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Lung cancer is one of the most common cancers, and the
number of patients with intracranial metastases is increasing.
Previously, we developed an enzyme prodrug suicide gene ther-
apy based on the herpes simplex virus thymidine kinase (HSV-
TK)/ganciclovir (GCV) system using various mesenchymal
stem cells to induce apoptosis in malignant gliomas through
bystander killing effects. Here, we describe stem cells from hu-
man exfoliated deciduous teeth (SHED) as gene vehicles of the
TK/GCV system against a brain metastasis model of non-small
cell lung cancer (NSCLC). We introduced the A168H mutant
TK (TKA168H) into SHED to establish the therapeutic
cells because of the latent toxicity of wild type. SHED express-
ing TKA168H (SHED-TK) exhibited chemotaxis to the condi-
tioned medium of NSCLC and migrated toward implanted
NSCLC in vivo. SHED-TK demonstrated a strong bystander ef-
fect in vitro and in vivo and completely eradicated H1299
NSCLC in the brain. SHED-TK cells implanted intratumorally
followed by GCV administration significantly suppressed the
growth of H1299 and improved survival time. These results
indicate that the TKA168H variant is suitable for establishing
therapeutic cells and that intratumoral injection of SHED-TK
followed by GCV administration may be a useful strategy for
therapeutic approaches.

INTRODUCTION
Lung cancer is the most common malignant tumor and the leading
cause of death in cancer patients.1 Brain metastasis is found in 20%
of patients at diagnosis, and up to 80% of patients suffer from brain
metastasis over the disease course. The median survival of patients
with brain metastasis of non-small cell lung cancer (NSCLC) is
estimated to be 3–15 months.2,3 The development of local and
systemic treatments, such as molecularly targeted drugs, immunother-
apies, surgery, and radiotherapy, improved the control of primary and
intracranial metastatic lesions and prolonged overall survival. How-
ever, approximately 10% of NSCLC patients with brain metastases
Molecular Therapy: Methods & Clini
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die from lesions in the central nervous system,4 and the neurological
cause of death is expected to increase in the future.5 Therefore, novel
therapeutic strategies for metastatic brain tumors are required.

Suicide gene therapy was first reported in the 1990s.6,7 The thymidine
kinase (TK)/ganciclovir (GCV) system is a gene-directed enzyme
prodrug therapy. The herpes simplex virus 1 thymidine kinase
(HSV-TK) gene, called the suicide gene, introduced into cells phos-
phorylates a prodrug, GCV, to the monophosphate form in the intro-
duced cells. After that, it is phosphorylated by intracellular TK to the
triphosphorylated form, which inhibits DNA synthesis and causes cell
apoptosis. In addition, phosphorylated GCV is passively transferred
to surrounding HSV-TK-nonexpressing cells through gap junction
intercellular communication and induces surrounding cell death.
This is the so-called bystander effect and is important for enhancing
the antitumor effect of the TK/GCV system.8,9 Since the phosphory-
lated form of GCV inhibits DNA synthesis, suicide gene therapy is
likely to be effective against cells with active DNA synthesis, such
as tumor cells;10 it is possible to kill the tumor cells superselectively.
We introduced HSV-TK into several kinds of stem cells and reported
the effectiveness of suicide gene therapy using stem cells as vehicles in
previous reports.8,9,11 It is advantageous to use stem cells as vehicles of
the suicide gene to treat tumors because they have a strong migration
ability to especially invasive tumors.

Mesenchymal stem cells (MSCs) have an excellent self-renewal ability
and multipotency and are being actively studied mainly in regenera-
tive medicine. Stem cells from human exfoliated deciduous teeth
(SHED) and dental pulp stem cells (DPSCs) are stem cells that are
cal Development Vol. 26 September 2022 ª 2022 The Authors. 253
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isolated from the dental pulp and originate from the cranial neural
crest. They have properties similar to mesenchymal stem cells and
have the ability to differentiate into various tissue cells.12,13 SHED
have a higher proliferative ability than other mesenchymal stem
cells;14,15 however, the migration ability of SHED toward the tumor
has not been fully studied. In addition, especially with regard to
exfoliated deciduous teeth, it is easily available for dental treatments
noninvasively or less invasively, so ethical concerns are small and
have attracted attention in the field of regenerative medicine in recent
years.16

However, it has been recently reported that the transduction of TK
into stem cells causes toxicity to stem cells due to the increased meta-
bolism of thymidine, which TK inherently possesses.17 This toxicity
causes difficulties in the creation of therapeutic cells. We found that
TK subtypes with mutations that promote GCV metabolism, which
have already been discovered, are also effective in reducing TK
toxicity to SHED and can effectively treat mouse models of lung
cancer brain metastatic lesions.

RESULTS
Establishment of SHED expressing HSV-TK as treatment cells

Amplified HSVTK-internal ribosome entry site 2 (IRES2)-Aequorea
coerulescens green fluorescent protein (AcGFP) was cloned into a len-
tiviral vector to prepare pCSII-EF1a-HSVTK-IRES2-AcGFP (TKwt)
(Figure 1A). Subsequently, pCSII-EF1a-HSVTK-IRES2-AcGFP with
a mutation of A168H in HSVTK (TKA168H) and pCSII-EF1a-AcGFP
(GFP) were also created. First, we set up the best conditions for
creating SHED expressing TK. Each lentivirus containing TKwt,
TKA168H, and GFP as a control was infected with SHED at amultiplic-
ity of infection (MOI) = 2, 4, 6, respectively. The transduction
efficiency of each lentivirus measured by GFP fluorescence was signif-
icantly increased in GFP, TKwt, and TKA168H as the MOI increased
from MOI = 2 to MOI = 4, and a gradual increase was observed in
the infection conditions fromMOI = 4 toMOI = 6 (Figure 1B). Repre-
sentative histograms of GFP fluorescence and cell number for
each sample obtained by flow cytometric analysis are presented in
Figure S1. The expression levels of HSV-TK protein on day 3 after
infection were quantified by western blotting. HSV-TK protein
expression was increased in an MOI-dependent manner, with no
significant difference for TKwt and TKA168H at the same MOIs
(Figure 1C).

