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ABSTRACT
Immunotherapy using dendritic cells (DCs) is a promising treatment modality for cancer. However, the limited 
number of functional DCs from peripheral blood has been linked to the unsatisfactory clinical efficacies of 
current DC-based cancer immunotherapies. We previously generated proliferating antigen-presenting cells 
(APCs) by genetically engineering myeloid cells derived from induced pluripotent stem cells (iPSC-pMCs), 
which offer infinite functional APCs for broad applications in cancer therapy. Herein, we aimed to further 
enhance the antitumor effect of these cells by genetic modification. GM-CSF gene transfer did not affect the 
morphology, or surface phenotype of the original iPSC-pMCs, however, it did impart good viability to iPSC- 
pMCs. The resultant cells induced GM-CSF-dependent CD8+ T cell homeostatic proliferation, thereby enhan
cing antigen-specific T cell priming in vitro. Administration of the tumor antigen-loaded GM-CSF-producing 
iPSC-pMCs (GM-pMCs) efficiently stimulated antigen-specific T cells and promoted effector cell infiltration of 
the tumor tissues, leading to an augmented antitumor effect. To address the potential tumorigenicity of iPSC- 
derived products, irradiation was applied and found to restrict the proliferation of GM-pMCs, while retaining 
their T cell-stimulatory capacity. Furthermore, the irradiated cells exerted an antitumor effect equivalent to that 
of bone marrow-derived DCs obtained from immunocompetent mice. Additionally, combination with immune 
checkpoint inhibitors increased the infiltration of CD8+ or NK1.1+ effector cells and decreased CD11b+/Gr-1+ 

cells without causing adverse effects. Hence, although GM-pMCs have certain characteristics that differ from 
endogenous DCs, our findings suggest the applicability of these cells for broad clinical use and will provide an 
unlimited source of APCs with uniform quality.
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Introduction

Dendritic cells (DCs) are the most potent antigen-presenting 
cells (APCs), and play a crucial role in the induction of 
antitumor immune responses.1 DC-based vaccines, which 
aim to activate tumor-reactive T cells by administrating 
tumor antigen-loaded DCs, are effective and well tolerated 
in many types of cancer.2–5 This method can elicit antitumor 
responses in at least half of the treated patients and has 
exhibited a better clinical efficacy than other types of vac
cine, such as peptide, viral vector, or inactivated tumor cell- 
vaccines.6,7 Despite their ability to induce antitumor 
responses, however, the objective clinical responses have 
not been satisfied to date, as only 7.1–15.6% of the patients 
have obtained tumor regression, and the survival benefits 
have remained insufficient.2,6,8

In experimental mouse models, 1.0 × 105 DCs to 1.0 × 106 

DCs are required to suppress cancer.6 To obtain an equivalent 
effect to treat a human weighing 50 kg, 2.0 × 108 DCs to 2.0 × 
109 DCs may be required. However, the differentiation capa
cities of the DC-progenitors and functions of the differentiated 
DCs are repressed as disease progresses in cancer patients.9–11 

Moreover, the laborious process utilized to generate DCs nega
tively affects their function and the stability of the manufactur
ing efficiency, suggesting that, with the current methods using 
autologous peripheral blood, it may be difficult to obtain 
a sufficient number of functional DCs to exert the equivalent 
antitumor effects achieved in the mouse tumor models. In 
addition, the enormous cost required for personalized medi
cine hampers the feasibility of this treatment.12 Therefore, the 
development of an alternate source of cells, of sufficient quality 
and quantity for treatment, will be required.
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Induced pluripotent stem cell (iPSC)-derived immune cells 
have the potential to be an alternative cell source applicable for 
cancer therapy.13,14 We previously established a method to 
generate proliferating myeloid lineage cells (pMCs) from 
mouse iPSC-derived myeloid cells (iPSC-MCs) by introducing 
c-Myc gene using a lentiviral vector.15 iPSC-derived proliferat
ing myeloid cells (iPSC-pMCs) can proliferate in a cytokine- 
dependent manner and differentiate into DC-like cells. Owing 
to their proliferative ability, direct modification of iPSC-pMCs 
to impart DC functions may generate an off-the-shelf APC 
preparation method.

Granulocyte macrophage colony-stimulating factor (GM- 
CSF), which serves as a growth factor for iPSC-pMCs,15 is 
a key cytokine essential for the differentiation, proliferation, 
and recruitment of DCs and promotes their capacity for anti
gen presentation, co-stimulatory molecule expression, and 
proinflammatory cytokine production.16,17 Therefore, it has 
been incorporated as an adjuvant for a variety of cancer vac
cines to boost a DC-mediated antitumor immunity.18–21

In this study, we generated GM-CSF-producing APCs by 
genetically engineering iPSC-pMCs. GM-CSF gene transfer 
enhanced the viability and proliferative capacity of iPSC- 
pMCs. Moreover, GM-CSF producing iPSC-pMCs (GM- 
pMCs) promoted the homeostatic proliferation of the naïve 
CD8+ T cells, which may amplify the antigen-specific T cell 
pools at T cell-priming sites. Administration of the cancer 
antigen-loaded GM-pMCs enhanced the antigen-specific 
T cell responses and inhibited tumor growth, as with the 
bone marrow-derived DCs (BM-DCs). Even after irradiation, 
the GM-pMCs retained their T cell-stimulatory capacity 
in vivo, while avoiding the tumorigenic risks of iPSC-derived 
differentiated cells. Although GM-pMCs do not contain all 
properties of BM-DCs, these cells efficiently stimulated anti
gen-specific CD8+ T cells, suggesting that they may serve as 
a cellular platform for an APC-based cancer vaccine, with no 
need for autologous blood cells.

Results

Generation of GM-CSF-producing myeloid cells

iPSC-pMCs were generated by introducing the c-Myc gene 
into iPSC-derived myeloid cells and they acquired a GM- 
CSF-dependent proliferative potential.15 In this study, we 
constructed GM-CSF-producing iPSC-pMCs (GM-pMCs) 
by introducing Csf2 gene into iPSC-pMCs (Figure 1a-d and 
Figures S1a, b). The pMCs proliferated in a GM-CSF- 
dependent manner, and proliferation was further enhanced 
by addition of M-CSF. In contrast, GM-pMCs proliferated 
even in the absence of an exogenous GM-CSF and showed 
maximal proliferation only with addition of M-CSF (Figure 
1e and Figure S1c). No apparent change was observed in 
morphology compared to pMCs (Figure S1d). GM-pMCs 
expressed the myeloid lineage markers (CD11b, CD11 c, 
F4/80, DEC205, Gr-1, and CD33); meanwhile expression of 
the major histocompatibility complex (MHC)-I/II molecules 
was lower than those of BM-DCs, and co-stimulatory mole
cules (CD40, CD80, and CD86) were more highly expressed 

(Figure 1f and Figure S1e). In the absence of any cytokines, 
although many pMCs undergo apoptosis after four days, the 
GM-pMCs showed a tendency to avoid apoptosis, and over 
90% survived in vitro (Figure 1g). These data suggest that 
GM-pMCs possess an APC-like phenotype and that the GM- 
CSF produced by GM-pMCs was responsible for their high 
viability and proliferative capacities.

