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Tumor-homing neural stem cell (NSC) therapy is emerging as a
promising treatment for aggressive cancers of the brain.
Despite their success, developing tumor-homing NSC therapy
therapies that maintain durable tumor suppression remains a
challenge. Herein, we report a synergistic combination regimen
where the novel small molecule TR-107 augments NSC-tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
therapy (hiNeuroS-TRAIL) in models of the incurable brain
cancer glioblastoma (GBM) in vitro. We report that the combi-
nation of hiNeuroS-TRAIL and TR-107 synergistically upregu-
lated caspase markers and restored sensitivity to the intrinsic
apoptotic pathway by significantly downregulating inhibitory
pathways associated with chemoresistance and radioresistance
in the TRAIL-resistant LN229 cell line. This combination also
showed robust tumor suppression and enhanced survival of
mice bearing human xenografts of both solid and invasive
GBMs. These findings elucidate a novel combination regimen
and suggest that the combination of these clinically relevant
agents may represent a new therapeutic option with increased
efficacy for patients with GBM.

INTRODUCTION
Glioblastoma (GBM) is a World Health Organization grade IV,
deadly cancer of the central nervous system in adults.1,2 GBM de-
velops rapidly from mutated glial cells, carrying a poor median sur-
vival time of 12–15 months even with aggressive standard-of-care
treatments consisting safe maximal surgical resection with adjuvant
chemotherapy and radiation therapy.3 Due to the aggressive charac-
teristics of GBM, tumor recurrence is nearly universal in patients and
there are no established standard-of-care treatments for GBM recur-
rence.4,5 Thus, more effective therapies are urgently needed to over-
come the notorious heterogeneity-induced complications in GBM
treatment to increase the survival outcomes for patients.

A promising therapy for the treatment of a plethora of cancers is tu-
mor necrosis factor-related apoptosis-inducing ligand (TRAIL).6,7

TRAIL binds to death receptors 4 and 5 (DR4 or TRAIL-R1 and
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DR5 or TRAIL-R2) on the surface of tumor cells and activates extrin-
sically mediated apoptotic pathways without harming normal cells
significantly.8 Upon binding, the TRAIL/DR complex undergoes
homotrimerization, resulting in intracellular domain forming a
death-inducing signaling complex, consisting of an adaptor molecule,
Fas-associated death domain and pro-caspase 8.9 The activated cas-
pase 8 then cleaves effector caspases 3 and 7 and ultimately induces
apoptosis in cancer cells. Previous studies suggest that this selectivity
against cancer cells may be due to the inherent overexpression of DRs
in cancer cells and lower expression of DRs in normal cells.8 However,
other findings contradicted that the level of DR expression may not
dictate the specificity in TRAIL-mediated cell death.10,11 Nonetheless,
the clinical application of TRAIL is promising as the pro-apoptotic
protein activates a different apoptotic pathway than many existing
chemotherapies—most chemotherapeutics rely on the activity of
the intrinsic-mediated apoptotic protein, tumor suppressor p53.9

However, p53 can become inactivated or dysregulated frequently in
GBM,12 leading to resistance in apoptosis and decreasing the efficacy
of subsequent rounds of chemotherapy.13 Thus, TRAIL could be
incorporated instead of or concurrently with other chemotherapies
to augment overall treatment durability, especially in p53-mutated
GBM tumors.14

Unfortunately, TRAIL and TRAIL-based therapies have been unsuc-
cessful in clinical trials against several cancers, likely due to its short
half-life (<1 h in serum), leading to insufficient TRAIL accumulation
at the tumor region and to the pre-existing or acquisition of TRAIL
resistance by cancer cells.15,16 Therefore, we aimed to address these
limitations by first increasing TRAIL bioavailability at the tumor
site using our engineered tumor-homing stem cells that continuously
secrete TRAIL proteins, and second by combining it with a secondary
therapy—a novel anti-cancer compound TR-107.
Molecular Therapy: Oncology Vol. 32 September 2024 ª 2024
r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omton.2024.200834
mailto:hingtgen@email.unc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omton.2024.200834&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Oncology
Human induced neural stem cells (hiNSCs) emerged as attractive bio-
therapeutic carriers due to their innate ability to migrate to tumors via
chemotactic signaling, potentially involving CXC chemokine receptor
type 4 on hiNSCs and vascular endothelial growth factor, stromal cell
derived factor 1, and urokinase-type plasminogen activator secreted
from the tumor microenvironment.17,18 Our lab has recently devel-
oped the next generation of hiNSCs, called spheroidal induced
NSCs (hiNeuroS), which have demonstrated robust tumor tropism
and persistence in the brain, providing an ideal vehicle to deliver anti-
tumor therapies.19 Furthermore, personalized therapeutic cells have
decreased the risk of patients’ immune rejection since they can be
generated autologously from patients’ own skin fibroblasts—display-
ing immense clinical potential—as opposed to allogenic stem cells,
which can elicit unwanted immune responses in patients and increase
clearance.20,21 We have shown that mice treated with hiNeuroS cells
engineered to secrete TRAIL (hiNeuroS-TRAIL) exhibited signifi-
cantly reduced tumor growth in several murine models of brain me-
tastases.18,19 However, this study is the first to investigate the effects of
hiNeuroS-TRAIL in GBM.

