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Genetically engineered neural stem cells (NSCs) are a prom-
ising therapy for the highly aggressive brain cancer glioblas-
toma (GBM); however, treatment durability remains a major
challenge. We sought to define the events that contribute to dy-
namic adaptation of GBM during treatment with human skin-
derived inducedNSCs releasing the pro-apoptotic agent TRAIL
(iNSC-TRAIL) and develop strategies that convert initial tu-
mor kill into sustained GBM suppression. In vivo and ex vivo
analysis before, during, and after treatment revealed significant
shifts in tumor transcriptome and spatial distribution as the tu-
mors adapted to treatment. To address this, we designed iNSC
delivery strategies that increased spatiotemporal TRAIL
coverage and significantly decreased GBM volume throughout
the brain, reducing tumor burden 100-fold as quantified in live
ex vivo brain slices. The varying impact of different strategies
on treatment durability and median survival of both solid
and invasive tumors provides important guidance for opti-
mizing iNSC therapy.
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INTRODUCTION
Glioblastoma (GBM) is a highly aggressive form of brain cancer, often
composed of one or more solid masses and diffuse cells that invade
throughout the brain. Invasive cancer cells evade surgical resection
and systemic chemotherapy regimens often fail to eliminate the re-
maining cancer, leading to dismal survival rates.1–3 Therapies that
seek out the disseminated GBM cells behind the blood-brain barrier
are needed to prevent recurrence in patients, and the unique tumor-
homing capacity of genetically engineered neural stem cells (NSCs) al-
lows them to deliver anti-cancer gene products directly to local and
invasive GBM foci.4–7 These cells can significantly reduce human
GBM xenografts and suppress post-surgical recurrence.6,8–14 NSC
therapy for post-surgical GBM recently entered human patient testing
on the strength of their pre-clinical tumor kill.

To create an autologous NSC source where the potential to avoid im-
mune rejection could allow improved homing and tumor kill, we
This is an open access article under the CC BY-NC
recently discovered that transdifferentiation, a process that trans-
forms somatic cells into other adult cell types, creates tumor-homing
drug carriers capable of regressing GBM xenografts.15–17 Using a
defined set of transcription factors, we “flipped” human and mouse
fibroblasts into induced NSCs (iNSCs) that can home to GBM cells
with the same velocity as brain-derived NSCs and migrate through
the brain, tracking invasive human GBM cells. In vitro, genetically en-
gineered iNSCs release the pro-apoptotic agent TRAIL (iNSC-
TRAIL) at levels equal to cortical-derived NSCs and effectively kill
co-cultured GBM cells. In orthotopic xenograft models, iNSC-TRAIL
therapy can reduce solid human GBM and extend median survival
compared with untreated control from 39 to 60 days in mice bearing
diffuse patient-derived GBMs.We have also shown that iNSC-TRAIL
therapy is effective in treating heterogeneous GBM tumors in vivo and
have quantified consequences of TRAIL-resistant tumor sub-popula-
tions.18 Despite the promise of this approach, initial reductions in
GBM volumes are often not well maintained. Treatment durability re-
mains a major limitation to this promising strategy.

It is likely that GBM evades iNSC therapy through both failure of drug
delivery and adaptive tumor behavior. One of the studies described
above shows that even when 10-fold excess of tumoricidal mouse
iNSC-TRAIL was co-implanted with GBM cells, a significant initial
reduction in tumor volumes was detected. However, confocal micro-
scopy on brain sections revealed the presence of residual mCherry +
GBM foci in the brain 14 days after treatment. Tumoricidal iNSC-
TRAIL therapy suppressed re-growth of these solid tumor foci
through day 28, and re-growth of highly invasive GBM8 xenografts
was minimal through day 33. Yet, tumor suppression was lost in
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bothmodels, and animals died from re-growth of both solid and inva-
sive tumors. The precise time point when accelerated re-growth be-
gins and how the onset of treatment failure correlates with the levels
of iNSC loss, iNSC migration, or tumor adaption throughout this
period of GBM recurrence is virtually unexplored.

Robust models of aggressive GBM that recapitulate the late-stage pre-
sentation of the human disease are needed to elucidate these impor-
tant mechanisms of tumor recurrence in the context of iNSC therapy.
Herein, we expand our exploration of GBM resistance and recurrence
by combining our unique in vivo late-stage GBM model and ex vivo
organotypic brain slice assays with tumor-homing iNSC therapy
and next-gen mRNA sequencing to investigate the events contrib-
uting to loss of GBM response after iNSC treatment. This information
allowed us to strategically modulate the implant site and dosing fre-
quency of iNSC therapy to achieve broader killing and knockdown
of orthotopic human GBM by using patient-derived xenografts in
immunodeficient mice. A central goal of these studies is to under-
stand the adaptation of GBM to iNSC-delivered drugs, so we purpose-
fully chose to use iNSCs that secrete a well-characterized therapeutic
molecule—TRAIL—as it is ideal to accomplish our focused therapeu-
tic assessments. In this way, we intend to take critical steps toward
generating a responsive iNSC strategy that can achieve lasting sup-
pression of GBM and be easily translatable for use in patients.

RESULTS
Determining the durability and pattern of GBM re-growth after

NSC therapy

Althoughmany studies focus on initial eradication of a focal tumor, we
sought to focus on a poorly studied aspect ofNSC therapy: tumor recur-
rence in late-stage, invasive GBM. Understanding this bleak, relatively
unstudied, and commonly encountered state of GBM is essential to
define mechanisms limiting treatment efficacy and durability. A model
of humanGBMpreviously established by us18wasmodified and used to
begin elucidating mechanisms behind treatment resistance. This inter-
esting model initially contained two limited-passage cell populations
derived from the same human patient biopsy, which were mixed and
implanted orthotopically into nude mouse brains. Our previous results
showed interactions between these two cell lines, termed G-EF and
G-FBS, which fostered the growth of a dense, solid mass and an exten-
sive invasive component. Here, we allowed every patient-matched tu-
mor to grow for 28 days before initiating treatment, generating a tumor
model with widespread invasion representative of aggressive, late-stage
GBM.As the tumors grow, theG-EF cells vastly outgrow the less tumor-
igenic G-FBS cells, resulting in tumors that are entirely composed of
G-EF cells (verified by PCR; Figure S1).