Second, we compared the effects of lentiviral transduction of GFP,
TKwt, and TKA168H into SHED at each MOI on cell viability and
toxicity. To establish SHED expressing TK as treatment cells, a suffi-
cient expression level is needed to obtain efficient GCV metabolism,
but direct toxicity against SHED should be avoided as much as
possible. The viability on day 5 after transduction showed a significant
decrease at all MOIs of TKwt compared to GFP as a control. TKA168H

showed no significant difference in viability at MOI = 2 compared to
GFP and a significant decrease in viability in an MOI-dependent
manner, although viability was relatively preserved at MOI = 4
compared to TKwt (Figure 1D, left). The viability of SHED expressing
254 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
TKwt continued to decrease until day 7 at all MOIs, while a viability
decrease was observed only at MOI = 6 in SHED expressing
TKA168H (SHED-TK; see also Figure S2). To evaluate the toxicity of
TK on SHED, we compared the activity of caspase 3/7 adjusted for
the cell number at each MOI. Caspase 3/7 activity divided by cell
viability was normalized to that on day 3. TKwt and TKA168H showed
a significant increase in the activity of caspase 3/7 at MOIs = 4 and 6.
However, the activation of caspase 3/7 at MOI = 4 was significantly
suppressed in TKA168H cells compared to TKwt cells (Figure 1D,
right). On day 7, TKwt had significantly higher caspase 3/7 activity
than GFP at all MOIs, and TKA168H had significantly higher caspase
3/7 activity at only an MOI = 6. There was no difference in
the activity of caspase 3/7 between TKA168H and TKwt at MOI = 6
(see also Figure S3). Therefore, based on the expression level of TK,
transduction efficiency, viability, and apoptosis after transduction,
the optimal condition for transducing TK into SHED is TKA168H at
an MOI = 4.

The transduction efficiency of TKA168H with MOI = 4 was approx-
imately 80.5% ± 1.5% (Figure 1B). The susceptibility of SHED-TK
to GCV is shown in Figure 1E. A significant decrease in the
number of cells was observed at a concentration of 0.3 mg/mL
compared to SHED-naive cells, and most SHED-TK cells were
susceptible at a GCV concentration of 3 mg/mL after 6 days of
culture. The median lethal dose (LD50) was 1.82 mg/mL. At high
concentrations of GCV, cytotoxicity was also observed for
SHED-naive cells, while there was almost no effect on SHED-naive
cells at <30 mg/mL.
In vitro bystander effect

Next, we measured the antitumor effect of SHED-TK on NSCLC cell
lines by the bystander tumor-killing effect under GCV in vitro.
NSCLC cells (H1299, A549) at a cell number of 2 � 103 were cocul-
tured with SHED-TK cells at various SHED-TK and tumor ratios.
The viability under 3 mg/mL GCV was compared to that under
0 mg/mL GCV as a control (Figure 2A). Each of the tumor cell lines
showed a significant decrease in the cell viability from 2,000:2,000
to 63:2,000. In particular, bystander tumor killing was observed in
coculture with H1299 cells. No toxicity of GCV without SHED-TK
to the tumor cells was observed in either cell line. To observe
bystander tumor killing with time-lapse imaging, H1299 cells
expressing red fluorescent protein (RFP) and SHED-TK were cocul-
tured at a ratio of 1:1, and time-lapse images were taken from 24 to
72 h after adding 3 mg/mL GCV. Starting with this observation, sup-
pression of cell division was observed in the presence of GCV. Cell
death began after 24 h (48 h after adding GCV), and most tumor cells
were killed after 72 h of observation (Figure 2B; Videos S1 and S2).
Matrigel invasion assay

AMatrigel invasion assaywas performed to examine themigration abil-
ity of SHED-TK to tumors. The migration ability of SHED-TK toward
each of the conditioned media of H1299 and A549 cells was evaluated.
mber 2022



Figure 1. SHED-TK establishment and toxicity of TK to SHED

Schematic representation of the integrated proviral form of the lentiviral vector expressing the HSV-TK and AcGFP genes (A). The transduction efficiency of TK or GFP was

increased in an MOI-dependent manner in TK A168H, TKwt, and GFP cells, as analyzed by flow cytometry (n = 3; Tukey’s test; means ± SDs; **p < 0.01; ***p < 0.001) (B).

Western blot analysis of HSV-TK (40 kDa band) in SHED expressing TKwt, TKA168H, GFP, and SHED-naive (n = 3) shows an increase in TK expression in an MOI-dependent

manner in TKwt and TKA168H cells. The results of TK protein expression are normalized to the internal control GAPDH (36 kDa band) and expressed as the mean ± SD (n = 3;

Tukey’s test; *p < 0.05; **p < 0.01). The y axis indicates the ratio of the quantified GAPDH band to that of the TK band (C). Cell viability and caspase 3/7 activity according to

the viable cells on day 5 normalized to those of each sample of day 3 of SHED-transduced TKA168H, TKwt, and GFP (n = 4; Tukey’s test; means ± SDs; *p < 0.05; **p < 0.01;

***p < 0.001) (D). There was a significant decrease in the relative viability of SHED transduced with TKwt despite the lowMOI. Viability is maintained in TKA168H cells compared

to TKwt cells at MOIs = 2 and 4 (D, left). Caspase 3/7 activity in viable TKA168H cells was significantly lower than that in TKwt cells at an MOI = 4. The activity of caspase 3/7 in

viable cells was significantly higher in TKwt and TKA168H cells infected at an MOI = 6 (D, right). GCV sensitivity of SHED-TK cells created by TKA168H lentiviral infection at an

MOI = 4. Significant cell death was observed at concentrations of 0.3 mg/mL or higher (n = 4; unpaired t test; means ± SDs;*p < 0.05; **p < 0.01; ***p < 0.001) (E).
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Significant migration of SHED-TK cells to the conditioned medium of
H1299 (Figure 3A) and A549 (Figure 3B) cells was observed.