To further characterize the GM-pMCs, we performed an 
RNA-seq analysis and found that GM-pMCs exhibited distinct 
gene expression profiles from those of pMCs (Figure 1h). We 
then identified differentially expressed genes between the GM- 
pMCs and pMCs, which were derived from the mouse strains 
C57BL/6 and 129/Sv, respectively (Figure S1f and Tables S1, 2). 
We then further identified the overlapping up-regulated and 
down-regulated genes (Figure S1g and Table S3). The RNA-seq 
data revealed that GM-pMCs were enriched in transcripts 
associated with “cell cycle”, “cell cycle process”, “mitotic cell 
cycle”, and “regulation of mitotic cell cycle” (Figure 1i and 
Table S4); however, these annotation data are attributable to 
the same set of genes contributing to overlapping pathways. 
Conceivably, these up-regulated genes may be associated with 
the proliferative capacity and high viability observed in the 
GM-pMCs.

GM-pMCs stimulate antigen-specific T cells

DCs secrete proinflammatory cytokines such as IL-12 and 
tumor necrosis factor-alpha (TNF-α) following stimulation 
with toll-like receptors.6 In addition, DCs are specialized 
APCs that acquire, process, and present extracellular anti
gens in the context of MHC class I molecules, known as 
cross-presentation, leading to an induction of tumor- 
reactive CD8+ T cell immune responses.22 We first exam
ined the expression of IL-12 and TNF-α by GM-pMCs. 
Results show that GM-pMCs did not produce IL-12p40 
even when stimulated with OK432 (Figure S2a), whereas 
they did produce TNF-α in response to OK432; however, 
the response was lower than that observed for BM-DCs 
(Figure S2b).

We next evaluated whether GM-pMCs have a DC-like 
capacity for T cell stimulation and antigen presentation. GM- 
pMCs induced proliferation of allogeneic T cells, and their 
activity was markedly higher than that in pMCs, however, was 
comparable to that in BM-DCs (Figure 2a, b). Further, pMCs 
and GM-pMCs equally stimulated proliferation of ovalbumin 
(OVA)-specific CD8+ T cells (OT-1) in the presence of 
a soluble form of H-2Kb-restricted OVA peptide 
(OVA257-264 peptide), however, their stimulatory activity 
was weaker than that of BM-DCs (Figure 2c). Since no dif
ference was observed in the T cell stimulatory activity of pMC 
and GM-pMC in the experiments using soluble peptides, cells 
with the antigen washed out 16 h after its addition were used 
for comparison. When the soluble form OVA257-264 peptide 
was removed before co-culture, GM-pMCs pre-loaded with 
OVA257-264 peptide stimulated a proliferative response of OT- 
1 CD8+ T cells more efficiently than that by pMCs (Figure 
2d). Moreover, GM-pMCs pre-loaded with OVA protein also 
stimulated OT-1 CD8+ T cells more efficiently than pMCs 
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(Figure 2d). The presence of 100 μg/mL OVA protein for four 
days induced an equivalent T cell proliferative response to 
that of 10−3 nM OVA257-264 peptide (Figure S2c), however, 

the level of H-2Kb/OVA peptide complex expression was 
below the detection limit of the flow cytometry analysis 
(Figure S2d).

Figure 1. iPSC-derived proliferating myeloid cells were genetically engineered to express GM-CSF. (a) Protocol for the generation of GM-pMCs. pMCs were established 
from iPSCs as described.15 After the proliferation of pMCs was stable, the Csf2 gene was introduced using a lentiviral vector. Cells were cultured in α-MEM supplemented 
with 20% FBS. Other supplements in the medium, and the feeder cells are indicated. (b) Schematic illustration of the lentiviral vector expressing Csf2. (c) The expression 
of the Csf2 gene was confirmed by flow cytometry using the expression of the Venus gene as an indicator. pMCs; gray, GM-pMCs; red. Additionally, see Figure S1a. (d) 
GM-CSF production. Cells (5.0 × 105 cells/mL) were cultured for 24 h in 6-well culture plates. GM-CSF levels in the culture supernatants were evaluated using ELISA. 
Additionally, see Figure S1b. (e) Cell proliferation. Cells (2.0 × 103 cells/well) were seeded in 96-well culture plates in the presence of the indicated cytokines. 
Proliferation was determined at each time point using the MTT assay. Medium served as a control. Additionally, see Figure S1c. (f) Characterization using flow cytometry. 
Upper panels, representative flow cytometry profiles of the indicated surface molecules. Lower panels, an expression of surface molecules associated with a T cell 
stimulation. BM-DC data served as a control. Additionally, see Figure S1e. (g) In vitro viability. Cells (2.0 × 105 cells/well) were cultured in the absence of any cytokine. Cell 
viability was evaluated by flow cytometry at the indicated time points. Upper left panels, representative flow cytometry profiles. Annexin V−/7-AAD−, Annexin V+/ 
7-AAD−, and Annexin V+/7-AAD+ cells were defined as viable cells, early apoptotic cells, and late apoptotic cells, respectively. Graph data represents the frequency of 
each cell. (h) Principal component analysis (PCA) of pMCs, pMCs cultured with recombinant GM-CSF, and GM-pMCs. Additionally, see Figure S1f and Tables S1-3. (i) Gene 
set enrichment analysis (GSEA) of the up-regulated genes in GM-pMCs (overlapping genes between the C57BL/6- and 129/Sv-derived groups). Additionally, see Figure 
S1g and Table S4. (c–g) Representative data from two independent experiments are presented. (d, e, g) Means ± SD (n = 3) are shown. *p < .05, **p < .01, ***p < .001.
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GM-pMCs pre-loaded with OVA protein induced an 
increase in CD69+ phenotype frequency in co-cultured naïve 
OT-I T cells, which was higher than with pMCs (Figure 2e, f), 
suggesting that OVA protein was processed and an H-2Kb- 
restricted OT-I T cell epitope was efficiently presented by the 
GM-pMCs. These results collectively indicate that GM-pMCs 
have a cross-presentation capacity sufficient for stimulating 
antigen-specific T cells.

GM-CSF produced by GM-pMCs induces CD8+ T cell 
homeostatic proliferation

Homeostatic proliferation is an essential T cell proliferative 
response for maintaining the intravital T cell pool and the 
diversity of the TCR repertoire.23 Interleukin (IL)-7 and IL- 
15 are known as homeostatic cytokines that induce polyclonal 
T cell proliferation in an antigen nonspecific manner.24 Since 
GM-pMCs induced T cell proliferation more strongly than 
pMCs, they may also induce antigen nonspecific T cell prolif
eration. We found that recombinant GM-CSF enhanced the 
spontaneous proliferation of naïve OT-1 CD8+ T cells in 

a dose-dependent manner (Figure 3a). Furthermore, super
natant from GM-pMC cultures also promoted proliferation, 
despite the absence of antigenic stimulation, this was attenu
ated by neutralization of the GM-CSF (Figure 3b, c). These 
phenomena resemble the T cell homeostatic proliferation 
induced by IL-7 and IL-15.24 Therefore, we evaluated TCR 
Vβ usage of naïve CD8+ T cells co-cultured with GM-pMCs 
and found that GM-pMCs induced polyclonal T cell expansion 
without affecting TCR clonality (Figure 3d, e, and Figure S3). 
These findings collectively suggest that GM-CSF produced by 
GM-pMCs may enhance the homeostatic proliferation of naïve 
CD8+ T cells.