To begin, we generated late-stage patient-matched tumors in the right
cranial hemispheres of nude mice and treated them with a single dose
of 200,000 iNSC-TRAIL cells, also in the right hemisphere (we will
refer to this treatment location as right hemisphere injection, or
RHI). RHI treatment led to significant tumor growth inhibition as
quantified by live-animal bioluminescence imaging (BLI) (Figure 1A).
However, tumors eventually escaped iNSC-TRAIL therapy, with
50 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
initial increases in tumor volumes detected 14–18 days post-treat-
ment. Despite initially robust treatment efficacy, animals quickly suc-
cumbed to recurrent tumors just 27 days post-treatment, compared
with 21-day survival of the untreated group (Figure 1B). To begin
exploring the events driving tumor recurrence, we analyzed the distri-
bution of tumors within representative brains from each group. In
untreated animals, fluorescence microscopy of post mortem coronal
sections reproducibly shows a large solid mass located in the top-right
quadrant of the brain, invading into the left hemisphere in a clinically
relevant manner19 along the white matter tracks of the corpus collo-
sum (Figure 1C). In contrast, tumor burden in the top-right quadrant
was markedly reduced in the brains of iNSC-TRAIL-treated mice
(Figure 1D). Local tumor recurrence was more diffuse and had spread
into the lower-right quadrant, as shown in the representative image.
Invasion into the left hemisphere also seemed to be uninterrupted by
RHI treatment, a finding explored below. These data suggested that
tumor invasion plays a role in GBM escape from iNSC therapy, indi-
cating that we should explore strategies to improve the spatial distri-
bution of therapeutic iNSCs and allow the cells to more effectively
target late-stage GBM.

Exploring tumor adaptation following iNSC therapy usingmRNA

sequencing

Although iNSC-TRAIL treatment produced a robust anti-tumor ef-
fect, survival was only modestly increased. To gain insight into the
process of recurrence and to tie our in vivo results to genetic tumor
data, we usedmRNA sequencing (RNA-seq) to analyze transcriptomic
differences between solid and invasive tumor areas that were either
naive to treatment or had recurred after iNSC-TRAIL treatment.

Patient-matched tumors were implanted into the right hemispheres
of six mice and allowed to grow for 28 days. Three mice then received
RHI treatment with 200,000 iNSC-TRAIL cells while three mice
remained untreated. At the time tumor progression required
euthanasia, brains were processed and frozen in optimal cutting
temperature (OCT) solution. After sectioning on a cryostat, a fluores-
cence-guided surgical microscope was used to carefully excise distinct
regions of naive or recurrent solid tumor in the right hemisphere and
invasive tumor in the left hemisphere (Figure S2). We sampled and
pooled the solid tumor and invasive region from four consecutive sec-
tions of each brain to generate one solid-tumor sample and one inva-
sive-region sample from each animal.

We subjected the two samples taken from each of the sixmice to RNA-
seq. Initial analysis revealed that samples contained 60%–85% human
reads and 10%–35%mouse reads (Figure S3), indicating a high tumor
cell abundance even within recurrent and invasive tumor samples.

We used generalized principal-component analysis (PCA) to
compare human transcriptome data in the four types of samples:
Solid Naive tumor (S_N), Invasive Naive tumor (I_N), Solid Recur-
rent tumor (S_R), and Invasive Recurrent tumor (I_R). The solid
and invasive regions showed high-level differences prior to treatment,
as demonstrated by their distinct localizations in two-dimensional



Figure 1. Recurrence after solid tumor treatment

(A) Tumor growth curves (BLI) of untreated tumors (blue line) and tumors treated with 200,000 iNSC-TRAIL via right hemisphere injection (RHI, red line). (B) Kaplan-Meier

survival plot showing a significant increase in survival after RHI treatment (median survival of 21 days after treatment for untreated mice and 27 days after treatment for RHI-

treated mice). (C) Representative untreated tumor at time of death. Top: high-magnification image shows solid-tumor burden. Bottom: high-magnification image shows

invasive tumor cells (red) migrating across the corpus callosum. (D) Representative recurrent tumor at time of death. Top: high-magnification image shows tumor recurring

near the iNSC-TRAIL implant site. Bottom: high-magnification image shows invasive tumor cells as in (C); n = 7–8 mice per group. Data expressed as mean ± SEM.

**p < 0.01; ***p < 0.001.
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generalized PCA space (Figure 2A). Treatment shifted both solid and
invasive recurrent tumors to be less similar to naive tumors and
markedly similar to each other, as demonstrated by their proximity
in PCA space. Hierarchical clustering also demonstrated that recur-
rent solid and invasive tumors were similar to each other and different
from the untreated samples of either region (Figure 2B).