In vivo bystander effect in the coimplantation tumor model

To observe the bystander effect in vivo, H1299 cells expressing lucif-
erase (luc2) and RFP were coimplanted with SHED-TK into the right
Molecular The
brain hemisphere of the nude mouse, and intraperitoneal GCV
(50 mg/kg) twice per day (100 mg/kg/day) was administered on 10
consecutive days (H1299 + SHED-TK/GCV group) (Figure 4A).
Three control groups were prepared: coimplantation with PBS
administration (H1299 + SHED-TK/PBS group) and H1299 implan-
tation with GCV or PBS administration (H1299 only/GCV group and
rapy: Methods & Clinical Development Vol. 26 September 2022 255
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Figure 2. In vitro bystander effect between SHED-TK and NSCLC cells

Each graph shows the viability of H1299 and A549 cells cocultured with SHED-TK in medium containing 3 mg/mL GCV, GCV(+), or 0 mg/mL GCV, GCV(�) (n = 4; unpaired t

test; means ± SDs; **p < 0.01; ***p < 0.001). Tumor cell viability was significantly inhibited when the tumor cells and SHED-TK cells were exposed to GCV at a SHED-TK:tu-

mor ratio as low as 63:2,000 (n = 4,means ±SDs; unpaired t test; *p < 0.05; **p < 0.01; ***p < 0.001) (A). Time-lapse images of the bystander effect between SHED-TK (green)

and H1299 cells (red) observed under a culture microscope are shown (error bar, 200 mm) (B).

Molecular Therapy: Methods & Clinical Development
H1299 only/PBS group). The bioluminescence was increased due to
tumor growth among the three control groups; however, a biolumi-
nescence decrease due to tumor cell disappearance was observed in
the H1299 + SHED-TK/GCV group (Figures 4B and 4C). A signifi-
cant difference in bioluminescence was observed at 15 days after
implantation.

Regarding survival time, no death was observed during the observa-
tion period in the H1299 + SHED-TK/GCV group, but the median
survival times of each control group were 43 days for H1299 +
SHED-TK/PBS, 47.5 days for H1299 only/GCV, and 41.5 days for
H1299 only/PBS, and a significant prolongation of survival time
was observed in H1299 + SHED-TK/GCV (p < 0.001) (Figure 4D).
No obvious tumor formation was observed in the resected brain
specimen of the H1299 + SHED-TK/GCV group, while prominent
tumor formation was observed in each control group (Figure 4E).
In the H1299 + SHED-TK/GCV group, tumor cells disappeared
due to a strong bystander effect.
256 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
Tumor suppression effect of intratumoral implantation of SHED-

TK

Since a significant antitumor effect was observed in the coimplanta-
tion model, the therapeutic effect on the brain metastasis tumor
model was evaluated. As the treatment group, SHED-TK was
implanted intratumorally on the fifth day after tumor implantation,
and intraperitoneal GCV (50 mg/kg) twice per day (100 mg/kg/
day) was administered for 10 consecutive days to examine the thera-
peutic effect of the TK/GCV system (SHED-TK/GCV group, n = 9)
(Figure 5A). For the three control groups, SHED-TK was intratumor-
ally implanted, PBS was intraperitoneally infused (SHED-TK/PBS
group), and PBS was injected into the tumor, which was
divided into a group to which GCV (PBS/GCV group) or PBS
(PBS/PBS group) was administered (n = 9, respectively). After GCV
administration, some mice in the SHED-TK/GCV group exhibited
the disappearance of biological luminescence due to tumor shrinkage
on day 18. However, the three control groups showed a significant
increase in luminescence with tumor growth. Luminescence due to
mber 2022



Figure 3. In vitro migration toward the conditioned medium of H1299 and A549 cells

The in vitromigratory capacity of SHED-TK cells toward NSCLC cells using a Matrigel invasion assay with conditioned medium of H1299 (A) and A549 (B) cells in the lower

chamber (n = 3; means ± SDs; unpaired t test; ***p < 0.0001). Migrated SHED are stained by Diff-Quick staining, showing significant migration ability of SHED toward the

conditioned medium.

www.moleculartherapy.org
tumor regrowth was observed in only one case by luminescence mea-
surement on day 32 (Figures 5B and 5C). Additional luminescence
measurements in the SHED-TK/GCV group performed on day 46
showed a significant increase in luminescence compared to that of
day 32, even in the treatment group.

The Kaplan-Meier curve exhibited a significant prolongation of
survival in the SHED-TK/GCV group compared to the three control
groups. The median survival time of the SHED-TK/GCV group was
prolonged to 135 days compared to that of each control group:
50 days in the SHED-TK/PBS group, 49 days in the PBS/GCV group,
and 43 days in the PBS/PBS group (Figure 5D). Nevertheless, 5 mice
in the SHED-TK/GCV group died of tumor growth before day 150,
and 2 of 4 mice that survived 150 days in the SHED-TK/GCV group
did not show any tumor formation (Figure 5E).