Although sufficient accumulation of TRAIL protein at the tumor site
is ideal, GBM cells can possess innate TRAIL resistance, or they can
acquire TRAIL resistance and evade apoptosis.22 Therefore, one
method to improve hiNeuroS-TRAIL therapy is to decrease the risk
of resistance in GBM cells by targeting other aspects of the apoptosis
simultaneously by adding a secondary therapy to further sensitize
cancer cells to TRAIL. TR-107 is a novel experimental compound
that has shown potential for significant tumor reduction and survival
extension in a murine model of triple negative breast cancer
(TNBC).23 TR-107 is an analog of ONC201, the first imipridone
drug to have advanced to phase 3 clinical trials for adult and pediatric
patients with deadly H3 K27M-mutated midline gliomas.24 Although
very similar in chemical structure, TR-107 is approximately 200�
more potent than ONC201 in cancer growth inhibition assays.23

ONC201 has been proposed to exert its anti-cancer effects by both
acting as a dopamine receptor 2 (DRD2) antagonist and a caseinolytic
mitochondrial matrix peptidase proteolytic (ClpP) activator (ClpP
agonist) in cancer cells.25 DRD2 is a G protein-coupled neuroreceptor
that is essential in regulating Ras signaling, which is vital for cellular
growth.26–28 By antagonizing DRD2, ONC201 is believed to inhibit
tumor growth by impeding the Ras signaling pathway in various can-
cer cells.26,27 ClpP is a mitochondrial protease that canonically de-
grades misfolded proteins in the mitochondria.28 When activated
by ClpP agonists (e.g., ONC201, TR-107, and other TR compounds),
ClpP undergoes conformational change,29,30 resulting in excess
degradation of mitochondrial proteins that are essential for tumor
growth.28 While both ONC201 and the TR compounds directly
bind and activate ClpP, there is no evidence for DRD2 antagonism
by the TR compounds.28,29,31,32

ONC201 also upregulates TRAIL and DR5 proteins in several cancer
cell lines,27 and synergizes with TRAIL-based therapies and other
small molecule inhibitors in tumor killing.33–36 Although not previ-
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ously explored in GBM, TR-107 has been shown to be significantly
more potent than ONC201 in inhibiting TNBC cell growth via a
ClpP-dependent mechanism. In these cells, activation of ClpP dis-
rupts oxidative phosphorylation and decreases cancer cell prolifera-
tion.23 Thus, these findings suggest the potential for TR-107 as a
candidate to combine with hiNeuroS-TRAIL, to exhibit synergistic
tumoricidal effects and overcome TRAIL resistance in GBM by tar-
geting metabolic adaptations that favor drug resistance.37

Herein, we provide a study of hiNeuroS-TRAIL and TR-107 combi-
nation approaches to assess the therapeutic effects with in vitro and
in vivo platforms of established human GBM cells and patient-
derived primary GBM cells with different TRAIL sensitivities.38 We
first investigated the in vitro, dose-dependent effects for both thera-
pies in GBM cell lines and combined the optimal doses of each ther-
apy to further conduct synergy studies. Next, to identify the molecular
markers involved in combination-induced tumor growth suppression
in vitro, we profiled apoptotic signaling pathways modulated by single
agents or in combination using caspase and apoptotic arrays in
TRAIL-resistant LN229 cells. Finally, to assess the efficacies of both
therapies for potential clinical application, we developed a combina-
tion therapy in both solid and invasive orthotopic murine models of
GBM and monitored for tumor growth and survival outcomes.39

RESULTS
Combining TR-107 and hiNeuroS-TRAIL synergistically

suppresses growth of multiple GBM cell lines

Previous studies reported synergy of growth inhibitionwhencombining
TRAIL-inducing ONC201 with a DR5 agonist and other small mole-
cules.33–36Basedon these studies,wehypothesized that the combination
of hiNeuroS-TRAIL and the ClpP agonist TR-107 would synergize in
inhibiting GBM tumor growth. To assess this treatment for potential
synergy, we first conducted dose-response experiments to establish
the efficacy of the single agent TR-107 and hiNeuroS-TRAIL using es-
tablished and primary humanGBMcell lines with different sensitivities
to TRAIL. Using cell viability assays, we found that the median inhibi-
tion concentration (IC50) of TR-107 ranged from50 to 100 nM in twoof
the GBM cell lines (Figures 1A and 1B). The IC50 values obtained with
hiNeuroS-TRAIL treatment of LN229 and MS21 was approximately
5.0 � 103–1.0 � 104 cells (Figures 1D and 1E). Based on these values
and the non-toxicity of TR-107 toward hiNeuroS-TRAIL cells (Fig-
ure S1A), we selected 100 nM TR-107 to test in combination with hi-
NeuroS-TRAIL cells. As TRAIL-secreting hiNeuroS cells are persistent
and proliferative, we chose 5.0� 103 hiNeuroS-TRAIL cells to combine
withTR-107 for studies in LN229andMS21 cells.GBM8cells seemed to
be extremely sensitive toboth therapies, requiring lower amountsofTR-
107 (15nM)aswell as amountsof hiNeuroS-TRAIL (5.0� 102) than the
other two cell lines (Figures 1C and 1F). Based on these analyses, we
observed synergistic cell growth inhibition in all three GBM cell
lines. Compared with the control or single agent treatment groups
(p < 0.0001) (Figures 1G–1I), the coefficient of drug interaction (CDI)
values were 0.67, 0.60, and 0.15 in LN229, MS21, and GBM8 respec-
tively, indicating that synergy of growth was achieved in these GBM
cell lines in vitro.
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Figure 1. Combining TR-107 and hiNeuroS-TRAIL demonstrates synergistic tumor growth suppression in various GBM cell lines

(A–C) TR-107 dose-response curve in (A) LN229 (B) MS21 and (C) GBM8 (log scale) (n = 6). (D–F) hiNeuroS-TRAIL dose-response curve in (D) LN229 (E) MS21 and (F) GBM8

(log scale) (n = 6). (G–I) Combining IC50 doses of both drugs demonstrate synergistic inhibition of tumor growth in (G) LN229 (n = 18) (H) MS21 (n = 6) and (I) GBM8 (log scale)

