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Cancer is maintained by the activity of a rare population of self-renewing “cancer stem cells” (CSCs), which are resistant to conventional therapies. CSCs over-express several proteins shared with induced pluripotent stem cells (iPSCs). We show here that allogenic or autologous murine iPSCs, combined with a histone deacetylase inhibitor (HDACi), are able to elicit major anti-tumor responses in a highly aggressive triple-negative breast cancer, as a relevant cancer stemness model. This immunotherapy strategy was effective in preventing tumor establishment and efficiently targeted CSCs by inducing extensive modifications of the tumor microenvironment. The anti-tumoral effect was correlated with the generation of CD4+, CD8+ T cells, and CD44+ CD62L- CCR7low CD127low T-effector memory cells, and the reduction of CD4+ CD25+FoxP3+ Tregs, Arg1+ CD11b+ Gr1+, and Arg1+ and CD11b+ Ly6+ myeloid-derived suppressor cell populations within the tumor. The anti-tumoral effect was associated with a reduction in metastatic dissemination and an improvement in the survival rate. These results demonstrate for the first time the clinical relevance of using an off-the-shelf allogeneic iPSC-based vaccine combined with an HDACi as a novel pan-cancer anti-cancer immunotherapy strategy against aggressive tumors harboring stemness features with high metastatic potential.
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INTRODUCTION

During the last decade, the concept of tumor heterogeneity has been extensively explored in solid tumors, leading to the identification, in several types of cancers, of dedifferentiated cancer cells, designated as “tumor-initiating cells” or “cancer stem cells” (CSCs) (1, 2). Within the bulk of a tumor, these cells represent a minor population with defined functional and molecular characteristics: (i) they are able to reinitiate tumor growth in immunodeficient mice by self-renewal capacity (3, 4), (ii) they exhibit various degrees of stemness signature based on transcriptomic and epigenetic molecular profile (5–7). Specifically, current evidence indicates that in addition to the well-known oncoprotein c-MYC, some of the key regulators of embryonic stem cells (ESCs), such as OCT4, SOX2, and NANOG, are also abnormally over-expressed in CSCs of a broad range of malignancies (7, 8). These three factors participate in a highly integrated network along with c-MYC and polycomb proteins that use the epigenetic machinery to remodel chromatin through histone modification and DNA methylation. This ability to induce major epigenetic modifications was first demonstrated by groundbreaking experiments leading to the discovery of induced pluripotent stem cell (iPSC) technology (9, 10). iPSCs are closely linked to ESCs, as both express the same auto-regulatory circuitries (11). Subsequent analyses of the genomic characteristics of iPSCs revealed the occurrence of genetic abnormalities in iPSC arising either from the initial somatic parental cell (12, 13) or during their expansion in vitro (12).

Previous studies have explored ESC/iPSC-based cancer vaccines as source of immunogenic tumor associated antigens (TAA) (14–18). However, they could not assess their effect on metastatic spread because the model cell line used in these studies lacked metastatic potential. Given these considerations, we used a cancer stemness model to explore an iPSC-based vaccination strategy exploring the possibility to inhibit metastatic dissemination. To this purpose, we have used an aggressive murine cancer cell line generating lung metastasis after implantation. In addition, as cancer stemness is strongly associated with immunosuppressive genes that inhibit T cell activation, we have combined the iPSC vaccination along with an epigenetic modification using HDAC inhibitors. It is indeed known that tumor microenvironment (TME) represents a privileged niche in which diversification of tumor clones can occur (19). It is also well-documented that this immunosuppressive niche contributes to the establishment, progression, and immune escape in various types of cancers. This niche is generated through epigenetic alterations capable of efficiently and accurately reprogramming the TME. The latter was shown to implicate several mechanisms including DNA methylation, histone post-translational modifications, and non-coding RNA-mediated regulation (20). Molecules such as histone deacetylase inhibitors (HDACi) are currently under evaluation to modify this immunosuppressive TME able to convert a tumor from an immune suppressive (cold) to an immune permissive (hot) niche (21). In a therapeutic point of view, the short-chain fatty antiepileptic drug Valproic Acid (VPA) is a class I selective HDACi, acting with IC50 values ranging from 0.4 to 3 mM, was shown to be able to modify TME by decreasing in particular myeloid-derived suppressor cells (MDSCs) (22) without significant side effects (23).

We show here that iPSCs-based vaccine combined with VPA in a metastatic model of aggressive murine cancer cell line, prevent the establishment of CSCs-enriched tumors and to inhibit efficiently the development of lung metastases.



MATERIALS AND METHODS


Cell Line Isolation and Maintenance

Primary fibroblasts from BALB/c mice were reprogrammed into pluripotency by ectopic expression of OCT4, SOX2, c-MYC, and KLF4 using a Cre-Excisable Constitutive Polycistronic Lentivirus (EF1alpha-STEMCCA-LoxP backbone from Millipore). A C57BL/6-derived iPS cell line was purchased from ALSTEM (Richmond, CA). Both murine iPSC lines were maintained on mitomycin-treated MEFs in DMEM glutamax (Gibco), 15% fetal bovine serum (Eurobio), 1% penicillin and streptomycin (Invitrogen), 1 mM 2-mercaptoethanol (Sigma), and 1,000 units/mL of Leukemia Inhibitory Factor. Pluripotency was confirmed by FACS analysis and Teratoma assays in immunodeficient mice (NOD-SCID) after injection of 2 × 106 iPSC per mouse. Two months later, the presence of three germline layers were confirmed in teratomas by histology and Immunohistochemistry (IHC) as described (24). The vaccine batch was prepared from miPSC cultured on gelatin (Sigma) and Essential 8 medium (Thermo Fisher Scientific). miPSCs were incubated for 24 h with 0.5 mM of VPA, known to improve the induction of bona fide iPSCs and to avoid iPSCs senescence (25, 26) followed by a lethal irradiation at 15 Gy. The breast cancer line 4T1 was obtained from ATCC (CRL-2539). 4T1 MammoSpheres (MSs) were produced in 9 days in low-attachment 6-well-plates at density of 100,000 cells per well in MEF-conditioned medium (3/4 MEF-conditioned medium + 1/4 mES medium + 4 ng/mL bFGF), and addition of TNF-alpha (20 ng/mL), and TGF-β 1 (10 ng/mL) (Cell Signaling Technology). 4T1 cell line was transduced by the retroviral vector pMEGIX encoding the genes for firefly luciferase. Stable clones of 4T-luc were isolated and selected by bioluminescence imaging systems based on luciferase expression.



Transcriptome Meta-Analysis of 4T1 Cells and miPSCs

To confirm the stemness signature of murine 4T1, we have performed transcriptome microarray analysis in context of in vitro and in vivo tumor experiments (Clariom™ S Assay, mouse kit, Thermofisher scientific France) according to the manufacturer's instructions. Our 4T1 in vitro and 4T1 in vivo transplant transcriptome experiments were integrated with mammary gland samples from GEO dataset GSE14202 and mouse iPSC data from GEO dataset GSE15267. Cross batch normalization was applied with Combat function from SVA R bioconductor package (27). LIMMA analysis was performed between 4T1-transplant samples vs. in 4T1 in vitro samples to identify differential expressed genes (28). Expression heatmap was realized with pheatmap R-package and unsupervised principal component analysis plot ggfortify R package post prcomp R function. Functional enrichment was performed with Toppgene web application (29) on GO-BP, MSigDb and DisGeNET (30) databases. Functional enrichment network was built with Cytoscape application version 3.6.0 (31).



