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The tumorigenicity and toxicity of induced pluripotent stem
cells (iPSCs) and their derivatives are major safety concerns
in their clinical application. Recently, we developed granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)-produc-
ing proliferating myeloid cells (GM-pMCs) from mouse iPSCs
as a source of unlimited antigen-presenting cells for use in
cancer immunotherapy. As GM-pMCs are generated by intro-
ducing c-Myc and Csf2 into iPSC-derived MCs and are depen-
dent on self-produced GM-CSF for proliferation, methods to
control their proliferation after administration should be
introduced to improve safety. In this study, we compared the
efficacy of two promising suicide gene systems, herpes simplex
virus-thymidine kinase (HSV-TK)/ganciclovir (GCV) and
inducible caspase-9 (iCasp9)/AP1903, for safeguarding GM-
pMCs in cancer immunotherapy. The expression of HSV-TK
or iCasp9 did not impair the fundamental properties of GM-
pMCs. Both of these suicide gene-expressing cells selectively
underwent apoptosis after treatment with the corresponding
apoptosis-inducing drug, and they were promptly eliminated
in vivo. iCasp9/AP1903 induced apoptosis more efficiently
than HSV-TK/GCV. Furthermore, high concentrations of
GCV were toxic to cells not expressing HSV-TK, whereas
AP1903 was bioinert. These results suggest that iCasp9/
AP1903 is superior to HSV-TK/GCV in terms of both safety
and efficacy when controlling the fate of GM-pMCs after prim-
ing antitumor immunity.

INTRODUCTION
The recent success in cancer treatments using immune checkpoint
inhibitors and multiple types of immune cells has garnered the atten-
tion of researchers studying the immunological mechanisms by
which cancer cells can be eliminated.1,2 Dendritic cell (DC)-based
vaccines, which activate endogenous tumor-reactive T cells through
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the administration of tumor antigen-loaded DCs, are some of the
most promising approaches in cancer therapy.3–5 Conventional
DC-based vaccines typically utilize autologous peripheral blood
DC precursors derived from patients with cancer. However, their ca-
pacity to differentiate and function appropriately after differentiation
is often limited due to disease progression or immunosuppressive
cancer treatment, leading to modest clinical efficacy.6

To overcome such issues, we established a technology for generating
DC-like antigen-presenting cells (APCs) derived from induced
pluripotent stem cells (iPSCs), which possess an unrestricted poten-
tial to proliferate and differentiate.7–13 Myeloid lineage cells were
initially induced from mouse embryonic stem cells (ESCs) or iPSCs,
and then transfected with the pro-proliferative c-Myc gene to generate
cytokine-dependent proliferating myeloid cells (ESC- or iPSC-
pMCs).10 By genetically engineering these iPSC-pMCs, we further
expressed granulocyte macrophage colony-stimulating factor (GM-
CSF), a growth factor for iPSC-pMCs, to establish GM-pMCs.13

GM-pMCs express major histocompatibility complex (MHC) class
I/II and costimulatory (CD80 and CD86) molecules and proliferate
in a manner that depends on the self-produced GM-CSF. These cells
have the capacity to capture, process, and present extracellular anti-
gen proteins in the context of MHC class I molecules, and the process
is known as cross-presentation.13,14 Moreover, the administration of
GM-pMCs loaded with anMHC class I-restricted cancer antigen pep-
tide or a cancer antigen protein stimulates antigen-specific cytotoxic
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T lymphocytes to inhibit tumor growth; this is comparable with the
effect of functionally complete bone marrow-derived DCs.13 These
findings suggest that this GM-pMC system, using human leukocyte
antigen (HLA)-matched iPSCs, enable a stable supply of functional
APCs on a large scale without the need for repeated invasive blood
samplings, thereby serving as an alternative to autologous DCs.
Although GM-pMCs have a high proliferative capacity, they are not
associated with either tumorigenicity or autoimmune-related organ
dysfunction.13 Moreover, even when irradiated before administration
to suppress proliferation, GM-pMCs efficiently induce the prolifera-
tion of cancer-reactive T cells in vivo.13 However, as all possible
adverse events cannot be predicted, another safety net that is appli-
cable even after administration might be needed.

