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Human adipose tissue-derived mesenchymal stem cells expressing the secreted form of the tumor necrosis factor-
related apoptosis-inducing ligand (hAT-MSC.sTRAIL) have demonstrated therapeutic activity against various
tumors in preclinical studies. However, the limited expression of TRAIL death receptors remains a challenge. We
evaluated the therapeutic efficacy of panobinostat in enhancing the sensitivity of hAT-MSC.sTRAIL-mediated
apoptosis in malignant glioma. Panobinostat effectively inhibited all malignant glioma cells (ICso,
0.03-0.23 uM), enhancing the expression of DRs, but not in hAT-MSCs. Combined treatment with hAT-

MSC.sTRAIL and panobinostat significantly suppressed cell viability and enhanced apoptosis. In a diffuse in-
trinsic pontine glioma (DIPG) mouse model, the combined treatment induced decreases in tumor volume and
prolonged survival. Our study demonstrates that panobinostat enhances the expression of TRAIL DRs and po-
tentiates the anti-cancer effects of hAT-MSC.sTRAIL.

1. Introduction

Malignant glioma is one of the most aggressive cancers and is fre-
quently resistant to conventional anti-cancer treatments [1]. Among
malignant gliomas, diffuse intrinsic pontine glioma (DIPG) that arises
from the brainstem is especially inoperable and has a dismal prognosis
[1-5]. In 2016, the World Health Organization (WHO) classification of
tumors of the central nervous system underwent major reconstruction
of the classification of brain tumors with an emphasis on molecular
profiles. In accordance with new molecular profiles, the majority
(~80%) of cases that would have traditionally been diagnosed as DIPG
harbor a new genomic diagnosis of ‘diffuse midline glioma, H3 K27M-
mutant’ [6,7]. Lysine to methionine (K27M) mutations in the histone
H3.1 and H3.3 genes result in broad epigenetic dysregulation, including
globally decreased K27 methylation and increased K27 acetylation [8].
Therefore, an epigenetic modifying agent is currently being studied as a
therapeutic candidate for DIPG [7,9].

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)

selectively induces apoptosis in tumor cells specifically without
harming normal cells [10-12]. Previous studies have identified 4
membrane-bound TRAIL receptors: TRAIL death receptor (DR) 4, DR5,
decoy receptor (DcR) 1 and DcR2. Binding of TRAIL to the functional
domains of DR4 or DR5 activates a signaling pathway that ultimately
leads to apoptosis [13]. Decoy receptor (DcR) 1 and DcR2 appear to act
as ‘decoys’ for their ability to inhibit TRAIL-induced apoptosis when
overexpressed [13]. Despite its selectivity, apoptosis led by TRAIL DRs
was not as powerful as envisioned due to the low expression level of
TRAIL DRs in glioma. Combined treatment with histone deacetylase
inhibitors (HDACi) has been attempted as a treatment alternative
[11,12,14-17].

The action of HDACi such as a suberanilohydroxamic acid (SAHA,
vorinostat), valproic acid (VPA) and panobinostat in malignant glioma
has been an area of active research [15,18,19]. HDACI induces anti-
tumor effects through multiple mechanisms such as the production of
reactive oxygen species, activation of apoptotic pathways, and sup-
pression of immune evasion [18,20]. HDACi also has the ability to
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sensitize TRAIL by inducing DR4 and DR5 [15-17]. These receptors
modulate the sensitivity of TRAIL-resistant tumor cells and further
enhance the apoptosis-inducing potential in breast carcinoma, bladder
tumors, and melanoma [17,19,21]. Among various HDACi, we chose
panobinostat in this study because it was the most effective against
diffuse midline glioma, H3 K27M-mutant both in vitro and in vivo [7].
Panobinostat was also approved by the Food and Drug Administration
(FDA) for clinical use in multiple myeloma patients in 2015, and mul-
tiple clinical trials are also ongoing for other cancers [22]. Furthermore,
panobinostat can cross the blood-brain barrier (BBB) [23].