Transcriptome Analysis of 4T1 Cells Treated With Valproic Acid

Total RNA was extracted following the instructions of the manufacturer (TRIzol, Life Technologies) from 4T1 cells treated with and without valproic acid (VPA) at dose of 0.5 mM for 10 days. Microarray probes were synthetized in one cycle of RNA amplification in which molecules were labeled (Affymetrix microarray station, Affymetrix, CA). The labeled microarray probes were hybridized on a Mouse Clariom S (mm10) microarray (Thermo Fisher Scientific), and the CEL files of microarray data obtained from the Affymetrix platform were normalized using the RMA method in Affymetrix Expression Console software (Affymetrix, CA). Gene-set enrichment analysis was performed with the online java module of GSEA software, version 3.0, while a network-based gene-set enrichment analysis was performed with Cytoscape software, version 3.6.0. Bioinformatics analyses were performed in R version 3.4.1; the R-package made4 was used to create an expression heatmap using Euclidean distances and the Ward method, and the FactoMineR R-package was used to perform an unsupervised principal component analysis. Genes with significant differences in expression were selected with the SAM algorithm using a FDR threshold of 5 percent.



Animal Model

Wild-type female BALB/c mice, 8–10 weeks old, were purchased from Janvier Laboratory. Protocols of animal experiments were approved by the Animal Care Committee of the Val de Marne. In vivo studies were designed using 4 to 10 BALB/c mice in each group. Treatment consisted of two sub-cutaneous injections (1-week interval between injections) of 2 × 106 miPSCs. One week following the second injection, mice were inoculated with 5 × 104 4T1Luc cells, directly transplanted into mammary fat-pad following by 15 days of VPA treatment, orally administered at dose of 4 mg/mL, an approach that leads to approximate concentrations of 0.4 mM VPA in plasma, as previously reported (32). Tumor growth was followed in vivo by bioluminescence imaging using the IVIS Spectrum system and quantified by the Living Image software (Perkin Elmer). Lungs were incubated in vitro with 150 μg/mL luciferin to quantify metastatic tumors. Tumors size and volume was measured and dissociated by GentleMACS dissociator (Miltenyi Biotec) without enzyme R (Tumor dissociation kit, Miltenyi Biotec). Spleens were dissociated using a cell strainer (Fisher), after removing red blood cells (RBC Lysis Buffer, eBioscience).



Staining of Immune Cells and Tumor Cells for FACS Analysis

Splenocyte and immune cells from tumor micro-environment were analyzed by FACS for the expression of CD44, CD24, CD45, CD8a, CD25, CD279 (PD-1), MHC class I, CD3, CD11b, Gr-1, CD4, Ly-6C, CXCR5, CD22, CD62L, Arginase 1/ARG1, CD197, CD127 (Supplementary Table 1). Dead cells were excluded using 7-aminoactinomycin D (7-AAD) and zombie violet. Immune stimulation was performed using 50 ng/mL Phorbol 12-Myristate 13-Acetate (PMA) (Sigma) and 500 ng/mL ionomycin b (Sigma) in RPMI 1640 medium (Gibco). FACS analysis was conducted using MACSQuant analyzer (Miltenyi Biotec). The proportion of T-cell subpopulations has been reported among total CD3 + lymphocytes in analysis of blood samples. The proportion of cells in tumor samples and spleen, was reported among the total CD45 + hematopoietic cell population.



Aldefluor Assay

The Aldefluor kit (Stem Cell Technologies) was used to characterize the ALDH activity on 4T1 cells as described (33). Cells were incubated at 37°C in Aldefluor assay buffer, which contained the ALDH substrate BODIPY-aminoacetaldehyde. To determine baseline fluorescence, the enzymatic activity of ALDH was blocked by the inhibitor DEAB. FACS analysis was performed using a MACSQuant analyzer (Miltenyi Biotec).



Transcriptome Analysis of 4T1 Tumors From Mice Vaccinated With miPSCs and VPA

Total RNA was extracted from 4T1 tumors in treated and control mice, following the instructions of the manufacturer (TRIzol, Life Technologies). Microarray probes was synthetized by one cycle of RNA amplification in which molecules were labeled in an Affymetrix microarray station (Affymetrix, CA). Labeled microarray probes were hybridized on a Mouse Clariom S (mm10) microarray (Thermo Fisher Scientific). The CEL files of microarray data obtained from the Affymetrix platform were normalized using the RMA method in Affymetrix Expression Console software (Affymetrix, CA) (34). As described by Lyons et al. (35), gene modules of specific immune cell expression profiles were constructed for the purpose of immune-cell-specific profiling of cancer. With these specific immune modules, we conducted gene-set enrichment analyses using the online java module of GSEA software version 3.0 (36). A network-based analysis of gene enrichment was performed with Cytoscape software version 3.6.0 (31). Differentially expressed genes were identified with a rank products analysis. A functional analysis of genes that were upregulated in the vaccinated group was performed using the Gene Ontology biological process database and the DAVID application from the NIH website (37).



qRT-PCR

Total RNA was isolated using TRIzol Reagent (Life Technologies) and reverse transcription was performed using MultiScribe Reverse Transcriptase (Applied Biosystems) according to the manufacturer's instructions. Quantitative PCR (qPCR) was performed in duplicate using SYBR Green PCR Master Mix (Applied Biosystems) on an Agilent Technologies Stratagene MX3005p apparatus. The expression levels of genes were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of the primers used are: for CXCL9: Fw: CCATGAAGTCCGCTGTTCTT, Rv: TGAGGGATTTGTAGTGGATCG, for CXCL10: Fw: ATCAGCACCATGAACCCAAG, Rv: TTCCCTATGGCCCTCATTCT, for CXCL13: Fw: ATGAGGCTCAGCACAGCA, Rv: ATGGGCTTCCAGAATACCG, for GAPDH: Fw: GAGAGGCCCTATCCCAACTC, Rv: TCAAGAGAGTAGGGAGGGCT.