We analyzed changes in individual genes in several ways. A number
of genes were differentially expressed when measured in pairwise
comparison within each of four different relationships: S_N versus
S_R, I_N versus I_R, S_N versus I_N, and S_R versus I_R (Figure S4).
These data agreed with the overall PCA analysis, showing that recur-
rent solid and recurrent invasive tumors were the most similar, with
the fewest differentially expressed genes. We also determined the 20
overall most variable genes via unsupervised hierarchical clustering
(Figure S5) as well as genes whose expression was significantly and
similarly changed in all six recurrent tumor samples compared with
naive and in all six invasive tumor samples compared with solid
(p < 0.001; Figure S6).
Defining functional changes that result from differential expression of
a single gene can be challenging. Gene ontology is a common strategy
to overcome this issue by grouping genes based on common func-
tional traits. We used gene ontology to more effectively understand
functional trends and outcomes of overall gene expression changes,
analyzing the transcriptomic changes between groups and identifying
the impact of treatment on well-known signaling pathways. We refer-
enced pathways as described in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and quantified which pathways were significantly
changed in each of the four different comparisons described above
(Figures 2C, S7, and S8). The four plots corresponding to the four
comparisons display changes in genes among 70 different pathways
arranged in rows from top to bottom. The names of all 70 pathways
are included with each enlarged plot in Figure S7, while the plots
shown in Figure 2C should be used to view overall trends. The size
of the circle on each row corresponds to the number of genes within
the pathway with significantly changed expression, the position of
each circle along the x axis corresponds to the percentage of genes
within the pathway with significantly changed gene expression, and
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the color of each circle corresponds to the statistical significance of
expression changes within the pathway as a whole. Pathways with
more significant changes display a large, dark, right-positioned circle.

These plots mirrored the generalized PCA plot, showing that the
largest changes among these 70 pathways occur between the naive
solid tumor and the recurrent tumor that re-grows in its place (S_N
versus S_R). In contrast, therewas almost nodifference between recur-
rent tumors in the solid and invasive regions (S_R versus I_R). Inter-
estingly, there were fewer overall pathway changes between the naive
and recurrent invasive tumor (I_N versus I_R) than between the naive
and recurrent solid tumor (S_N versus S_R). This suggests that, as the
naive tumor grew, the sub-population of treatment-naïve invading
cells were more similar to the recurrent tumor than the non-invading
sub-population. Figure S7 shows many significant changes to cancer-
related signaling pathways such as MAPK, Wnt, and VEGF between
S_N and S_R, but changes among these pathways were less dramatic
when I_N versus I_R was compared. We saw the same trend within
the calcium-signaling pathway (implicated in the progression and in-
vasion of GBM20,21) which was greatly changed in S_N versus S_R but
much less so in I_N versus I_R. Furthermore, this trend extended to
cell motility pathways such as those regulating tight junctions and
gap junctions, which were greatly modified in S_N versus S_R but
less so in I_N versus I_R, affirming that the invasive naive tumor
sub-population expressed a more oncogenic and mesenchymal
phenotype than the naive solid tumor. This phenotype was further
exacerbated in the invasive population after treatment and similarly
expressed within the recurrent solid tumor. Interestingly, no compar-
isons revealed significant changes in the necroptosis or TNF-signaling
pathways implicated in TRAIL-mediated cell death, suggesting that
the recurrent tumor had not lost sensitivity to TRAIL. As described
below, this finding was corroborated via ex vivo and in vivo assays.

Taken together, these data show that the invasive tumor population is
distinct from the solid tumor in advance of treatment, with gene
expression patterns in the invasive tumor consistent with a more
migratory phenotype. Although both solid and invasive cell popula-
tions change after treatment and recurrence, the effect of treatment
reduces regional variation and heterogeneity. This provides initial
speculation that the cells that spatially escape treatment may re-popu-
late both areas and suggests that strategies to broaden iNSC dis-
tribution and increase coverage of TRAIL may improve therapeutic
durability and increase survival.

Distal iNSC therapy to target invasive GBM

In the clinical setting, many GBM patients present with large solid tu-
mors with widespread microinvasion throughout the brain paren-
chyma that is often undetectable via MRI.22 New strategies are being
employed to increase chemotherapeutic coverage, including infusion
Figure 2. mRNA-seq of solid- and invasive-tumor regions from untreated and

An overall shift in tumor characteristics after treatment is shown in (A) via PCA and (B)

pathway regulation. Circle size, number of changed genes per pathway; circle positio

pathway changes. Images that include named KEGG pathways in (C) appear in Figure
of therapeutics directly into the lateral ventricles of the brain.23 This
intracerebroventricular (ICV) infusion route is amenable to contin-
uous or repeated infusions through the use of an Ommaya reservoir
with a catheter leading to the ventricles and is routinely used by some
neuro-oncologists to treat patients with CNS cancers.24–27

The clinical use of ICV infusion suggests an interesting route for iNSC
delivery that could allow widespread distribution of iNSCs
throughout the ventricles, placing the cells closer to distant tumor
foci that cannot be reached by local GBM therapy. Using our pa-
tient-matched in vivo model of late-stage GBM, we investigated the
impact of infusing therapeutic iNSC-TRAIL cells at distal sites by
delivery into the left cranial hemisphere (termed left hemisphere
injection, or LHI) or into the left lateral ventricle (termed ICV
[demonstrated in Figure S8]). Using serial BLI to quantify tumor pro-
gression, we found, unexpectedly, that these treatment strategies had
no significant impact on overall tumor bioluminescence (Figure 3A).

As it was possible that spatially distinct tumor kill was occurring at
resolutions below the detection limit of BLI, we sought to define
spatial changes in GBM volume at a cellular resolution. To investigate
the impact of different routes of iNSC-TRAIL injection with higher
resolution, we generated living organotypic brain slices from subsets
of mice at 6, 13, and 20 days after iNSC-TRAIL treatment. Using our
well-established protocol, these 350-mm-thick coronally sectioned tu-
mor-bearing brain slices were kept alive in six-well plates, enabling
high-resolution imaging of the living tumor cell distribution
following implant and treatment in mice (Figure 3B schematic).
Qualitative images of red-fluorescent tumor from representative
brain slices show how RHI, LHI, and ICV treatment spatially impact
tumor recurrence patterns over time and in anterior/posterior areas
of the brain (Figure 3C). Quantitative fluorescence imaging of solid
and invasive tumor (n R 12 slices from two animals per group per
time point) was determined by imaging brain slices on an optical im-
aging system and measuring the flux of photons through regions of
interest circumscribing the right hemisphere (containing solid tumor)
or left hemisphere (containing invasive tumor). Figure 3D shows that
(1) RHI treatment sustainably decreased the primary tumor burden,
but not the invasive tumor; (2) LHI treatment decreased the invasive
tumor burden near the injection site but not in anterior or posterior
regions and had no effect on the solid tumor burden; and (3) ICV
treatment sustainably decreased the invasive tumor burden
throughout the brain but had a minimal impact on solid tumor
growth.