GM-pMCs efficiently stimulate tumor-reactive T cells to 
exert antitumor effects

To determine whether GM-pMCs exert antitumor effects, we 
first performed prophylactic cancer vaccine experiments. The 
OVA257-264 peptide-loaded GM-pMCs or pMCs (C57BL/6 
background) were intraperitoneally (i.p.) administrated to syn
geneic mice twice, at seven-day intervals. Seven days after the 

Figure 2. GM-pMCs efficiently stimulate antigen-specific CD8+ T cells. (a, b) T cell stimulation capacity. MHC-mismatched CD8+ (A) or CD4+ (b) T cells (1.5 × 105 cells/ 
well) from unprimed BALB/c mice were cultured with the graded doses of 85 Gy-irradiated pMCs, GM-pMCs, or BM-DCs (C57BL/6 strain) for six days. (c, d) T cell priming 
capacity in vitro. (c) Cells (2.5 × 104 cells/well) were irradiated with 85 Gy and co-cultured with the naïve OT-1 CD8+ T cells (5.0 × 104 cells/well) in the presence of 
OVA257-264 peptide at indicated concentration for four days. (d) Cells (1.0 × 106 cells/mL) were pre-pulsed with 10 μM OVA257-264 peptide or 100 μg/mL OVA protein for 
16 h. The cells were then washed twice to remove soluble antigens, seeded in 96-well culture plates (5.0 × 104 cells/well), irradiated with 85 Gy, and co-cultured with the 
naïve OT-1 CD8+ T cells (1.0 × 104 cells/well) for four days. Also see Figures S2c, d. (e, f) Cells (1.0 × 106 cells/mL) were cultured in the presence or absence of 100 μg/mL 
OVA protein for 16 h. Then cells were washed twice to remove soluble antigens, seeded in 96-well culture plates (5.0 × 104 cells/well), irradiated with 85 Gy, and co- 
cultured with naïve OT-1 CD8+ T cells (1.0 × 105 cells/well). The frequency of activated (CD69+) cells in CD8+ T cells was evaluated using flow cytometry at the indicated 
time points. OT-1 CD8+ T cells stimulated with anti-CD3 mAb or control IgG served as references. (e) Representative flow cytometry profiles. (f) Summary of CD69+ cell 
frequency. (a–d) Cell proliferation was determined using 3H-thymidine uptake (16 h). (a–d, f) Means ± SD (n = 3) are shown. Representative data from two independent 
experiments are presented. *p < .05, **p < .01, ***p < .001.
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last treatment, the mice were inoculated subcutaneously (s.c.) 
with MO4, a mouse melanoma cell line expressing OVA, there
after tumor growth and survival were evaluated over time 
(Figure 4a). GM-pMCs significantly inhibited tumor growth 
and prolonged survival compared to pMCs (Figure 4b-d). In 
addition, a high frequency of OVA-specific T cells was detected 
in mice treated with GM-pMCs, which was attributed to pro
motion of cell division in vivo (Figure 4e, f). We also observed 
GM-pMC vaccine augmented CD8+ or perforin+ cell infiltra
tion into MO4 tumor tissue, however, it did not affect CD4+ 

cell infiltration or PD-L1 expression of tumor cells (Figure 4g 
and Figure S4a).

As GM-pMCs have a cross-presentation capacity, we next 
evaluated whether GM-pMCs exert antitumor effects when 
protein antigens were loaded. The OVA protein-loaded GM- 
pMCs exhibited a similar antitumor effect as the OVA peptide- 
loaded GM-pMCs, which was mediated by an increase in 
OVA-specific T cells (Figure 5a-d).

Considering the cancer treatment using the iPSC-derived 
immune cells, it is reasonable to apply allogeneic cells rather 
than autologous cells. Thus, we performed a vaccine experi
ment in an MHC-matched-allogeneic setting by administering 
OVA protein-loaded GM-pMCs from the 129/Sv background 
into C57BL/6 mice. In the MHC-matched-allogeneic setting, 
the 129/Sv-derived GM-pMCs exerted a similar antitumor 
effect in C57BL/6 mice (Figures S4b-e).

As GM-CSF is a proinflammatory cytokine, we investigated 
whether administration of GM-pMCs triggered adverse events. 
Administration of GM-pMCs did not affect the leukocyte sub
set balance, serum GM-CSF levels, or levels of other proin
flammatory cytokines, such as IL-6 and TNF-α (Figures S5a, b). 
Moreover, no other systemic adverse event was observed.

These findings suggest that administration of GM-pMCs 
loaded with tumor antigens can induce tumor-reactive 
T cells, leading to antitumor effects without causing adverse 
effects. Furthermore, our findings suggest that GM-pMCs may 
be applied to cancer treatment in an MHC-matched-allogeneic 
setting.

Irradiated GM-pMCs can be used for cancer treatment

As GM-pMCs are generated from iPSCs and have proliferating 
capacity, there is a concern about their tumorigenic potential, 
such as induction of teratomas or leukemia.25,26 Therefore, 
considering the clinical applications, reliable strategies to 
avoid these adverse events after administration will be 
required. Irradiation is one strategy for preventing tumor for
mation of iPSC-derived differentiated cells, however, an exces
sive dose may attenuate the T cell-stimulation capacity of 
APCs. Thus, we evaluated whether irradiation could prevent 
tumorigenic risks while retaining T cell-stimulatory capacity. 
When irradiated with 85 Gy, most pMCs underwent apoptosis 
one day after irradiation and disappeared in three days. In 
contrast, GM-pMCs showed a tendency to avoid apoptosis 
and survived for three days (Figure 6a and Figures S6a, b). 
Moreover, irradiated pMCs did not proliferate, while GM- 
pMCs slightly increased in number for one day and then 
gradually decreased (Figure 6b). Consistent with the in vitro 
findings, the irradiated GM-pMCs survived for four days in 
syngeneic mice, while pMCs disappeared one to two days after 
irradiation (Figure 6c).

The in vivo survival of APCs correlates to their T cell- 
stimulatory capacity.27 Thus, to determine whether irradiated 

Figure 3. GM-CSF from GM-pMCs induces a CD8+ T cell homeostatic proliferation. (a) Naïve OT-1 CD8+ T cells (1.0 × 105 cells/well) were cultured for six days in the 
presence of recombinant GM-CSF at the indicated concentrations. (b) Naïve OT-1 CD8+ T cells were cultured for six days in the presence of cell-free supernatants (1/4 
vol.) from the pMCs or the GM-pMCs. (c) Naïve OT-1 CD8+ T cells were cultured for six days in the presence of a cell-free supernatant from GM-pMCs, and anti-GM-CSF or 
control antibodies. (d) Naïve CD8+ T cells from C57BL/6 mice were cultured with 85 Gy-irradiated pMCs or GM-pMCs (5.0 × 104 cells/well) for four days.(a–d) Cell 
proliferation was determined using3H-thymidine uptake (16 h). Shown are the results representative of two independent experiments. Means ± SD (n = 3). *p < .05, 
**p < .01. (e) TCR Vβ usage of naïve CD8+ T cells before, and three days after, coculturing with GM-pMCs. TCR Vβ usage was assessed by flow cytometry. CD8+ T cells co- 
cultured with syngeneic splenocytes in the presence of 500 ng/mL Staphylococcal enterotoxin B (SEB) served as a control; SEB stimulates the limited T cells expressing 
specific Vβ usages. Data represents the frequency of cells with a specific TCR Vβ within the CD8+ T cell population. Shown are data representative of three independent 
experiments.
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GM-pMCs exhibit functional properties of APCs in vivo, we 
evaluated the antitumor effects in a prophylactic vaccine model 
with an MO4 tumor. Although the OVA257-264 peptide-loaded 

pMCs exhibited impaired vaccine effects due to their shortened 
survival by irradiation, the GM-pMCs retained similar antitu
mor efficacies as that of non-irradiated cells (Figures S6c-f). 