Quantification and Statistical Analyses

All values are expressed as mean ± s.e. Differences among groups were assessed, as appropriate, using either an unpaired two-tailed Student's t-test or a one-way/two-way analysis of variance (ANOVA) in PRISM GraphPad software or Microsoft Office Excel software. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




RESULTS


Poorly Differentiated Murine 4T1 Breast Tumors Display an IPSCs-Like Expression and Stemness Signature

Cross batch normalization, transcriptome integration of 4T1 in vitro and 4T1-transplant samples with samples of mouse iPSCs and mouse micro dissected mammary gland (Figure 1A) have allowed to perform a differential expression analysis that was performed with LIMMA algorithm between 4T1-transplant and 4T1 in vitro (Figure 1B). This supervised analysis allowed to identify 325 up regulated genes in 4T1-transplant condition (Log2 Fold Change >2 and Adjusted p < 0.01, Supplementary Table 2). Unsupervised clustering performed with up regulated genes in 4T1-transplant allow to aggregate miPSCs samples with 4T1 transplant samples in one cluster and 4T1 in vitro samples with micro-dissected mammary gland samples in another cluster (Euclidean distance and ward.D2 method, Figure 1C). Functional enrichment analysis performed with these 325 up regulated genes in 4T1-transplant on DisGeNET database allowed to identify a main enrichment in triple negative breast cancer disease (Figure 1D). Triple negative breast cancer enriched signature in 4T1-transplant condition allowed to build a large molecular related network (Figure 1E). In addition, enrichment on GO-BP database allowed enrichment of terms in relation with development and morphogenesis and especially genes implicated in epithelial and tube development which are components important for mammary gland pathophysiology (Supplementary Figures 1A,B). Functional enrichment performed on MSigDb version 7.3 allowed also to identify an enriched molecular network implicating relations with microenvironment such as: focal adhesion kinases, integrin and extracellular matrix organization with several collagens and metalloproteinases (Supplementary Figures 1C,D) as well in cell mobility and migration (Supplementary Figures 2A,B). All these functional enrichments are in agreement with an invasive process and with a mesenchymal characteristic of this TNBC mouse model after injection in mice.


[image: Figure 1]
FIGURE 1. 4T1-transplant samples involved a TNBC up regulated expression profile: (A) whole transcriptome principal component analysis stratify on experimental groups. (B) Volcanoplot of LIMMA analysis comparing 4T1-transplant and 4T1 in vitro. (C) Expression heatmap on up regulated genes between 4T1-transplant and 4T1 in vitro condition. (D) Barplot of functional enrichment performed on DisGeNET with up regulated genes in 4T1-transplant condition. (E) Functional enrichment network involving triple negative breast cancer expression profile for 4T1-transplant up regulated genes.


We then used FACS analysis to quantify the expression of the breast cancer stem cell markers CD44 and CD24 (38) in 4T1 cells recovered in vitro and in vivo 12 and 28 days after injection into mammary fat pads. A population of CD44+/high/CD24−/low cells was identified in 4T1 cells in vivo, with a frequency up to 32% (Supplementary Figure 3). Since it is well-known (38) that induction of an EMT in transformed mammary epithelial cells yields cells with CD44high/CD24low antigenic phenotype, we wished to confirm the presence of EMT markers by whole transcriptome unsupervised principal component analysis.



Valproic Acid Modify the Transcriptomic Landscape of 4T1 Cells

Before testing the in vivo immune-modulatory effect of VPA in combination with iPSC-based vaccine, we asked whether VPA could modulate on its own, the immune-related gene expression in 4T1 cells. To this purpose, we performed a transcriptome analysis on 4T1 cells treated in vitro with 0.5 mM of VPA for 10 days, and compared this to the transcriptome of untreated cells. These analyses identified 117 immune-related genes implicated in TNF alpha and/or IFN-alpha and IFN-gamma signaling (Figure 2A). These results were confirmed by a gene-set enrichment analysis that revealed significant enrichment in these three immune gene sets (Figure 2B). In addition, using the SAM algorithm we were able to identify 44 immune-related genes that demonstrated expression differences between the VPA-treated samples and their control counterparts (Figure 2C, Supplementary Table 3). These were validated by principal component analysis (Figure 2D, p = 3.3 × 10−4). Among these 44 immune genes, CD74, CCL2, and TNFRSF9 had a fold-change expression of >2 (Figure 2E, Supplementary Table 3). In addition, we discovered that VPA could increase the MHC I expression level in a dose-dependent manner (Supplementary Figure 4A) with 2 mM of VPA exposure inducing a 2.1-fold increase expression of MHC I (relative mean of fluorescence intensity measured by FACS). More importantly, VPA also induced a 2.7-fold increase expression of MHC I in 4T1-derived MammoSpheres (MSs) (Supplementary Figure 4B) which harbored a high proportion of CSC-like cells expressing aldehyde dehydrogenase 1 (ALDH1) in permissive culture conditions, in the presence of high doses of TGFβ and TNFα (Supplementary Figures 5A–D).
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FIGURE 2. Treatment with valproic acid (VPA) induced an upregulation of the immune response in 4T1 cells in vitro: Transcriptome analysis was performed on 4T1 cells treated with or without 0.5 mM of valproic acid for 10 days. Microarray probes were synthetized, labeled (Affymetrix microarray station, Affymetrix, CA) and hybridized on a Mouse Clariom S microarray (Thermo Fisher Scientific). The CEL files of microarray data obtained from the Affymetrix platform were normalized using the RMA method in Affymetrix Expression Console software (Affymetrix, CA). (A) A representation of the immune gene network upregulated by in vitro VPA treatment of 4T1 cells. Octagons represent enriched immune modules; circles are genes, which are connected to their respective enriched modules by blue edges (NES, normalized enrichment score). (B) Immune gene sets that were significantly enriched in VPA-treated 4T1 cells compared to untreated 4T1 cells (NES, normalized enrichment score, p-value and FDR were obtained by a hypergeometric test performed using the MSigDB 6.1 Hallmark database). (C) Expression heatmap depicting the immune genes that were significantly overexpressed in VPA-treated 4T1 cells (SAM algorithm, unsupervised classification on Euclidean distances with Ward method). (D) Unsupervised principal component analysis performed on upregulated immune genes in VPA-treated 4T1 cells. (E) Boxplot of three immune genes that were found to be significantly overexpressed as a result of VPA treatment (fold-change >2).


The finding of MHC I expression in “stemness” conditions, led to the hypothesis that VPA treatment could promote directly immune response-associated gene expression, which would improve immune-recognition of CSC-like 4T1 cells by T-cells.

To test this hypothesis, we wished to eliminate the possibility that VPA alone had an effect on tumor growth. We therefore performed tumorigenicity experiments in which we have evaluated the effects of VPA alone on 4T1 tumor size or on metastatic spread to the lungs. In the experiments using VPA alone, there was no significant effect on tumor reduction (p = 0.73; Supplementary Figures 6A,B), nor on the occurrence of metastatic spread (p = 0.54; Supplementary Figure 6C) and no effect on CD4+ or CD8+ T-cells, Tregs or MSCS (Supplementary Figure 6D). These data suggested that VPA alone in this dose was insufficient for inducing an immune response against the 4T1 model of breast cancer.

These results prompted us to investigate a combinatory immune strategy using an iPS cell-based cancer vaccine along with the VPA.



Anti-tumor Effects of Murine iPS Cell-Based Vaccines Combined With VPA in an Autologous or Allogeneic Context

To confirm the hypothesis of the occurrence of the immune response along with the anti-tumor effect using the combined strategy, we immunized BALB/c immunocompetent mice with the vaccine combination approach, involving 2-weekly 2 × 106 allogenic C57BL/6 derived-miPSCs pre-treated by VPA followed by transplantation of 4T1 cells into the fad pad (Supplementary Figure 7). After implantation of the tumor, mice were treated orally by VPA (4 mg/mL) during 15 days. Anti-tumor efficacy of this immune prevention strategy was compared with a preventive therapy using C57BL/6-derived miPSCs without VPA treatment and with VPA treatment alone without vaccination.

