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Mycobacterium bovis Bacillus Calmette–Guérin Alters Melanoma Microenvironment Favoring Antitumor T Cell Responses and Improving M2 Macrophage Function
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Intralesional Mycobacterium bovis bacillus Calmette–Guérin (BCG) has long been a relatively inexpensive therapy for inoperable cutaneous metastatic melanoma (CMM), although intralesional BCG skin mechanisms remain understudied. We analyzed intralesional BCG-treated CMM lesions combined with in vitro studies to further investigate BCG-altered pathways. Since macrophages play a pivotal role against both cancer and mycobacterial infections, we hypothesized BCG regulates macrophages to promote antitumor immunity. Tumor-associated macrophages (M2) infiltrate melanomas and impair antitumor immunity. BCG-treated, in vitro-polarized M2 (M2-BCG) showed transcriptional changes involving inflammation, immune cell recruitment, cross talk, and activation pathways. Mechanistic network analysis indicated M2-BCG potential to improve interferon gamma (IFN-γ) responses. Accordingly, frequency of IFN-γ-producing CD4+ T cells responding to M2-BCG vs. mock-treated M2 increased (p < 0.05). Moreover, conditioned media from M2-BCG vs. M2 elevated the frequency of granzyme B-producing CD8+ tumor-infiltrating lymphocytes (TILs) facing autologous melanoma cell lines (p < 0.01). Furthermore, transcriptome analysis of intralesional BCG-injected CMM relative to uninjected lesions showed immune function prevalence, with the most enriched pathways representing T cell activation mechanisms. In vitro-infected MM-derived cell lines stimulated higher frequency of IFN-γ-producing TIL from the same melanoma (p < 0.05). Our data suggest BCG favors antitumor responses in CMM through direct/indirect effects on tumor microenvironment cell types including macrophages, T cells, and tumor itself.
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INTRODUCTION

Cutaneous melanoma is predicted to cause approximately 9,700 deaths from metastatic disease in the United States in 2017 (1). In-transit melanoma, metastasis is a pattern of lymphatic disease spread occurring in approximately 7% of patients (2). Most patients with in-transit melanoma can suffer significant locoregional toxicity due to painful, bleeding, or necrotic lesions, which may become superinfected. Moreover, they can develop stage IV systemic recurrence within 12–18 months (3). The diagnosis of distant metastatic disease carries a poor prognosis, with median survival rates less than 8 months prior to the era of checkpoint blockade inhibitors (4). Mycobacterium bovis bacillus Calmette–Guerin (BCG) is the best known agent for intralesional therapy of cutaneous melanoma metastases (5) and is a recommended therapeutic option in version 1.2017 NCCN Guidelines for inoperable stage III in-transit melanoma (6). Up to 90% of injected tumors regress (7–10) and surprisingly, up to 40% of patients receiving intralesional BCG experience regression of their non-injected tumors (Figure S1 in Supplementary Material) (11). The use of BCG in cancer is not limited to melanoma; in fact, instillation of BCG is used as an intravesical therapy for superficial bladder cancer (12) and as an adjuvant in some cancer vaccines (13).

When given intralesionally, BCG certainly encounters the tumor microenvironment, where tumor cells and their fate are dependent upon interactions with a variety of cells such as fibroblasts, endothelial cells, and immune cells (14). As core effectors of adaptive immunity, T cells play a key role in tumor immune surveillance within the tumor microenvironment, influencing melanoma patients’ survival (15, 16). For example, interferon gamma (IFN-γ)-expressing Th1 CD4+ T cells contribute to antitumor immunity by blocking neoangiogenesis (17) and promoting recruitment of tumor-killing cells including CD8+ T and NK cells (18). In addition to T cells and NK cells, macrophages (MΦs) are another important component of the tumor microenvironment (19), able to differentiate into a continuum of phenotypically and functionally different subpopulations in response to microorganisms and host mediators (20). For example, classically activated (M1) MΦs protect through tumoricidal activity, secretion of proinflammatory mediators and production of reactive nitrogen and oxygen species (21). In contrast, alternatively activated (M2) MΦs facilitate tumor progression by releasing anti-inflammatory mediators (22) and promoting angiogenesis (23). Indeed, the presence of M2-MΦs (resemblants of myeloid-derived suppressor cells (24) and tumor-associated MΦs-TAMs (19) found in vivo) or their markers is associated with decreased survival in melanoma patients (25, 26). Among these M2-MΦs markers is CD163, a member of the scavenger receptor cysteine-rich family class B that binds and internalizes hemoglobin–haptoglobin complexes (27). CD163 also works as erythroblast adhesion receptor, receptor for tumor necrosis factor-like weak inducer of apoptosis (TWEAK), and receptor for different pathogens, triggering signaling cascades that lead to secretion of immunomodulatory molecules (28).