Figure 4. GM-pMCs suppress tumor growth via induction of tumor-reactive CD8+ T cells. (a) Schematic for vaccination and tumor implantation. C57BL/6 mice were i.p. 
vaccinated twice followed by s.c. (right flank) inoculation of MO4 tumor cells. Tumor growth and survival were monitored until the mice died or were sacrificed when 
the tumors exceeded 20 mm in a diameter. (b–e) C57BL/6 mice were i.p. vaccinated with the OVA257-264 peptide-loaded or the unloaded pMCs or the GM-pMCs. (b) 
Median tumor volume (mm3: length × width2). (c) Tumor growth of individual mice. (d) Kaplan-Meier survival curves. (b–d) Data shown are representative of two 
independent experiments. (n = 8 mice). (e) IFN-γ ELOSPOT assay ex vivo on day 56 after inoculation. Spleen CD8+ T cells from mice with complete tumor rejection by the 
OVA257-264 peptide-loaded GM-pMC vaccine or naïve mice were stimulated with the OVA257-264 peptide- or control SIY peptide (SIYRYYGL)-loaded, irradiated RMA-S for 
18 h. The number of IFN-γ-producing cells was assessed using the ELISPOT assay. Upper panels, representative samples of each group. Bar graph (lower panel) 
represents the number of IFN-γ spots. Shown are the mean ± SEM of two independent experiments (n = 7). (f) C57BL/6 mice were intravenously transferred with the 
eFluor 670-labeled naïve GFP+ OT-1 CD8+ T cells and were left untreated or were vaccinated with the OVA257-264 peptide-loaded pMCs or the GM-pMCs on days 0 and 7 
after inoculation. On day 10, GFP+ spleen cell proliferation was assessed based on eFluor 670 dilutions with flow cytometry. Upper left panel, experimental approach. 
Lower left panels, representative histogram of each group. Bar graph (right panel) shows means ± SD (n = 3). Representative data from two independent experiments 
are presented. (g) C57BL/6 mice were s.c. inoculated with MO4 tumor cells on day 0. Mice were left untreated or treated with the OVA257-264 peptide-loaded pMCs or the 
GM-pMCs on days 1 and 8. Immunohistochemical analysis of tumor tissues (day 10). CD8+ T cells (brown in the middle panels) and perforin+ cells (brown in the right 
panels). Hematoxylin and eosin staining served as references (left panels). Scale bar, 50 μm. Bar graph represents the number of CD8+ cells (upper panel) or perforin+ 

cells (lower panel) per high power field. Shown are means ± SD (n = 6). Additionally, see Figure S4a. *p < .05, **p < .01, ***p < .001.
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Moreover, the effect was similar to that by non-irradiated BM- 
DCs (Figure 6d-g). These results indicate that in vivo prolifera
tion of GM-pMCs can be appropriately controlled using irra
diation. Furthermore, irradiated GM-pMCs can survive for 
a sufficient period of time to stimulate tumor-reactive T cells 
in vivo.

GM-pMCs in combination with immune checkpoint 
inhibitors (ICIs) enhance infiltration of tumor-reactive 
CD8+ T cells and NK cells

Despite the successful activation of a tumor-reactive T cell 
response in vivo, it is conceivable that antitumor vaccination 
may only be effective in a prophylactic setting, and not in 
a therapeutic setting, due to the established immunosuppres
sive tumor microenvironment.28 Therefore, additional agents 
that break such immunosuppressive barriers in combination 
with cancer vaccines are desirable. Currently, there are two 
successful ICIs that use different mechanisms for their anti
tumor effects.29 Cytotoxic T-lymphocyte antigen 4 (CTLA-4), 
expressed on activated T cells, elicits a suppressive signal by 
interacting with CD80/CD86 molecules on APCs. In contrast, 
the programmed death-ligand 1 (PD-L1) is expressed on tumor 
cells and transmits inhibitory signals via the programmed 
death-1 (PD-1) molecules on activated T cells. 
Administration of ICIs in combination with DC-based vac
cines is expected to improve the T cell-mediated antitumor 
effects by removing suppressive signals.30,31 Thus, we assessed 
the potential of combined treatment with ICIs (anti-CTLA-4 
and anti-PD-L1) in two different tumor models that exhibit 
distinct sensitivity to ICIs (Figure 7a).

The MO4 tumor has been reported to be hyporesponsive to 
ICIs,32 and the GM-pMC vaccine exerted a significantly greater 
therapeutic efficacy than that exerted by an ICI treatment, as 

demonstrated by a slower tumor growth and increased survival 
rate. Although no significant difference was observed, the effect 
tended to increase when the GM-pMCs were combined with 
ICIs (Figure 7b-d). We found that intratumoral CD8+ cells and 
NK1.1+ cells (Figure 8b-d), especially perforin (Pfn) and/or 
granzyme B (GzmB) expressing cells (Figure 8e-j), were mark
edly increased by the GM-pMC vaccine, and these observations 
were more pronounced when combined with ICIs. Indeed, 
OVA-specific T cells were present in the tumor tissue of mice 
treated with combination therapy (Figure S7a) and exhibited 
perforin-dependent cytotoxicity against MO4 cells in vitro 
(Figure S7b). Moreover, although GM-pMC vaccine alone 
promoted the infiltration of CD11b+/Gr-1+ myeloid-derived 
suppressor cells (MDSCs) into the tumor, concomitant ICIs 
remarkably reduced both the quantity and frequency of 
MDSCs (Figure 8b-d). These findings indicate that ICIs may 
confer synergistic antitumor immunity to the GM-pMC vac
cine by not only increasing tumor-reactive CD8+ T cells and 
NK cells, but also by altering the immunosuppressive tumor 
microenvironment, suggesting the potential of this combina
tion therapy. In terms of safety, there were no apparent adverse 
events caused by the GM-pMC vaccine or combination ther
apy, such as an induction of serum proinflammatory cytokines 
or tissue inflammation (Figure 9a, b).

Next, we evaluated the treatment efficacy in an ICI- 
responsive tumor model (MC38 colon cancer).33 MC38 cells 
express a mutated ADP-dependent glucokinase (mAdpgk) 
with a single amino acid mutation.34 This mutation-derived 
cancer neoantigen is a promising target for cancer immu
notherapy as such neoantigens are expressed only in cancer 
cells and not in normal cells.35,36 Although the wild type Adpgk 
(wtAdpgk) peptide-loaded GM-pMC vaccine showed no anti
tumor effect, the mAdpgk peptide-loaded GM-pMC vaccine 
significantly prolonged survival compared with that observed 

Figure 5. Protein antigen is applicable to GM-pMC-based cancer vaccine. C57BL/6 mice were i.p. vaccinated twice with the OVA protein-loaded, or unloaded pMCs or 
GM-pMCs, and s.c. inoculated with MO4 tumor cells and monitored as in Figure 4a. (a) Median tumor volume. (b) Tumor growth of individual mice. (c) Kaplan-Meier 
survival curves. (a–c) Data shown are representative of two independent experiments. (n = 8 mice). (D) IFN-γ ELOSPOT assay ex vivo on day 56 after inoculation, as in 
Figure 4e. Shown are the mean ± SEM of two independent experiments (n = 7 except for pMCs). *p < .05, **p < .01, ***p < .001.
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in the wtAdpgk peptide-loaded GM-pMC vaccine (Figure 10a- 
c). Moreover, in combination with ICI treatment, survival was 
significantly prolonged compare to that exhibited by the 
mAdpgk peptide-loaded GM-pMC vaccine alone. However, 
the benefit of the combination therapy was not remarkable as 
ICIs alone sufficiently suppressed this ICIs-responsive tumor.