Overall these experiments were conducted using 31 BALB/c mice divided into four groups including PBS group (n = 7), VPA alone group (n = 8), C57BL/6 derived-miPSCs group (n = 8) and the group of mice treated with C57BL/6 derived-miPSCs and VPA (n = 8). All mice were challenged with 5 × 104 4T1-GFP-Luc cells. At day + 21 after tumor implantation, the group of mice treated with VPA alone and miPSC-based vaccine alone showed 21.7 and 18% reduction, respectively, in their tumor volume which was not significant as compared to those observed in control mice, On the other hand, in mice receiving miPSC with VPA, the tumor volume was significantly smaller with a reduction of 47.6% compared to control mice (104 ± 5.7 vs. 258 ± 12 mm3, p < 0.001; Figures 3A,B).
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FIGURE 3. Evaluation of the anti-tumor effects of murine iPSCs derived from BALB/c or C57BL/6 mice. (A) Evaluation of the anti-tumor effects of C57BL/6- derived miPSCs murine with or without VPA. Eight to 10 weeks old female BALB/c mice, were divided into 4 groups: group control (PBS; n = 7), mice treated with VPA (n = 8) or miPSCs alone (n = 8), and mice treated with miPSCs + VPA (n = 8). Treatment consisted of two sub-cutaneous injections (one-week interval between injections) of 2 × 106. One week following the second injection, all mice were inoculated with 5 × 104 4T1Luc cells into mammary fat-pad following by 21 days of VPA treatment, orally administered at dose of 4 mg/mL. (B) Representative bioluminescence imaging of tumors from mice treated with miPSCs, VPA and miPCs+VPA compared to untreated mice. (C) Tumor growth in 8–10 weeks old, BALB/c mice that were immunized with murine C57BL/6-derived iPSCs; with (n = 5) or without VPA (n = 5), compared to control group (n = 5) by using the same protocol as previously. (D) Tumor growth in 8–10 weeks old, BALB/c mice that were immunized with murine BALB/c-derived iPSCs; with (n = 5) or without VPA (n = 5), compared to control group (n = 5) by using the same protocol as previously. (E) Effect of allogeneic C57BL/6-derived miPSC treatment on the survival of mice BALB/c challenged with 5 × 104 4T1 cells (n=5 per group). (F) Effect of autologous BALB/c-derived miPSC treatment on the survival of BALB/c mice challenged with 4T1 cells 5 × 104 4T1 cells (n=5 per group). (G) Effect of allogeneic C57BL/6-derived miPSC +VPA treatment on the survival of mice BALB/c challenged with 5 × 104 4T1 cells (n = 5 per group). (H) Effect of autologous BALB/c-derived miPSC treatment on the survival of BALB/c mice challenged with 4T1 cells 5 × 104 4T1 cells (n = 5 per group). ** p < 0.01, *** p < 0.001.


Vaccination experiments were then investigated (i) to explore the effectiveness of the combinatory miPSCs + VPA approach as compared to the regimen using miPSCs alone on tumor size, survival rate and metastases, and (ii) to compare allogeneic C57BL/6-derived miPSCs based vaccine with autologous BALB/c-derived miPSCs.

To this purpose we have used miPSC from BALB/c fibroblasts (Supplementary Figure 8A) which exhibited classical pluripotency characteristics (Supplementary Figures 8B,C) and generated teratomas in vivo (Supplementary Figure 8D). Naïve immunocompetent BALB/c mice were pre-immunized every 2 weeks with 2 × 106 allogeneic or autologous miPSCs with or without VPA treatment followed by tumor challenge. Negative control group was injected with PBS without VPA treatment.

As shown in Figures 3C,D, the combinatory treatment with miPSCs and VPA allowed a better reduction in the tumor burdens, as compared to control as well as mice vaccinated without VPA treatment. We observed a higher tumor reduction in mice treated with allogeneic miPSC + VPA (61% of reduction; p < 0.0001) as compared to mice treated with autologous miPSC + VPA (48% of reduction; p = 0.0018).

Experiments evaluating the long-term survival (>50 days) showed that vaccination with miPSC conferred a significant improvement in survival rate over the control group (Figures 3E,F). The most significant survival benefit was observed when VPA was combined with the allogenic vaccine (p = 0.0026, 100% of survival) (Figure 3G). In contrast survival rate was less pronounced with the autologous vaccine combined with VPA (p = 0.0912; Figure 3H).

We confirmed the efficacy of the combination regimen of allogenic miPSC and VPA in BALB/c mice that were treated using the same protocol as previously by monitoring the tumor volume until day +20, in vaccinated mice (C57BL/6-derived miPSCs + VPA; n = 8) and unvaccinated mice (n = 7) (Supplementary Figure 9). After 3 days, all mice from both groups presented tumors of similar size. Tumors from control mice grew dramatically over the remainder of the experiment. Instead, in mice treated with allogeneic C57BL/6-derived miPSC+VPA, tumors grew much more slowly, and indeed, even shrank in 4 of the 8 treated mice. In one mouse, the tumor completely disappeared, while the other three mice demonstrated a partial regression in tumor size, with final volumes of <35 mm3 (Supplementary Figure 9).



Iterative MiPS-Cell Based Vaccines Promote an Efficient Memory Immune Response to Prevent Tumor Growth and Metastatic Spread

We then asked whether miPS-cell based vaccine could be used in healthy mice treated with iterative injections aiming to induce a durable long-term T-cell memory response. For this purpose, we have chosen to use autologous miPSC to avoid allo-immune response. We inoculated mice with 2 × 106 irradiated BALB/c-derived miPSCs during 6 months, with a total of 6 injections, once every 30 days. Thirty days (Supplementary Figure 10A) or 120 days (Figure 4A) after the final vaccine inoculation, mice were challenged with 2.5 × 104 4T1Luc cells. All vaccinated mice received 4 mg/mL VPA by oral route starting from the day of tumor injection, and tumor growth was monitored for 26 or 28 days after challenge. All mice primed by miPSCs cells were healthy without any side effects after 6 months of vaccination, which suggest that the protocol proposed was a safe preventive approach.


[image: Figure 4]
FIGURE 4. Effective memory immune response following vaccination with autologous miPSCs. Mice were treated (n = 6) with sub-cutaneous injections of 2 × 106 irradiated BALB/c-derived miPSCs during 6 months, with a total of 6 injections, once every 30 days. One hundred twenty days after the last vaccine inoculation, mice were challenged with 2.5 × 104 4T1Luc cells and vaccinated mice received 4 mg/mL VPA by oral route starting from the day of tumor injection until the sacrifice. Control mice (n = 7) received only PBS. (A) Experimental protocol to evaluate in vivo immune memory generated by vaccination: BALB/c mice were injected subcutaneously six times with 2 × 106 miPSCs (15 Gy irradiated) in the right flank. (B) At day 28 post-challenge, breast tumors were significantly smaller in mice that had undergone the six-month vaccination protocol compared to unvaccinated mice. (C) Bioluminescence images of lungs isolated from miPSC-vaccinated and control mice 28 days after tumor challenge. (D) A significant correlation was found between tumor burden and metastatic spread in the lungs of vaccinated mice at day 28 post-challenge. (E) The frequency of CD4+CD8+ cells in tumors of treated and untreated mice, as measured by flow cytometry. (F) The frequency of PDL1+ cells in tumors of miPSC-vaccinated mice compared to controls, as measured by flow cytometry. (G) The frequency of Treg cells in tumors of miPSC-vaccinated mice compared to controls, as measured by flow cytometry. (H) The frequency of Arg1+ preMDSCs and granMDSCs in tumors of miPSC-vaccinated mice compared to controls, as measured by flow cytometry. (I) The frequency of CXCR5+ CD22.2+ LB cells in tumors of miPSC-vaccinated mice compared to controls, as measured by flow cytometry. (J) The frequency of T-effector memory cells in tumors of miPSC-vaccinated mice compared to controls, as measured by flow cytometry. (K) The frequency of KLRG1+ T-effector memory cells in tumors of miPSC-vaccinated mice compared to controls, as measured by flow cytometry, *** p < 0.001.