Tumor microenvironment can influence MΦ phenotypes by providing M2-MΦ-polarizing conditions (29). In fact, some antitumor therapies aim to overcome these inhibitory conditions (30–33). Although the precise tumor elimination mechanisms triggered by intralesional BCG are unclear, there is rationale for immune-mediated events involving T cell participation (34, 35).

MΦs are the primary target for mycobacterial infections (36), may contribute to tumor regression and progression (37, 38), and have malleable phenotypes (39). On these basis, we hypothesized that intralesional BCG therapy might also alter M2-MΦ phenotypes to become better effectors of antitumor immunity. To explore intralesional BCG-promoted mechanisms of antitumor immunity, we investigated the phenotypic and functional changes induced by BCG on in vitro-polarized MΦs, in combination with transcriptome analysis of injected and uninjected melanoma lesions from patients undergoing intralesional BCG therapy. Our findings indicate that intralesional BCG may stimulate the melanoma tumor microenvironment to promote antitumor immune responses by altering macrophage and T cell activities at the site of disease.

MATERIALS AND METHODS

Healthy Blood Donors and intralesional BCG Melanoma Patients

For this study, peripheral blood was acquired from healthy human donors enrolled in Alpha IRB- and Western IRB-approved protocols (Study ID LEED-HEALTHYVOLUNTEERS). For intralesional BCG melanoma patients, punch biopsies were obtained from in-transit metastases of melanoma patients enrolled in Alpha IRB-approved study (Study ID BCG_J 001) and receiving intralesional BCG (Table S4 in Supplementary Material). In all cases, written informed consent was obtained for all procedures. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Reagents and Antibodies

Mycobacterium bovis TICE strain (Organon Teknika Corporation, Durham, NC, USA) is used by John Wayne Cancer Institute (JWCI) surgical oncologists for treating patients with intralesional BCG and was also used in all in vitro experiments. Generated in 1934 as a substrain from Pasteur Institute’s BCG, TICE is considered a “late strain” belonging to the tandem duplication-2 group IV strains, which also exhibit a deletion in the Region of Difference-2 (40). Strains in this group exhibit the highest levels of virulence in SCID mice and are also the more effective in protection against Mycobacterium tuberculosis challenge in BALB/c mice (41).

The following monoclonal antibodies were used: 215927 (anti-CD163, R&D Systems, Minneapolis, MN, USA), TuK4 (anti-CD14, Invitrogen, Waltham, MA, USA), 1-D1K and 7-B6-1 (anti-IFN-γ, Mabtech, Nacka Strand, Sweden), GB10 and GB11 (anti-GrB, Mabtech), 508A4A2, 508A7G8, and 508A3H12 (anti-IL1-β, Invitrogen), and appropriate isotype controls (R&D Systems and Invitrogen).

MΦ Differentiation and Treatment

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of healthy adult volunteers using Ficoll-Hypaque gradient centrifugation. CD14+ monocytes were enriched from PBMCs using negative selection (EasySep Human Monocyte Enrichment Kit, Stem Cell Technologies, Vancouver, BC, Canada). Monocytes (7.5 × 105 cells/ml) were cultured in media [10% fetal calf serum (FCS) in RPMI 1640] supplemented with either rh-granulocyte macrophage colony-stimulating factor (GM-CSF) (50 U/ml) or rh-M-CSF (50 ng/ml) to induce differentiation into M1- or M2-MΦ, respectively, as previously described (42). On day 6 of culture, cells were infected with BCG at 0.18 MOI. Cells were harvested and washed 24 h after infection using warmed PBS-1 mM EDTA.

LPS-Stimulated Cytokine Production

Concentration of harvested macrophages was adjusted to 105 cells/ml. Triplicates of 200 μl of cells/well were plated for each condition in 96-well microtiter plates, in the presence of 10 ng/ml LPS or media alone. Cytokine production (IL10, IL12p40; human antibody pairs from Invitrogen) was measured from 24 h supernatants by ELISA following manufacturer’s instructions.

T Cell Culture/Enrichment and Enzyme-Linked ImmunoSpot (ELISPOT) Assay

In parallel with MΦ differentiation and treatment, another aliquot of PBMCs was cultured (2 × 106/ml) in media (10% pooled, heat inactivated human serum in RPMI 1640) supplemented with tetanus toxoid (5 µg/ml) and costimulatory reagent (CD28-CD49d, 20 µl/ml). On day 4, lymphoblasts were enriched using Ficoll-Hypaque gradient centrifugation and cultured for 3 more days with 8% FCS–2% human serum in RPMI 1640 supplemented with rhIL-2 (1 nM). On day 7, CD4+ T cells were enriched from the culture using negative selection (EasySep Human CD4+ T cell Enrichment Kit, Stem Cell Technologies, Vancouver, BC, Canada). These T cells were assayed in ELISPOT experiments with autologous MΦ.

