioma cell viability

was determined by MTT assay. "p<0.05, “p<0.01 vs. mock-BMSCs;
chymal stem cells; IL-18, interleukin-18; IFN-f, interferon-f.

4p<0.05 vs. IL-18-BMSCs or IFN-3-BMSCs. BMSCs, bone marrow-derived mesen-
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Figure 3. Expression of IL-18 and IFN-f in intracranial glioma with treatment of different engineered BMSCs. (A) Detection of mRNA expression of 1L-18
and IFN-f in tumor mass from different engineered BMSC-treated groups by qRT-PCR. Protein expression level of (B) IL-18 and (C) IFN-f3 by ELISA
method. “p<0.01 vs. PBS or mock-BMSCs. IL-18, interleukin-18; IFN-f, interferon-f3; BMSCs, bone marrow-derived mesenchymal stem cells.

affected the viability of glioma cells, but IL-18-IFN-$-BMSCs
showed more significant inhibitory effect compared with
IL-18-BMSCs or IFN-B-BMSCs (Fig. 2A). Moreover, condi-
tioned media from IL-18-IFN-$-BMSCs displayed more
potent inhibiting effect on cell viability than those from
IL-18-BMSCs or IFN-B-BMSCs (Fig. 2B). These results indi-
cated that the IL-18 and IFN-f secreted from these engineered
BMSCs were bioactive.

Treatment with IL-18-1FN--BMSCs significantly prolongs
survival and represses intracranial glioma growth. To
determine whether IL-18-IFN-B-BMSCs provided an effec-
tive therapeutic benefit against intracranial glioma growth,
these engineered BMSCs were delivered into established
intracranial gliomas in a rat model. The results showed that
IL-18-IFN-B-BMSCs expressed both high mRNA (Fig. 3A)
and secreted protein levels of IL-18 and IFN-f (Fig. 3B and C)
in the tumor mass compared with other groups. We also found
that IL-18-IFN-B-BMSC treatment significantly prolonged
the survival compared with IL-18-BMSC- and IFN--BMSC-
treated groups (Fig. 4A). Furthermore, their effect on tumor

volume was assessed. IL-18-IFN-3-BMSC treatment showed
great inhibition of tumor growth when compared with other
treatment groups (Fig. 4B).

IL-18-1FN-f3-BMSCs induce potent glioma cell apoptosis. To
assess apoptosis induction by different engineered BMSCs,
apoptotic cells in tumors were identified by the TUNEL
assay after treatment. The quantitative data indicated that
IL-18-BMSC and IFN--BMSC treatments induced consider-
able cell apoptosis compared with the control group, whereas
IL-18-IFN-B-BMSCs induced tumor cell apoptosis more
potently than the other groups (Fig. 5A).

IL-18-1FN--BMSCs induce strong production of IL-2 and
IFN-y. To further verify that IL-18-IFN-3-BMSCs potenti-
ated strong antitumor effect, we detected the expression of
IL-2 and IFN-vy, which were closely related producing anti-
tumor effect (24) in tumor tissues with ELISA method. The
tumor tissues from IL-18-BMSC- or IFN-B-BMSC-treated
rats displayed higher levels of IL-2 and IFN-vy than those
from the control group. Significant differences were also
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Figure 4. Treatment effect of IL-18-IFN--BMSCs on intracranial glioma. (A) Kaplan-Meier survival curve of intracranial glioma-bearing rat treated with

different engineered BMSCs. N=10/group. (B) Tumor volume of the groups.

*p<0.01,

“*p<0.001 vs. PBS or mock-BMSCs; “p<0.01 vs. IL-18-BMSCs or

IFN-B3-BMSCs. IL-18, interleukin-18; IFN-f, interferon-f; BMSCs, bone marrow-derived mesenchymal stem cells.
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Figure 5. Treatment effect of IL-18-IFN-3-BMSCs on cell apoptosis induction and antitumor cytokine expression. (A) Cell apoptosis in tumors from
glioma-bearing rats treated with different engineered BMSCs as detected by TUNEL assay. The mean amount of apoptotic cells was quantified. (B) IL-2

and (C) IFN-y expression levels in tumor tissues from different groups were detected by ELISA method. “p<0.01, ™

“p<0.001 vs. PBS or mock-BMSCs;

4p<0.05, “4p<0.01 vs. IL-18-BMSCs or IFN-B-BMSCs. IL-18, interleukin-18; IIFN-p, interferon-f; BMSCs, bone marrow-derived mesenchymal stem

cells.

observed between rats treated with IL-18-IFN-3-BMSCs and
IL-18-BMSCs or IFN-3-BMSCs (Fig. 5B and C).

IL-18-1FN--BMSCs induces enhanced CD4* and CD8*
T-cell infiltration in intracranial glioma. Tumor-infiltrating
T cells in glioma patient are beneficial for prolonging
survival (25,26). Negligible CD4* and CD8* T-cell infiltra-
tions were observed in mock-BMSC-treated groups. A certain
degree of tumor-infiltrating CD4* and CD8* T cells was also
found in animals receiving IL-18-BMSCs or IFN-3-BMSCs
treatment. IL-18-IFN-B-BMSC treatments induced more
robust CD4* and CD8* T-cell infiltration in intracranial glioma
than the other groups (Fig. 6A-C).