Indeed, tumor volume was reduced by 64% in mice challenged with 4T1 30 days after the final vaccine dose, compared to unvaccinated mice (695 ± 102 vs. 1,968 ± 96 mm3, p = 0.005; Supplementary Figure 10B). When we increased the time elapsed between the final vaccine dose and tumor implantation to 120 days, we observed again a significant response (46% reduction: 320 ± 23 vs. 600 ± 40 mm3 for controls, p < 0.001; Figure 4B).

We performed an in-depth investigation of the tumor dissemination status in mice for which 120 days elapsed between their final vaccine dose and tumor challenge. The analysis of metastatic dissemination at + 28 days, revealed a major reduction in the lung metastases in this group compared to controls (Figure 4C), with a significant correlation between tumor burden and metastatic spread (Figure 4D).

In both cases, repeated doses of miPS-whole cell vaccines mediated a tumor effective immune response that resulted in a significant inhibition of tumor growth and metastatic spread compared to the control group.

We then analyzed the tumors with regard to their tumor infiltrating lymphocytes (TILs) contents and tumor immune micro-environment (TIME) landscape. Treatment with miPSCs combined with VPA was correlated with a significant increase in the frequency of CD4+ or CD8+ T cells in the tumors (Figure 4E) and in the spleens (Supplementary Figures 11A,B). Furthermore, we observed a significant decrease in the frequency of PD1+ CD4+ cells in the spleen (Supplementary Figure 11C), as well as a decrease in PDL1 expression in tumor cells (Figure 4F), suggesting strongly that the vaccination protocol had overcome the T-lymphocyte anergy.

The analysis of the cellular TME components showed that the combined miPSCs and VPA administration was able to convert the immune- repressive TME into an active one by a significant decrease of the CD4+ CD25+FoxP3+ Tregs frequency (Figure 4G) as well as the decrease of Arg1+ CD11b+ Gr1+ pre-MDSCs and Arg1+ CD11b+ Ly6+ gram MDSCs frequency (Figure 4H) which are the main immunosuppressive actors of the TME.

Repeated doses of autologous miPSC were found to mediate additional long-term effects on CD22.2+ B-lymphocytes. Specifically, we observed a significant increase in CXCR5+ B cells in vaccinated mice as compared to controls (Figure 4I), suggesting that B-lymphocytes had migrated to tumor sites as a result of the combined therapy. Level of T-Effector Memory Cells (TEMs) was also evaluated and showed an increase of CD44+ CD62L- CCR7low CD127low TEMs frequency in the tumors (Figure 4J). The strong decrease of KLRG1 expression on TEMs into the tumors (Figure 4K) and the decrease of PD1 expression by TEMs (CD44+CD62L-CCR7 low CD127 low) from spleens (Supplementary Figure 11D) suggested that the immune memory had reverted to an active state, decreasing both senescence and anergy.

These results provide strong evidence that a sequential miPS- whole cell based vaccination led to the establishment of long-term immune memory without any side effects with the activation of an effective anti-tumor immunity against metastatic spread. A strong benefit was also seen in survival data, as our vaccination protocol dramatically improved the median long-term survival of treated mice as compared to controls (54 days in control group vs. not reached in vaccinated group) (Supplementary Figure 10C).

Finally, we wished to compare the efficacy of the vaccination protocol against the tumor challenge by 2.5 × 104 MammoSpheres-derived 4T1 cells (Supplementary Figure 12A). As we found with our previous results, immunization with miPSCs led to a significant (p < 0.0001) and highly effective immune response to MS-derived 4T1 cancer cells. The total tumor burden in treated mice was reduced by 83% compared to controls, with a massive reduction in tumor sizes (Supplementary Figures 12B,C). The long-term immune memory generated by our protocol also significantly protected the mice from developing lung metastases (Supplementary Figures 12D,E).

To investigate the underlying mechanisms of the long-term immune protection that resulted from the vaccination protocol, we performed a transcriptome analysis of tumors from untreated mice and from mice primed with 6 doses of miPSCs and VPA in order to find genes that were differentially expressed between the two conditions. As can be seen in Supplementary Table 4 and Figure 5A, 206 genes were found to be differentially expressed in a highly significant manner.


[image: Figure 5]
FIGURE 5. Profiling of immune-associated genes in 4T1 tumors in mice primed with miPSCs. Transcriptome analysis was performed on tumors from untreated mice and from mice primed with 6 doses of miPSCs and VPA in order to find genes that were differentially expressed between the two conditions. Total RNA was extracted from 4T1 tumors in treated and control mice, following the instructions of the manufacturer (TRIzol, Life Technologies). Microarray probes was synthetized by one cycle of RNA amplification in which molecules were labeled in an Affymetrix microarray station (Affymetrix, CA). Labeled microarray probes were hybridized on a Mouse Clariom S (mm10) microarray (Thermo Fisher Scientific). (A) Differentially expressed genes (DEGs) between control and vaccinated mice xeno-transplanted with 4T1 cancer cells; expression heatmap was produced with an unsupervised classification algorithm (Euclidean distances, Ward method). (B) Barplot of functional enrichment in Gene Ontology Biological Processes of genes that were overexpressed in vaccinated mice. (C) Immune profiling carried out by gene-set enrichment analysis on the transcriptome of 4T1-transplanted mice (NES: normalized enriched score). (D) Genes associated with the immune network that were enriched in 4T1 tumors from miPSC+VPA-treated mice.


Of the genes that were upregulated in treated mice, 98 were implicated in the immune response to cytokines and lymphocyte chemotaxis (Figure 5B). When we analyzed genes linked to the immune response, we detected a significant enrichment in monocyte-derived dendritic cells [Normalized Enriched Score (NES) = 1.66, p < 0.001], T cells (NES = 1.54, p < 0.001), and B cells (NES = 1.33, p < 0.001; Figure 5C). Likewise, a gene network-based analysis supported the major contribution of B-cells and T-cells by highlighting genes associated with these respective infiltrations (Figure 5D). Interestingly, a significant upregulation (8.8-fold; p = 5.1787803E-5) of chemokine (C-X-C motif) ligand 13 was detected in tumors that persisted after vaccination (Supplementary Table 4). This result was confirmed by qRT PCR, which also revealed a strong upregulation of CXCL13, CXCL9, and CXCL10 in the tumors of vaccinated mice (Supplementary Figure 13).