Recently, suicide gene systems that enable the conditional elimination
of administered gene-transduced cells and their progenies have been
developed.15,16 Herpes simplex virus-thymidine kinase (HSV-TK)/
ganciclovir (GCV) and inducible caspase-9 (iCasp9)/AP1903 are
well-known examples of such systems and have been validated in
clinical settings, including cancer gene therapy for solid tumors and
safeguarding adoptive T cell therapy following hematopoietic stem-
cell transfer for hematologic malignancies.17,18 Moreover, they have
been used as safety switches in PSC-based regenerative medicine
and cell-based immunotherapy.16,19–21 Introducing these suicide
gene systems should increase the safety of GM-pMC-based vaccines.
However, proliferation signals are consistently activated in GM-
pMCs, and the suicide gene that is more suitable for this system is
not clear.

In this study, we established safeguarding systems controlling the c-
Myc/Csf2-mediated proliferative potential of iPSC-derived antigen-
presenting GM-pMCs through inducible expression of HSV-TK or
iCasp9.

RESULTS
Suicide gene expression does not alter the basic characteristics

and antitumor effects of GM-pMCs

HSV-TK or iCasp9 were introduced into GM-pMCs using lentiviral
vectors to generate GM-pMC-HSV-TK and GM-pMC-iCasp9,
respectively. The resulting cells were sorted based on the expression
of a co-introduced, truncated CD19, and further isolated using the
limiting dilution method to obtain monoclonal cell lines that highly
express the transduced genes (Figures 1A and 1B; Figure S1A). In
the iPSC-pMC system, we previously found that gene expression
mediated by the EF1a promoter was less likely to decrease after
long-term culture compared with that mediated by the cytomegalo-
virus (CMV) promoter (unpublished observation); thus, the EF1a
promoter was used in this study. Although the expression of
GM-CSF did not change after 30 days of culture, a slight decrease
in the expression of these two suicide genes was observed (Fig-
ure S1B). These observations are conceivably due to the difference
between the genes whose products are used as growth factors (GM-
CSF) and genes that are not used for proliferation (HSV-TK and
iCasp9). GM-pMCs express myeloid lineage markers (CD11b+,
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CD11cint, F4/80high, DEC205high, Gr-1low, and CD33+), antigen-
presenting molecules (MHC class I/II), and costimulatory mole-
cules (CD40, CD80, and CD86). Suicide gene transfer did not alter
the expression of these markers (Figure 1C), GM-CSF production
(Figure 1D), or GM-CSF-dependent proliferation (Figure 1E). In
our prophylactic cancer vaccine study, the administration of
OVA257–264 peptide-loaded GM-pMC-HSV-TK or GM-pMC-
iCasp9 cells inhibited the growth of OVA-expressing melanoma
cells (MO4) as effectively as GM-pMCs (Figures 2A and 2D). These
findings suggest that the introduction of HSV-TK or iCasp9 does
not adversely affect the fundamental properties and antitumor effi-
cacy of GM-pMCs.

Suicide gene-expressing GM-pMCs are selectively eradicated

following the induction of apoptosis

First, we compared the apoptosis-induction efficiency of HSV-TK/
GCV and iCasp9/AP1903 in vitro. Both induced apoptosis selectively
in gene-expressing cells in the presence of the corresponding drug
(Figure S2A). The proliferation of GM-pMC-HSV-TK cells was
effectively inhibited by 1–10 mM GCV. However, treatment
with >100 mM GCV considerably inhibited proliferation of cells,
including HSV-TK non-expressing cells, suggesting nonspecific cyto-
toxicity (Figure 3A). In contrast, the proliferation of GM-pMC-
iCasp9 cells was considerably inhibited at low doses of AP1903
(0.1–1 nM), whereas non-expressing cells were not affected, even
when exposed to 1,000- to 10,000-fold higher doses (1,000 nM; Fig-
ure 3B). When treated with 10 mM GCV, the viability of GM-pMC-
HSV-TK cells gradually decreased (day 1, 70.0%; day 2, 20.0%; day 3
or later, <0.1% relative to day 0; Figure 3C). On the contrary, GM-
pMC-iCasp9 cells were promptly eradicated in the presence of
10 nM AP1903 (day 1, 3.7%; day 2, 0.4%; day 3 or later, <0.1% rela-
tive to day 0; Figure 3D). During the 7 days of observation, re-expan-
sion, which suggests the emergence of apoptosis-resistant cells, was
not observed for either of the suicide gene systems. Neither drug
affected the viability or GM-CSF production of cells not expressing
the suicide gene (Figures 3C–3E; Figure S2A). In contrast, GM-
CSF production by both GM-pMC-iCasp9 and GM-pMC-HSV-TK
cells was significantly reduced as a result of the induction of
apoptosis (24 h). The amount of GM-CSF was considerably lower
in GM-pMC-iCasp9 cells than in GM-pMC-HSV-TK cells (Fig-
ure 3E). These findings suggest that the iCasp9/AP1903 system in-
duces the apoptosis of GM-pMCs more quickly and effectively
than does the HSV-TK/GCV system in vitro.