(n = 12–18 for all cell lines). The data are represented as mean ± SEM (****p < 0.0001).
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TR-107 treatment activates caspase-mediated apoptotic

signaling pathways in the TRAIL-sensitive cell line, GBM8

As we observed synergistic growth inhibition in GBM cell lines, we
next investigated the molecular mechanism underlying this effect.
Since TRAIL-mediated cell death has been shown to occur through
activation of the extrinsic apoptotic pathway, we examined the impact
of TR-107 on both the intrinsic and extrinsic apoptotic signaling
pathways.40,41 We first performed a 24-h dose-response assay of
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Figure 2. TR-107 treatment activates caspase-

mediated apoptotic signaling pathway in TRAIL-

sensitive cell line, GBM8

(A) GBM8 tumor growth curve in response to TR-107 treat-

ments (n = 12). (B) Extrinsic-mediated caspase 8 regulation

(n = 6–8). (C) Intrinsic-mediated caspase 9 regulation (n =

6–8). (D) Extrinsic and intrinsic-mediated caspase 3/7

regulation (n = 5–6). The data are represented as mean ±

SEM (***p < 0.001, ****p < 0.0001, ns = not significant).
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TR-107 treatment in TRAIL-sensitive cell line, GBM8, and observed
that GBM8 growths were unaffected at 25 nM but were inhibited at
75 nM and 150 nM of TR-107 concentrations (Figure 2A). We also
observed that all caspases associated 3/7, 8, and 9 were upregulated
significantly at these cytotoxic doses (Figures 2B–2D), indicating
that TR-107 activates the caspase-mediated apoptotic signaling path-
ways in TRAIL-sensitive GBM8 cells.

Combining hiNeuroS-TRAIL and TR-107 therapies significantly

elevate increase activation in LN229

Next, we performed time-dependent (24- and 48-h) hiNeuroS-
TRAIL/TR-107 combination experiments using the TRAIL-resistant
GBM cell line, LN229, as a positive control (Figure 3A).38 We then
performed caspase activity assays for caspases 3/7, 8, and 9 to examine
both intrinsic and extrinsic apoptotic pathways at the 24- and 48-h
timepoints. Consistent with the literature, hiNeuroS-TRAIL treat-
ment alone upregulated multiple markers of caspase activation (Fig-
ures 3B–3D). By contrast, TR-107 alone did not induce an increase in
caspase markers in 24 and 48 h after treatment (Figures 3B–3D).
Although TR-107 alone did not affect caspase activation, combina-
4 Molecular Therapy: Oncology Vol. 32 September 2024
tion with TR-107 enhanced hiNeuroS-TRAIL
stimulated caspase upregulation in LN229 cells.
This combination treatment induced a significant
increase in caspase activity compared with the con-
trol and single-agent treatment groups (Figures
3B–3D), the results of which were more robust
after 48 h. Comparing the caspase assay results
(caspases 3/7, 8, and 9) suggested that both the
intrinsic and extrinsic pathways were affected by
these treatments.

Combination treatment alters protein

expression in a pro-apoptotic pattern in LN229

To further investigate the mechanism underlying
the combined effects of TR-107 and hiNeuroS-
TRAIL therapies in LN229 cell line, we used a
human apoptotic array to identify potential molec-
ular targets in the apoptotic pathways that may be
modulated by these therapies individually or
together (Figure 4A). The results of these studies
validated our caspase data, which suggested that
TR-107 does not directly impact the activity of cas-
pase 3. By contrast, the hiNeuroS-TRAIL and the
combination treatments both significantly upregulated caspase 3 ac-
tivity compared with the control or TR-107 treatment groups (Fig-
ure 4B). In the array panel, the phosphorylation of p53 at different
residues (S15 and S46) exhibited the greatest increase after combina-
tion treatment (Figures 4C and 4D). Furthermore, we discovered that
combination treatment significantly downregulated two proteins
from the inhibitors of the apoptotic proteins (IAPs) family, survivin
and X-linked IAP (XIAP) (Figures 4E and 4F). Survivin and XIAP
are well-characterized caspase inhibitory proteins that prevent cells
from undergoing apoptosis.42 As p53 is vital in initiating intrinsic
signal-mediated apoptosis and IAPs are associated with evasion of
apoptosis by radioresistance, chemoresistance, and TRAIL resistance
in several cancers including GBM, these data suggest that the
combination-induced synergy is due to enhanced regulation of both
p53-mediated and TRAIL-mediated apoptosis in TRAIL-resistant
LN229 cells.

Single-agent dose optimizations in solid GBM model in mice

Next, we wanted to determine whether the synergy observed
in vitro could be observed in the in vivo models. To develop a
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Figure 3. Combining TR-107 with hiNeuroS-TRAIL significantly upregulated caspase markers in TRAIL-resistant LN229 in vitro

(A) The 24- and 48-h synergistic tumor killings with CDI values of 0.89 and 0.57, respectively in LN229 cell line (n = 7–12). (B) Extrinsic-mediated caspase 8 regulation from 24

to 48 h in response to single agents and combination treatments (n = 6–7). (C) Caspase 9 regulation from 24 to 48 h in response to single agents and combination treatments