Recent studies have suggested that stem-like memory CD8+ 

T cells play a key role in elimination of solid tumors.37,38 

Therefore, we evaluated whether GM-CSF is involved in the 

stemness, or memory function of CD8+ T cells. Results show 
that even when the CD8+ T cells were stimulated in the pre
sence of GM-CSF, there was no impact on genes associated 
with stem-like memory or anti-apoptosis, such as the T cell 
factor 1/7 (Tcf1/7), c-Myb, and Bcl2 in vitro (Figure S8a). In 
addition, GM-CSF produced by GM-pMCs did not affect the 
T cell-differentiation state (PD-1/Tcf1), exhausted phenotype 
(KLRG1/CD62L) (Figures S8b, c), nor did it affect the capacity 
for cytokine production (Figure S8d) by activated CD8+ T cells.

Figure 6. Irradiation controls in vivo GM-pMC survival while retaining antitumor efficacy. (a) In vitro viability of irradiated pMCs and GM-pMCs. Cells (1.0 × 105 cells/well) 
were seeded in 96-well culture plates and were 85 Gy-irradiated. The viability of cells (24 h) was evaluated using flow cytometry. Left panels, representative flow 
cytometry profiles. Bar graph (right panels) represents the frequency of early apoptotic and late apoptotic cells. Additionally, see Figure S6a. (b) Cell proliferation. Cells 
(2.0 × 104 cells/well) were seeded in 96-well culture plates and left untreated or irradiated with 85 Gy. Proliferation was determined at each time point using the MTT 
assay. Additionally, see Figures S6a, b. (c) C57BL/6 mice were s.c. inoculated with luciferase-transduced pMCs or GM-pMCs (1.0 × 106 cells) that were irradiated with 
85 Gy prior to administration. In vivo cell survival was monitored at the indicated time points using bioluminescence imaging. Left panels, bioluminescence images. 
Graph (right panel), total flux (photon(s)) at the indicated time points. (a–c) Representative data from two independent experiments are presented. Means ± SD (n = 3) 
are shown. (d–g) C57BL/6 mice were i.p. vaccinated twice with the OVA257-264 peptide-loaded, the 85 Gy-irradiated pMCs or the GM-pMCs, or non-irradiated BM-DCs, 
and s.c. inoculated with MO4 tumor cells and monitored as in Figure 4a. Additionally, see Figures S6c-f. (d) Median tumor volume. (e) Tumor growth of individual mice. 
(f) Kaplan-Meier survival curves. (d–f) Data from two independent experiments are shown. (n = 12 mice). (g) IFN-γ ELOSPOT assay ex vivo on day 56 after inoculation, as 
in Figure 4e. Shown are the mean ± SEM of two independent experiments (n = 6–8). *p < .05, **p < .01, ***p < .001.
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Discussion

To date, DC-based immunotherapy has been used with auto
logous DCs generated from peripheral blood-precursor cells.8 

However, the stable production of the required quantity and 
quality of functional DCs with this method has proven challen
ging. This has been attributed to the variability of individual 
patient differences or specific clinical conditions, subsequently 
linked to the limited clinical efficacy of DC-based immu
notherapies. Immune cells derived from PSCs are expected to 
provide an unlimited source of cells for applications in cancer 
therapies.13,14 However, to generate sufficient numbers of mye
loid lineage cells or DCs from PSCs, extensive labor and long 
periods for cell differentiation are required.39,40 To overcome 
such issues, we previously developed an iPSC-pMC system that 
serves as a cellular drug platform for broad applications in 
cancer therapy, as once a pMC is generated from an iPSC, it 
can supply an infinite number of homogeneous myeloid cells 
without requiring their re-preparation.15 However, the system 
requires two to three days of treatment with IL-4 and GM-CSF 
for differentiation into functional DCs. Therefore, in the cur
rent study we demonstrated that generation of GM-pMCs 
from iPSCs has the potential to serve as an off-the-shelf APC 
platform for cancer treatment, allowing for a stable supply of 
cells with a uniform quality.

GM-pMCs can stimulate antigen-specific T cells by pro
tein-loading due to their cross-presentation capacity. This 
suggests that GM-pMC vaccines may be useful as 
a treatment modality for loading antigen proteins, of which 

the T cell epitopes are unknown. We also found that trans
duction of the GM-CSF gene imparted a survival advantage to 
pMCs, which provided a sufficient period of APC/T cell 
interaction, leading to enhanced T cell priming.27,41 

Additionally, GM-CSF produced by GM-pMCs promoted 
homeostatic proliferation of CD8+ T cells. Although the 
potency to promote homeostatic proliferation was weaker 
than that induced by IL-7/IL-15, such amplification of the 
T cell pool at the T cell-priming site may contribute to an 
efficient expansion of tumor-reactive T cells. However, sys
temic administration of recombinant cytokines is often inef
fective due to their short half-life. Thus, pMCs in 
combination with a recombinant GM-CSF may fail to exhibit 
the equivalent efficacy to GM-pMCs, although these should 
be clarified in further experiments.

GM-CSF has been combined with various cancer vaccine 
strategies as an adjuvant to enhance DC functions.20 In con
trast to its well-known immune-stimulating functions, GM- 
CSF often exhibits an immunosuppressive effect via produc
tion of prostaglandin E2 from MDSCs.42 A GM-CSF gene- 
transduced tumor vaccine (GVAX) model suggested that the 
optimal dose of GM-CSF for eliciting an antitumor immunity 
may be 36 ng-300 ng/106 tumor cells/24 h.43 In contrast, high 
dose GM-CSF (> 1,500 ng) induces immunosuppressive effects 
rather than antitumor efficacy.44 Although a direct comparison 
is difficult, the amount of GM-CSF produced by GM-pMCs 
(280 ng/106 cells/24 h) may be optimal for triggering antitumor 
responses, rather than producing immunosuppressive effects.