iCasp9/AP1903 controls the fate of transferred cells more

efficiently than HSV-TK/GCV

We evaluated the in vivo efficacy of both suicide gene systems using
luciferase (Luc)-transfected cells. Mice were subcutaneously (s.c.)
inoculated with suicide gene-expressing GM-pMCs and intraperito-
neally (i.p.) injected with the corresponding apoptosis-inducing
drug for 5 consecutive days. While the exogenous cell numbers grad-
ually diminished without any treatment, the administration of GCV
or AP1903 did not affect the suicide gene non-expressing cells (Fig-
ure 4A). When treated with 100 mg/kg GCV, the luminescence of
021



Figure 1. Suicide gene transfer does not alter the fundamental properties of GM-pMCs

(A) Schematic of viral vectors expressing herpes simplex virus-thymidine kinase (HSV-TK) or inducible caspase 9 (iCasp9), co-expressed with truncated CD19 as a marker

and a selection gene. (B) Expression of GM-CSF and transduced suicide gene. (C) Expression of differentiation markers, antigen-presenting molecules, and co-stimulatory

molecules. Left panels, representative flow cytometry profiles of the indicated surface molecules. Right panels, expression of surface molecules associated with T cell

stimulation. (D) GM-CSF production at 24 h. GM-CSF levels in the culture supernatants were evaluated using ELISA. (E) Cell proliferation. Cells were cultured in the presence

of the indicated cytokines. Proliferation was measured using the MTT assay. The culture medium served as a control. (D and E) Data are shown as mean ± SD of triplicate

cultures and are representative of two (D) or three (E) independent experiments.
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injected GM-pMC-HSV-TK-Luc cells decreased by 60.7% on day 1,
75.1% on day 2, 84.6% on day 3, 88.7% on day 4, and 97.5% on day
7 from the initial luminescence on day 0 (Figure 4B). Meanwhile,
2.5 mg/kg AP1903 reduced the luminescence of GM-pMC-iCasp9-
Luc by 65.5% on day 1, 92.5% on day 2, 92.5% on day 3, 94.2% on
day 4, and 98.2% on day 7 from the initial luminescence on day 0 (Fig-
ure 4C). These findings revealed that both suicide systems were effec-
tive in vivo, with similar efficacies on day 7. However, the iCasp9/
AP1903 system eliminated the gene-expressing cells more promptly
than did the HSV-TK/GCV system, consistent with the in vitro
Molecul
data. An analysis of the long-term effectiveness of these systems in
severely immunocompromised mice (BABL/c Rag2�/�Jak3�/�)22

did not reveal cells expressing the suicide gene after 35 days of suicide
induction, suggesting no evidence of apoptosis-resistant cells
(Figure S2B).

Survivin inhibitor YM-155 does not enhance iCasp9-mediated

apoptosis

Survivin (also known as baculoviral inhibitor of apoptosis [IAP] repeat-
containing protein 5 [BIRC5]) functions as a key regulator of mitosis
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 173
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Figure 2. Suicide gene transfer does not impair the

cancer vaccine effects of GM-pMCs

(A) Schematic illustration of the experiment. C57BL/6 mice

were vaccinated twice with the OVA257–264 peptide-loaded

GM-pMC, GM-pMC-HSV-TK, or GM-pMC-iCasp9 cells, fol-

lowed by inoculation with MO4 tumor cells. (B) The tumor size

in individual mice from one experiment is shown (n = 8 mice).