For IFN-γ ELISPOT assays, Multiscreen-IP filter plates (96 wells; Millipore) were coated with anti-IFN-γ (1-D1K, 5 µg/ml) according to the manufacturer’s instructions. M1, M2, or M2-BCG were harvested and cultured (104) in the plate overnight with autologous CD4+ T cells (5 × 104), in the presence or the absence of Tetanus toxoid (10 µg/ml).

For BCG-infected melanomas, 104 melanoma cell lines and 104 tumor-infiltrating lymphocytes (TILs generated at JWCI using state-of-the-art techniques for adoptive cell transfer therapy (43) and kindly provided by Hitoe Torisu-Itakura) were incubated overnight in the plate (in all cases final volume per well was 200 µl). TILs had been previously enriched for CD8+ T cells from the TILs bulk culture by negative selection (EasySep Human CD8+ T cell Enrichment Kit, Stem Cell Technologies, Vancouver, BC, Canada). Cells were removed from the plate, and biotinylated detecting Ab was added (7-B6-1, 1 µg/ml) for 4 h. After washing, streptavidin-peroxidase conjugate (Pierce) was added to the plate for 1 h. To visualize cytokine-producing cells, substrate (3-amino-9-ethylcarbazole, Vector Labs) was added according to manufacturer instructions, and plates were incubated in the dark for 15 min. After washing and drying, ELISPOT plates were digitally scanned on an ImmunoSpot Series 3A Image Analyzer (Cellular Technology).

For granzyme B (GrB) ELISPOT assays, anti-GrB (GB10, 5 µg/ml) and biotinylated anti-GrB (GB11, 1 µg/ml) were used as coating and detecting antibodies in Multiscreen-IP filter plates, respectively. Melanoma target cells (5 × 103) and effector TILs (104) were incubated in the plates for 4 h. Remaining procedures and reagents were the same as for IFN-γ ELISPOT.

Flow Cytometry

Aliquots of 105 cells were blocked with a 1:1 mixture of human serum and 2% FCS in PBS, then stained using fluorescent labeled antibodies against different cell surface markers. A total of 10,000 gated events were acquired on a BD Biosciences FACSVerse flow cytometer and analyzed with FCS Express 4 software (De Novo Software, Los Angeles, CA, USA).

RNA Isolation

For in vitro cell cultures, after removing cell culture supernatants, uninfected and BCG-infected macrophages were harvested in trizol. Chloroform (0.2 parts) was added; total RNA in upper phase of partition was precipitated with Isopropanol and washed with 80% ethanol. Further isolation steps for total RNA were continued using Qiagen RNeasy mini kit, according to manufacturer instructions. All isolated samples yielded RNA Integrity Number values ≥8 using an Agilent Technologies 2100 Bioanalyzer.

For melanoma tissue, skin biopsies from previously reported intralesional BCG-treated patients were processed as formerly described (44).

cDNA Library Preparation and RNASeq

cDNA libraries were prepared using TruSeq RNA Library Preparation Kit v2 (RS-122-2001) according to the “TruSeq RNA Sample Preparation v2 Guide.” Briefly, purification of poly-A containing mRNA molecules from 300 ng of total RNA was performed using poly-T oligo attached magnetic beads. After fragmentation into small pieces using divalent cations under elevated temperature, the cleaved RNA fragments were copied into first strand cDNA using reverse transcriptase and random primers. Second strand cDNA synthesis was achieved using DNA Polymerase I and RNase H. These cDNA fragments went through further end repair process, single “A” base addition, and adapters ligation. The products were then purified and enriched with PCR to create the final cDNA library. Libraries were sequenced on Illumina HiSeq2000 at 50 million reads per sample and 1 × 50 read length. These procedures were performed by the UCLA Technology Center for Genomics and Bioinformatics (TCGB).1

RNASeq Data Processing and Analysis

The reads obtained by RNASeq were processed and analyzed with specific tools piped together on Ubuntu operating system. Quality assurance of reads (GC content, adaptors and PHRED score assessment) was done with FastQC. Trimming to remove poor quality reads and adapters was performed using Trimmomatic. Read-mapping to the human reference genome hg19 and abundance estimation of genes and isoforms were done using Bowtie2 aligner within RSEM with default values. Estimated RPKM values were used to visualize clustering dendrograms, heatmaps, and the ordination plot. Raw counts were obtained from resulting BAM files using HTseq. Finally, differential gene expression was determined using the Wald test in DESeq2 package with raw counts as input. For the macrophage data, sample pairing was taken into account in the DESeq2 model. RNA sequencing data have been deposited for public access into NCBI’s Gene Expression Omnibus database-GEO (45) and Sequence Read Archive-SRA (46) and are accessible through accession numbers GSE90748 (GEO) and SRP094423 (SRA).