We previously confirmed that human adipose tissue-derived me-
senchymal stem cells expressing the secreted form of the tumor necrosis
factor-related apoptosis-inducing ligand (hAT-MSC.sTRAIL) show
therapeutic efficacy in a xenograft brainstem glioma mouse model [14].
Herein, we evaluate the expression of DRs after panobinostat treatment
and demonstrate the therapeutic potential of the combined treatment of
hAT-MSC.sTRAIL with panobinostat on malignant glioma.

2. Materials and methods
2.1. Cell cultures

Fresh glioblastoma tumor tissues and adipose tissues were collected
from patients after obtaining written informed consent from themselves
or their parents; this protocol was reviewed and approved by the
Institutional Review Board (IRB) of the Seoul National University
Hospital (IRB #1501-054-640). Primary cultured glioblastoma cells
(World Health Organization Grade IV) were obtained from two patients
(SNUH.GBM1: a 64-year-old man, glioblastoma, IDH-mutant;
SNUH.GBM2: a 55-year-old woman, glioblastoma, IDH-wild-type) who
underwent surgical excision. These patients did not receive neoadju-
vant therapies. The cells were isolated as reported previously [24] and
used under 4 passages in this study. The cells were cultured in Dul-
becco's modified Eagle's medium (DMEM; WelGENE, Daegu, Korea)
supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island,
NY) and 1% antibiotic/antimycotic. Diffuse midline glioma, H3 K27M-
mutant primary cells (DIPG XIII: H3.3 K27M and DIPG XIX: H3.3
K27M) were obtained from Dr. Michelle Monje (Stanford University)
and cultured according to an established protocol [25]. Human glio-
blastoma cell lines (U87 and U251: no IDH1 mutation) were purchased
from the American Tissue Culture Collection (ATCC, Manassas, VA).

Human adipose tissues were collected from the anterior chest sub-
cutaneous fat during operations for vagus nerve stimulation for in-
tractable epilepsy. Cells isolated from adipose tissues were cultured as
previously described [14]. All cells were incubated at 37 °C in a hu-
midified atmosphere of 5% COs.

2.2. Characterization of hAT-MSCs

Primary cultured cells from adipose tissues were identified by
characterization analysis of MSCs such as morphology, surface markers,
and differentiation as previously described [14]. First, the morphology
of the cells was observed through a microscope. Second, the cells were
labelled with fluorescein isothiocyanate (FITC) or phycoerythrin (PE)-
conjugated antibodies against CD14, CD34, CD73, CD90 (BD Bios-
ciences Pharmingen, Heidelberg, Germany), CD45 or CD105 (Che-
micon, Temecula, CA, USA) and then analyzed by a FACScan cytometer
(BD Biosciences Pharmingen). Finally, the cells induced differentiation
of adipocyte, chondrocyte, and osteocyte using a mesenchymal differ-
entiation kit (Life Technologies) according to the manufacturer's in-
structions. The differentiated cells were verified by histologic staining
using oil red O for adipogenic differentiation, alizarin red S for osteo-
genic differentiation and alcian blue for chondrogenic differentiation
(Sigma- Aldrich). Only cells that fulfill the criteria of MSCs were used
for further experiments.
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2.3. Establishment of hAT-MSCs expressing sTRAIL

The synthesized sTRAIL DNA construct [14] was inserted into the
pPIRES2-EGFP vector [26] using restriction enzyme sites (Xhol/EcoR1)
and confirmed by sequencing. pIRES2-EGFP.sTRAIL was transfected
into hAT-MSCs by the Neon Transfection System (Life Technologies)
[14,27]. The transfection efficiency was observed by real-time poly-
merase chain reaction (RT-PCR) for sTRAIL as described previously
[14,28].

2.4. Determination of the median inhibitory concentration (ICso) values of
panobinostat

Cell viability was investigated using an EZ-Cytox cell viability assay
kit (Daeil Lab Service Co, Seoul, Korea) according to the manufacturer's
protocol. The cells (24 x 103/well) were seeded in a 96-well micro-
plate. After 24 h, panobinostat was administered at various concentra-
tions for 48 h and 72 h, and the cells were then analyzed. In hAT-MSCs,
cell viability analysis was performed by treating panobinostat for up to
96 h. DMSO-treated cells were used as controls. ICs, values were cal-
culated using sigmoidal dose-response (variable slope) statistics and
normalized in GraphPad Prism software. The ICs, value of panobinostat
was used for further studies.