In vivo migration of contralateral implantation of SHED-TK

To evaluate the migration of SHED-TK toward the tumor mass in the
mouse brain, H1299 cells expressing RFP were stereotactically im-
planted in the brain hemisphere, and SHED-TK cells were implanted
21 days after H1299 implantation in the hemisphere contralateral to
that in which the tumor cells were implanted. Seven days later, the
brain was extracted. Fluorescence microscopy images showed
SHED-TK-labeled GFP migration into the tumor from the implanta-
tion site of the contralateral hemisphere (Figure 6). The large image of
H1299 + SHED-TK (Figure 6) showed the tumor-implanted area (left
hemisphere) and the SHED-implanted area (right hemisphere). In
Molecular The
the representative magnified images of A and B, the white square in
the large image, GFP + DAPI (upper row), and RFP + GFP (lower
row), SHED emitting GFP fluorescence could be observed in the tu-
mor. In the brain implanted with H1299 only, GFP fluorescence was
not observed (Figure 6B).

DISCUSSION
The HSV-TK/GCV system using SHED as the suicide gene
vehicle could be a treatment option for NSCLC brain metastases.
SHED-TK cells have a prominent bystander effect onNSCLC cell lines,
especially on H1299. SHED-TK has a significant migration ability to
NSCLC. We substantiate the great efficacy of the combination of
SHED-TK and GCV in the coimplantation model and preexisting tu-
mormodel. This suggests that SHED-TK had a sufficient antitumor ef-
fect due to its migration ability and bystander effect on tumors.

The ideal therapeutic cell for stem cell-based TK/GCV therapy is to
maintain viability after TK transduction and to be able to metabolize
GCV efficiently under GCV administration. It has been shown that
the introduction of TK enhances thymidine (dT) metabolism, which
is an intrinsic function of TK, resulting in the accumulation of thymi-
dine triphosphate (dTTP) and cytotoxicity.17 Therefore, ideal TK is
considered to be less likely tometabolize dT andmore likely tometab-
olize GCV. Previous biochemical experiments on TK variants have
shown that the metabolism of dT and GCV differs depending on
the TK mutation variant. Among the TK variants, A168H-mutated
HSV-TK showed fully preserved GCV catalytic substrate activity
rapy: Methods & Clinical Development Vol. 26 September 2022 257
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Figure 4. In vivo bystander effect between SHED-TK and H1299 in the brain

Experimental protocol of the in vivo bystander effect (A). The biological luminescence of each group at days 1, 15, and 29 (n = 10 each group, means ± SEMs; Dunn’s test;

**p < 0.01; n.s., not significant). The increase in the bioluminescent signal indicated tumor growth in the 3 control groups; however, the bioluminescent signal of the

coimplantation and GCV-treated groups was decreased (B). Representative luminescent image of each group. The luminescent signal of the tumor vanished on day 15 (C).

Survival time was also examined in the samemice used for the bioluminescent imaging experiment (n = 10 each group; log rank test; ***p < 0.001). No mice were dead in the

coimplantation and GCV administration groups (D). Representative brain slices of each group are shown. Tumor formation was not observed in the coimplantation and GCV

administration groups (E).

Molecular Therapy: Methods & Clinical Development
and heavily compromised dT kinase activity at the same time.18

Although TK subtypes, transduction methods, stem cells, and GCV
exposure times vary considerably among studies, GCV concentra-
tions leading to 20% viability of GCV-exposed therapeutic cells range
from 0.3 to 25 mg/mL.8,9,19,20 Similar susceptibility was obtained in the
present study at 3 mg/mL, suggesting that the GCV susceptibility of
the treated cells is comparable to previous studies.

HSV-TK with this amino acid substitution has excellent therapeutic
effects.21,22 Preuss et al. reported that mutated HSV-TK (TK.007)
258 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
with A168H amino acid substitution has high expression levels and
excellent long duration bystander effects compared to wild-type TK
in the introduction of HSV-TK into tumor cells.21 Black et al. re-
ported that SR39, another HSV-TK variant, possesses a lower IC50

of GCV and a higher tumor-suppressing effect than wild-type TK
when used to transfect rat C6 glioma cells.23 Balzarini et al. suggested
that catalytic activity and affinity of the mutant enzymes could be
affected by amino acids at positions 167 and 168, explained by struc-
tural context.18 Hydrophobic and bulky side chains, such as phenyl-
alanine, are the best residues to select for GCV activity. The mutations
mber 2022



Figure 5. The inhibition of H1299 tumor growth in the brain by intratumoral injection of SHED-TK cells followed by GCV administration

Experimental protocol of tumor growth inhibition by intratumoral injection of SHED-TK (A). The biological luminescence of each group on days 4, 18, and 32 (n = 9 each group,

means ± SEMs; Dunn’s test; *p < 0.05; **p < 0.01; n.s., not significant). The significant increase in the bioluminescent signal of tumor growth in the 3 control groups was

higher than that in the SHED-TK/GCV group (B). Representative luminescent image of each group (C). Survival time was examined in the same mice used for the biolumi-

nescent imaging experiment (n = 9 each group; log rank test; ***p < 0.001). All H1299-bearing mice in the SHED-TK/PBS, PBS/GCV, and PBS/PBS groups died of the

median tumor growth after 43–50 days, whereas the survival of the SHED-TK/GCV group was significantly longer than that of the other 3 groups (D). Representative brain

slices of each group are shown (E).

www.moleculartherapy.org
at residue 168 have a lower discriminating power compared to residue
167; however, modification of residue 168 is located around dT, not
GCV, and Lys and His residues are thought to inhibit dT, not
GCV.18 In the present study, TKA168H was expected to contribute
to the reduction of toxicity mainly by inhibiting the metabolism of
dT. Although there has been only one study of TKA168H transfection
of stem cells,24 the toxicity of TK to stem cells has not been well inves-
tigated. This is the first report showing that the A168Hmutation sup-
presses TK-induced apoptosis in TK-introduced cells. We suppose
that the optimization of HSV-TK with A168H is effective not only
Molecular The
in improving GCV metabolic efficiency but also in reducing toxicity
during TK transduction into stem cells.