Figure 7. GM-pMC vaccine exhibited a greater therapeutic effect than ICIs in ICI-hyporesponsive tumor. (a) Schema for tumor implantation and treatment. The mice 
were s.c. inoculated with tumor cells followed by treatment with GM-pMCs, ICIs i.p. (anti-CTLA-4 Ab + anti-PD-L1 Ab), or in combination. Tumor growth and survival 
were monitored until the mice died or were sacrificed, when tumors exceeded 20 mm diameter. (b–d) The MO4 tumor-bearing C57BL/6 mice were left untreated or 
treated with the OVA257-264 peptide-loaded GM-pMCs, the ICIs, or in combination. (b) Median tumor volume. (c) Tumor growth of individual mice. (d) Kaplan-Meier 
survival curves. Data from two independent experiments are shown (n = 15 mice). *p < .05, **p < .01, ***p < .001.
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By using both the ICI-responsive and -hyporesponsive can
cer models, we found that the GM-pMC vaccine exhibited 
a greater therapeutic effect than that exhibited by ICIs in an 
ICI-hyporesponsive MO4 cancer. Additionally, combination of 
ICIs further enhanced GM-pMC-induced effector cell infiltra
tion and showed a tendency to increase effectiveness of the 
treatment. In contrast, there were no apparent differences in 
the therapeutic efficacies of ICI and the GM-pMC vaccines, as 
well as the combination therapy, in an ICI-responsive MC38 

cancer. Thus, the GM-pMC vaccine may represent a treatment 
option for an ICI-hyporesponsive cancer. However, since we 
examined the efficacy of the therapeutic GM-pMC vaccine only 
in two tumor models, it is difficult to fully determine the 
effectiveness of the treatment. Further research is needed to 
identify the tumors that can serve as effective indicators for 
combination therapy of GM-pMC and ICIs. A recent study 
indicated that the neoantigen burden correlated with antitu
mor T cell responses, particularly with an ICI treatment.36 

Figure 8. Combined treatment with ICIs enhances antitumor immunity. (a) Schema for tumor implantation. MO4 tumor-bearing C57BL/6 mice were left untreated or 
treated with the OVA257-264 peptide-loaded GM-pMCs on days 4 and 11, and ICIs on days 5, 8, 12, and 15. (b–j) Tumors were harvested on day 16, and the intratumoral 
immune cells were assessed using flow cytometry. (b, e, h) Representative flow cytometry profiles. Graph data represents frequency (c, f, i) and absolute number (per 
gram of tumor tissue) (d, g, j) of indicated cells. Mean ± SD are shown (n = 5 mice). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Nevertheless, although the frequency of the mutant Adpgk 
allele in the MC38 cancer used in this study was approximately 
30%, the transplanted MC38 cancer was completely suppressed 
in combination therapies in some mice.45 This may be due to 
the successful elimination of cancer, triggered by an “epitope 
spreading”.46

Only a single T cell epitope targeting a single cancer antigen 
was used in this study. This strategy may allow cancer cells to 

escape an immune surveillance via “cancer immunoediting”;47 

therefore, a multiple-antigen targeting strategy is favorable. 
A recent study suggested that iPSCs and cancer cells may 
share a number of tumor-associated antigens and that irra
diated iPSCs may be promising candidates for cancer 
vaccines.48 By loading an irradiated iPSC-lysate, our GM- 
pMCs may efficiently stimulate diverse tumor-reactive T cells, 
targeting multiple tumor antigens.

Figure 9. Combination therapy does not induce systemic inflammation. MO4 tumor-bearing C57BL/6 mice were left untreated or treated as in Figure 7a. (a) 
Representative hematoxylin and eosin staining of the indicated tissues on day 18. Scale bar, 100 μm. (b) Serum IL-6 and TNF-α were evaluated using ELISA (n = 3). 
C57BL/6 mice treated with 4.0 mg/kg lipopolysaccharide (LPS) served as a reference (n = 3). Shown are means ± SD. (a, b) Representative data from two independent 
experiments are presented.

Figure 10. GM-pMC vaccine efficacy does not exceed the effect of ICI on ICI-responsive tumors. (a–c) MC38 tumor-bearing C57BL/6 mice were left untreated or treated 
with the wtAdpgk peptide-loaded GM-pMCs, the mAdpgk peptide-loaded GM-pMCs, the ICIs, or a combination of the mAdpgk peptide-loaded GM-pMCs and the ICIs, as 
in Figure 7a. (a) Median tumor volume. (b) Tumor growth of individual mice. (c) Kaplan-Meier survival curves. Data from two independent experiments are represented 
(n = 15 mice). *p < .05, **p < .01, ***p < .001.
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Tumorigenicity and histocompatibility are the most critical 
issues facing iPSC-based cell therapy. GM-pMCs survived for 
a sufficient period after 85 Gy irradiation, enabling T cell prim
ing in vivo,41 while their proliferative capacity, associated with 
the risk of tumorigenicity, was appropriately suppressed. 
Removal of GM-pMCs after fulfilling their immune- 
stimulatory roles may also avoid the risk of GM-CSF-related 
adverse events, such as the cytokine-release syndrome. Methods 
to control the in vivo survival of GM-pMCs by administrating 
suicide-inducing agents are under investigation.49,50

Considering their clinical use, we recommend using the 
allogeneic GM-pMCs generated from the HLA-homozygous 
iPSC stock.51 However, it is difficult to obtain fully HLA 
haplotype-matched cells. The GM-pMCs expressing mis
matched HLA molecules may be eliminated via the host T cell- 
mediated alloresponse, thereby impairing the antitumor effi
cacy. Genetic modifications of cell surface HLA molecules may 
solve the problems associated with histocompatibility. The 
mismatched HLA allele-specific gene editing may remove the 
risk of rejection, leading to broader clinical use.52

In conclusion, GM-pMCs generated from iPSCs may serve 
as an APC cell source for cancer vaccines that replace autolo
gous DCs in the future. Although GM-pMCs harbor different 
phenotypic features from DCs, these cells can induce an anti
gen-specific antitumor response equivalent to that induced by 
DCs. However, it may not be sufficient to determine the APC 
function of GM-pMCs only in the OVA-expressing tumor 
model; hence, other intrinsic tumor antigens, such as TRP2 
and gp100, should be validated in the future to support the 
findings herein. Our GM-pMC system, allowing for further 
genetic manipulations, may result in an excellent cellular plat
form for cancer therapy. We are currently working on the 
construction of genetically modified iPSC-pMCs for human use.

Materials and methods

Mice

Female C57BL/6 and BALB/c mice were purchased from Charles 
River Laboratories (Yokohama, Japan). OT-I CD8+ T cell recep
tor (TCR)-Tg, and EGFP-Tg mice were purchased from The 
Jackson Laboratory (Bar Harbor, ME, USA). The EGFP mice 
were crossed with OT-I mice to generate GFP-expressing OT-1 
mice (GFP+ OT-1 mice). In all experiments, animals were ran
domly assigned to various experimental groups. For experiments 
designed to evaluate tumor growth, six to ten mice were used for 
each experiment, which were repeated twice. Animals were sacri
ficed at the end of the study. All mice were maintained under 
specific pathogen-free conditions and used when they were 
6–12 weeks of age. All animal studies were performed in accor
dance with the procedures approved by the Animal Research 
Committee of the National Cancer Center (Tokyo, Japan).

Cells

MO4 is an OVA-expressing B16-F10 melanoma cell line of 
C57BL/6 origin. MC38 is a colon adenocarcinoma cell line of 
C57BL/6 origin. RMA-S is a transporter-associated antigen 
processing (TAP)-defective thymoma cell line of C57BL/6 

origin. MO4 and RMA-S cells were cultured in Roswell Park 
Memorial Institute 1640 medium (RPMI 1640; Sigma-Aldrich) 
supplemented with 10% heat-inactivated fetal bovine serum 
(FBS; Gibco). MC38 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 
10% heat-inactivated FBS. iPSCs of C57BL/6 origin were estab
lished as described previously.15 iPSCs of 129/Sv origin were 
established from peritoneal macrophages using the Cytotune- 
iPS 2.0 (Medical & Biological Laboratories), according to man
ufacturer’s instructions. Establishment of mouse iPSC-pMCs 
was performed as described previously.15 GM-CSF-producing 
iPSC-pMCs (GM-pMCs) were generated by transducing iPSC- 
pMCs with a lentivirus vector expressing Csf2 cDNA 
(GenBank accession number: NM_009969) in the presence of 
polybrene (Sigma-Aldrich) and were then cultured in alpha- 
modified Eagle minimum essential medium (α-MEM; 
Invitrogen) supplemented with 30 ng/mL GM-CSF (Miltenyi 
Biotec), 50 ng/mL M-CSF (BioLegend), and 20% FBS. All cell 
lines were tested and found to be free of mycoplasma 
contamination.