2.5. The cell surface expression of TRAIL receptors

FACS analysis of the cell surface expression of TRAIL receptors
(DR4, DR5, DcR1, and DcR2) was performed by a FACSCalibur flow
cytometer (Becton Dickinson Immunocytometry System, San Jose, CA).
The cells (5 X 10°) were treated with panobinostat for 48 h. The cells
were incubated with 10 ug/mL anti-DR4, anti-DR5, anti-DcR1 and anti-
DcR2 (BD Biosciences Pharmingen, San Diego, CA) per the manufac-
turer's recommendations. Mouse IgG1-PE and IgG2b-PE isotype con-
trols (BD, negative control) were used to account for nonspecific in-
teractions of antibodies with the cells. Negative controls omitting
primary antibodies were run in parallel. The cells were washed twice
and diluted in PBS at a concentration of 500 cells/ul for analysis. FACS
analysis was repeated 3 times.

2.6. TRAIL enzyme-linked immunosorbent assay (ELISA)

To quantify the amount of TRAIL protein, hAT-MSCs or hAT-
MSC.sTRAIL (3 x 10%) were treated panobinostat for 48 h. The TRAIL
protein was measured in the conditioned medium with a human TRAIL/
TNFSF10 Quantikine ELISA kit (R&D systems, McKinley, MN, USA)
according to the manufacturer's protocol.

2.7. Migration assay

hAT-MSCs or hAT-MSC.sTRAIL were treated panobinostat for 48 h.
Tumor cells (5 X 10*) were seeded to the lower chamber of a transwell
support (8-um pore size, Corning Costar, NY) and panobinostat-pre-
treated hAT-MSCs or hAT-MSC.sTRAIL (5 x 10%) were added into the
upper chamber in serum-free media and incubated 8 h. The transwell
migration assay was performed as described previously [29]. The assays
were performed in triplicate.

2.8. Co-culture of hAT-MSC.sTRAIL and malignant glioma cells

On day 0, tumor cells (1 x 10%) were seeded in 96-well plates. On
day 1, the cells were treated with panobinostat. On day 2, either hAT-
MSCs or hAT-MSC.sTRAIL (3 x 10%) were added to the culture. The
cells were incubated for an additional 48, and the cell viability was
investigated as described above.
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2.9. Apoptosis analysis

Co-culture assays were performed in 8-well plate chambers. The
number of apoptotic cells after combined treatment of hAT-
MSC.sTRAIL with panobinostat was determined using a Click-iT term-
inal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
Alexa Fluor 594 kit following the manufacturer's instructions
(Invitrogen). The cells were counterstained with DAPI to visualize the
nuclei, and fluorescence images were obtained using a confocal mi-
croscope (Zeiss). The number of apoptotic cells was counted in three
random fields.

2.10. Orthotopic xenograft malignant glioma mouse model: glioblastoma
and diffuse midline glioma, H3 K27M-mutant model

All animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC) at Seoul National University (IACUC
number: 15-0006-C1A0). Six-week-old female Bagg Albino/c nude
(BALB/c-nu) mice were purchased from Central Lab Animal Inc. (Seoul,
Korea). Mice were anesthetized by intraperitoneal (i.p.) injection of
20 mg/kg Zoletil and 10 mg/kg xylazine. Two independently designed
orthotopic xenograft malignant glioma mouse models were introduced:
glioblastoma using U87-enhanced firefly luciferase gene (U87-effLuc)
and diffuse midline glioma, H3 K27M-mutant using DIPG XIII tumor
cells. For the glioblastoma mouse model, U87 cells were prepared for
imaging prior to injection. U87 tumor cells overexpressing the effLuc
were generated using retroviral transfection and sorted by magnetic-
activated cell sorting (MACS; Miltenyi Biotech Ltd., Bergisch-Gladbach,
Germany). For the DIPG mouse model, DIPG XIII tumor cells were used.
Each tumor cells (U87-effLuc or DIPG XIII, 4 x 10* in 3 ul PBS) were
injected into the right pons as described previously [14]. The stereo-
tactic coordinates were 1.5 mm to the right of the sagittal suture and on
lambdoid suture at a 5.0 mm depth from the skull surface. Three days
after tumor cell injection, the mice were randomized into six groups for
treatment as follows (Supplementary Fig. S1): Group 1 = saline, Group
2 = panobinostat, Group 3 = hAT-MSCs, Group 4 = hAT-MSC.sTRAIL,
Group 5 hAT-MSCs + panobinostat, and Group 6 hAT-
MSC.sTRAIL + panobinostat. Saline or panobinostat (10 mg/kg) was
administered by i.p. injection for 5 days, followed by a 2-day rest period
[28,30]. Then, PBS, hAT-MSCs or hAT-MSC.sTRAIL (1.2 x 10° in 6 ul
PBS) were stereotactically injected into the established tumor site. The
treatment was repeated (Supplementary Fig. S1). The mice were per-
fused under deep anesthesia, and the brains were harvested for histo-
logical analysis. In the U87-effLuc tumor model, tumor volume (N = 7)
was assessed 24 days after tumor cell injection, and the in vivo imaging
and survival (N = 8) endpoint was 50 days. In the DIPG XIII tumor
model, all mice (N = 12) were followed until the survival endpoint of
38 days. Tumor establishment in all euthanized mice was confirmed by
necropsy.