In regard to the cause of the toxicity associated with the introduction
of wild-type TK, Iwasawa et al. reported that excessive dT meta-
bolism, which results in an imbalance of the nucleic acid pool, causes
the cell-cycle blockade of stem cells.17 The excessive dT metabolism
caused by TKwt is why TKwt induces toxicity in SHED. We believe
that TK-induced apoptosis can be suppressed by transducing
TKA168H, which has a low affinity for dT, although we did not
rapy: Methods & Clinical Development Vol. 26 September 2022 259
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Figure 6. In vivo migration capacity of SHED-TK toward H1299 in the brain

SHED-TK cells implanted in the left hemisphere migrated toward the tumor mass of H1299 cells. SHED-TK was implanted into the striatum of the left hemisphere

(arrowhead). SHED-TK (green) migration toward the tumor mass (red) was observed in the high-magnification images (a and b) (A). A GFP signal was not observed in the

control brain without SHED-TK implantation (B).

Molecular Therapy: Methods & Clinical Development
measure the metabolic activity on dT and GCV with TKA168H and
TKwt. Regarding the other method of reducing HSV-TK toxicity in
stem cells, Tamura et al. reported the effectiveness of the Tet-induc-
ible system to avoid constant expression of TK for transducing HSV-
TK into induced pluripotent stem (iPS) cells to reduce its toxicity.20

TK with the A168H mutation is considered an effective strategy to
reduce toxicity to stem cells.

Our results suggest that the SHED-optimizedTK/GCVsystemcould be
expected to have a sufficient therapeutic effect on suicide gene therapy
for metastatic brain tumors. The effectiveness of suicide gene therapy
using stem cells against various cancers, such as NSCLC, breast cancer,
colon cancer, pancreatic cancer, andmalignantmelanoma, has been re-
ported.25–28However, there are a few reports of suicide gene therapy us-
ing stem cells for brain metastasis.29–31 Most of these reports are those
using the cytosine deaminase (CD)/5-fluorocytosine (5-FC) system,
and few use HSV-TK. Joo et al. reported the efficacy of CD-introduced
neural stem cells on breast cancer brain metastasis.29 Wang et al. re-
ported a blood metastasis model and the antitumor effect of neural
stem cells that express both CD and TK.30 However, it has been re-
ported that there are differences in the degree of activation of 5-FC or
GCV depending on the type of tumor cells.32 Although typical human
NSCLC cell lines are used in this study, it has been reported that the sus-
ceptibility to theHSV-TK/GCV system is different among the cell lines;
adenocarcinoma and large-cell lung cancer are relatively sensitive to
GCV.26 Another advantage of the TK/GCV system using stem cells is
that it only attacks tumor cells in contact with stemcells becausemetab-
olizedGCVcan spread to neighboring cells only through gap junctions.
Therefore, the advantage of the TK/GCVsystem is that it is less harmful
to normal tissues.10 In this study, a significant bystander tumor killing
260 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
effect was observed against adenocarcinoma and large-cell lung carci-
noma. Phase I and II clinical trialswere performed for suicide gene ther-
apy, especially for primary lesions of pancreatic cancer, prostate cancer,
melanoma, hepatocellular carcinoma, and ovarian cancer.33–36Howev-
er, for brainmetastasis, suicide gene therapy is still in the animal exper-
imental stage. Further research is required for clinical trials.

The advantage of using stemcells as vehicles for suicide genes is the high
ability to migrate into tumors. In the glioma model, it has also been
reported that neural stem cells and iPS cells accumulate in the hypoxic
region in the brain and in tumor cell-related substances, stromal cell-
derived factor-1, vascular endothelial growth factor (VEGF), and uro-
kinase-type plasminogen activator.37,38 SHED also have the ability to
migrate to tumors and can be expected to have a therapeutic effect on
highly invasive tumor cells that cannot be completely removed by sur-
gery in clinical situations. Therapeutic cells migrate through neural tis-
sues, and SHED with high neurotropismmay efficiently migrate to the
tumor. Moreover, damaged neural tissues by invading tumor cells may
also attract therapeutic cells because SHED are known to have potent
neurotropism.16,39 DPSCs have been reported to have increased prolif-
erative ability,migratory ability, and stemcell lineagemarkers (CXCR4,
G-CSFR) under hypoxic conditions.40 Therefore, it is possible that the
tumor-induced hypoxic environment enhanced themigration ability of
SHED to the metastatic lesion and enhanced the antitumor effect. The
transfer of GCV metabolites through the gap junction between stem
cells and tumor cells is also important.41

The ease of cell handling and ethical aspects for the selection of stem
cells are crucial for cell therapy. SHED has several advantages. SHED
can be obtained from deciduous teeth with minimal invasiveness, and
mber 2022
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there are no major ethical issues to overcome. Moreover, SHED
have many advantages over other types of MSCs, such as high
proliferative potential, neuronal differentiation, and neurotrophic
capacity.42 The comparison of the speed of proliferation of SHED
compared to DPSC is inconclusive.43,44 It has been reported that
SHED did not show spontaneous differentiation or degeneration in
long-term culture.44 SHED have higher proliferation ability and dif-
ferentiation capacity than DPSC.43 Although it has been pointed
out that iPS cells may have malignant transformation,45 no tumori-
genesis has been reported at this time in SHED. As with other mesen-
chymal stem cells, early senescence, DNA damage during expansion,
poor engraftment, and short-term survival after transplantation are
major concerns for the clinical use of dental pulp stem cells, and
introducing the human telomerase reverse transcriptase (hTERT)
gene has been attempted to overcome these problems.46