Antibodies and reagents

Anti-mouse GM-CSF antibody (MP1-22E9) for neutralization, 
and control IgG were purchased from BioLegend. OK-432 (peni
cillin-killed Streptococcus pyogenes) was purchased from Chugai 
Pharmaceutical CO., LTD. Staphylococcal enterotoxin B (SEB) 
was purchased from Toxin Technology Inc. E. coli-derived lipo
polysaccharides (LPS O55: B5) was purchased from Sigma- 
Aldrich. Concanamycin A (CMA) was purchased from 
AdipoGen Life Sciences.

Generation of recombinant lentivirus

HIV-1-based lentiviral vectors pseudotyped with vesicular sto
matitis virus G glycoprotein (VSV-G) were generated by tran
sient transfections with pCAG-HIVgp, pCMV-VSV-G-RSV- 
Rev, and CSII-EF-Csf2-IRES2-Venus in 293 T cells, using 
Lipofectamine 2000 (Thermo Fisher Scientific). After 48 h, 
the vector-containing supernatant was harvested and filtered 
through 0.45-mm filters. The lentivirus vector was concen
trated using Lenti-X Concentrator (Clontech), according to 
the manufacturer’s instructions.

Generation of DCs from bone marrow cells

DCs were obtained from bone marrow precursors as described 
previously.15 Briefly, bone marrow cells were cultured in 
RPMI-1640 supplemented with 10% FBS, 20 ng/mL GM-CSF, 
100 U/mL penicillin, 100 μg/mL streptomycin, and 50 μM 
2-mercaptoethanol for seven days in petri dishes. GM-CSF 
was added to the culture on days three and six. On day eight, 
GM-CSF and 20 ng/mL IL-4 (PeproTech) were added. On day 
nine, the DCs were collected.

In vivo tumor models

The pMCs, GM-pMCs, and BM-DCs were incubated with 
OVA257–264 peptides (SIINFEKL, eurofins Genomics), wild 
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type Adpgk peptides (ASMTNRELM, eurofins Genomics), or 
mutated Adpgk peptides (ASMTNMELM, eurofins Genomics) 
at a concentration of 10 μM, or OVA protein (100 μg/mL, 
FUJIFILM Wako Pure Chemical Corporation), for 8–12 h at 
37°C. For prophylactic vaccination, mice were treated intraper
itoneally with the antigen (OVA257-264 peptide or OVA pro
tein)-loaded or unloaded pMCs, GM-pMCs (1.0 × 105 cells), or 
BM-DCs (2.0 ×104 cells) twice in a seven-day interval, followed 
by subcutaneous inoculation with MO4 tumor cells (2.0 × 105 

cells) into the right flank, seven days later. For therapeutic 
vaccination, mice were inoculated subcutaneously (s.c.) with 
tumor cells (2.0 × 105 MO4 cells or 1 × 105 MC38 cells) in the 
right flank on day 0. On day five, when the tumors attained 
a size of 2–3 mm, the mice were randomly assigned to treat
ment groups and treated i.p. with antigen (OVA257-264 peptide, 
wild type Adpgk peptide, or mutated Adpgk peptide) loaded 
GM-pMCs (1.0 × 105 cells) on days 5, 12, 26, and 40. For the 
checkpoint blockade, mice were i.p. injected with 100 μg anti- 
PD-L1 monoclonal antibodies (mAb) (10 F.9G2, Bio X cell) 
and 100 μg anti-CTLA-4 mAb (Armenian Hamster, Bio X cell) 
twice per week for a total of 12 treatments. The mice were 
monitored for tumor growth and survival; tumor size was 
measured twice per week until the mice either died or were 
sacrificed when the tumors exceeded 20 mm in diameter. 
Tumor volumes were measured by length (a) and width (b) 
and calculated as tumor volume = ab2/2.

Cell isolation

Single-cell suspensions of tumor tissues were obtained by 
combining mechanical dissociation with enzymatic degrada
tion of the extracellular matrix. Tissues were cut into small 
pieces and suspended in RPMI 1640 medium with 1.0 mg/mL 
collagenase A (Roche Diagnostics), 0.2 mg/mL hyaluronidase 
(Nacalai Tesque), and 20 mg/mL DNase I (AppliChem). 
Tissues were digested using a gentleMACS Dissociator 
(Miltenyi Biotec) and then passed through a 70 mm filter to 
generate single-cell suspensions. For intracellular cytokine 
staining of tumor infiltrating immune cells, the mice were i.p. 
injected with 10 μg/g GolgiPlug (BD Biosciences) prior to 
tissue harvesting.

Cytospin

Cell suspensions (1.0 × 105 cells/mL of 0.5% FBS-containing 
PBS) were loaded onto Superfrost Plus slides using the 
Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific), spun at 
500 rpm for 5 min, and air-dried for 24 h. The dried slides were 
stained with May-Grünwald/Giemsa (Merck), according to the 
manufacturer’s instructions.

Flow cytometry

Single-cell suspensions were incubated with the Fc-receptor 
blocking reagent (Miltenyi Biotec) and then stained with 
immunofluorescence-conjugated mAbs following the manu
facturer’s instructions (Table S5). For transcription factor 
staining, the cells were first surface stained before fixation 
and permeabilization using the transcription factor staining 

kit (eBioscience), followed by intranuclear staining. For intra
cellular cytokine staining, CD8+ T cells (1.0 × 105 cells) were 
stimulated in vitro with 50 ng/mL Phorbol-12-myristat-13- 
acetate (PMA, Sigma-Aldrich) and 1 μg/mL Ionomycin 
(Sigma-Aldrich) for 5 h in the presence of 5 μg/mL 
GolgiPlug. Cell surface molecules were stained before fixation 
and permeabilization, using the fixation/permeabilization kit 
(BD Biosciences), followed by intracellular staining. Cell via
bility was determined using the Annexin V apoptosis detection 
kits (BioLegend), according to manufacturer’s instructions. 
The cell samples were analyzed on a flow cytometer (FACS 
Canto II or Accuri C6; BD Biosciences), and data were ana
lyzed using FlowJo software v10.7 (Tree Star Inc.).

Immunohistochemistry

Tissues were fixed with Tissue Fixative (Genostaff), embedded in 
paraffin, and sectioned at 5 μm. The tissue sections were de- 
paraffinized with xylene and rehydrated using an ethanol series 
and Tris-buffered saline (TBS). Antigen retrieval was performed 
by microwave treatment for 10 min at 500 W in 1 mM ethyle
nediaminetetraacetic acid (EDTA) buffer, pH 6.0. Endogenous 
peroxidase was blocked with 0.3% hydrogen peroxide in metha
nol for 30 min. After washing with TBS, the sections were 
incubated with G-Block (Genostaff), followed by treatment 
with an Avidin/Biotin Blocking kit (Vector Laboratories). For 
CD4, CD8, or perforin single staining, slides were incubated 
with rat anti-mouse CD4 mAb (eBioscience, 4SM95), rat anti- 
mouse CD8α mAb (eBioscience, 4SM15), or anti-mouse per
forin polyclonal antibody (CB5.4) at 4°C overnight. After wash
ing with TBS, the sections were incubated with biotin- 
conjugated anti-rat IgG (Vector Laboratories) for 30 min at 
25°C, followed by addition of peroxidase-conjugated streptavi
din (Nichirei) for 5 min. Peroxidase activity was visualized using 
diaminobenzidine/hydrogen peroxide. The sections were coun
terstained with Mayer’s Hematoxylin (Muto Pure Chemicals), 
dehydrated, and then mounted with G-Mount (Genostaff).