(n = 6–7). (D) Extrinsic and intrinsic-mediated caspase 3/7 regulation from 24 to 48 h in response to single agents and combination treatments (n = 6–7). The data are

represented as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant).
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combination therapy regimen, we first conducted pilot studies on
individual therapies in the TRAIL-resistant LN229 model.38 We
found that, compared with the PBS control group (Figure 5A),
six intermittent intraperitoneal (IP) injections of 5 mg/kg TR-
107 significantly decreased the tumor burdens without obvious
signs of toxicity (Figure 5B). In addition, we found that IP injec-
tions of 10 mg/kg induced signs of toxicity as two of the four mice
reached the humane endpoints only a few days after the treat-
ments were administered (Figure 5C). Although both TR-107
treatment groups demonstrated significant tumor growth de-
creases in LN229 tumor-bearing mice (Figure 5D), their survival
outcomes were not improved (Figure 5E), suggesting a need for
a continuous dosing regimen. For hiNeuroS-TRAIL pilot study,
we administered PBS for control treatment (Figure 5F) and
1.0 � 105 cell counts for hiNeuroS-TRAIL therapy (Figure 5G) in-
tratumorally (IT). Our cell-based TRAIL therapy showed a brief
and significant tumor decrease on day 18 after administration
(Figure 5H), followed by an improvement in survival rate
compared with control mice (Figure 5I). However, due to a small
sample size (n = 3), we remained consistent with a single IT in-
jection of 1.0 � 105 hiNeuroS-TRAIL to combine with 5 mg/kg
intermittent IP injections of TR-107 to evaluate the therapeutic ef-
ficacy of the combination therapy.

Assessing TR-107 and hiNeuroS-TRAIL combination therapy

against solid GBM in mice

To assess the efficacy of the combination therapy in a murine model
of solid GBM, we performed stereotactic implantations of 2.0 � 105
Molecular Therapy: Oncology Vol. 32 September 2024 5
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Figure 4. Combination treatment alters protein expression in the apoptotic pathways favoring the pro-apoptotic pattern in TRAIL-resistant LN229 cell line

(A) A schematic for intrinsic and extrinsic mediated apoptotic pathways. Molecular markers highlighted in red are differentially regulated in the experiment in response to

treatments. (B–F) Proteomic differential expressions for (B) cleaved caspase 3 (C) p53 phosphorylation at S15 site (D) p53 phosphorylation at S46 site (E) survivin and (F) XIAP

(n = 4–6). The data are represented as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant).
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LN299 cells in athymic female mice aged 6–8 weeks and randomized
based on their tumor burdens to ensure that there were no significant
differences in the measurements across all groups. The control mice
received single IT injections of saline (PBS) on day 0, and six IP injec-
tions (days 0, 2, 4, 14, 16, and 18) of vehicle (5% Solutol and 5%
DMSO in PBS). The TR-107 treatment group of mice received six
IP injections (days 0, 2, 4, 14, 16, and 18) of 5 mg/kg TR-107 and
the hiNeuroS-TRAIL treatment group of mice received single IT in-
jections of 1.0 � 105 hiNeuroS-TRAIL on day 0. Finally, the combi-
nation treatment group of mice received single IT injections of
1.0 � 105 hiNeuroS-TRAIL on day 0 and six IP injections (days 0,
2, 4, 14, 16, and 18) of 5 mg/kg TR-107. Longitudinal biolumines-
cence imaging to track tumor burdens (Figures 6A–6D for tumor
growth curves of each treatment group) demonstrated that the com-
6 Molecular Therapy: Oncology Vol. 32 September 2024
bination therapy markedly inhibited GBM progression, decreasing
the tumor burden by 4-fold compared with control-treated animals
or TR-107 alone at 4 weeks after treatment (mean fold change for
controls, 23.1-fold; for combination therapy, 6.4-fold). This resulted
in CDI values of 0.86 (day 22) and 0.75 (on day 27) after treatments,
indicating synergistic therapeutic efficacies (Figure 6E). The
enhanced tumor suppression led to a significant improvement in
the overall median survival outcome, with survival in the combina-
tion group extended to 61 days compared with 48 days for the control,
TR-107, and hiNeuroS-TRAIL groups (Figure 6F). Together, these
data suggest that combining TR-107 and hiNeuroS-TRAIL aug-
mented treatment durability by significantly decreasing tumor
growth in LN229 GBM tumor-bearing mice and improving their
overall survival outcome.
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Assessing a TR-107 and hiNeuroS-TRAIL combination regime

against established GBM in mice

Next, we explored the efficacy of the combination therapy in an in vivo
murine model of invasive GBM.39 Stereotactic implantations of
1.0 � 105 GBM8 neurosphere cancer cells was performed in athymic
female mice aged 6–8 weeks and the mice were randomized based on
their tumor burdens without significant differences across all treat-
ment groups. The control mice received single IT injections of
1XPBS on day 0, and six IP injections of vehicle (5% Solutol and
5% DMSO in 1XPBS) on days 0, 2, 4, 14, 16, and 18 (until the last
mouse reached a humane endpoint). TR-107 group of mice received
IP injections of 5 mg/kg TR-107 on days 0, 2, 4, 14, 16, 18, 28, 30, 32,
and 42 (until the last mouse reached a humane endpoint). hiNeuroS-
TRAIL group of mice received single IT injections of 5.0 � 104 hi-
NeuroS-TRAIL on day 0. Finally, the combination group of mice
received single IT injections of 5.0 � 104 hiNeuroS-TRAIL on day
0 and intermittent IP injections of 5 mg/kg TR-107 on days 0, 2, 4,
14, 16, 18, 28, 30, 32, 42, 44, 46, 56, 58, and 60. Due to the invasive
and aggressive nature of GBM8 tumors in mice, three control mice
reached humane endpoints on days 12, 14, and 15 after treatment.
Longitudinal bioluminescence imaging and the analysis of the tumor
burdens (Figures 7A–7D for tumor growth curves of each treatment
group) demonstrated that there was no significant change in the tu-
mor growth rate across all treatments (Figure 7E). However, we
observed a significant improvement in the overall median survival
outcome of the combination group (73.5 days) compared with the
control group (15.5 days), TR-107 group (27 days), and hiNeuroS-
TRAIL group (67 days) (Figure 7F). While there was no significant
change in the tumor growth rate across all treatments with early hu-
mane endpoints in control and TR-107 groups, these results suggest
that combining TR-107 and hiNeuroS-TRAIL significantly improved
survival outcomes compared with control and single-agent therapy
treated groups in an invasive murine model of GBM. Additionally,
although the hiNeuroS-TRAIL alone group showed extended survival
outcome of GBM8 tumor-bearing mice, combining with a secondary
therapy (TR-107) while decreasing the therapeutic cell counts may
prevent these invasive GBM cells from adapting to TRAIL and estab-
lishing resistance.