NSCLC with epidermal growth factor receptor (EGFR) mutation or
anaplastic lymphoma kinase (ALK) fusion gene is prone to intracra-
nial metastasis, and intracranial metastasis occurs in 50%–60% of the
disease course of NSCLC.47 However, H1299 does not have such a
driver mutation. Furthermore, it is necessary to examine whether
this therapy is effective against cell lines with driver mutations. Met-
astatic brain tumors often occur in multiple locations in the brain.
Another limitation of this study is that the mouse model in this exper-
iment was created by directly implanting the tumor into the brain
rather than using a fully metastatic brain tumor model resulting
from hematogenous metastasis, and the single lesion was treated. It
has been reported that extracellular vesicles (EVs) and exosomes
secreted from stem cells are expected to be used as biological delivery
vehicles for therapeutic agents.48,49 EVs and exosomes can cross the
blood-brain barrier and do not cause acute immune response and
risk of tumor formation; thus, suicide gene therapy using EVs and
exosomes could be a future therapeutic strategy for intracranial
tumors.50

In conclusion, we showed that using TKA168H, which metabolizes
GCV more specifically, reduced the inherent toxic effect of TK on
SHED, and SHED-TK followed by GCV administration suppressed
tumor growth in an NSCLC brain metastasis model. We determined
the optimal conditions for the lentiviral transduction of TK into
SHED. These data show promising prospects for future clinical appli-
cations of stem cell-based gene therapy for brain metastases by using
optimized TK to enhance its efficacy.

MATERIALS AND METHODS
Cell lines

Stem cells from human exfoliated deciduous teeth (SHED) were ob-
tained from Kidswell BioScience (Tokyo, Japan) through a Material
Transfer Agreement. SHED cells were cultured in 100 mm dishes
with modified Eagle’s medium-alpha (a-MEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. The SHED cells
were dissociated at 37�C for 5 min using TrypLE Select (Thermo
Fisher Scientific, Waltham, MA). The passage number of SHED
used in all of the experiments was 5–10. A549 and H1299, human
Molecular The
NSCLC cell lines obtained from the American Type Culture Collec-
tion (ATCC), were cultured in 100 mm dishes with RPMI 1640
with 10% FBS. These cell lines were dissociated at 37�C for 5 min us-
ing Accutase solution (Sigma-Aldrich, St. Louis, MO) and passaged.
For lentivirus production, 293T cells obtained from the RIKEN
BioResource Research Center were cultured in type I collagen-coated
100 mm dishes with Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS, 1% nonessential amino acids (Thermo Fisher
Scientific), and 1% penicillin/streptomycin. These cells were dissoci-
ated with TrypLE Select. All of the cultures were incubated at 37�C
with 5% CO2.
Plasmid construction

HSV-TK-IRES2-AcGFP9 in pWPXL-HSV-TK-IRES2-AcGFP was
amplified by PCR. The amplified DNA fragment was cloned into
the lentiviral vector pCSII-EF1a using InFusion HD (Takara Bio,
Shiga, Japan). The amino acid sequence of HSV-TK (GenBank:
J02224.1) reported by Wagner M (wild-type TK) was used in all of
the experiments, and we described it as TKwt.51 Point mutations in
HSV-TK were introduced by using KOD One PCR Master Mix
(Toyobo, Osaka, Japan) and a pair of primers according to the man-
ufacturer’s protocol. For A168H amino acid substitution in HSV-TK
(TKA168H), the following primers were used: 50-CGCCATCCCATC
GCCCACCTCCTGTGCTACCCG-30 and the reverse primer having
its complimentary sequence. The final vector sequences were verified
by DNA sequencing.

To establish tumor cells with stable expression of fluorescent protein
and luciferase, the amplified Luc2 was cloned into the multiple clon-
ing site (MCS) of pFC-EF1-MCS-PGK-RFP-Puro using InFusion HD
(Takara Bio).
Lentivirus preparation

Third-generation lentiviral packaging mixes, either pCSII-
EF1a-HSVTKwt-IRES2-AcGFP (TKwt) or pCSII-EF1a-HSVTKA168H-
IRES2-AcGFP (TKA168H) and pCSII-EF1a-AcGFP (GFP), were co-
transfected into 293T cells by using Lipofectamine LTX Reagent and
PLUS Reagent (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Twelve hours after transfection, the cells were
washedwith freshmedium two times and cultured inmedium contain-
ing viral boost reagent (Alstem, Richmond, CA) mixed with the
medium following a fresh wash. The culture supernatant containing
lentivirus was harvested at 36 and 72 h after transfection. Following
filtration with a Sterivex-HV 0.45 mm pore polyvinylidene fluoride
(PVDF) filter (Merck, Darmstadt, Germany), the supernatant was
concentrated with Lentivirus Precipitation Solution #VC100 (Alstem).
The pellet was diluted withDMEMwith 10% FBS and stored at�75�C.
To determine the viral titer of the lentiviral solution, SHED cells were
infected with 10-fold diluted lentiviral supernatant. At 48 h after the
infection, as mentioned below, the number of GFP+ cells was counted
by an InCell Analyzer 2200 (GE Healthcare, Chicago, IL). The titer
was calculated by the number of GFP+ cells in the well divided by the
volume of viral solution in the well (focus forming unit [FFU]/mL).
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Lentiviral infection

SHED passage 5 cells (2.4 � 105) were seeded in 6-well plates. The
next day, the number of SHED cells in a well was counted, and the
number of virus particles equal to the number of cells in the well
was defined as MOI = 1. Lentivirus solution was diluted with fresh
medium to MOIs of 2, 4, and 6 according to the experiment, and
polybrene (Nacalai Tesque, Kyoto, Japan) was added to a final
concentration of 8 mg/mL. The cells were washed with fresh medium
3 times and passaged at 24 and 48 h after lentiviral infection. At 3 days
post-infection, HSV-TK expressing SHED was used in the following
experiments.