2.11. Tumor volume and immunofluorescence analysis

Brain sections were stained with H&E for tumor volume analysis.
Harvested brains were prepared in frozen tissue blocks as described in
previous studies [14]. Brain sections were stained with primary anti-
bodies including anti-Ac-H3 (1:100, Abcam), anti-Ki67 (1:200, Abcam),
anti-cleaved caspase-3 antibody (1:50, Abcam), anti-Green fluorescent
protein (GFP, 1:100, Santa Cruz Biotechnology, Paso Robles, CA), anti-
DR4 (1:50, Abcam) or anti-DR5 (1:100, Abcam). GFP signals were
amplified using anti-GFP. The secondary antibody, Alexa Fluor 488-
conjugated goat anti-mouse IgG or anti-rabbit IgG (1:500, Invitrogen),
was applied for 1h. Slides were mounted with an antifading solution
containing 4’-6’-diamidino-2-phenylindole (Vector Laboratories). Pro-
liferation and apoptotic indices were analyzed as the percentage of
positively stained cells in five randomly selected fields using a fluor-
escence microscope.
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2.12. In vivo live imaging

Bioluminescence images (BLI) were acquired by the IVIS-100 ima-
ging system (Xenogen Corporation, Alameda, CA). To acquire the BLI,
the mice were injected with D-luciferin (150 mg/kg, Caliper Life
Sciences, Hopkinton, MA, USA) intraperitoneally and anesthetized with
2% isoflurane in 100% O,. The luminescence intensity in regions of
interest (ROIs) from each image was quantified to examine the viability
of the implanted cells [31].

2.13. Statistical analysis

All results are expressed as the means + standard deviation (SD) or
as the percentage of controls + SD. Differences between two groups
were analyzed by Student's t-test and differences between multiple
groups were assessed using analysis of variance (ANOVA) with post-hoc
Bonferroni test. The survival data are presented as Kaplan-Meier plots
and were analyzed by the log-rank test. P-values < 0.05 were con-
sidered statistically significant. All experiments were conducted in tri-
plicate.

3. Results
3.1. hAT-MSCs have characterization and differentiation of MSCs

Primary cultured cells from adipose-tissues were positive for the
MSC markers, including CD73, CD90, and CD105, but negative for the
hematopoietic markers CD14, CD34 and CD45 (Supplementary Fig.
S2A). These cells displaying typical fibroblast-like morphology were
differentiated into the adipocyte, osteocyte, and chondrocyte, respec-
tively (Supplementary Fig. S2B). These results suggest that the primary
cultured cells were hAT-MSCs.