Drug resistance and spatial escape are only two mechanisms for tu-
mor recurrence in advanced GBM. Another potential mechanism
limiting treatment durability could be sub-optimal iNSC persistence
that results in a lower overall dose of therapeutic protein. A durable
recurrent tumors

via hierarchical clustering. The plots in (C) display pairwise comparisons of KEGG

n, percentage of changed genes per pathway; circle color, overall significance of

S7.
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Figure 3. Analyzing spatial tumor recurrence by using living -brain slices

(A) Tumor burden (live-animal BLI) after in vivo iNSC-TRAIL treatment via RHI (red), LHI (orange), or ICV (black). (B) Experimental design schematic for (C–F). (C) Left:

fluorescence images of tumor burden (red) in representative coronally sectioned brain slices near treatment site generated 6, 13, or 20 days after treatment. Right: fluo-

rescence images of tumor burden in representative anterior and posterior brain slice regions generated 20 days after treatment. (D) Average tumor fluorescence in solid or

invasive tumor, calculated from relative light unit (RLU) quantification within ROIs circumscribing right hemisphere (solid tumor) or left hemisphere (invasive tumor); nR 12. (E)

Fluorescence images of a representative brain slice containing red fluorescent tumor (top left) and the same brain slice with added green fluorescent TRAIL-secreting cells

(bottom right). (F) Quantification of average surviving-tumor burden- in D20 brain slices 3 days after ex vivo re-treatment with TRAIL-secreting cells; nR 6. Data expressed as

mean ± SEM. **p < 0.01; p > 0.05 = not significant (ns).
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cell-based therapy requires that drug carriers survive long term after
implantation to sustain drug levels for prolonged tumor suppression.
Because we are optimizing our human iNSCs in murine tumor
models, expression of MHC antigens on the iNSCs engrafted into
the brain can trigger immune-mediated clearance.28 We previously
found that human NSC persistence was reduced to just 20% in
10 days in nude mice with U87 human xenografts.7 Restoring iNSC
drug carrier numbers to model re-dosing—or to model the enhanced
persistence that we may observe in future autologous models—could
maintain tumoricidal agents at therapeutic doses for lasting tumor
54 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
suppression, but only if the recurrent tumor retains sensitivity to
those agents.

As described above, our mRNA-seq results showed few changes
within TRAIL resistance pathways in the recurrent tumor and sug-
gested that these recurrent tumors maintained their sensitivity to
TRAIL; however, this method was expensive, cumbersome, and
lengthy. Additionally, transcriptomic data are still an indirect result
and a step away from functional drug sensitivity data in their ability
to predict therapeutic outcomes. Establishing and treating living brain
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slices containing naive or recurrent tumor provided a unique plat-
form to rapidly model re-dosing and functionallymeasure any poten-
tial losses in drug sensitivity after tumor recurrence. Comparing func-
tional drug sensitivity data from brain slices to our transcriptomic
data also served as a test to support or refute tumor-embedded brain
slice assays as an effective model for this purpose. Brain slices made
from mice 20 days after treatment, when recurrent tumors were
largest, were used for this assay. After fluorescence imaging used
for Figures 3C and 3D, TRAIL-secreting or control cells were overlaid
atop naive and recurrent-tumor-embedded brain slices (Figure 3E).
Three days later, bioluminescence of the live tumor cells remaining
on the slices was quantified (nR 6; Figure 3F). The recurrent tumors
remained responsive to TRAIL treatment, with reduction in BLI as
low as 80%, suggesting that sensitivity to this drug had been retained
after tumor recurrence.

Investigating dual-infusion sites and re-dosing strategies to

improve iNSC therapy

We next sought to determine whether increasing therapeutic
coverage via combined infusion strategies improved durability of
iNSC-TRAIL treatment. As our data suggested that ICV treatment
effectively killed invasive tumor in both anterior and posterior regions
of the brain but was unable to kill the solid tumor, we sought to
combine ICV and RHI treatment. We again implanted tumors and
allowed 28 days for widespread tumor development before initiating
treatment with iNSC-TRAIL at 200,000 cells per region (Figures 4A
and 4B). Tumor progression tracked longitudinally via live-animal
BLI showed initially effective tumor growth inhibition from both
RHI and RHI + ICV (Figure 4C): whereas untreated tumors had
grown more than 3-fold just 6 days after treatment initiation, both
RHI and RHI + ICV treatment decreased tumor burden by more
than 67% (p < 0.001). When tumors eventually recurred, there were
distinct responders and non-responders in the RHI + ICV group
compared with RHI alone. Several mice receiving RHI + ICV treat-
ment lived markedly longer—up to 42 days after treatment—whereas
other mice showedminimal increased tumor kill or increased survival
from added ICV treatment. This varied efficacy led to an insignificant
increase in overall survival between the two treatment groups (p =
0.17, RHI [red lines] versus RHI + ICV [purple lines]).