(C) Themedian tumor size for each group in (B) is shown (n = 8

mice). (D) Kaplan-Meier survival curves were evaluated using

the log-rank test (n = 8 mice). ***p < 0.001.
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and programmed cell death. It forms a complexwithX-linked inhibitor
of apoptosis (XIAP, also known as BIRC4) and directly inhibits cell
death mediated by the caspase cascade pathway.23,24 Therefore, it is
conceivable that the combination of iCasp9/AP1903with a survivin in-
hibitor might enhance iCasp9-mediated apoptosis. To examine this
174 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
possibility, we used a survivin inhibitor YM-155,
which selectively eliminates survivin-overexpressing
cells. Although GM-CSF is known to increase survi-
vin expression,25,26 there was no increase in survivin
gene expression after GM-CSF transfer (Figure 5A).
In addition, YM-155 had no effect on the survival of
either iCasp9-expressing or non-expressing GM-
pMCs (Figure S3A). Consistently, the presence of
YM-155 did not promote AP1903-induced GM-
pMC-iCasp9 apoptosis in vitro and in vivo (Figures
5A and 5B; Figure S3B). These results suggest that
YM-155 does not enhance iCasp9-mediated
apoptosis in the GM-pMC system.

DISCUSSION
The development of iPSCs with unrestricted pro-
liferation potential and differentiation capacity
has made a breakthrough in regenerative medi-
cine and cell-based therapies.27–29 Recent ad-
vances in iPSC engineering might enable a stable,
large-scale supply of functional immune cells of
uniform quality, leading to improved cancer
immunotherapy.30 However, considering their
actual clinical application, the cells should be
equipped with safety switches that enable clini-
cians to immediately control the fates of cells in
case of an unexpected adverse event, while retain-
ing their optimal antitumor efficacy. Although
increased serum GM-CSF level, tumorigenesis,
and systemic adverse effects were not observed
in our GM-pMC-based cancer vaccine experi-
ments,13 some concerns, such as tumor formation
and unwanted immune-modulating effects,
remain because GM-pMCs have a high prolifera-
tive potential and the GM-CSF they produce
might cause unanticipated events. To address
these issues, we attempted to further control the
fate of GM-pMCs using two promising suicide gene systems, by
comparing their efficacies.

The HSV-TK/GCV system has been extensively studied in the fields of
cancer gene therapy, regenerative medicine, and immune cell



Figure 3. iCasp9/AP1903 induces apoptosis in GM-

pMCs more efficiently than does HSV-TK/GCV

(A and B) Cell proliferation. Cells were cultured for 72 h in

96-well culture plates in the presence of increasing doses

of GCV (A) or AP1903 (B). The culture medium served as a

control. Proliferation was determined using the MTT

assay. (C and D) Number of cells after suicide induction.

Cells (1.0 � 105/well) were seeded in 24-well culture

plates in the presence of 10 mMGCV (C) or 10 nM AP1903

(D). The culture medium served as a control. Viable cells

were enumerated by direct counting of trypan-blue-

stained-cells at the indicated time points. See also Fig-

ure S2. (E) GM-CSF production. Cells were cultured for

24 h in the presence of 10 mM GCV or 10 nM AP1903.