3.2. Panobinostat inhibits malignant glioma cell growth

After panobinostat treatment at various doses, we conducted cell
viability tests on primary cultured glioblastoma cells (SNUH.GBM1 and
SNUH.GBM2), diffuse midline glioma, H3 K27M-mutant cells (DIPG
XIII and DIPG XIX) and glioblastoma cell lines (U87 and U251). In all
tested malignant glioma cells, cell viability was significantly decreased
on day 3. We calculated the ICso values of panobinostat at 72h:

0.11 = 0.09uM for SNUH.GBM1, 1.4 = 0.82uM for SNUH.GBM2,
0.23 + 0.14uM for DIPG XIII, 0.06 = 0.02uM for DIPG XIX,
0.03 + 0.001 uM for U87 and 0.04 + 0.02uM for U251 (Fig. 1). The

decreased viability was more dramatic in diffuse midline glioma, H3
K27M-mutant cells than in primary glioblastoma cells. Panobinostat
showed no discernible effect on the viability of hAT-MSCs and hAT-
MSC.sTRAIL; ICso values under 50 uM were not achieved in both cells
up to 96 h (Supplementary Fig. S3A).

3.3. Panobinostat induces the expression of TRAIL DRs in brain tumor cells
but not in hRAT-MSCs and hAT-MSC.sTRAIL

The effects of panobinostat on the expression level of TRAIL DRs
and DcRs were tested in malignant glioma cells at each ICs, value. All
malignant glioma cells showed significantly increased expression of
DR4 up to 17.8-fold (17.8 = 4.7-fold in SNUH.GBM2, 2.0 + 0.3-fold
in U87 and 17.1 = 2.3-fold in U251) or of DR5 up to 5.9-fold
(5.9 + 1.7-fold in SNUH.GBM1, 4.0 = 1.6-fold in SNUH.GBM2,
2.2 0.4-fold in DIPG XIII, 2.7 = 0.8-fold in DIPG XIX and
4.4 = 1.3-fold in U251), indicating the potential of panobinostat in
future therapeutic approaches (Fig. 2 and Supplementary Table S1). On
the other hand, the effects of panobinostat on the expression of DcRs
were not evident. Importantly, the expression of DRs in hAT-MSCs and
hAT-MSC.sTRAIL was not affected by 1.4 uM of panobinostat treatment
(DR4: 1.1 + 0.2-fold in hAT-MSCs and 0.98 = 0.7-fold in hAT-

=+
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Fig. 1. Growth analysis of malignant glioma cells after treatment with panobinostat. Cell viability was determined 48 and 72 h after panobinostat treatment at
various doses. The analysis graphs show significant suppression of cell viability in primary cultured glioblastoma cells (SNUH.GBM1 and SNUH.GBM2), diffuse
midline glioma, H3 K27M-mutant cells (DIPG XIII and DIPG XIX) and glioblastoma cell lines (U87 and U251). The efficacy of panobinostat is illustrated in dose and
time —dependent manner (IC50 range, 0.03-0.14 uM). IC50 values were calculated using sigmoidal dose-response (variable slope) statistics and normalized in

GraphPad Prism software.

MSC.sTRAIL; DR5: 0.97 = 0.3-fold in hAT-MSCs and 0.97 + 0.4-fold
in hAT-MSC.sTRAIL; Supplementary Fig. S3B, Supplementary Table
S1).

3.4. Panobinostat does not suppress sTRAIL expression and migration of
hAT-MSC.sTRAIL in vitro and in vivo

We also confirmed the impact of panobinostat on tumor-homing
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ability and sTRAIL secretion level of hAT-MSC and hAT-MSC.sTRAIL.
We found that hAT-MSCs and hAT-.MSC.sTRAIL showed no significant
difference in the secretion level (Supplementary Fig. S4) and migration
ability after panobinostat treatment in vitro (Supplementary Fig. S5). In
addition, in vivo U87-effLuc tumor model, hAT-MSC.sTRAIL was also
observed not only at the site of initial injection but also at the border
between tumor and normal parenchyma. Even when treated with pa-
nobinostat, there was no significant change in the distribution pattern
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The expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors after panobinostat treatment in malignant glioma cells (glio-