DISCUSSION

In this study, we evaluated for the first time the effects of a combinatory vaccination strategy using autologous and allogeneic iPS-whole cell-based vaccine along with a histone deacetylase inhibitor (HDACi) in cancer development in an aggressive murine breast carcinoma model with metastatic potential. Cancer-stem like cells escape to immune system by different mechanisms in particularly by deregulation of signaling pathways and the silencing of the MHC I expression by several epigenetic perturbations. In order to promote the immune-recognition of cancer cells, our vaccination strategy used the addition of VPA, an HDACi which removes acetyl marks from tagged histones to increase global histone acetylation. Interestingly, HDACi might also work to re-activate gene expression by altering the global nuclear architecture. Thus, increase in histone acetylation can result in a relaxed chromatin configuration, enabling access to transcriptional activators to restore gene transcription. Epigenetic drugs targeting these enzymes can restore, and in some cases induce overexpression of genes that have been epigenetically silenced in both immune and cancer cells (39) including MHC1 molecules (40).

The concept of using iPSCs as a source of tumor-associated antigens (TAAs) (41, 42) with the ultimate goal of eliciting an anti-tumor immune response was previously reported either on the preventive effects of embryonic stem cells on transplantation of cancer cell lines (16–18) or using the autologous anti-tumor vaccines using iPSCs, with TRL9 as adjuvant, in a prophylactic setting in a non-metastatic syngeneic murine cancer cell lines (14, 15). However, none of these existing reports evaluated the anti-metastatic potential of iPS-whole cell vaccines, nor did they determine whether such vaccines had the ability to target aggressive tumors enriched with CSCs-like cells and to modify their microenvironment.

We show in this work for the first time that a combined iPS-cell-based cancer vaccine and HDACi (here valproic acid) strategy was highly efficient to inhibit the growth of an aggressive, poorly differentiated triple-negative breast cancer (TNBC) cell line. This model closely mimics the metastatic human basal-like breast cancer responsible for rapid and lethal metastatic spread via a hematogenous route mainly to the lungs (43, 44).

We also uncovered in this work the efficacy of this iPS-cell-based cancer vaccine for its broad mechanism of action by immune modulation effect and its multiple immune stimulatory functions able to modify the tumor microenvironment.

Because the antigen processing ability of CSCs is epigenetically down-regulated, they express low levels of MHC-I molecules, leading to their altered detection by the host immune system (45). This effect is further enhanced by the fact that the surrounding tumor microenvironment is highly immunosuppressive (45). The combination of these two factors is remarkably effective in enabling CSCs to escape the surveillance of an efficient immune system.

We have also explored in this work, the potential of HDACi to increase the efficacy of the miPS-cell-based cancer vaccine. HDACi are known to have multiple biologic effects consequent to alteration in patterns of acetylation of histones, implicating proteins involved in the regulation of gene expression, pathways of apoptosis, cell cycle progression, mitotic division, cell migration, and angiogenesis (46). HDACi were also shown to have potent immunomodulatory activities. There are robust data supporting the use of epigenetic drugs such as HDACi on their ability to modulate immune-cancer cell interactions leading to the reversal of crucial events of immune evasion. Indeed, HDACi were shown to increase the expression of TAAs and specially Cancer Testis Antigens (CTAs) (47) and to increase the expression of perforin in T cells (48). They also increase the antigenic recognition by CTLs (49) by mediating recognition of cancer cells by CTLs (50). It has also been demonstrated that HDACi down regulate MDSC expansion and function, reduce the expression of arginine-1, which are known to impair T cell proliferation and cytokine production (51) and to enhance T-cell chemokine expression (52). HDACi have also been proven to modulate innate host immune cells by increasing the expression of the activating receptor NKG2D on the surface of NK cells (53). It has been previously shown that they enhance NK cell-mediated tumor cell targeting by upregulating the stress-inducing ligands MICA, MICB, and ULBP1-3 in tumor cells permitting a more efficient killing of tumor cells (50). In addition, they have been reported to increase the expression of death-inducing receptors FAS and TRAIL-R2 on cancer cells enhancing the death of cancer cells by NK cells (54).

We observed in our experimental context, that VPA had various mechanisms of action, allowing to improve cancer vaccine efficacy by transforming the TME and to overcome the immunological tolerance of the cancer stemness phenotype by drastically altering the immune system within the TME. Several lines of finding support this assumption. Firstly VPA had the potential to significantly increase the expression of MHC1 in 4T1 cells and in CSC/MS-derived 4T1 cells. It has also increased the expression of MHC2 (CD74), chemokine CCL2, and TNFRSF9, a member of the TNF-receptor superfamily that is known to contribute to the clonal expansion, survival, and development of T cells and to regulate CD28 co-stimulation to promote Th1 cell responses. CCL2 is a chemokine shown to be a potent chemo attractant for several types of immune cells, including NK cells, memory T cells, and dendritic cells within the tumors (55). We also determined according to other observations (40), that VPA promoted the production in vivo of multiple chemokines, such as CXCL9, 10, and 13, which enabled significant modifications in the immunosuppressive microenvironment of tumor cells and facilitated the local recruitment of T and B cells within the tumor. VPA was also found to attenuate the immunosuppressive proportion of myeloid-derived suppressor cells (MDSC). This last mode of action is in concordance with previous studies showing that HDACi treatments efficiently decrease Gr-1+ MDSC accumulation in the spleen and tumor bed in BALB/C mice with 4T1 mammary tumors by inducing MDSC apoptosis through mitochondrial Reactive Oxygen Species (ROS) signaling pathway (56).

One important discovery reported here is related to the possibility of generating anti-cancer immunity not just toward “bulk” cancer cells but also toward primitive de-differentiated CSC-like MammoSphere cells. Indeed, in several cancers, gene expression programs have been identified to be similar to those of embryonic pluripotent stem cells, namely, a “stemness” profile which is associated to oncogenic de-differentiation in epithelial cancer progression by a gradual loss of a differentiated phenotype and acquisition of progenitor and stem cell-like features (7, 8, 57).

It is well-established that CSCs are the cause (i) of resistance to “classical” therapies (58–60), (ii) of relapses in several types of aggressive cancers (61–64) and (iii) of metastatic dissemination (65). Tumor cells undergoing EMT are enriched in CSCs with a capacity for early migration and long-term persistence in a dormant stage for long periods of time. Such cancers correlate with aggressive, poorly differentiated tumor histology, invasive tumors, and very adverse outcomes (7, 8, 66).

Prior to our study, there had been no evidence presented as to whether immunotherapy vaccine strategies that use iPSCs as the source of TAAs have the ability to specifically target CSCs and/or the CSC niche in TNBC. The 4T1 breast cancer model is well suited for addressing this question as it is known to hijack some of the normal stem cell pathways to increase cellular plasticity and stemness (44). Our combinatory regimen iPSCs + VPA as adjunct had a substantially enhanced anti-tumor effect compared to the vaccine-only treatment or to the use VPA alone, and caused a significant reduction in lung metastases. These results indicate that iPSCs + VPA have significantly modified the immunosuppressive microenvironment within the primary tumor and reduced the number of cancer cells with a stemness/CSC phenotype that were able to migrate to the secondary organs.