It was unclear what may have caused this varied efficacy, but building
off these findings, we next explored the potential of re-dosing to
further prolong iNSC treatment durability. Subsets of mice initially
receiving RHI + ICV treatment were re-treated in the same manner
either 7 or 19 days after initial treatment to explore the impact of
re-dosing at (1) the nadir of tumor burden or (2) after tumor recur-
rence had begun. Longitudinal BLI showed that early re-treatment
provided some momentary tumor growth inhibition compared with
a single RHI + ICV dose: recurring tumors that had received only a
single RHI + ICV dose grew 5.3-fold from day 6 to day 12, whereas
tumors receiving re-treatment on day 7 re-grew only 1.9-fold during
this time. Similarly, tumors receiving a second dose 19 days after
initial treatment re-grew only 2.8-fold over the next 6 days compared
with a 5-fold re-growth of tumors receiving only a single dose. Unfor-
tunately, the modest effects of these re-treatments were short-lived
and did not lead to any increase in survival over a single RHI +
ICV dose (Figure 4B). Interestingly, fluorescence images of coronal
brain sections at terminal end points (Figures 4D and S9) revealed
that tumors had recurred near iNSC-TRAIL implant sites after
RHI + ICV single treatment, whereas early and late re-treatment in-
hibited tumor recurrence around the original tumor area. Live-animal
bioluminescence images supported this finding, revealing that the
bulk of tumor recurrence after re-treatment was not occurring around
the treatment sites but rather at the most anterior and posterior re-
gions of the brain, away from both the implantation site and regions
of CSF flow (Figure 4D, inlaid images, and Figure S10). Unfortu-
nately, despite continually limiting tumor recurrence in the original
tumor area, survival was not prolonged compared with single-dose
treatment, suggesting that RHI + ICV re-dosing inadequately ad-
dressed the invasive tumor.

Notably, in terminal fluorescence images of brains receiving RHI +
ICV with late re-dosing, we also detected iNSC-TRAIL cells (Fig-
ure S11, green) still residing in the right hemisphere and lateral ven-
tricles and adjacent to areas of lower tumor burden, again suggesting
that tumor cells remained sensitive to TRAIL upon re-dosing. We
reasoned that the efficacy of re-dosing was reduced because re-infu-
sion in the same location was not adequately addressing novel areas
of tumor invasion. This again suggested that treatment failure was
less a function of molecular tumor resistance and more dependent
on failures in therapeutic coverage. Interestingly, both early and
late RHI + ICV re-treatment showed the same variable efficacy as
RHI + ICV single treatment: some mice responded no better than
mice that received RHI alone, whereas others survived up to
40 days after treatment initiation. Hypotheses regarding the variable
efficacy of ICV treatment are discussed below.

To more reproducibly determine the impact of a full iNSC-TRAIL
dose delivered at the tumor’s invasive front, we directly injected ther-
apeutic iNSCs into the parenchyma of the left hemisphere alongside
RHI treatment (RHI + LHI) and monitored tumor bioluminescence
(Figures 5A and 5B). Survival analysis showed that RHI + LHI repro-
ducibly and significantly improved overall survival compared with
RHI alone (p < 0.004; Figure 5C), increasing survival by 25% and
permitting mice to survive an average of 34 days post-treatment
versus only 27 days compared with RHI alone. Longitudinal BLI im-
aging curves of average RHI and RHI + LHI growth (Figure 5A)
showed a similar recurrence pattern due to one fast-growing tumor
in the RHI + LHI group (Figure 5B).

The benefits of RHI + LHI treatment were even more evident in
correlative ex vivo brain slice analysis (Figures 5D and 5E). High-res-
olution imaging of the living slices taken from treated mice with
recurrent tumors revealed that RHI + LHI decreased solid-tumor
burden more fully and durably than RHI alone (p < 0.0001 on day
6; p < 0.0001 on day 20) and decreased invasive-tumor burden
more fully and durably than LHI alone (p < 0.01 on day 6; p < 1e–
5 on day 20). Together, these data begin to describe the ways in which
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 55
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Figure 4. In vivo survival study

(A) Schematic showing treatment and re-treatment schedule. (B) Kaplan-Meier curve displaying survival of mice in each group. (C) Growth curves of tumors in individual mice

within each group (BLI). Each line stops at the time point at which mouse body condition score necessitated euthanasia. Bottom right: average tumor growth curve for all

groups; n = 6–7mice per group. (D) Fluorescence images of cryo-sectioned coronal brain sections (10 mm thickness). Inlaid live-mouse BLI of in vivo tumor burden (additional

images in Figure S10) correlates with fluorescence images in (D) and Figure 3, showing ability of re-treatment to kill tumor near the RHI implant/re-treatment site but not in

anterior or posterior regions. Tumor burden along the RHI site (white arrows) was measured via background-subtracted fluorescence quantification in fluorescence cry-

osections (n = 4 representative areas of 1 mm2 each; also shown in Figure S9). Data expressed as mean ± SEM. **p < 0.01; p > 0.05 = not significant (ns).
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infusing iNSCs into more than one location increases therapeutic
coverage, addresses the spatial evasion of tumor cells that allows
them to escape therapy, and improves the durable suppression of
invasive late-stage GBM by therapeutic iNSCs.

The schematic in Figure 6 qualitatively summarizes our in vivo and
ex vivo findings across all eight treatment regimens in this study,
56 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
comparing the ability of each with control tumor growth in various re-
gions of the brain. Although all tumors eventually recurred after treat-
ment ended, comparing tumor burden 20 days after treatment revealed
significant differences in efficacy. Mice receiving RHI + LHI treatment
showed the greatest andmost durable efficacy throughout the brain, ac-
quired the largest survival benefit, and were the only group to survive
significantly longer than mice receiving RHI treatment alone.