blastoma, diffuse midline glioma, H3 K27M-mutant cells and glioblastoma cell lines). Surface death receptors (DR) 4, DR5, decoy receptors (DcR) 1, and DcR2 level in
panobinostat treated malignant glioma cells was determined by flow cytometry with using a PE-conjugated antibody and a control IgG (negative control). Histograms
obtained in a representative experiment are shown. (B) The graph represents quantified fluorescence intensity for cell surface DR4, DR5, DcR1, and DcR2 expression.
Panobinostat induced the expression of DR 4 and DRS5 in all malignant glioma cells. There were no effects of panobinostat on the expression of DcR 1 and DcR2.
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Fig. 3. The anti-cancer effects of combined treatment with hAT-MSC.sTRAIL and panobinostat in malignant glioma cells in vitro. Each glioblastoma, diffuse midline
glioma, H3 K27M-mutant cells, and glioblastoma cell lines were co-cultured with hAT-MSCs, hAT-MSCs + panobinostat, hAT-MSC.sTRAIL, hAT-
MSC.sTRAIL + panobinostat, respectively. IC50 of panobinostat was applied in corresponding groups. (A) Panobinostat was applied to each malignant glioma cell
and co-cultured with hAT-MSCs or hAT-MSC.sTRAIL. Combined treatment of hAT-MSC.sTRAIL with panobinostat significantly decreased the cell viability compared
to that of control and single treatment groups. *P < 0.05, **P < 0.01, ***P < 0.001. (B) TUNEL assays showed apoptotic cell death in malignant glioma cells but
not in hAT-MSCs and hAT-MSC.sTRAIL. The apoptotic cell proportion was increased in all malignant glioma cells after combined treatment with hAT-MSC.sTRAIL
and panobinostat. Cells were counterstained with DAPI (blue). hAT-MSC.sTRAIL-GFP (green), TUNEL (red), Scale bars = 50 um. Differences among were hAT-MSCs,
hAT-MSCs + panobinostat, hAT-MSC.sTRAIL, hAT-MSC.sTRAIL + panobinostat analyzed using One-Way ANOVA with post-hoc Tukey's tests. Asterisks represented
the significance levels: *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

of the hAT-MSC.sTRAIL in vivo (Supplementary Fig. S6).

3.5. Combined treatment of hAT-MSC.sTRAIL with panobinostat enhances
apoptosis

Next, we evaluated the therapeutic efficacy of the combined treat-
ment of hAT-MSC.sTRAIL with panobinostat. The cell viability was
significantly suppressed in all malignant glioma cells with combined
treatment of hAT-MSC.sTRAIL with panobinostat compared to other
treatment groups (Fig. 3A). After panobinostat treatment of the co-
culture system, apoptosis was induced in malignant glioma cells but not
in hAT-MSCs or hAT-MSC.sTRAIL (Fig. 3B). The number of apoptotic
cells was increased in the hAT-MSC.sTRAIL with panobinostat group
compared with the hAT-MSC only group (Fig. 3C). Taken together,
these results indicate enhancement of apoptotic cell death in all ma-
lignant glioma cells after the combined treatment of hAT-MSC.sTRAIL
with panobinostat.

3.6. Combined treatment of hAT-MSC.sTRAIL with panobinostat reduces
tumor volume in U87-effLuc model

We adopted a previously designed glioblastoma mouse model using
U87-effLuc cells [15] to demonstrate the in vivo therapeutic efficacy of
combined treatment of hAT-MSC.sTRAIL with panobinostat. Experi-
mental groups and time schedules are shown in Supplementary Fig. S1.
Histological analysis revealed that tumor volume was significantly de-
creased with combined treatment of hAT-MSC.sTRAIL with panobino-
stat (Group 6, 19.1 = 4.0mm?>) compared to other groups (Group 1,
47.7 + 6.0mm> P < 0.001; Group 2, 40.3 = 8.0mm?> P < 0.001;
Group 3, 39.2 = 87mm? P < 0.001; Group 4, 32.0 * 7.1 mm?>,
P < 0.01; and Group 5, 33.1 + 6.1mm® P < 0.01; Fig. 4) in the
U87-effLuc tumor model. We next investigated the number of Ac-H3-
positive cells, the proliferation rate of cells and the induction of
apoptosis in cells by immunofluorescence analysis. Combined treatment
of hAT-MSC.sTRAIL with panobinostat increased the number of Ac-H3-
positive cells, decreased the number of Ki-67-positive cells and in-
creased the number of cleaved caspase-3-positive cells (Fig. 4). In ad-
dition, we observed an increase level of DR4 and DR5 in panobinostat
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Fig. 4. Short-term therapeutic efficacy of combined treatment with hAT-MSC.sTRAIL and panobinostat in U87-effLuc tumor models. Representative histological
images show a reduction in tumor volume by combined treatment with hAT-MSC.sTRAIL and panobinostat compared with other treatment groups. Hematoxylin and
eosin (H&E) staining is shown. Scale bars = 2 mm. Representative immunofluorescence images show Ac-H3, Ki-67, and cleaved caspase-3 protein levels. The images
show that the combined treatment of hAT-MSC.sTRAIL with panobinostat increased the number of Ac-H3-positive cells, decreased the number of Ki-67-positive cells
and increased the number of cleaved caspase-3-positive cells. Positive cells are shown in green. Cells were counterstained with DAPI (blue). Scale bars = 100 pm.
Differences between multiple groups were assessed by using a Two-Way ANOVA with post-hoc Bonferroni tests. Asterisks represent statistically significant changes;
*P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