In this work, we evaluated two sources of fibroblast-derived iPSCs generated from the BALB/c and C57BL/6 strains of mice, respectively; this enabled us to compare anti-tumor immunity generated in BALB/c mice under autologous vs. C57BL/6 allogeneic conditions. Regardless of the strain of origin, vaccinated mice had significantly smaller tumors compared to unvaccinated controls, and the inclusion of VPA treatment increased the anti-tumoral response considerably. We also found a significant improvement in the survival rate due to vaccination, and this was more pronounced in mice that had been primed with allogeneic material combined with VPA. Allogeneic iPSCs trigger a stronger cellular and humoral alloimmune response due to allo-immunity stimulated by MHC mismatches.

The use of allogenic iPSCs represents a considerable advantage in the development of a scalable cancer stem cell-based vaccine for all solid tumors with stemness feature. Allogeneic iPSCs allow the development of “off-the-shelf” whole cell-based vaccine for curative approaches combined with other therapies. In our experiment design, this allogeneic iPSC-based therapy could be used as an adjuvant approach, in order to prevent the short and long-term risk of relapse and metastasis. Our allogeneic iPSCs-whole cell-based vaccine with VPA could be used at distance of any chemotherapy, in minimal residual disease or in patients with apparent remission to eradicate residual CSCs in multiple cancer sharing stemness feature.

The length of time needed to produce bona fide iPSCs (several months, corresponding to several passages in culture and quality controls to ensure their purity and safety) would render autologous iPSCs highly impractical for curative treatment. However, in patients harboring germline mutations with a high risk of cancer, autologous-derived iPSCs would likely be useful in prophylactic settings. We confirmed the safety of iterative repeated doses of autologous miPSC injection in healthy immune-competent mice, which allowed the generation of a pool of effective memory T cells and B cells against 4T1 breast carcinoma development. Indeed mice that were challenged with 4T1 cells 30 or 120 days after the end of a six-dose vaccination series were able to reject 4T1 cells. These anti-tumoral responses was correlated with a significant increase in the frequency of CD4+ and CD8+ T cells within the tumors and a significant decrease in the tumors of CD4+ CD25+FoxP3+ Tregs, of Arg1+ CD11b+ Gr1+ preMDSCs and of Arg1+ CD11b+ Ly6+ gramMDSCs indicating a negative impact of the treatment on the main immunosuppressive actors of the immune system. We also observed a significant increase in CXCR5+ B cells in vaccinated mice compared to controls suggesting that B-lymphocytes had migrated to tumor sites as a result of our treatment. We also have observed a significant increase in the frequency of CD44+ CD62L- CCR7low CD127low TEMs as well as in KLRG1 expression by TEMs in tumors suggesting that the immune memory had reverted to an active state, decreasing both anergy and senescence.

In our study, we did not observe any significant autoimmunity: immunized mice were generally healthy and presented no clinical evidence of autoimmune diseases. The animals' weight, hair, and musculature were normal. However, more follow-up is needed before iPS whole cell-based cancer vaccines move into clinical testing.

Taken together, our data show the feasibility of creating anti-cancer stem cell immunity through an approach that combines an HDACi and iPSC whole cell-based vaccine. These data strongly confirm that iPS cell-based vaccine + VPA in immune-competent mice have a broad mechanism action for metastatic aggressive tumors with stemness features. The principal mode of actions are driven by (i) enhanced trafficking with mobilized TILs in response to chemokines, (ii) improved cancer stem cell immune-recognition, (iii) decreased of MDSCs, (iv) recruited B cells into the tumor.

This technique can be easily applied to patients and, because it targets multiple TAAs from CSC-like cells and not from adult normal stem cells, this safe approach significantly decreases the occurrence of metastasis. This combinatory regimen should improve the overall survival of patients with stemness/ CSC-phenotype tumors associated with a dismal prognosis, particularly given that for solid tumors, invasion and metastasis account for more than 90% of mortality (65, 67). This new approach can be an alternative to the use of chemical compounds able to inhibit signaling pathways present in CSCs such as Stat3, mTor, Smo, Notch of Hedgehog inhibitors which are currently under study. Most of them have shown to be toxic and to cause collateral damages since all these signaling pathways are also heterogeneously expressed in the adult stem cell populations (68).

These beneficial properties of our approach make this combinatory regimen a potentially powerful option for a new concept of active immunotherapy that could be deployed shortly after conventional primary treatment of cancer or in combination with conventional therapies or “checkpoint inhibitors,” which are currently under intensive investigation.
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Supplementary Figure 1. Development and ECM functional network up regulated in 4T1-transplant: (A) Barplot of functional enrichment performed on GOBP database (development and morphogenesis components). (B) Functional enrichment network implicated in developmental processes. (C) Barplot of functional enrichment performed on MSigDB database. (D) Functional enrichment network comprising relations with the microenvironment.

Supplementary Figure 2. Cell mobility and cell migration functional enriched network up regulated in 4T1-transplant. (A) Barplot of functional network performed on GOBP database. (B) Functional enrichment network implicated in cell migration and cell mobility.

Supplementary Figure 3. Quantification of CD44/CD24 markers in 4T1 cells by flow cytometry in vitro and in vivo 12 and 28 days after implantation into the fad pat of BALB/c mice.

Supplementary Figure 4. VPA treatment increased MHC I expression. 4T1 cells were incubated for 48 h with a dose of 0.2 and 2 mM VPA and MHC1 expression quantified by Flow cytometry using MHC Class I (H-2Kd/H-2Dd), eFluor 450 antibody. 4T1 MammoSpheres (MSs) were produced during 9 days in low-attachment 6-well plates at density of 100,000 cells per well in MEF-conditioned medium (3/4 MEF-conditioned medium + 1/4 mES medium + 4 ng/mL bFGF), and addition of TNF-alpha (20 ng/mL), and TGF-β 1 (10 ng/mL). (A) Increase in MHC I expression on the surface of 4T1 cells as a result of treatment with different doses of VPA (0, 0.2, and 2 mM), as revealed by flow cytometry. (B) Effect of treatment with 2 mM VPA on the expression of MHC I in adherent 4T1 cells and 4T1-derived MSs.

Supplementary Figure 5. Generation of MammoSpheres from the 4T1 cell line. 4T1 MammoSpheres (MSs) were produced in 3D culture condition using low-attachment 6-well-plates. 4T1 cells were cultured for 9 days at a density of 100,000 cells per well in MEF-conditioned medium (3/4 MEF-conditioned medium + 1/4 mES medium + 4 ng/mL bFGF), and addition of TNF-alpha (20 ng/mL), and TGF-β 1 (10 ng/mL). (A) Images of the morphology of adherent 4T1 cells and 4T1-derived MSs in 3D culture conditions, cultured with or without TGFβ + TNFα (magnification × 20). (B) Mammosphere-formation efficiency (calculated by Cell Selector Software) indicates the number of mammospheres of different sizes obtained with TGFβ + TNFα treatment. (C) Quantification of ALDH1 activity by flow cytometry in adherent 4T1 cells and in 4T1-derived mammospheres cultured with or without TGFβ + TNFα. (D) Percentage of ALDH1+ cells among adherent 4T1 cells and 4T1-derived mammospheres cultured with or without TGFβ + TNFα. Results are shown from three independent experiments.