Figure 5. Testing RHI + LHI treatment

(A) Average tumor burden after RHI or RHI + LHI treatment as quantified by BLI; n = 6–7. (B) Growth curves of tumors in individual mice within each group. yLast recorded
tumor burden (untreated group), 1,130-fold growth 25 days after treatment initiation. t�Last recorded tumor burden (RHI + LHI group), 370-fold growth 28 days after treatment

(legend continued on next page)
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DISCUSSION
Advancing iNSC therapy depends on our increased understanding of
how and from where the tumor recurs. By creatively treating an
aggressive model of late-stage GBM, we have thus developed unique
methods to interrogate how spatial escape and acquired drug resis-
tance may influence therapeutic efficacy. Analyzing re-growth pat-
terns of advanced GBM by measuring tumor burden in living brain
slices has given us deeper insight into how these tumors respond to
treatment. Maintaining and re-treating the brain slices has also al-
lowed us to re-challenge the recurrent tumors with TRAIL ex vivo
and rapidly quantify a functional tumor response to correlate with
our transcriptomic data. By combining the transcriptomic, ex vivo,
and in vivo data reported here, we can begin to understand not
only the story of this specific model but also broader themes that
will influence overall treatment strategies:

This tumor model possessed significant TRAIL sensitivity, leading to
effective tumor kill near the iNSC-TRAIL implantation sites after im-
plantation of only 200,000 cells via RHI. Although this implantation
route was able to kill a majority of the local solid tumor, it was not
enough to induce killing of invasive tumor cells in the contralateral
hemisphere. Even so, our transcriptomic data revealed significant
changes in the invasive tumor after RHI treatment, suggesting that
some sub-therapeutic dose did indeed reach these cells. Interestingly,
these cells that treatment changed but did not kill look transcriptomi-
cally similar to the solid recurrent tumor after RHI treatment, sug-
gesting that the eradicated solid tumor region was re-populated by tu-
mor cells that had evaded treatment via spatial escape and thus
received only a sub-therapeutic dose. Furthermore, these recurrent
cells maintained their sensitivity to TRAIL, confirmed by mRNA-
seq, ex vivo functional analysis on brain slices, and in vivo testing.
These data suggest that (1) iNSC-TRAIL cells implanted in the right
hemisphere of the brain can provide some sub-therapeutic dose into
the contralateral hemisphere via a combination of iNSC-TRAIL
migration and diffusion of secreted TRAIL; (2) distant tumor cells
that survive treatment are no longer treatment naive, even as they
maintain sensitivity to TRAIL; and (3) overlapping multiple areas
of sub-therapeutic doses may provide combined doses adequate to
kill tumor cells.

We attempted to increase therapeutic coverage of iNSC-TRAIL and
overlap areas of sub-therapeutic dose by implanting iNSC-TRAIL
into the brain’s ventricular system, and although RHI + ICV
treatment improved survival for some mice, overall impact was not
statistically significant compared with solid treatment only. Our
data indicating that the recurrent tumor was still sensitive to
TRAIL suggested that we also attempt to increase survival by re-
dosing RHI + ICV either 7 or 19 days after initial treatment.We found
initiation. (C) Kaplan-Meier survival plot; n = 6–7. (D) Qualitative fluorescence images of

RHI + LHI treatment at 6, 13, and 20 days after treatment (left) or in regions anterior and po

presented in Figure 3C). (E) Quantification of average recurrent solid and invasive tumo

presented in Figure 3C); n R 12. Data expressed as mean ± SEM. **p < 0.01; ***p < 0
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that re-treatment did not increase survival, even though a second dose
of iNSC-TRAIL into both regions still successfully killed tumor cells
near the RHI implant sites. In this case, the tumor cells that had
escaped initial treatment had continued to invade, spreading to the
most anterior and posterior regions of the brain and farther from ven-
tricular flow.

For ICV therapy to provide maximal therapeutic coverage, iNSC-
TRAIL cells must homogeneously circulate through the ventricular
system, but it is known that mass effects from growing GBM can
significantly displace and constrict the brain’s ventricular system.29

We speculate that the inconsistent results obtained from using ICV
therapy in these mice may be due to mouse-to-mouse variability in
ventricular displacement. Our group has previously modeled ICV in-
jection of therapeutic cells,30,31 but not in a model of large, late-stage
brain cancer. Further use of ICV infusion against this tumor model
may require correlative imaging techniques as seen in the clinic.

Increased tumor kill and survival via dose overlap was most consis-
tent in RHI + LHI treatment. RHI alone provided only a sub-thera-
peutic dose to the invasive tumor and failed to kill those cells, while
LHI alone failed to kill the solid tumor. In contrast, RHI + LHI
decreased the solid tumor burden more fully and durably than RHI
alone and decreased the invasive tumor burden more fully and
durably than LHI alone. This additive effect from overlapping dose
regions suggests that rationally designed spacing of treatment nodes
may accumulate higher doses both close to an iNSC implant site as
well as within regions of dose overlap.

iNSC-TRAIL is especially equipped to maximize both dose overlap
and overall therapeutic coverage as the cells actively migrate toward
the tumor after implant while TRAIL is secreted and diffuses
throughout the brain.16 Off-target toxicity is minimal because
TRAIL must bind to death receptors upregulated in tumor cells.
We have previously compared iNSC-TRAIL with iNSC-TK, which
express the enzyme thymidine kinase to help catalyze exogenously
added ganciclovir (GCV) to the DNA intercalator GCV triphosphate,
a drug with more widespread toxicity.18 Although TK/GCV therapy
does not have as many issues with drug resistance compared with
TRAIL, iNSC-TK cells must directly interact with tumor cells to
initiate the therapeutic effect, decreasing therapeutic coverage. Like-
wise, embryonic stem cells have been shown to mediate tumor kill
via Fas/FasL but also require cell-cell interaction.32

These studies provide immense insight into the spatial, functional,
and transcriptomic evolution of an aggressive late-stage brain tumor.
The pervasive growth and invasion of tumor cells in this model al-
lowed us to robustly test iNSC-TRAIL therapy and arrive at
coronally sliced tumor-bearing brains comparing tumor burden in mice after RHI or

sterior to the iNSC-TRAIL implantation sites (RHI + LHI data combinedwith RHI data

r, comparing Untreated, RHI, LHI, ICV, and RHI + LHI groups (combined with data

.001.