treated group (Supplementary Fig. S7). These results showed that
combined treatment of hAT-MSC.sTRAIL with panobinostat is more
effective than the control or single treated groups.

3.7. Combined treatment of hAT-MSC.sTRAIL with panobinostat prolongs
survival in U87-effLuc and DIPG III model

BLI was performed to visualize the therapeutic effects of combined
treatments in vivo. Images were obtained serially before, during, and
after two cycles of hAT-MSC.sTRAIL with panobinostat. From the serial
measurements of tumor-occupied areas, the combined treatment of
hAT-MSC.sTRAIL with panobinostat showed the most prominent de-
creases in tumor size compared to other treatment groups. U87-effLuc
tumor cell growth was markedly diminished after combined treatment
with hAT-MSC.sTRAIL and panobinostat (Group 6, 8.1 = 0.4 x 10° p/
sec/cm?/sr) compared to other treatment groups at day 18 (Group 1,

23.6 = 1.5 x 10°  p/sec/ecm?/sr, P < 0.001;  Group 2,
18.9 + 2.4 x 10° p/sec/cm?/sr, P < 0.001; Group 3,
18.8 + 2.1 x 10°  p/sec/em®/sr, P < 0.001;  Group 4,
14.4 + 2.1 x 10° p/sec/cmz/sr, P < 0.001; Group 5,
19.0 + 2.3 x 10° p/sec/cm?/sr, P < 0.001; Fig. 5A and B and

Supplementary Table S2).
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The long-term therapeutic efficacy of treatment on U87-effLuc and
DIPG XIII cells was determined by monitoring the survival of animals
from all treatment groups. In glioblastoma mouse model using U87-
effLuc cells, survival analyses displayed significant survival benefits for
U87-effLuc tumor model and that received the combined treatment of
hAT-MSC.sTRAIL with panobinostat (Group 6, 34 d) compared to other
groups (Group 1, 21d, p = 0.004; Group 2, 20d, p = 0.002; Group 3,
22d, p =0.011; Group 4, 25d, p =0.023; and Group 5, 22d,
p = 0.019; Fig. 5C). In diffuse midline glioma, H3 K27M-mutant mouse
model using DIPG XIII cells, combined treatment of hAT-MSC.sTRAIL
with panobinostat showed survival advantages for DIPG XIII tumor
model (Group 6, 29.5d) compared to other groups (Group 1, 21d,
p < 0.0001; Group 2, 21d, p = 0.0005; Group 3, 21.5d, p = 0.001;
Group 4, 24d, p = 0.479; and Group 5, 22d, p = 0.011; Fig. 5D). Al-
though survival between Group 4 and Group 6 was not statistically
significant, Group 6 showed extended median survival by 5.5 days
compared to Group 4. No major systemic toxicities were observed.

4. Discussion

In this study, we demonstrate that panobinostat has strong anti-
cancer effects and induces DR expression in malignant gliomas
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Group 5, 22 d, p = 0.011).

including glioblastoma and diffuse midline glioma, H3 K27M-mutant.
We employed two models in this experiment: U87 for glioblastoma and
DIPG XIII for diffuse midline glioma, H3 K27M-mutant. Interestingly,
panobinostat does not affect DR expression in hAT-MSCs. We also
confirm that combined treatment of panobinostat with hAT-
MSC.sTRAIL significantly reduces the tumor volume in the U87-effLuc
mouse model and prolongs the survival in both U87-effLuc and DIPG
XIII mouse model.