GM-CSF levels in the culture supernatants were evaluated

using ELISA. The medium served as a control. (A–E) Data

are shown as mean ± SD of triplicate cultures and are

representative of two independent experiments. **p <

0.01, ***p < 0.001.
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therapy.17,21,31 This system is highly cell cycle-dependent; it induces
apoptosis only in cells in the S and G2 phases by inhibiting DNA syn-
thesis. Therefore, its killing effect is limited to rapidly dividing cells,
whereas slowly or non-dividing cells evade death.32,33 As cancer cells
are highly proliferative, gene therapy that directly introduces HSV-
TK into tumor tissues and induces apoptosis seems to be reasonable.
HSV-TK exerts a bystander effect that ablates not only the transduced
cells, but also the adjacent non-transduced cells through gap junctions;
thus, it could be a good therapeutic strategy, particularly for solid tu-
mors.31,34,35 This cell cycle dependency has been exploited in the treat-
ment of spinal cord injuries using HSV-TK-expressing, iPSC-derived,
neural stem/progenitor cells (iPSC-NS/PCs), resulting in the selective
eradication of proliferative tumorigenic cells while sparing mature
post-mitotic neuronal cells, thus preserving reconstructedmotor func-
tion.36 As GM-pMCs are highly proliferative, we first considered that
HSV-TK/GCVmight be effective in inducing apoptosis. However, it is
possible that HSV-TK-expressing cells could be eliminated by the
host’s immune system due to the immunogenicity ofHSV-TK, thereby
impairing therapeutic efficacy.37 However, this does not seem to occur
becauseGM-pMC-HSV-TKcells showed antitumor efficacy compara-
ble with that of the parental GM-pMCs in this study. The ablation of
HSV-TK-expressing cells by GCV is relatively slow, requiring approx-
imately 3 days; therefore, it appears that iCasp9 might be superior to
HSV-TK in situations where more rapid cell elimination is needed,
such as during severe adverse events related to cell-based immuno-
therapy.17 In addition, although GCV is a safe and well-tolerated
drug, its long-term and high-dose administration introduces a risk of
serious toxicity, including renal dysfunction, liver dysfunction, and
Molecular Therapy: Methods &
myelosuppression, necessitating carefulmanage-
ment.38 Moreover, GCV is one of the essential
antiviral drugs used to treat herpes virus infec-
tions, but its utilitymight be restricted in patients
transplanted with HSV-TK-expressing cells.
Apoptosis induction by iCasp9/AP1903 is cell cycle-independent and
rapidly eliminates all iCasp9-expressing cells.39 Therefore, it seems
that the iCasp9/AP1903 system is suitable for safeguarding cell-based
immunotherapies rather than preventing teratoma formation in
iPSC-derived organs, which is expected after long-term engraftment.
Recently, iCasp9 has been utilized as a safety switch for chimeric an-
tigen receptor (CAR)-T cell therapy.15,16 In GM-pMCs, iCasp9/
AP1903 induced apoptosis more effectively than did HSV-TK/GCV
both in vitro and in vivo. Murine caspase-9 shares 72% homology
and 87% similarity with human caspase-9 at the protein level. A pre-
vious report demonstrated the effectiveness of iCasp9 in murine cells,
showing a rapid elimination of iCasp9-expressing murine iPSCs in
the presence of AP1903.40 These observations strongly suggest that
human iCasp9 cleaves murine caspase-3, although this should be clar-
ified directly in further experiments.

Some reports have suggested that altered expression of HSV-TK or
iCasp9 due to methylation, mutation, or silencing can result in
apoptosis-resistant or -escaping cells.38,41 One of the limitations of
our study is that these phenomena have not been fully investigated.
Various cancer-related pro-inflammatory cytokines, which reflect
the tumor microenvironment, should be elevated in tumor-bearing
mouse. Accordingly, it is possible that GM-pMCs might acquire
tumorigenicity or apoptosis resistance in response to these altered
cytokine milieus. To clarify these points, the findings herein should
be further elucidated in a tumor-bearingmouse model.We previously
found that irradiation prior to administration prevented the in vivo
proliferation of GM-pMCs while maintaining their anti-tumor
Clinical Development Vol. 21 June 2021 175
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Figure 4. iCasp9/AP1903 eradicates the transferred

cells more efficiently than does HSV-TK/GCV

(A–C) In vivo suicide control of GM-pMCs. C57BL/6 mice

were inoculated with luciferase (Luc)-expressing GM-

pMCs (A), GM-pMC-HSV-TK cells (B), or GM-pMC-

iCasp9 cells (C) (1.0� 106 cells) and treated with 100 mg/

kg GCV or 2.5 mg/kg AP1903 for 5 consecutive days

(days 0–4). In vivo cell survival was monitored by biolu-

minescence imaging. Left panels, bioluminescence

images of representative mice from two independent ex-

periments are shown (n = 6 mice). Right panels, total flux

(photons) for the indicated treatment groups are shown as

mean ± SEM (n = 6 mice). *p < 0.05, **p < 0.01.
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efficacy.13 Therefore, combining irradiation with a suicide gene sys-
tem may overcome such a limitation and improve the safety of
GM-pMCs. To establish GM-pMCs, iPSC-derived MCs were initially
transfected with c-Myc, and then with Csf2, using lentiviral vectors.
To further incorporate suicide genes, a third round of gene transfer
is required. There is a concern that repeated gene transfer may nega-
tively affect cell function or stability. Therefore, when producing hu-
man GM-pMCs, other approaches that enable targeted gene delivery
and multiple gene transfer, such as the use of bicistronic expression
vector systems, may be needed.42–44