DISCUSSION
GBM is a deadly disease with no curable therapies to date.1,4,5 Due to
the heterogeneity of this devastating disease, combating GBM with a
singular agent may not be the most effective treatment option for all
patients.43 Thus, it is critical to explore combination therapies that
could result in synergistic or additive therapeutic responses against
multiple cell lines in both clinically relevant in vitro cell lines and
in vivo models.44 Although TRAIL and TRAIL-based therapies
possess paramount potential as anti-cancer therapy against GBM,
Figure 5. Single agent dose optimizations in solid LN229 GBM model in mice

(A–C) Individual mouse tumor growth curves across all control and TR-107 treatment gro

all TR-107 treatment groups (n = 4). (F and G) Individual mouse tumor growth curves a

growth curve and (I) survival outcome between control and hiNeuroS-TRAIL treatment
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further optimization is necessary to overcome the limitations that
are associated with unsatisfactory results in clinical trials.

Herein, we examined the challenges associated with TRAIL-based
therapies by harnessing our engineered induced NSCs for constitutive
TRAIL secretion and further combining it with a recently character-
ized small molecule TR-107 in GBM. First, we demonstrated that,
together, these therapies can synergistically inhibit tumor growth in
both established and primary GBM cell lines at low cell counts and
doses of hiNeuroS-TRAIL and TR-107, respectively. Second, we
tested this combination approach in two well-established in vivo
GBMmodels. The results of our studies strongly support the benefits
of combining hiNeuroS-TRAIL cells with TR-107 both in vitro and
in vivo models of GBM.

Although the mechanism of TRAIL protein as a therapeutic has been
characterized extensively,16,45,46 the underlying mechanisms of TR-
107 in cancer cells are not fully understood. Recently, TR-107 was
shown to target mitochondrial proteins required for tumor growth
by activating the mitochondrial protease ClpP. Activation of ClpP re-
sults in the downregulation of multiple mitochondrial matrix proteins
associated with oxidative phosphorylation, the tricarboxylic acid cycle
function, and mitochondrial transcription as shown in TNBC cell
lines.23 However, aside from the ClpP dependence and regulation
of mitochondrial proteins in TNBC cells, its effects on the apoptotic
pathways have not been elucidated.

To better understand the TR-107-mediated apoptotic regulation in
GBM in vitro, we assessed the levels of caspase markers in both
TRAIL-sensitive and -resistant cell lines, GBM8 and LN229, respec-
tively. First, we found that the TR-107 doses that are cytotoxic toward
GBM8 cells upregulate caspase markers significantly, indicating that
TR-107 induces cellular apoptosis in GBM8 cells. However, in
LN229 cells, TR-107 alone intriguingly did not induce caspase activa-
tion at an IC50 dose, whereas hiNeuroS-TRAIL significantly upregu-
lated the caspase proteins comparedwith the control.When combined,
TR-107 interestingly bolstered the effect of hiNeuroS-TRAIL therapy
as the combination treatment significantly increased the caspase pro-
teins comparedwith all treatments. To further explore themechanisms
of enhanced apoptosis mediated by our co-treatment in TRAIL resis-
tance, we characterized the apoptotic markers after single or combina-
tion treatment-induced effects in LN229 cells. Using an apoptotic
array, we found that hiNeuroS-TRAIL treatment increased the phos-
phorylation of p53 at the S15 and S43 residues, suggesting activation
of the intrinsic apoptotic pathway. The role of p53 is vital in activating
intrinsic-mediated apoptosis—especially in radiation therapy and
several chemotherapies as the phosphorylation of p53 subsequently re-
sults in interaction with the BCL-2 family that further induces
ups. (D and E) (D) Fold change in tumor growth curve and (E) survival outcome across

cross all control and TR-107 treatment groups. (H and I) (H) Fold change in tumor

groups (n = 3). The data are represented as mean ± SEM (*p < 0.05).
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Figure 6. Combining TR-107 and hiNeuroS-TRAIL significantly reduced tumor burden and improved survival outcome in a solid murine model of GBM

(A–D) Individual mouse tumor growth data across all treatment groups from LN229 in vivo efficacy experiment. (E) Fold change in tumor growth curves across all treatment

groups indicating that the combination therapy significantly reduced tumor burdens compared with the control group. (F) Kaplan-Meier survival curve of mice treated with

control, TR-107, hiNeuroS-TRAIL, or combination at indicated doses (n = 7). The data are represented as mean ± SEM (*p < 0.05, **p < 0.01, ns = not significant).
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apoptosis.47 Hence, an increase in p53 phosphorylation indicates that
these therapies in combination can promote both DR-mediated and
mitochondrial-mediated apoptotic activities in the LN229 cell line.

Due to the limited literature on the role of TRAIL’s effects on p53
phosphorylation (S15 and S46), we speculated that the outcome
was due to the unexplored secretome of our hiNeuroS cells. Although
hiNeuroS cells are engineered to solely secrete TRAIL proteins
continuously, it is reasonable that these cells may inherently secrete
additional factors that aid in the regulation of molecular markers in
pro-apoptotic-favoring patterns. It has recently been reported that
the adipose mesenchymal stem cell-derived secretome had an anti-
tumor effect by modulating intrinsic apoptosis in colon carcinoma
cells.48 Therefore, to further understand the secretome of hi-
NeuroS-TRAIL cells and how it impacts the tumors and their micro-
environments, further investigation through DNA microarrays and
RNA sequencing studies is required.