Western blot

To assess the expression of HSV-1 TK in SHED cells infected with TK
lentivirus, western blotting was conducted. SHED cells infected with
TK lentivirus at MOIs of 2, 4, and 6 and naive SHED lentivirus as a
control were seeded in 12-well plates. On day 3 of lentiviral infection,
samples were treated with RIPA buffer containing the protease
inhibitor cOmplete (Roche Diagnostics, Mannheim, Germany) and
phosphatase inhibitor phosSTOP (Sigma-Aldrich). The lysates were
collected, and the concentration of protein was measured by a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific) and resuspended in
Laemmli buffer at a concentration of 10 mg/15 mL followed by 3 min
of boiling at 95�C. A total of 10 mg protein was loaded into each lane
of a TGX gel (BioRad Laboratories, Hercules, CA). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conduct-
ed, and the obtained bands were transferred to PVDF membranes
using a tank-type blotting apparatus. After blocking with Block
ACE (KAC, Amagasaki, Japan), the membrane was subjected to
anti-HSV-1 thymidine kinase antibody (vL-20 sc-28038) (Santa
Cruz Biotechnology, Dallas, TX) (1:5,000). The control band was de-
tected by anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (6C5) (Santa Cruz Biotechnology) (1:5,000), followed by
immersion with anti-goat immunoglobulin G (IgG) for anti-HSV-1
TK and anti-rabbit for anti-GAPDH, both of which were conjugated
with horseradish peroxidase (HRP) (1:10,000). Protein bands were
detected by a chemiluminescence imager (FUSION FX.7 EDGE,
Vilber Lourmat, Collegien, France) after reaction by ECL substrate
solution. The quantification of band intensities was performed using
ImageJ (NIH, Bethesda, MD).

Flow cytometry

SHED were infected with lentivirus at MOIs of 2, 4, and 6, as
described above. Cells were dissociated, and the percentage of cells
with a relative fluorescence intensity of GFP greater than 101 relative
to the gated total cell number was counted using flow cytometry (Gal-
lios, Beckman Coulter, Brea, CA). The threshold of GFP fluorescence
was set as the upper limit of GFP fluorescence of SHED-naive cells.

Viability and caspase 3/7 assay

Viability and caspase 3/7 activity were qualified using the ApoTox-
Glo Triplex assay (Promega Corporation, Madison, WI). SHED-in-
fected GFP, TKA168H, and TKwt lentiviruses at MOIs of 2, 4, and 6,
respectively, were seeded in black clear-bottom 96-well plates at 5
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103 cells/well. Viability and caspase 3/7 activity were qualified at
days 3, 5, and 7 after lentiviral infection according to the manufac-
turer’s protocol. Briefly, 24 h after seeding, each well was washed
with fresh media. Then, the cells were incubated for 3, 5, or 7 days
following infection, and the medium was changed every other day.
Cells were incubated for 1.5 h with viability/toxicity reagent, and
fluorescence was measured using a Synergy H1 96-well plate
reader (BioTek Instruments, Winooski, VT). Then, the cells were
incubated for 2 h at room temperature with Caspase-Glo reagent,
and luminescence was measured using Synergy H1. The activity of
caspase 3/7 per number of viable cells was calculated by
dividing the value from the caspase-glo 3/7 assay by that from the
cell viability. The relative cell viability and relative activity of caspase
3/7 per cell viability were calculated by the assay results on day 3
after lentiviral infection as 1 and the results on days 5 and 7 as a ratio
to day 3.

Preparation of H1299 expressing RFP and Luciferase2

The pFC-EF1-MCS-PGK-RFP-Puro and PhiC-31 integrase expres-
sion vectors (System Biosciences, Palo Alto, CA) were cotransfected
into H1299 cells seeded in 100-mm plates with Lipofectamine LTX.
The cells were washed with fresh medium 12 h after transfection.
The cells were cultured with 2 mg/mL puromycin (InvivoGen, San
Diego, CA) for 7 days after transfection. Thereafter, the cells were
passaged, and the RFP-expressing cells were sorted with the cell sorter
MoFlo Astrios (Beckman Coulter).

GCV sensitivity of SHED-TK

SHED-TK or SHED-naive cells were seeded in a 96-well plate at a
density of 5 � 103 cells per well. a-MEM containing 10% FBS and
various concentrations (0.01–300 mg/mL) of GCV (Fujifilm Wako
Pure Chemical Corporation, Osaka, Japan) and 0 mg GCV as a control
were prepared, and the cells were incubated for 7 days. The number of
living cells was determined by an ATP assay using CellTiter
Glo (Promega Corporation) according to the manufacturer’s proto-
col, and the percentage of viability was expressed as the percentage
luminescence of each GCV concentration compared to the control
(0 mg/mL).9 The luminescence of each well was measured by
Synergy H1.