The survivin inhibitor YM-155 selectively eliminates survivin-over-
expressing cells, such as cancer cells or undifferentiated PSCs; there-
fore, it has potential as a novel anti-cancer drug or preventive agent
of PSC-derived teratoma formation.45–47 This small molecule does
not exert cytotoxic effects on normal, differentiated cells and is
well tolerated in clinical use.48,49 YM-155 also has the ability to
inhibit murine survivin.50 Although survivin inhibition is known
to enhance caspase-dependent apoptosis,46 we did not observe a
similar effect in GM-pMCs, which may be due to the lack of elevated
levels of survivin.

In conclusion, iCasp9/AP1903 is superior to HSV-TK in terms of
both safety and effectiveness as a safeguard against GM-pMC-based
immunotherapy. By ensuring the safety of GM-pMCs using this sys-
tem, GM-pMC-based cancer vaccines might become more suitable
for clinical applications.
176 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
MATERIALS AND METHODS
Mice

Female C57BL/6 mice were purchased from
Charles River Laboratories (Yokohama, Japan).
BALB/c Rag2�/�Jak3�/� mice were provided
by Dr. S. Okada (Kumamoto University,
Japan).22 In all experiments, animals were
randomly assigned to the experimental groups.
All animals were humanely sacrificed at the
end of the study. All mice were maintained un-
der specific pathogen-free conditions and used
at 6–12 weeks of age. All animal studies were
performed in accordance with the procedures
approved by the Animal Research Committee of the National Cancer
Center (Tokyo, Japan).

Cells and reagents

MO4, an OVA-expressing B16-F10 melanoma cell line of C57BL/6
origin, was cultured in Roswell Park Memorial Institute 1640 me-
dium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco). Murine iPSC-pMCs and GM-pMCs
were established as described previously10,13 and cultured in
alpha-modified Eagle’s minimum essential medium (Invitrogen)
supplemented with 30 ng/mL GM-CSF (Miltenyi Biotec), 50 ng/
mL M-CSF (BioLegend), and 20% FBS. HSV-TK- and iCasp9-ex-
pressing GM-pMCs or iPSC-pMCs were generated by transducing
GM-pMCs with a lentiviral vector encoding a synthetic HSV-TK
gene (psetz-hsv1tk, InvivoGen) or iCasp951 co-expressed with trun-
cated CD19 (GenBank: NM001770) in the presence of Polybrene
(Sigma-Aldrich). All cell lines were tested and found to be free of
mycoplasma contamination. GCV was purchased from Hoffmann-
La Roche. AP1903 was purchased from MedChemExpress, and
YM-155 was purchased from Cayman Chemical.

Generation of recombinant lentivirus

HIV-1-based lentiviral vectors pseudotyped with the vesicular sto-
matitis virus G glycoprotein (VSV-G) were generated by transient
transfections with pCAG-HIVgp, pCMV-VSV-G-RSV-Rev, and
CSII-EF-MCS in 293T cells using Lipofectamine 2000 (Thermo
Fisher Scientific). After 48 h, the vector-containing supernatant



Figure 5. Survivin is not associated with apoptosis

induction in GM-pMCs

(A) Birc5 mRNA expression. Cells were cultured without

adding GM-CSF to the medium. Birc5 mRNA was quan-

tified using qRT-PCR. iPSC-pMCs cultured in the pres-

ence of recombinant GM-CSF (30 ng/mL) served as a

reference. (B) Number of cells after suicide induction. Cells

(1.0 � 105/well) were cultured in the presence of 10 nM

AP1903 and/or 10 nM YM-155. (A and B) Data are shown

as mean ± SD of triplicate cultures and are representative

of two independent experiments. See also Figure S3A. (C)

In vivo effect of YM155on suicide induction.C57BL/6mice

were inoculated with Luc-expressing GM-pMC-iCasp9

cells (1.0 � 106 cells) and treated with 2.5 mg/kg AP1903

and/or 5mg/kgYM-155 for 5 consecutive days (days 0–4).