Notably, the combination treatment also significantly decreased the
expression of IAPs (survivin and XIAP) and visibly decreased the
anti-apoptotic protein, MCL-1 (Figure S2A) in LN229. Previous re-
ports have suggested that the overexpression of survivin and XIAP
are associated with radioresistance, chemoresistance, and TRAIL
resistance in several cancers,49–51 and that the inhibition of survivin
and XIAP effectively sensitized GBM cells to apoptosis.52 Moreover,
the elevation of MCL-1 seems to be resistant to radiation, chemo-
therapy, and other treatments in several cancers.53,54 Thus, the down-
regulation of these biological markers suggests that the combination
therapy could be incorporated with current standard-of-care treat-
ments in patients with GBM, potentially increasing the sensitivity
to radiation and chemotherapy. We demonstrated that combination
therapy-induced changes within the apoptotic pathways, and our
future studies will focus on RNA sequencing to elucidate the under-
lying mechanisms and the impact of each therapy individually or in
combination to treat GBM.

To develop and translate the hiNeuroS-TRAIL/TR-107 combination
therapy-induced effect in vivo, we first conducted dose optimization
studies of single-agent therapies and further examined their combina-
tory treatment effects in a TRAIL-resistant LN229 GBM murine
model and longitudinally tracked their tumor growths andmonitored
for survival outcome.38 We found that mice treated with combination
therapy demonstrated a significantly decreased the tumor growth rate
compared with the control group and the survival outcome was
Molecular Therapy: Oncology Vol. 32 September 2024 9
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Figure 7. Combining TR-107 and hiNeuroS-TRAIL significantly improved survival outcome in an invasive murine model of GBM

(A–D) Individual mouse tumor growth data across all treatment groups from GBM8 in vivo efficacy experiment. (E) Fold change in tumor growth curves across all treatment

groups. (F) Kaplan-Meier survival curve of mice treated with control, TR-107, hiNeuroS-TRAIL, or combination at indicated doses (n = 6–7). The data are represented asmean

± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant).
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significantly extended in the combination-treated mice compared
with the control and single-agent treatment groups of mice.

To further assess the therapeutic efficacy of hiNeuroS-TRAIL/TR-107
combination therapy in an additional GBM mouse model to bolster
our in vivo data, we selected a more invasive GBM8 model. Although
it has been reported that GBM8 is extremely sensitive to TRAIL
in vitro (also indicated in Figures 1F and 1I), GBM8 grows aggressively
in mice.39 Therefore, we decreased the cell counts of hiNeuroS-TRAIL
in half while maintaining the same TR-107 dosing routine using this
invasivemodel.Althoughno significant difference in the tumor growth
rate was observed, survival of mice treated both single agents and com-
bination treatments extended significantly compared with the control
group. In addition, we found that combination therapy prolonged a
significant survival outcome comparedwith all other treatment groups,
indicating that continuous dosing of TR-107 was necessary to ulti-
mately suppress hiNeuroS-TRAIL-mediated tumor recurrence.
Together, these data suggest that the combination of TR-107 and hi-
NeuroS-TRAIL is a promising treatment regimen against GBM.

In this study, we used simple IT models to deliver and test our unique
stem cell therapy in GBMmice. An advantage of our approach is that
10 Molecular Therapy: Oncology Vol. 32 September 2024
it avoided confounding factors such as cell migration and allowed us
to solely assess the therapeutic effects of our combination therapy.
However, to further evaluate potential clinical applications, our future
studies will explore additional and clinically relevant methods for
stem cell administration, such as infusing via an intracerebroventric-
ular route, as well as implanting in surgically resected cavities by
safely encapsulating hiNeuroS-TRAIL cells with a hemostatic matrix,
FLOSEAL, which has been ap[proved by the U.S. Food and Drug
Administration.55

Although several experiments are required to fully understand the
anti-cancer mechanisms of these drugs, in this study we showed
that combining hiNeuroS-TRAIL and TR-107 has significant clinical
potential to treat high grade-gliomas by altering apoptotic pathways
that are known to be involved in standard-of-care treatment and
TRAIL resistance, potentially restoring radiation and chemothera-
peutic sensitivity in GBM. Moreover, both therapies have the poten-
tial for rapid clinical translation because various TRAIL and TRAIL-
related therapies have been evaluated in the clinical trials against
several cancers.7 In addition, ONC201, the parent compound for
TR-107, is in phase 3 clinical trials for both adult and pediatric
patients with the H3 K27M genetic mutation (NCT05580562).
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TR-107 has been shown to be significantly more potent than ONC201
and is well tolerated in mice,23 suggesting that it may be more effica-
cious than ONC201 in patients as well. Second, we have previously
reported that our induced NSC therapy can be generated from pa-
tients’ skin fibroblasts,21 avoiding possible immune-related complica-
tions in the clinic. Hence, we believe that combining hiNeuroS-
TRAIL and TR-107 is a promising combination therapy for clinical
translation as these therapies can potentially mitigate the notorious
limitations that hindered therapeutic outcomes in previous TRAIL-
based clinical trials.