In vitro bystander effect assay

A total of 2 � 103 NSCLC cell lines (H1299, A549) were seeded in
each well of a 96-well plate. SHED-TK was added at various ratios
(SHED-TK:tumor, 63–2,000:2,000), and control wells (each NSCLC
cell line only) were prepared. GCV (3 mg/mL) was administered to
the experimental group, and the medium was changed every other
day. The number of living cells was determined by CellTiter Glo af-
ter 4 days of exposure to GCV.

Time-lapse imaging

The bystander effect was observed with a Celldiscoverer 7 (Carl Zeiss,
Oberkochen, Germany). The same number of H1299 cells expressing
RFP (H1299-RFP-luc2) and SHED-TK expressing AcGFP were co-
cultured in 6-well plates. GCV (3 mg/mL) was administered the
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next day. After additional replacement with 4 mL of fresh medium
with 3 mg/mL GCV at 24 h after GCV administration, the plate was
placed in Celldiscoverer 7 to collect time-lapse images for 72 h. The
frames were taken in 20-min intervals.

Animals and surgical procedures

Experiments were conducted in accordance with the guidelines
approved by the Animal Care Committee at the Hamamatsu Univer-
sity School of Medicine Animal Care Facility (approved number:
2020092). Female BALB/c slc nu/nu mice (18–22 g, 7 weeks old, Nip-
pon SLC, Hamamatsu, Japan) were anesthetized with a mixture of
0.75 mg/kg medetomidine (Nippon Zenyaku Kogyo, Koriyama,
Japan), 4.0 mg/kg midazolam (Fuji Pharma, Tokyo, Japan), and
5.0 mg/kg butorphanol (Meiji Seika Pharma, Tokyo, Japan) by intra-
peritoneal injection. A sagittal incision wasmade on themidline of the
head, and a burr hole was placed 2.5mm lateral to bregma on the right
brain. A 26-G needle was inserted at a depth of 3.5 mm from the brain
surface with stereotactic guidance (Narishige, Tokyo, Japan), kept in
position for 1 min, and then withdrawn to a depth of 3 mm. The cells
were infused for 5 min. The needle was kept for 1 min and removed
gradually over 3 min. After the operation, the mice were awakened
from anesthesia by intraperitoneal injection of antisedan (Nippon
Zenyaku Kogyo). The mouse was euthanized if the mouse had >20%
weight loss, severe paresis, ataxia, or seizure in the observation period.
The brains were resected and obtained for histologic examination.

In vivo bystander effect between SHED-TK and H1299-luc cells

in the nude mouse intracranial tumor model

Forty female nude mice were anesthetized, and the tumor and SHED-
TK (H1299 + SHED-TK) or tumor cells (H1299 only) were implanted
as described above. In the coimplantation group, 5� 104 H1299-RFP-
luc2 cells mixed with the same number of SHED-TK cells in 5 mL
RPMI 1640 were implanted into the right brain of nude mice. In the
tumor implantation group, 5 � 104 H1299-RFP-luc2 cells in 5 mL
RPMI 1640 were similarly implanted. Themice were intraperitoneally
injectedwithGCV (50mg/kg bodyweight in 200mL PBS) or PBS twice
per day from day 1 after tumor implantation for 10 consecutive days.9

Biological luminescence imaging ofH1299-RFP-luc2was performedby
Fusion FX.7 EDGE (Vilber-Lourmat) on days 1, 15, and 29 after tumor
implantation. The luminescence signals were measured by a charged-
coupled device (CCD) camera in Fusion FX.7 10min after the intraper-
itoneal injection of 150 mg/kg XenoLight Rediject D-luciferin
(PerkinElmer, Waltham, MA). The exposure time was 2 min.

Intratumoral injection of SHED-TK cells followed by GCV

administration

A total of 36 female BALB/c slc nu/nu mice were anesthetized, and
5 � 104 H1299-RFP-luc2 cells were stereotactically implanted, as
previously mentioned. Five days after H1299 implantation, 5 � 104

SHED-TK cells were stereotactically implanted in the tumor site.
The mice were intraperitoneally injected with GCV (50 mg/kg body
weight in 200 mL PBS) or PBS twice per day from day 6 after tumor
implantation for 10 consecutive days. Biological luminescence imag-
Molecular The
ing of H1299-RFP-luc2 was performed under the aforementioned
conditions on days 4, 18, 32, and 46 after tumor implantation.

In vivo migration of SHED-TK toward NSCLC cells

A total of 5� 104 H1299 cells were implanted into the brain of a nude
mouse as described above, and 21 days later, 5 � 105 SHED-TK cells
were implanted into the opposite side. Seven days after SHED-TK im-
plantation, the mouse was euthanized by the above method, fixed by
perfusion with 4% paraformaldehyde (PFA), and the brain was care-
fully removed. Additional fixation was performed by immersion into
4% PFA at 4�C for 6 h and transferred to 30% sucrose in PBS,
embedded in an optimum cutting temperature compound (OCT, Sa-
kura Finetek Japan, Tokyo, Japan), sliced into 50-mm-thick sections
with a cryostat, stained with Hoechst 33342 diluted 1:10,000, and
mounted on glass slides.

Statistical analysis

The statistical significance of the difference was determined by an un-
paired Student’s t test for comparison between the two groups. For
comparison of three or more groups, one-way ANOVA was per-
formed when the variances were equal, and Tukey’s test was used
for post hoc analyses. If the variances were not equal, then the Krus-
kal-Wallis test was performed, and Dunn’s multiple comparisons test
was used for post hoc comparisons. The survival data were log rank
tested based on the Kaplan-Meier curve. The significance level was
p < 0.05 in all of the tests. All of the data were analyzed with
GraphPad Prism 8 (GraphPad Software, San Diego, CA).

Data availability

The authors declare that all of the data supporting the findings of this
study are available within the article and its supplemental information
files. Raw data can be provided upon reasonable request.
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