Upper panels, bioluminescence images of representative

mice from two independent experiments are shown (n =6).

Lower left, total flux (photons) for the indicated treatment

groups are shown as mean ± SEM (n = 6 mice). Lower

right, reduction rate of total flux at the indicated time points

compared with that on day 0. Data are shown as mean ±

SEM (n = 6 mice). See also Figure S3B.
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was harvested and passed through 0.45-mm filter. The lentivirus vec-
tor was concentrated using the Lenti-X concentrator (Clontech) ac-
cording to the manufacturer’s instructions.

In vivo tumor models

GM-pMCs were incubated with 10 mM OVA257–264 peptide (SIIN-
FEKL, Eurofins Genomics) for 8–12 h at 37�C. The mice were i.p.
treated with these peptide-loaded GM-pMCs (1.0 � 105 cells) twice
at a 7-day interval, followed by a s.c. inoculation of 2.0 � 105 MO4
tumor cells into the right flank, 7 days later. The mice were monitored
for tumor growth and survival. Tumor size was measured twice a
week until the mice either died or were sacrificed when the tumors ex-
ceeded 20 mm in diameter. Tumor volume was calculated from its
length (a) and width (b) as follows: ab2/2.

Flow cytometry

Single-cell suspensions were incubated with Fc receptor blocking
reagent (Miltenyi Biotec), and then stained with the fluorophore-con-
jugated monoclonal antibodies following the manufacturer’s instruc-
tions (Table S1). Cell viability was determined using an annexin V
apoptosis detection kit (BioLegend) according to the manufacturer’s
instructions. Cells were analyzed using a flow cytometer (FACSCanto
II or Accuri C6; BD Biosciences); data were analyzed using FlowJo
software v10.7 (Tree Star).
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Cytokine measurements

Cytokine levels in culture supernatants were
measured using an enzyme-linked immunosor-
bent assay kit (BioLegend) according to the
manufacturer’s instructions.

In vitro cell proliferation assay

Cell proliferation was evaluated using the stan-
dard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT; Sigma-Aldrich) assay. The cells were
seeded in 96-well culture plates and labeled with MTT at each time
point. After 4 h of labeling, the plate was centrifuged to sediment
the cells, and the supernatant was removed by tapping. Subsequently,
200 mL of dimethyl sulfoxide was added to each well and mixed thor-
oughly. After 5 min, the absorbance of the sample was measured at
570 nm.

In vivo bioluminescence imaging

The mice were i.p. injected with 200 mL of D-luciferin (15 mg/mL;
VivoGlo luciferin; Promega) under 2% inhaled isoflurane anesthesia.
Bioluminescence images were obtained using in vivo imaging system
(IVIS) Lumina II with Living Image software version 3.2
(PerkinElmer).

Real-time PCR

The total RNA was extracted using the RNeasy Mini kit plus
(QIAGEN), and cDNA was synthesized using the PrimeScript II
first-strand cDNA synthesis kit (Takara Bio). Transcripts were quan-
tified by quantitative real-time PCR on an ABI Prism 7500 sequence
detector using the TaqMan Gene Expression Assay (Applied Bio-
systems). The following probes purchased from Applied Biosystems
were used: Birc5 (Mm00599749_m1) and glyceraldehyde-3-phos-
phate dehydrogenase (Gapdh; Mm99999915_g1). mRNA expression
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levels were calculated using the change-in-cycling threshold (Ct)
method, and the results were normalized to levels of the control
gene Gapdh.

Statistical analysis

Statistical analyses were conducted using JMP Genomics software
version 14 (SAS Institute, Cary, NC, USA). Unpaired two-tailed Stu-
dent’s t tests were used for comparisons between the groups. One-way
ANOVA with Tukey’s test was used for multiple-group comparisons.
Kaplan-Meier survival analysis was based on the endpoint reached
(when mice died or were sacrificed when tumors exceeded 20 mm
in diameter). Differences between survival curves were evaluated us-
ing log-rank tests. Results were considered significant at p <0.05.
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