Ingenuity Pathway Analysis (IPA)

The biological functions, canonical pathways, and networks most significantly represented in the different sets of genes were found using the “Core Analysis” function of IPA.2 Fold-change and p-value cutoffs were used in association with each uploaded set. The activation status of the functions/pathways was predicted using IPA “Upstream Regulator Analysis” tool by calculating a regulation Z-score and an overlap p-value, based on the number of known target genes of interest pathway/function, expression changes of these target genes and their agreement with literature findings. A significant activation (or inhibition) was considered with an overlap p-value ≤0.05 and IPA activation Z-score ≥2.0 (or ≤−2.0).

Gene Ontology (GO) Enrichment Analysis

Enrichment analysis was performed for the lists of differentially expressed genes using the “Gene Ontology Consortium” enrichment analysis tool (47). Output list was summarized and visualized using the semantic similarity-based treemap tool of “REduce and VIsualize Gene Ontology” web server (REVIGO) (48). A p-value accounted for the probability that the linking of the genes list to each GO term was explained by chance alone. GO terms within the same process were grouped and equally colored, and the area values were set proportionally to −log10 (multiple hypothesis corrected) p-value for each term.

Hierarchical Clustering and Principal Component Analysis (PCA)

Macrophage or intralesional BCG samples were classified into molecular subgroups by unsupervised hierarchical clustering in MultiExperimentViewer 4.9 (MeV), using Pearson correlation and average linkage. RPKM values were log2 transformed, mean centered per gene and clustered by average linkage, using leaf order optimization. PCA was used to visualize the differences between M1, M2, and M2-BCG samples.

Statistical Analyses

Data are presented as means ± SEM unless indicated. We used Wilcoxon signed rank test and Mann–Whitney test with Prism 6 (GraphPad software, La Jolla, CA, USA). p-Values of less than 0.05 were considered significant. Degrees of statistical significance are presented as *p < 0.05; **p < 0.01; or ***p < 0.001.

RESULTS

BCG Infection of In Vitro-Polarized M2-MΦs Induces Transcriptional Reprogramming Leading to an MΦ with Altered Phenotype and Functional Cytokine Response

Previous reports have shown that BCG can alter the function and surface marker profiles of dendritic cells (49, 50). To determine whether BCG can alter the phenotype of M2-MΦs, we performed transcriptome analyses of polarized MΦs. M2-MΦs were infected with BCG (M2-BCG) or left untreated (M2), and cells were collected 24 h after infection. Uninfected M1-MΦs (M1) were also evaluated for comparison (Figure 1A). BCG infection induced broad changes in mRNA profiles, where expression of 611 genes was significantly modified at least threefold (p < 0.01, Table S1 in Supplementary Material). Unsupervised hierarchical clustering (Figure 1B) and PCA (Figure 1C) clearly separated the three different cell populations. Fivefold reduction of CD163 transcript levels from M2 upon BCG infection was evident (Figure 1D) and further verified by flow cytometry analysis of CD163 surface levels (Figures 1E,F). M2-BCG also produced 94% less IL10 and 500% more IL12p40 in response to LPS compared to M2 (Figure S2 in Supplementary Material).
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FIGURE 1 | Bacillus Calmette–Guérin (BCG) infection of in vitro-polarized M2 macrophages elicits a different population of cells. (A) In vitro polarizing scheme used to study BCG effect on M2-MФs. Macrophages were polarized, infected, and harvested. From each condition, one fraction was used for RNA isolation and sequencing, while the other was assessed for CD163 cell surface expression. (B) Unsupervised hierarchical clustering of genes expressed in uninfected M1-MФs (M1), uninfected M2-MФs (M2), and BCG-infected M2-MФs (M2-BCG) at 24 h post infection (data filtered to the 5% of genes with highest variance, mean centering, Pearson correlation, and average linkage were used). (C) Principal component analysis plot of RNASeq data for M1, M2, and M2-BCG samples. 96.4% of variance in the combined dataset is captured in the analysis (88.7% in PC1—X axis, 5.7% in PC2—Y axis, and 2% on PC3—Z axis). (D) CD163 transcript levels (in RPKM) from M2 were reduced upon BCG infection. (E) Representative plot showing BCG-induced downregulation of CD163 surface levels on M2. (F) Summary of data from n = 6 healthy donors.