Supplementary Figure 6. VPA-only treatment did not hinder in vivo tumor growth. Sixteen 8–10 weeks old females BALB/c mice, were divided into 2 groups: group control and mice treated with VPA orally administered at dose of 4 mg/m. All mice were inoculated with 5 × 104 4T1Luc cells into mammary fat-pad and tumors monitored for 21 days. (A) Tumor growth (mm3) in mice treated with VPA compared to control mice. (B) IVIS imaging of VPA-treated and untreated mice at day 21. (C) Lung metastases in VPA-treated and untreated mice were quantified using bioluminescence imaging. Regions of interest (ROI) for pulmonary metastases in these two groups were calculated by Living Image Software. (D) Effects of VPA treatment on the frequencies of CD4+ cells, CD8+ cells, Tregs, and MDSCs compared to controls, as quantified by flow cytometry.

Supplementary Figure 7. Vaccination and challenge protocol. Murine iPSCs were incubated for 24 h with 0.5 mM of VPA and irradiated at the dose of 15 Gy. Irradiated iPSCs were injected as a vaccine into BALB/c mice twice, with a one-week interval between doses. Mice were then challenged with 5 × 104 4T1 cells 1 week after the final dose. VPA was orally administered to vaccinated mice through their drinking water at a dose of 4 mg/mL.

Supplementary Figure 8. Characterization of murine induced pluripotent stem cells derived from BALB/c fibroblasts. Primary fibroblasts from BALB/c mice were reprogrammed into pluripotency by ectopic expression of OCT4, SOX2, c-MYC, and KLF4 using a Cre-Excisable Constitutive Polycistronic Lentivirus (EF1alpha-STEMCCA-LoxP backbone from Millipore). (A) Morphological view under the microscope of miPSCs expanded on mouse embryonic fibroblasts. (B) Expression of the key pluripotency markers NANOG and OCT4 as revealed by immunofluorescence; DAPI was used as counterstain. (C) Expression of SSEA1 in cell membranes as quantified by flow cytometry. (D) Teratoma formation assays, showing differentiation into ectodermal, endodermal, and mesodermal tissues.

Supplementary Figure 9. Tumor volumes of BALB/c mice treated with allogeneic C57BL/6-derived miPSCs + VPA compared to those of untreated mice. Eight to ten week old, females BALB/c mice were divided into 2 groups: group control (PBS; n = 7), and mice treated with miPSCs + VPA (n = 8). Treatment consisted of two sub-cutaneous injections (1-week interval between injections) of 2 × 106 miPSCs. One week following the second injection, all mice were inoculated with 5 × 104 4T1Luc cells into mammary fat-pad following by 20 days of VPA treatment, orally administered at dose of 4 mg/m. The data represent the mean ± SEM of tumor volumes.

Supplementary Figure 10. Effective memory immune response following vaccination with miPSCs. Mice from treated group (n = 4) received 2 × 106 irradiated BALB/c-derived miPSCs during 6 months, with a total of 6 injections, once every 30 days. Thirty days after the last vaccine inoculation, mice were challenged with 2.5 × 104 4T1Luc cells and vaccinated mice received 4 mg/mL VPA by oral route starting from the day of tumor injection until the sacrifice. Control mice (n = 4) received only PBS. (A) Experimental vaccination protocol evaluating induced in vivo cell memory immune response: BALB/c mice were injected subcutaneously six times with 2 × 106 miPSCs (15 Gy irradiated) in the right flank. (B) At day 26 post-challenge, breast tumors were significantly smaller in mice that had undergone the 6-month vaccination protocol compared to unvaccinated mice (n = 5 per group). (C) Survival rate of mice treated by miPSC + VPA or by PBS (control group).

Supplementary Figure 11. Immune cell profiling of the spleens of mice treated with miPSCs + VPA (A,B) Frequency of CD4+ and CD8+ T cells in the spleens of mice treated with miPSCs+VPA compared with the control group, as measured by flow cytometry. (C) Frequency of PD1 expressed on cell membranes of CD4+ T cells, as measured by flow cytometry. (D) Frequency of PD1+ T-effector memory (CD44+CD62L−CCR7lowCD127low) cells in the spleen, as measured by flow cytometry.

Supplementary Figure 12. Effective memory immune response following vaccination with miPSCs; Mice (n = 6) were treated with 2 × 106 irradiated BALB/c-derived miPSCs during 6 months, with a total of 6 injections, once every 30 days. One hundred twenty days after the last vaccine inoculation, mice were challenged with 2.5 × 104 4T1Luc cells cultured in mammo sphere condition. Mammo sphere were performed from 4T1 that cultured for 9 days at density of 100,000 cells per well in MEF-conditioned medium (3/4 MEF-conditioned medium + 1/4 mES medium + 4 ng/mL bFGF), and addition of TNF-alpha (20 ng/mL), and TGF-β 1 (10 ng/mL). Mammo spheres were dissociated in PBS/EDTA before injection into both mammary fat-pad glands. Vaccinated mice received 4 mg/mL. VPA by oral route that was started from the day of tumor injection until the sacrifice. Control mice (n = 6) received only PBS. (A) Experimental protocol to evaluate in vivo immune memory generated by vaccination: BALB/c mice were injected subcutaneously six times with 2 × 106 miPSCs (15 Gy irradiated) in the right flank. (B) At day 28 post-challenge, breast tumors were significantly smaller in mice that had undergone the 6-month vaccination protocol compared to unvaccinated mice. (G) Bioluminescence imaging of tumors from mice treated with miPSCs + VPA compared to untreated controls. (H) Bioluminescence imaging of lungs isolated from vaccinated and control mice 28 days after challenge. (I) A significant correlation was found between tumor burden and metastatic spread at day 28.

Supplementary Figure 13. CXCL9, CXCL10, and CXCL13 chemokines mRNA expressions in tumors from miPSC + VPA treated (n = 6) and control (n = 6) mice. Mice (n = 6) were treated with sub-cutaneous injections of 2 × 106 irradiated BALB/c-derived miPSCs during 6 months, with a total of 6 injections, once every 30 days. One hundred twenty days after the last vaccine inoculation, mice were challenged with 2.5 × 104 4T1Luc cells and vaccinated mice received 4 mg/mL VPA by oral route starting from the day of tumor injection until the sacrifice. Control mice (n = 6) received only PBS. After 28 days RNAs of tumors were extracted for the quantification of CXCL9, CXCL10, and CXCL13 mRNA by real time RT-PCR.

Supplementary Table 1. List of antibodies; Names, references, and the dilution used.

Supplementary Table 2. Genes found up regulated in 4T1-transplant samples as compared to 4T1-in vitro done by LIMMA analysis: for each up regulated genes columns present respective statistics obtained by LIMMA algorithm: log2 Fold Change, average expression in microarray, t-statistics, p-value, False discovery rate adjusted p-values and B-statistics.

Supplementary Table 3. Differentially expressed immune genes that were upregulated in 4T1 cells by treatment with valproic acid. The list highlights immune-associated genes that were found to be significantly overexpressed in the treatment group using the Significance Analysis of Microarray algorithm with a false discovery rate of <5%. Columns include: gene symbol, gene description, gene ID number, and the fold-change in expression between the VPA-treated group and untreated controls.

Supplementary Table 4. Genes that were differentially expressed between vaccinated and control mice that developed 4T1-derived tumors. Differentially expressed genes are listed with their gene symbol, description, the fold-change in expression found in transcriptome experiments (Vaccine/Control), and the p-value of the comparison.
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