MATERIALS AND METHODS
Cell lines

LN229 cells were obtained through American Type Culture Collec-
tion. MS21 cells were derived from a GBM patient biopsy in the
Hingtgen Laboratory. GBM8 cells were gifted by H. Wakimoto (Mas-
sachusetts General Hospital). LN229 and MS21 cells were cultured in
1�DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (PenStrep) (10,000 units penicillin
and 10 mg streptomycin/mL)—referred to as standard media. Both
cell lines were incubated in 5% CO2 at 37�C and passaged periodically
using 0.05% Trypsin and centrifugation at 1,000�g for 5 min. GBM8
cells were cultured in EF media containing filtered 500 mL Neuro-
basal medium (Gibco) containing 3 mM L-glutamine, 10 mL B27
supplement, 2.5 mL N2 supplement, 2 mg/mL heparin, 1% PenStrep,
62.5 mg/mL amphotericin B, and 20 ng/mL of both epidermal growth
factor and fibroblast growth factor in 5% CO2 at 37�C. Before
use, GBM8 cells were dissociated into single-cell suspension with
Accutase.

hiNeuroS-TRAIL generation

hiNSCs were engineered to secrete TRAIL (hiNeuroS-TRAIL) as pre-
viously described (Wulin Jiang et al., 2021). hiNeuroS-TRAIL are
cultured in ReNcell media and supplemented with doxycycline,
epidermal growth factor, and fibroblast growth factor every other
day. hiNeuroS-TRAIL cell line was incubated in 5% CO2 at 37�C
and passaged periodically using centrifugation. Before use, hi-
NeuroS-TRAIL cells were dissociated into a single-cell suspension
with Accutase.

Lentiviral transduction

The following lentiviral vector encoding mCherry and firefly lucif-
erase reporters (mCherry-Fluc) was prepared by Duke Viral Vector
Core. The mCherry-Fluc lentiviral vector was used to transduce
LN229, MS21, and GBM8 cell lines to longitudinally measure tumor
fluorescence and bioluminescence signals in vitro and in vivo studies.
Transduced GBM cell lines are indicated as LN229-mCh-Fluc, MS21-
mCh-Fluc, and GBM8-mCh-Fluc.

TR-107 compound

TR-107 was generously provided by Dr. Edwin Iwanowicz and Ma-
dera Therapeutics, LLC, and was prepared as previously described
(Emily Fennell et al., 2022). For IP injections, TR-107 was prepared
first at 50 mM concentration in DMSO. From the 50-mM stocks,
1 mg/mL concentrations of TR-107 were prepared in solvent (5% Sol-
utol in 1XPBS) for in vivo studies. For in vitro studies, appropriate di-
lutions were prepared in cell culture media.

In vitro efficacy studies

To perform in vitro efficacy assays, LN229 and MS21 cells were
seeded in 96-well plates. We seeded 1.0� 104 cells in 150 mL standard
media each well and allowed to adhere to the plates for about 24 h
(day 0). On day 1, the media was then aspirated, and various doses
of TR-107 and amounts of hiNeuroS-TRAIL cells were added to
each well in standard media. Cells in only standard media served as
experimental controls. Doses of TR-107 were prepared by diluting
10 mM of TR-107 in standard media. Various hiNeuroS-TRAIL cell
counts were prepared via centrifugation, dissociation with Accutase,
and neutralization with 1� PBS. After resuspension in 1� PBS,
10 mL of cells were combined with 10 mL of Trypan blue and placed
in counting chamber slides using Invitrogen Countess Cell Counter.
Desired cell counts were calculated and resuspended in standard me-
dia for use. In treating GBM8 cells, the media was not aspirated 24 h
after the cells were seeded as GBM8 cells grow in suspension. Thus,
GBM8 cells were instead seeded in 100 mL EF media. After 24 h,
the appropriate dose concentrations of TR-107 and cell counts of hi-
NeuroS-TRAIL were prepared in 50 mL EFmedia to bring up the total
volumes to 150 mL. On day 4, termination assays were conducted
using bioluminescent imaging (BLI) to quantify tumor signals by add-
ing 150 mL 10% firefly-luciferin (prepared from 15 mg/mL stock so-
lution) to each well of the treated 96-well plate. After 15 min of incu-
bation, BLI images were captured using a Spectral Instruments AMI
instrument with an exposure of 5 s. For synergy assays, the optimal
doses (IC50) for both therapies were combined on day 1, and their
BLI signals were measured on day 4. CDI is calculated as CD = AB/
(A*B) where AB is the ratio of combination two drugs compared
with the control, A is the ratio of drug A compared with the control,
and B is the ratio of drug B compared with the control. A synergistic
effect is achieved when the CDI is <1, whereas a CDI of 1 indicates
additive effect and a CDI of >1 indicates an antagonistic effect.56

Caspase Glo assays

Caspase Glo assay kits (Promega, Catalog #G8200, G8210, and
G8090) were stored in �20�C and used following manufacturer di-
rections. Briefly, the substrate and the buffer reagents were mixed
thoroughly, and equal amounts of mixed reagent (100 mL) were added
to experimental 96-well plates as instructed. The plates were then
placed on a shaker for 30 s before incubating at 37�C for 1 hour.
The BLI signals were recorded via AMI instrument and generated sig-
nals were then analyzed on Prism (GraphPad).

Western blot

We plated 1.0 � 105 LN229 cells in six-well plates with 3 mL of
normal media per well for 24 h. The cells are then treated with
5.0 � 103 hiNeuroS-TRAIL, 100 nM TR-107, the combination of
the two, and 100 nM of staurosporine as a positive control for 24 h.
Following treatments, the media was aspirated, and the cells were
rinsed three times with cold 1� PBS. The cells were then lysed in
Molecular Therapy: Oncology Vol. 32 September 2024 11
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RIPA buffer (20 mM Tris [pH 7.4], 127 mM NaCl, 10% glycerol, 1%
Nonidet P-40, 0.5% deoxycholate, 2 mM EDTA) supplemented with
2 mM Na3VO4, 10 mM NaF, 0.0125 mM calyculin A, and cOmplete
protease inhibitor cocktail (Roche Diagnostic, 11873580001).23 Pro-
tein concentration of the cell lysates were quantified using the Brad-
ford assay and diluted to 1 mg/mL in Laemmeli buffer and samples
were loaded (20 mL/sample) and run on a 10% SDS-PAGE gel for
1 h at room temperature at 120 V. Samples were then transferred
to a nitrocellulose membrane for 1 h at 4�C at 100 V. Membranes
were incubated with a primary antibody (MCL-1 – Santa Cruz, Cat-
alog #SC-819) diluted in 1% fish gelatin overnight at 4�C. The pri-
mary antibody was then removed, and the membranes were washed
three times for 5 min in TBST before incubation in secondary anti-
body diluted in 5% milk for 1 h. The membranes were then washed
three times for 10 min and were incubated in ECL reagent for
1 min. Images were acquired using a Chemidoc MP or Odyssey Fc.