M2-BCG Gene Signature Shows Enrichment for Immune Cell Recruitment and Cytokine Signaling Pathways

Bacillus Calmette–Guérin reprogramming of M2 was further demonstrated by pathway analysis of gene expression profiles using GO terms according to the Gene Ontology Consortium and REVIGO algorithms (see Materials and Methods). GO analysis mapped 312 significantly enriched GO biological functions (B-H p < 0.05, Table S2 in Supplementary Material) for genes significantly upregulated in M2-BCG compared to M2 at 24 h after infection. REVIGO analysis of these functions grouped many of them under the “Regulation of response to stimulus” term (Figure 2A), which describes changes in state or activity (movement, secretion, enzyme production, gene expression, etc.) as a result of a stimulus (47). IPA identified 146 significantly enriched canonical pathways (B-H p < 0.05, Table S3 in Supplementary Material). Most of the top-10 canonical pathways were related to regulation of cytokine production, to recruitment and activation of different immune cells and to signaling of various cytokines (Figure 2B). Therefore, BCG triggers a change in the functional pathways expressed by M2-MΦs.
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FIGURE 2 | Bacillus Calmette–Guérin (BCG)-induced extensive transcriptional changes on in vitro-polarized macrophages. (A) Most highly enriched Gene Ontology (GO) terms according to Gene Ontology Consortium and REduce and VIsualize Gene Ontology web server algorithms (see Materials and Methods) for genes significantly upregulated in M2-BCG compared to M2 at 24 h after infection. GO terms are represented by tiles, grouped and colored according to semantic similarities to other GO terms. Tile areas are proportional to −log10 p-value for each term. (B) Top-10 canonical pathways identified by Ingenuity Pathway Analysis from the list of differentially expressed genes at 24 h after infection. Pathways are ranked by multiple hypothesis corrected p-values.



Mechanistic Network from Upstream Regulator Analysis Connects BCG-Induced Gene Expression Changes with IFN-γ

Upstream regulator analysis by IPA identified the upstream transcriptional regulators that explain the gene signature upregulated upon BCG. The top upstream activated regulator predicted was “Triggering receptor expressed on myeloid cells 1” (TREM1), a macrophage/neutrophil receptor that amplifies inflammation induced by stimulation of pattern-recognition receptors. In addition to TREM1, inflammatory cytokine genes such as TNF and IL1β were also identified as important upstream regulators (Figure 3A). Consistently, IL1β protein levels were much more elevated (~4,700 pg/ml) in M2-BCG than in M2 (~300 pg/ml) culture supernatants (p < 0.01). Mechanistic networks for the top five upstream regulators (comprising a majority of innate immunity-related components) contained IFNG (Figures 3B–F). IFN-γ, a very important mediator in antitumor immunity (51), suggested a potential link between innate and adaptive immunity.
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FIGURE 3 | Mechanistic networks for the most significant upstream regulators identified in M2-bacillus Calmette–Guérin (BCG) indicate a potential for influencing T cells. (A) Top-10 upstream regulators predicted by Ingenuity Pathway Analysis from the list of differentially expressed genes in M2-BCG compared to M2. Regulators are ranked by multiple hypothesis corrected overlap p-values. Predicted activation status is shown in orange (for activated) or in blue (for inhibited). S. enterica LPS, Salmonella enterica serotype abortus equi lipopolysaccharide; U0126, succinonitrile bis(amino(o-aminophenylthio)methylene); PD98059, 2′-amino-3′-methoxyflavone. (B–F) Mechanistic networks for the top five most significant upstream regulators: (B) triggering receptor expressed on myeloid cells 1 (TREM1); (C) S. enterica serotype abortus equi lipopolysaccharide; (D) lipopolysaccharides; (E) TNF; (F) IL1B. A potential for influence on T cells is indicated by the predicted presence of IFNG (dotted circle) in all five networks. Nodes and edges are represented according to their predicted activation status.