Figure 6. Summary of treatment efficacies

This schematic qualitatively summarizes the relative efficacy and durability of tumor growth inhibition among all treatment groups. Our cumulative data suggest that, given an

initially large solid tumor mass with significant invasion into the contralateral hemisphere (day 0 treatment location, red), the placement of each treatment (day 20 treatment

location, green) resulted in different tumor recurrence patterns (day 20 tumor burden, red). Relative tumor killing of each treatment was qualitatively ranked as “Unaffected,”

“Transient Efficacy,” or “Durable Efficacy.”
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conclusions that would have been inaccessible using other models.
We were able to combine the fidelity of mRNA-seq and in vivo studies
with the speed and spatial resolution of living brain slice technology,
allowing us to observe and quantitatively assay resistance/recurrence
mechanisms of these tumors in response to iNSC-TRAIL therapy.
Our core conclusions are thus: (1) modeling tumor recurrence using
living ex vivo brain slice models allows comprehensive quantification
of regrowth patterns and rapid, functional analysis of drug-induced
killing; (2) tumor resistance and recurrence can occur not only
from decreased drug sensitivity but also by spatial changes in re-
growth; and (3) overlapping multiple areas of sub-therapeutic doses
may provide doses adequate to kill tumor cells. Our laboratory con-
tinues to make improvements in iNSC persistence, migration, and
drug output, and future studies will continue to optimize repeated
and multi-site dosing regimens to achieve both high drug concentra-
tion and high spatial coverage to combat tumor recurrence, cognizant
that dose patterns may need to be modified as the tumor re-grows.
These findings provide important guidance toward optimizing
iNSC therapy as we advance toward the ultimate goal of improving
GBM patient care in the clinical setting.

MATERIALS AND METHODS
Animal ethics statement

All work performed on female athymic nude mice (therapy studies)
or Sprague-Dawley rats (brain slice preparation) was approved by
the Institutional Animal Care and Use Committee at the University
of North Carolina-Chapel Hill or Duke University.
Cell lines

G-EF and G-FBS cells were gifts from H. Wakimoto (Massachusetts
General Hospital). Human fibroblasts were provided byW. Kauffman
(University of North Carolina [UNC] School of Medicine). All cells
were grown in vitro as previously described.6,15 G-FBS cells were
grown in DMEM (Gibco) + 10% FBS and 1% penicillin-streptomycin;
G-EF cells were grown in Neurobasal medium (Gibco) with 7.5 mL
L-glutamine, 10 mL B27 supplement, 2.5 mL N2 supplement, 1 mg
heparin, 10 mg EGF, 10 mg FGF, and 2.5 mL anti-anti. Lentiviral vec-
tors (LVs) encoding hTERT and SOX2 were purchased from Addg-
ene. All complementary DNAs (cDNAs) were under the control of
the tetracycline promoter.

Lentiviral vectors

In addition to the re-programming vectors, the following LVs were
used in this study: eGFP fused to firefly luciferase (LV-eGFP-FL),
mCherry protein fused to firefly luciferase (LV-mC-FL), and a
secreted variant of TRAIL co-expressed with eGFP (LV-sTR-eGFP).
LV construction and cellular transduction have been described
previously.6

iNSC generation

iNSC generation was carried out as previously described.16–18,31 Hu-
man fibroblasts were transduced using a LV cocktail containing
TRAIL, hTERT, and SOX2 in a medium containing protamine sulfate
(5 mg/mL, Sigma). Transfected human fibroblasts were puromycin
selectable to ensure maximal iNSC population at each induction of
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 59

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
transdifferentiation. To induce transdifferentiation, the medium was
changed to STEMdiff Neural Induction Medium (StemCell Technol-
ogies) containing doxycycline (10 mg/mL, Sigma). Medium was
changed every third day for 6 days.

In vivo tumor studies

Patient-matched established tumor

Previously, GBM biopsy material from a single patient had been sepa-
rated and cultured in different media that selected for two distinct cell
types and separately characterized in vivo.33–36 We obtained limited-
passage solid cells that had been selected either in stem cell medium
containing EGF and FGF (G-EF cells, p28) or in DMEMwith FBS (G-
FBS cells, p18) as a gift from theWakimoto laboratory (Massachusetts
General Hospital, Boston, MA). G-EF cells were infected with mCh-
Fluc, and G-FBS cells were infected with GFP-FLuc via lentiviral
infection in our laboratory. Cells were implanted in vivo at a rate of
1 mL/min at coordinates (ML, AP, DV = 2.7, 0, 3.5) from bregma at
a ratio of G-EF/G-FBS of 1:5 (600,000 cells/mouse). Tumors were al-
lowed to grow for 28 days before therapeutic iNSCs were implanted
into the established tumor.

In the initial study to determine growth kinetics, tumors were im-
planted into 40 mice (ML, AP, DV = 2.7, 0, 3.5), and 28 days later,
mice were stratified and grouped by tumor volume (BLI), and
200,000 iNSC-TRAIL cells were either implanted into the hemi-
sphere containing the solid tumor (ML, AP, DV = 2.7, 0, 3.5;
n = 8), the contralateral hemisphere (ML, AP, DV = �2.7, 0,
3.5; n = 8), or 400,000 iNSC-TRAIL cells were implanted into
the left lateral ventricle (ML, AP, DV = �1.1, 0, 2.5; n = 7), and
n = 8 mice were left untreated. Cells were implanted at a rate of
1 mL/min.

In the survival studies, tumors were implanted into 40 mice (ML, AP,
DV = 2.7, 0, 3.5), and 28 days later, mice were stratified and grouped
by tumor volume (BLI), and 200,000 iNSC-TRAIL cells per location
were implanted into (1) the hemisphere containing the solid tumor
(n = 7), (2) the solid hemisphere and the contralateral hemisphere
(n = 6), or (3) the solid hemisphere and the left lateral ventricle
(Solid + ICV, n = 20). Seven mice were left untreated. At t = 7 days
after initial treatment, mice initially receiving Solid + ICV treatment
(n = 20) were re-stratified and grouped by tumor volume and seven
mice received a second Solid + ICV treatment (early re-treatment).
At t = 19 days after initial treatment, remainingmice that had received
only one Solid + ICV treatment (now n = 13) were re-stratified and
grouped by tumor volume, and seven mice received a second Solid +
ICV treatment (late re-treatment).