Human apoptotic array

Proteome Profiler Human Apoptosis Array Kit (Catalog #: ARY009)
was purchased from R&D Systems. 1.0� 106 LN229 cells were seeded
in 10-cm petri dishes for 24 h. The cells were then treated with regular
media (1� DMEM with 10% FBS and 1% PenStrep), 1.0 � 105 hi-
NeuroS-TRAIL, 100 nM TR-107, and the combination of TR-107
and hiNeuroS-TRAIL. After 24 h, the cells were lysed using the lysis
buffer provided with the kit, and the total proteins were further quan-
tified. Nearly 200 mg cell lysates were used to further conduct the
apoptotic array using the detailed protocol that was provided by
R&D. The chemiluminescent blots were subsequently quantified us-
ing ImageJ software and analyzed on Prism (GraphPad) to determine
the statistical differences.

In vivo solid tumor efficacy study

All animal studies conducted on female athymic nude mice were
approved by the Institutional Animal Care and Use Committee at
the University of North Carolina, Chapel Hill. Female athymic
nude mice aged 6–8 weeks (N = 7) were intracranially implanted
with 2.0 � 105 LN229-mCherry-FireflyLuciferase-expressing cells
and the tumor growths were tracked via BLI (acquired on IVIS Ki-
netic, PerkinElmer) three times per week. During each acquisition,
mice were injected with 15 mg/kg luciferin intraperitoneally. Mice
from the four groups (control, TR-107, hiNeuroS-TRAIL, and com-
bination) were randomized based on BLI signal to ensure that there
was no statistical significance across groups before treatment. Seven
days after tumor implantation, control mice received a single IT injec-
tion of 1XPBS on treatment day (day 0) and IP injections of vehicle
(5% Solutol and 5% DMSO in 1� PBS) on experimental days 0, 2,
4, 14, 16, and 18. TR-107 mice received IP injections of 5 mg/kg
TR-107 on experimental days 0, 2, 4, 14, 16, and 18. hiNeuroS-TRAIL
group of mice received single IT injections of 1.0 � 105 hiNeuroS-
TRAIL on day 0. For combination group, the mice were administered
single IT injections of 1.0� 105 hiNeuroS-TRAIL on day 0 and IP in-
jections of 5 mg/kg TR-107 on experimental days 0, 2, 4, 14, 16, and
18. The tumor growths were tracked three times per week via BLI on
the IVIS Spectrum and the signals were quantified in terms of tumor
12 Molecular Therapy: Oncology Vol. 32 September 2024
volume fold change from pre-treatment levels. Mice that met the pa-
rameters of humane endpoints were euthanized and were analyzed
for survival outcome.
In vivo invasive tumor efficacy study

All animal studies conducted on female athymic nude mice were
approved by the Institutional Animal Care and Use Committee at
the University of North Carolina, Chapel Hill. Female athymic
nude mice aged 6–8 weeks (N = 6) were intracranially implanted
with 1.0 � 105 GBM-8-mCherry-FireflyLuciferase-expressing cells
and the tumor burdens were tracked via bioluminescence imaging
(acquired on IVIS Kinetic, PerkinElmer) three times per week. Dur-
ing each acquisition, mice were injected with 15 mg/kg luciferin
intraperitoneally. Mice from the four groups (control, TR-107, hi-
NeuroS-TRAIL, and combination) were randomized based on BLI
tumor signal to ensure that there was no statistical significance
across treatment groups before treatment. Six days after tumor im-
plantation, control mice received a single IT injection of 1� PBS on
treatment day (day 0) and IP injections of vehicle (5% Solutol and
5% DMSO in 1� PBS) on experimental days 0, 2, 4, 14, 16, and 18
until the last mouse reached a humane endpoint. TR-107 mice
received IP injections of 5 mg/kg TR-107 on experimental days 0,
2, 4, 14, 16, 18, 28, 30, 32, and 42 until the last mouse reached a
humane endpoint. The hiNeuroS-TRAIL group of mice received
single IT injections of 5.0 � 104 hiNeuroS-TRAIL on day 0. For
the combination group, mice were administered single IT injections
of 5.0 � 104 hiNeuroS-TRAIL on day 0 and IP injections of 5 mg/kg
TR-107 on experimental days 0, 2, 4, 14, 16, 18, 28, 30, 32, 42, 44,
46, 56, 58, and 60. The tumor growths were tracked three times per
week via BLI on IVIS Spectrum and the signals were quantified in
tumor volume fold change. Mice that met the parameters of hu-
mane endpoints were euthanized and were analyzed for survival
outcomes.
Graphics and statistical analysis

All schematics were generated using BioRender. All data were
analyzed using GraphPad Prism software. Unpaired t tests were
used when comparing two groups. One-way ANOVA was used to
compare three or more groups with Tukey’s multiple comparisons
tests. Two-way ANOVA with mixed-effects analyses were used to
compare two or more groups with different timepoints. Survival an-
alyses were conducted using log rank (Mantel-Cox) tests. All values
are expressed as ± SEM unless mentioned otherwise and the differ-
ences were considered significant when p < 0.05.
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