BCG-Treated Macrophages Promote IFN-γ Production

To determine whether M2-BCG could increase IFN-γ production from T cells, we evaluated T cell responses using an IFN-γ-based ELISPOT assay in which autologous T-cells were cocultured with different MΦs populations (Figure 4A). T cells cultured with autologous M2-BCG had a 100% higher frequency of IFN-γ producing cells than those cultured with M2, in a non-antigen-specific manner (Figure 4B). Live and heat-killed (30′ at 75°C) BCG caused similar effect (data not shown). Differences were not attributable to BCG-vaccination status, since MΦs and T cells from BCG non-vaccinated and BCG-vaccinated individuals showed similar IFN-γ responses (Figure 4C). When T cells were cultured with autologous M1-BCG the frequency changes on IFN-γ producing cells were even greater (Figure 4D). Previous BCG vaccination did not seem to favor this effect (Figure 4E).
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FIGURE 4 | Bacillus Calmette–Guérin (BCG)-treated macrophages induce greater activation on T cells in the absence of antigen, and their supernatant can condition tumor-infiltrating lymphocytes (TILs) to improve antitumor immunity. (A) In vitro polarization, infection, and enzyme-linked immunoSpots (ELISPOTs). Macrophages were polarized, infected, and harvested as explained in the Section “Materials and Methods.” Meanwhile, another fraction of peripheral blood mononuclear cells (PBMCs) was cultured for 7 days in 10% fetal calf serum media-RPMI (in the presence of tetanus toxoid) and subsequently enriched for CD4+ T cells by negative selection. These T cells were assayed in ELISPOT experiments with macrophages. (B) M2-BCG (blue bars) increased significantly the frequency of interferon gamma (IFN-γ)-producing autologous T cells in an antigen non-specific manner. (C) The response was observed regardless of BCG vaccine status (*p < 0.05, **p < 0.01, Wilcoxon signed rank test). (D) M1-BCG (green bars) induced an even greater enhancement on the frequency of IFN-γ-producing autologous T cells, an effect not favored by previous BCG vaccination (E). (F) Supernatants from polarized, BCG-infected macrophages were used to condition TILs before targeting autologous melanoma cells. (G) Supernatants from M2-BCG enhanced granzyme B (GrB) release from TILs in response to autologous tumor cells. (H) Likewise, M1-BCG supernatants also increased GrB release. Number of GrB SFU from independent experiments with supernatant sets from seven different donors are shown as the mean ± SEM. Results with two different pairs of TILs and autologous tumor cells are shown (**p < 0.01, ***p < 0.001, Wilcoxon signed rank test). SFU, spot forming units. Error bars indicate SEM.



Supernatants from M2-BCG Cell Cultures Promote TILs Release of GrB in Response to Tumor Cells

Since M2-BCG upregulated several cytokine genes, we hypothesized BCG infection of M2 may result in secretion of soluble factors that enhance T cell antitumor responses. M2 were infected with BCG and their supernatants collected at 24 h. After adding these supernatants to cocultures of autologous TILs and melanoma tumor cells previously isolated from metastatic melanoma, GrB release was measured by ELISPOT (Figure 4F). Using two different pairs of TILs and autologous melanoma cells (see Materials and Methods), we found that supernatants from seven different M2-BCG donors enhanced GrB release from TILs by ~25% in response to their autologous tumor cells (Figure 4G). These changes were also observed when testing M1-BCG supernatants (Figure 4H).

Gene Expression Profiles from BCG-Injected Cutaneous Metastatic Melanoma (CMM) Show Comparatively Higher Expression of T Cell Activation Signatures