Discussion

The use of BMSCs as a gene transfer vehicle in the treatment
of BMSCs has been extensively investigated (27). BMSCs
expressing herpes simplex virus-thymidine kinase suppress
glioma tumor growth in a mouse model (28). BMSCs expressing
soluble tumor necrosis factor-related apoptosis-inducing ligand

(TRAIL) induce substantial tumor cell apoptosis in intracra-
nial glioma in a mouse model and significantly improve the
survival rate (29). Moreover, TRAIL-engineered BMSCs
exhibit cytotoxic effects on glioma cells in vitro (30). In the
present study, we demonstrated that BMSCs co-expressing
IL-18 and IFN-f displayed a more potent antitumor effect than
BMSC:s solely expressing IL-18 or IFN-f. This result implies
a significant synergistic effect of IL-18 and IFN-f in glioma
treatment. The present study, not only confirmed that BMSCs
served as a powerful delivery vehicle for glioma treatment,
but also provided novel insight for the improvement of glioma
gene therapy using BMSCs.

Overexpression of IL-18 induces cell apoptosis of human
tongue squamous cell carcinoma cells (31) by regulating
glycogen synthase kinase-3f signaling (32). Adenovirus-
mediated expression of IL-18 induces significant cell apoptosis
and inhibits angiogenesis against melanoma in mice (33). In
addition, IFN- inhibits the proliferation and angiogenesis of
malignant glioma cells (34) and displays potent antiproliferative
activity against melanoma and glioma cells (18,35,36). In the
present study, we found that IL-18-BMSCs or IFN-3-BMSCs
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Figure 6. Treatment effect of IL-18-IFN-$-BMSCs on T-cell infiltration in intracranial glioma. (A) CD4* and CD8* T-cell infiltrations in tumor tissues were
detected by immunohistochemistry with corresponding antibodies. Quantitative analysis of intratumoral (B) CD4* and (C) CD8" T cells. Data were calculated

as percent of positive staining cells/total cells in tumor area. “p<0.05, “p<0.01 vs. mock-BMSCs;

4p<0.05 vs. IL-18-BMSCs or IFN-B-BMSCs. IL-18, inter-

leukin-18; IFN-f, interferon-f3; BMSCs, bone marrow-derived mesenchymal stem cells.

successfully expressed IL-18 or IFN-f and significantly
inhibited the cell growth of glioma cells. Furthermore, the
condition medium from these cultured cells also inhibited cell
growth of glioma cells, thus implying that the secreted IL-18
or IFN-f from engineered BMSCs was bioactive. Surprisingly,
IL-18-IFN-B-BMSCs co-expressing IL-18 or IFN-f exhibited
a more significant growth inhibition on glioma cells than those
solely expressing BMSCs. These data suggest that combined
IL-18 and IFN-f treatment may have potent antitumor effect
on glioma. Similarly, co-expression of IL-18 and Fas enhanced
the apoptosis of glioma cells (37). Thereby, the combined utili-
zation of antitumor drugs or biological agents may produce
more satisfactory antitumor effect.

The sole use of IL-18 or IFN-f as immunostimulatory
cytokine in the treatment of various types of cancers, including
gliomas, has been widely studied reporting that IL-18 is a
powerful adjuvant for immunotherapy and vaccine therapy
and is safe for clinical use (38,39). Intracerebral injection of
recombinant IL-18 inhibits the gliomas located in the mouse
brain (40), whereas intramuscular injection promotes antigen-
specific immune responses mediated by CD4*/CD8* T cells
against brain tumors (41). The glioma cells co-expression of
IL-18 and Fas shows reduced tumorigenicity (37). Dendritic
cells loaded with tumor lysates and IL-18 elicit CD8* cyto-
toxic T cell response against glioma in patients (42). Similarly,
dendritic cells that are genetically engineered to express IL-18
combined with the administration of IL-12 significantly induce

tumor-specific CD4*/CD8* T cells and natural killer cells
against glioma cells (43). Treatment of adeno-associated virus
encoding human IFN-f3 completely prevents tumor growth
and improves the survival of glioma mouse model (44.,45).
Co-administration of IFN-f§ and dendritic cells accelerates
cell apoptosis and induces specific T-cell responses against
glioma cell (16). The intratumoral injection of liposomes
containing IFN-f reduces tumor growth and induces massive
T cell infiltration within the residual tumor (19). To date, the
gene transfer of IL-18 or IFN-f3 using BMSCs has rarely been
investigated. In our previous study, we demonstrated that
adenoviral-mediated IL-18 expression in BMSCs effectively
suppressed the growth of glioma in rats (21), thereby providing
a promising new treatment option for malignant glioma. In
the present study, we investigated the treatment effect of the
BMSCs co-expression of IL-18 or IFN-f on glioma. The data
demonstrated that this co-expression displayed more signifi-
cant inhibition effect on glioma, including prolonged survival
and reduced tumor growth in intracranial glioma in rats,
compared with BMSCs solely expressing IL-18 or IFN-f. The
underlying mechanism may be that IL-18 and IFN-f syner-
gistically promoted antitumor immunity, in which antitumor
cytokines IL-2 and IFN-y production and CD4* and CD8"*
T-cell infiltration in intracranial glioma were significantly
promoted.

The present study is the first to investigate the effect of
BMSCs that were genetically engineered with IL-18 and
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IFN-f for the treatment of experimental glioma in a rat model.
We found that BMSCs co-expressing IL-18 and IFN-{ signifi-
cantly induced cell apoptosis, prolonged survival and reduced
tumor growth of intracranial glioma. Their co-expression
elicits more potent antitumor immune response than BMSCs
solely expressing IL-18 or IFN-f3. Our results suggested that
delivery of IL-18 and IFN-$ by BMSCs may be an excellent
and promising approach for the development of an effective
treatment protocol for glioma therapy.
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