Live-animal bioluminescence imaging

An IVIS Kinetic (PerkinElmer) imaging systemwas used for all in vivo
bioluminescence imaging. Mice were imaged approximately every
3 days. XenoLight D-Luciferin (PerkinElmer) was injected intraperi-
toneally (i.p.) into tumor-bearing mice at a dose of 3 mg/mouse in
200 mL of PBS. Mice were imaged after an incubation time of
10 min, and bioluminescence within a standard region of interest
60 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
(ROI) was quantified in total flux of photons per second. All ROIs
were of equal size and shape.

Preparation of brains at study end point

At study end points, mice were anesthetized with isofluorane, and a
cardiac perfusion technique was used to perfuse blood vessels with
5 mL of PBS followed by 5 mL of 10% neutral-buffered formalin.
Brains were dissected and soaked in 10% formalin overnight. Fluores-
cence imaging was then used to cut the brain coronally across the
region of tumor implant. Both halves were moved to a 30% sucrose
solution in PBS overnight before being embedded in OCT solution
for frozen sectioning via cryostat.

Fluorescence imaging

Tumor-bearing brains in OCT were sectioned on a cryostat at a thick-
ness of 6 mm. OCT was dissolved in PBS for 20 min, and Hoechst nu-
clear stain was applied. Sections were washed, and coverslips were
mounted using Prolong Gold mounting medium. Tumor fluores-
cence was imaged using an EVOS FL Auto system with DAPI,
GFP, and Texas Red filters.

Brain slice studies

Mice were used from each treatment group in the initial study tomea-
sure tumor growth kinetics. At 6, 13, and 20 days after treatment, live
brains were dissected from two representative tumor-bearing mice
from each group. Brains were mounted and sectioned on a vibratome
(Leica VT1000 S) at a thickness of 350 mm. The slices were cut while
immersed in ice-cold artificial cerebrospinal fluid and then trans-
ferred to multi-well plates on the top surface of semi-solidified culture
medium (Neurobasal A medium supplemented with 15% heat-inac-
tivated horse serum, 10 mM KCl, 10 mM HEPES, 100 U/mL peni-
cillin-streptomycin, 1 mM sodium pyruvate, 1 mM L-glutamine,
and 0.5% reagent-grade agarose.) The slices were immediately imaged
qualitatively on a Leica surgical microscope using LAS-X software
and then imaged on an AMI optical imaging system (Spectral Instru-
ments Imaging) for quantitative fluorescence imaging. Tumors in
brain slices harvested 20 days after treatment were re-treated
ex vivo. Approximately 20,000 iNSC-TRAIL or iNSC-GFP cells in
5 mL of PBS were added atop each slice. Slices were then incubated
under 5% CO2 at 32�C for 3 days, at which point bioluminescence
of surviving tumor cells was quantified. Luciferin (1.5 mg) in 1 mL
of PBS was added to each well, covering the brain slices. Three mi-
nutes after addition, the bioluminescence of each slice was measured.

RNA-seq studies

At the time of tumor progression requiring euthanasia, three
randomly selected untreated and solid-treated brains from our sur-
vival study were fixed via cardiac perfusion with PBS and 4% parafor-
maldehyde (PFA), followed by overnight incubations in 4% PFA and
a 30% sucrose solution in PBS. Brains were cut coronally along the
implantation site, frozen in OCT, sectioned on a cryostat at a thick-
ness of 60 mm, and added to glass slices. Using a fluorescence-guided
surgical microscope, distinct fluorescent regions of solid and invasive
tumor were carefully excised with fine surgical tweezers. For each
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brain, tumor regions were collected from four consecutive sections
and pooled into two tubes: one tube for solid-tumor regions and
one for invasive-tumor regions, containing buffer to begin cell lysis
for RNA extraction (Melting Buffer + Proteinase K, Invitrogen
PureLink FFPE Total RNA Isolation Kit). The kit’s protocol was fol-
lowed to retrieve purified RNA samples. The Advanced Analytics
Core at UNC measured RNA integrity number (RIN) values for
each sample and conducted whole-transcriptome mRNA-seq using
an Illumina system.

To analyze, we classified transcripts as originating from human tissue
by using Xenome with default parameters and subsequently used
Salmon 1.3.0 for alignment and transcript quantification using default
parameters and the GC bias correction. We then performed differen-
tial expression analysis using DESeq2 3.12, keeping only genes
wherein at least three samples had a count of 10 or higher. General-
ized PCA was calculated using the glmpca R package.

The reference to the tools in order are:

Xenome: https://academic.oup.com/bioinformatics/article/28/12/i172/
269972 [academic.oup.com].

Salmon: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5600148/
[ncbi.nlm.nih.gov].

DESeq2: https://genomebiology.biomedcentral.com/articles/10.1186/
s13059-014-0550-8 [genomebiology.biomedcentral.com].

Statistical analysis

RNA-seq studies were analyzed as described above. Other data were
analyzed by Student’s t test when two groups were compared, by one-
way ANOVA with Bonferroni post hoc analysis when more than two
groups were compared, or by the log rank test when survival times of
mice were compared in Kaplan-Meier curves. Data are expressed as
mean ± SEM, and significance between groups is denoted by
*p < 0.05, **p < 0.01, and ***p < 0.001; p > 0.05 is considered not
significant.

DATA AND MATERIALS AVAILABILITY
All data, code, and materials used in this analysis can be made avail-
able in some form to any researcher for purposes of reproducing or
extending the analyses.
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