To investigate the effects of intralesional BCG therapy on CMM in vivo, we analyzed the transcriptome of BCG-injected vs. uninjected CMM lesions. Unsupervised hierarchical clustering separated the tissues in accordance to whether they had been injected or not (Figure 5A, see legend for parameter details). BCG-injected tumors showed significantly higher expression of 175 genes at least twofold (p < 0.01, Table S5 in Supplementary Material). Pathway analysis using GO exploration mapped 403 significantly enriched GO biological functions in injected vs. uninjected tumors (B-H p < 0.05, Table S6 in Supplementary Material). REVIGO analysis of the top 200 GO functions grouped many of them under the “immune response” and “immune system process” terms (Figure 5B). IPA identified 72 significantly enriched canonical pathways (B-H p < 0.05, Table S7 in Supplementary Material). The top-10 canonical pathways were largely representative of T cell activation mechanisms, such as “Th1 and Th2 Activation Pathway,” “iCOS-iCOSL Signaling in T Helper Cells” and “Phospholipase C Signaling” (Figure 5C). Consistently, BCG-injected lesions presented significantly higher transcript levels (in RPKM) of genes involved in these mechanisms, such as HLA-A (Figure 5D), IFNG (Figure 5E), PD1/PDCD1 (Figure 5F), and 4-1BB/TNFRSF9 (Figure 5G). To determine whether T cells generate a stronger immune response against BCG-treated melanoma cell lines, we cultured HLA-A2+ melanoma cell lines with BCG in vitro and after 24 h, washed the tumor cells and cultured them with TILs isolated from an HLA-A2+ patient’s CMM (Figure 5H). We found that autologous (MEL9) and allogeneic (SKMel5) melanoma cell lines treated with BCG stimulated 14–62% more TILs clones to secrete IFN-γ (Figures 5I,J, respectively). The observed increase in HLA-A2 levels of BCG-treated melanoma cells (Figure 5K, Mel9; Figure 5L, SKMel5) can account (at least in part) for this behavior. Active mechanisms by live BCG did not seem necessary for IFN-γ enhancement, since Mel9 treated with heat-killed BCG exerted a similar effect, as did ligands for two well-established BCG-engaging receptors, TLR2 and TLR9 (Supplementary Figure S3 in Supplementary Material).
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FIGURE 5 | Intralesional BCG therapy on melanoma patients. (A) Unsupervised hierarchical clustering of RNASeq data for genes differentially expressed in bacillus Calmette–Guérin (BCG)-injected vs. uninjected melanoma lesions biopsied from different intralesional BCG patients (data filtered to the 1,121 most differentially expressed genes by fold change ≥2 or ≤−2 and p-value <0.01; mean centering, Pearson correlation, and average linkage were used). Responders (orange) and non-responders (yellow) to intralesional BCG treatment are indicated for each sample (see Table S4 in Supplementary Material for full detail). (B) Most highly enriched Gene Ontology (GO) terms according to Gene Ontology Consortium and REduce and VIsualize Gene Ontology web server algorithms (see Materials and Methods) for genes significantly upregulated in BCG-injected lesions. GO terms are represented by tiles, grouped and colored according to semantic similarities to other GO terms. Tile areas are proportional to −log10 p-value for each term. (C) Top-10 canonical pathways identified by Ingenuity Pathway Analysis from the list of differentially expressed genes. Pathways are ranked by multiple hypothesis corrected p-values. (D) HLA-A transcript levels (in RPKM) from BCG-injected lesions were significantly higher than uninjected ones. (E) A similar finding was observed for interferon gamma (IFN-γ) transcript levels (in RPKM). Consistently, increased levels (in RPKM) of T cell activation marker transcripts (F) PD1 and (G) 4-1BB were also verified. The horizontal line represents the population mean (H) simplified in vitro scheme used to study BCG-mediated changes in melanoma cell recognition by tumor-infiltrating lymphocytes (TILs). HLA-A2+ tumor cells infected with BCG (0.18 MOI) were harvested and washed after 24 h of infection (to remove unbound BCG), then used as target cells in IFN-γ-enzyme-linked immunoSpot (ELISPOT) plates paired with HLA-A2-restricted TILs (effector-to-target ratio of 2:1). (I) BCG infection of autologous HLA-A2+ melanoma cell line (Mel9) enhances IFN-γ production on HLA-A2-restricted TILs (Til9) from a melanoma patient. (J) Similar effect was observed when using a heterologous HLA-A2+ cell line (SKMel5) as target for the same HLA-A2-restricted TILs. IFN-γ spot forming units (SFU) are shown as the mean ± SEM from eight (autologous melanoma) or three (SKMel5) independent IFN-γ ELISPOT experiments (*p < 0.05, **p < 0.01, Wilcoxon signed rank test). (K,L) BCG increased levels of HLA-A2 on melanoma cells, which may account for the enhanced IFN-γ production.



DISCUSSION

In the late 1800s, Coley pioneered intralesional immunotherapy of sarcomas using bacterial components (52). Decades later, Coley’s vision inspired Morton and colleagues to use intralesional BCG for metastatic melanoma treatment (9). Regimens at that time used high BCG doses and triggered adverse side effects that weakened enthusiasm for the therapy (53, 54). Efforts from limited number of centers continued to refine the approach that lead to current therapeutic benefits observed with much lower doses and with mild adverse events (55, 56). However, the mechanisms by which intralesional BCG contributes to tumor regression in CMM remain unclear, demanding additional investigation. Thus, we investigated the role of BCG on MΦs and T cells, two key immune cell types present in the tumor microenvironment. We found that BCG reprogrammed M2-MΦs (a cell type linked to poor survival in several tumors, including melanoma) to become a transcriptionally and functionally distinct cell population. Mechanistic network analysis unveiled a connection between these changes and IFN-γ. Interestingly, we found M2-BCG was able to enhance IFN-γ production from CD4+ T cells. Finally, transcriptional analysis of BCG-injected vs. uninjected melanoma lesions from intralesional BCG patients’ biopsies indicated enrichment in T cell activation pathways, a feature we could also verify on a simplified in vitro scheme for BCG treatment of tumor cells.