In situ hybridization

The cDNA fragment of murine Cd274 at cDNA positions 
59–735 (GenBank accession number: NM_021893.3) was used 
for generation of sense or anti-sense RNA probes. Digoxigenin 
(DIG)-labeled RNA probes were prepared using DIG RNA 
Labeling Mix (Roche Diagnostics). Tissues were fixed with 
G-Fix (Genostaff), embedded in paraffin on CT-Pro20 
(Genostaff) using G-Nox (Genostaff), as a less toxic solvent 
than xylene, and sectioned at 5 μm. In situ hybridization (ISH) 
was performed using the ISH Reagent kit (Genostaff) according 
to the manufacturer’s instructions. Paraffin-embedded sections 
were hybridized with the DIG-labeled RNA probes at 60°C for 
16 h. After hybridization, sections were incubated with anti-DIG 
alkaline phosphate conjugate (Roche Diagnostics). The bound 
label was detected using alkaline phosphate color substrates 
nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3ʹ- 
indolylphosphatase p-toluidine salt (Sigma-Aldrich). Sections 
were then counterstained with Kernechtrot Stain Solution 
(Muto Pure Chemicals, Tokyo, Japan) and mounted with 
G-Mount (Genostaff).
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RNA-seq and analysis

RNA-Seq analysis was performed using the BGISEQ 
(Hong Kong, China) instrument in the paired-end 2 × 100 bp 
cycle mode by using library creation kits (BGI original library 
kit). The sequence reads were mapped to the mouse reference 
genome (mm10) provided by the UCSC as of October 16, 2016, 
by using HISAT2 v2.1.0; they were quantified using the 
HTSeq-count v0.9.1 for read counts and Stringtie v1.3.4 for 
FPKM, respectively. The data has been deposited in the NCBI 
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/ 
, accession number GSE136993). Genes differentially expressed 
between pMCs and GM-pMCs (log fold change ≥ 1 or ≤ −1) 
were identified using DESeq2.53 Principal component analysis 
was performed using variable genes. Up-regulated or down- 
regulated genes shared by C57BL/6 GM-pMCs and 129 Sv 
GM-pMCs were analyzed for Gene Ontology (GO) biological 
processes using DAVID.54 Gene set enrichment analysis was 
performed using gene set enrichment analysis (GSEA) software 
(http://software.broadinstitute.org/gsea/downloads.jsp).

Real-time PCR

Total RNA was extracted using the RNeasy Mini Kit Plus 
(QIAGEN), and cDNA was synthesized using the PrimeScript 
II 1st strand cDNA Synthesis kit (TaKaRa Bio). Transcripts 
were quantified using real-time quantitative PCR on an ABI 
PRISM 7500 sequence detector using the TaqMan Gene 
Expression Assays (Applied Biosystems). The following probes 
were used: T cell factor 7 (Tcf7; Mm00493445_m1), c-Myb 
(Myb; Mm00501741_m1), Bcl2 (Bcl2; Mm00477631_m1), Bcl- 
XL (Bcl2l1; Mm00437783_m1), Bax (Bax; Mm00432051_m1), 
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh; 
Mm99999915_g1). mRNA expression levels were calculated 
using the change-in-cycling-threshold (Ct) method, and the 
results were normalized to levels of the control gene Gapdh.

Cytokine measurements

Cytokine levels in culture supernatant or serum were measured 
using an enzyme-linked immunosorbent assay kit 
(BioLegend), according to the manufacturer’s instructions.

Cytotoxicity

The cytotoxicity of CD8+ T cells was measured using standard 
51Cr-release assays. Target cells were labeled with sodium 
[51Cr]-chromate (5 mCi/mL) for 1 h at 37°C, washed twice, 
and seeded onto 96-well round-bottomed culture plates (5 × 
103 cells/well). Effector cells were added to the target cells at 
indicated E:T (Effector:Target) ratios and incubated for 4 h at 
37°C. The plates were then centrifuged, and supernatants 
(25 μL/well) were harvested and counted in a liquid scintilla
tion counter (MicroBeta2 LumiJET, PerkinElmer). The per
centage of specific lysis was calculated as: 100× 
[(experimental release – spontaneous release)/(maximal 
release – spontaneous release)]. Spontaneous release and max
imal release were determined in the presence of either medium 
or 1% Triton X-100, respectively.

Enzyme-linked immunosorbent spot assay

The frequency of IFN-γ-producing cells was detected using an 
enzyme-linked immunosorbent spot assay kit according to the 
manufacturer’s instructions (BD Biosciences). Spots were 
enumerated using an Eliphoto counter (Minervatech).

In vitro cell proliferation

Cell proliferation was evaluated using a standard MTT (3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; 
Sigma-Aldrich) assay and a [3H]-thymidine incorporation 
assay. For the MTT assay, 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 μL of 
DMSO was added to each well, and the plate was mixed 
thoroughly. After 5 min, absorbance at 570 nm was measured. 
For [3H]-thymidine incorporation assay, cells were cultured for 
four to six days and pulsed with [3H]-thymidine (PerkinElmer, 
1 μCi/well) for the last 16 h. Proliferation was measured as3H- 
thymidine incorporation by scintillation counting (MicroBeta2 
LumiJET, PerkinElmer).

In vivo cell proliferation

GFP-expressing OT-I T cells were isolated from the spleen 
using the CD8α+ T cell isolation kit (Miltenyi Biotec), labeled 
with Cell Proliferation Dye eFluor 670 (eBioscience), and 
intravenously transferred into naïve C57BL/6 mice on day 0. 
The mice were i.p. injected with OVA257-264 peptide-loaded 
pMCs or GM-pMCs on days 0 and 7. On day 10, their spleens 
were harvested, and single-cell suspensions were analyzed on 
a flow cytometer.

In vivo bioluminescent imaging

Mice were i.p. injected with 200 μL of D-luciferin (15 mg/mL; 
VivoGlo Luciferin; Promega) under 2% isoflurane as an 
inhaled anesthesia, and bioluminescence images were obtained 
using the IVIS Lumina II instrument with the Living Image 
software version 3.2 (PerkinElmer).

Statistical analysis

Statistical analysis was conducted using JMP Genomics 
software version 14 (SAS Institute Inc., Cary, NC, USA). 
Unpaired two-tailed Student’s t-tests were used for compar
isons between the two groups. One-way ANOVAs with the 
Tukey’s test were used for multiple comparisons. The 
Kaplan-Meier survival analysis was based on reaching the 
endpoint (when mice died or were sacrificed when the 
tumors exceeded 20 mm in diameter). Differences between 
the survival curves were evaluated using log-rank tests. 
Results were considered significant at the following 
p-values: *p < .05, **p < .01, ***p < .001.
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