Previously, we investigated the therapeutic potential of stem cell-
based gene therapy using hAT-MSC.sTRAIL [25,26,32,33]. We con-
firmed their extensive migratory potential and therapeutic efficacy
against various malignant glioma cells in vitro and in vivo. However, the
therapeutic effects of TRAIL may have been impeded by TRAIL re-
sistance and low expression of DRs in malignant glioma cells. Our
previous study on MSC.sTRAIL therapy was likewise challenged by
decreased TRAIL sensitivity shortly after treatment [14]. Thereafter,
many studies have evaluated TRAIL-sensitizing strategies through the
combination of TRAIL with gemcitabine [33], platinums [33,34],
doxorubicin [35], irinotecan [36], 5-FU [36] or radiation therapy

[37,38]. The strategy behind combined therapies is to enhance the
therapeutic effects by simultaneously targeting multiple mechanisms,
thus requiring a lower dose to prevent adverse side effects. Despite
these efforts, combined therapy faces complications such as systemic
toxicities, short biological half-lives of the drugs, and unstandardized
delivery methods, which make it difficult for clinical application
[38,39].

In the present study, we adopted a strategy of modifying the phe-
notype of malignant glioma cells via epigenetic modulation. We used
pan-HDACI to induce the expression of TRAIL DRs in malignant glioma
cells. HDACi is known to sensitize TRAIL by inducing DR4 and DR5
expression through activation of NF-kB and of pro-apoptotic members
of the Bcl-2 family [16-18]. In the present study, panobinostat sig-
nificantly induced the expression of DRs in malignant glioma cells (up
to 17.8-fold with DR4 and up to 5.9-fold with DR5). This increased
expression of DRs led to the enhanced apoptosis of malignant glioma
cells. Furthermore, panobinostat did not affect the viability and DR
expression of hAT-MSCs and hAT-MSC.sTRAIL within the therapeutic
dosage range against malignant glioma cells.
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Among HDACI, panobinostat has been reported to be the most ef-
fective agent against DIPG by functional drug screening and pre-clinical
studies [7]. Targeted therapy with panobinostat has recently entered
phase I clinical trials for the treatment of children with recurrent or
progressive DIPG [7,40]. However, the therapeutic dose of panobino-
stat needs to be titrated due to the systemic toxicity associated with the
administration of pan-HDACi [40]. A preclinical study using both ge-
netic and orthotopic xenograft DIPG models showed that extended
consecutive daily treatment with 10 or 20 mg/kg panobinostat con-
sistently led to significant toxicity. However, reduced well-tolerated
doses of panobinostat did not show a survival benefit compared to
vehicle-treated mice [41].

We pursued a higher therapeutic efficacy using a combination of
hAT-MSC.sTRAIL and panobinostat treatments based on two known
outcomes of panobinostat treatment: induction of TRAIL DR expression
and targeting of the epigenetic dysregulation in malignant glioma cells.
However, our treatment did not achieve a complete cure. Therefore,
other histone modifications or alternative therapeutic delivery methods
should be explored for further clinical development of this therapy for
patients with malignant gliomas.

The combined therapy in U87-effLuc model significantly prolonged
survival. However, it was not as effective in DIPG XIII model. This result
might be due to the marked difference of DIPG from adult high- grade
glioma at a phenotypic and molecular level [6]. The other explanation
is that DIPG XIII cells were obtained from autopsy tissue, therefore is
not treatment-naive. The drug response may be different from the cells
collected from the fresh tissues at the time of presentation. Recently,
off-target proteins such as AMDHD2, CUTA, GLO1l, GNPADAI,
LOC153365, PAH, and TTC38 by panobinostat have been proposed
therefore this should be considered when using panobinostat as ther-
apeutic agents [41].

5. Conclusion

Combined treatment of hAT-MSC.sTRAIL with panobinostat po-
tentiates anti-cancer effects both in vitro and in vivo and deserves con-
sideration for future clinical applications against malignant gliomas.
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