A growing body of epidemiologic, clinical, and immunologic evidence indicates that certain microorganisms can exert beneficial non-specific effects against other pathogen/disease/malignancies, by potentiation of mechanisms like innate immune memory (through epigenetic remodeling of innate immunity, or “trained immunity”) and cross-reacting lymphocytes (57). Indeed, innate immune pathways are activated sooner than adaptive immune cell-mediated responses upon exposure to BCG (58), leading to epigenetic reprogramming of circulating monocytes exhibiting an enhanced and lasting phenotype (59). Consistently, we found extensive transcriptional changes in M2-BCG compared to M2. Although M2-BCG gene expression signatures were distinct from M1 and M2, when compared to M2 they showed comparatively higher expression of M1 genes such as cytokines TNF, IL6, IL1B, chemokines CXCL8, the chemokine receptor CCR7, and regulators FOS/JUN, EGR1, and EGR3 (60). This is relevant in light of recent observations by Falleni and coworkers (26) where M2-recruited TAMs overwhelm M1 accumulation in all stages of MM progression, thus suggesting immune cancer therapies should focus on conversion of protumorigenic M2 macrophage characteristics into M1 (or somewhat similar) antitumoral phenotype. However, it is also possible that M1 macrophages present in the lesions may also become activated upon intralesional BCG and contribute to the antitumor response. Although for our study the scarce amount of punch biopsy tissue obtained after pathology evaluation was exhausted during RNA isolation for RNASeq experiments, further studies on new samples are warranted to address the effect of BCG on M1 and M2 macrophage markers in the context of intralesional BCG.

Among the top enriched pathways observed in M2-BCG was “HMGB1 signaling.” Dying cells can expose various intracellular molecules like HMGB1 (61), calreticulin (62), phosphatidylserine (63), and nucleic acids and their degradation products (64), in a cell death mechanism known as “immunogenic cell death” (ICD) (65). ICD stimulates an immune response against these dead-cell antigens acting as damage-associated molecular patterns to engage various pattern-recognition receptors (PRR) and activate myeloid and lymphoid immune cells (66). BCG can trigger mechanisms that mimic HMGB1 effect: by inducing caspase-independent cell death in tumor cells, together with release of HMGB1 (67), and also by displaying ligands that predominantly bind to human TLR2 and TLR4 (49). Meanwhile, mechanistic network analysis of M2-BCG gene signatures predicted that the top upstream regulator activated by BCG was TREM1. This receptor, which sustained expression can be induced by BCG cell wall components (68), is known to interact with (or to be part of) toll-like receptor (TLR) 4 complex, and to amplify its signaling (69). All these findings are consistent with the ability of M2-BCG to positively influence IFN-γ responses on T cells (suggested by mechanistic network analyses and confirmed in vitro), resembling M1 antitumor ability (39). Interestingly, we found this enhancement in IFN-γ response occurred regardless of BCG-vaccination status of the donors. This phenomenon, also reported when transcriptionally profiling skin biopsies of tuberculin skin test across individuals with or without prior BCG vaccination (70), indicates the observed response might not be dependent upon classical memory immune responses.

Another interesting finding was that the soluble fraction produced by M2-BCG enhanced the release of the cytolytic molecule GrB from T cells responding to autologous melanoma cells. IL1β has been described to increase proportion of GrB-expressing CD8 T cells (71, 72). Although we found IL1β levels increased in supernatants from M2-BCG, blocking of IL1β did not prevent M2-BCG conditioned medium from increasing GrB release in our TILs-melanoma short-term cocultures (not shown). Further work is warranted to determine the relevant soluble factors involved in promoting antitumor activities of TIL, as it has been suggested for others (e.g., IL6 on long term in vitro settings) (73).

Intratumoral presence of activated, cytokine-producing TILs and preserved HLA class I expression have been associated with favorable outcome and prolonged patient survival in melanoma (74–76). Although examining different time points, the modifications we observed in an in vivo setting such as injected vs. uninjected melanoma lesions of patients receiving intralesional BCG were consistent with the findings obtained in vitro. BCG injection promoted transcriptional differences largely represented by enrichment in T cell activation mechanisms. BCG-injected lesions presented increased transcripts levels of (among others) HLA-A, IFNG, PD1, and 4-1BB, a finding compatible with the enhanced production of IFN-γ observed on HLA-A2-restricted TILs challenged with HLA-A2+ tumor cells preexposed to BCG in vitro. Research in bladder cancer shows BCG attachment to tumor cells, internalization, processing of the mycobacterium, and presentation of BCG antigens to T cells would play a crucial role in activation of BCG-mediated antitumor activity (77, 78). Whether or not melanoma cells also internalize BCG remains an open question that warrants further investigation. Nevertheless, BCG treatment made melanoma cells able to better activate T cells, showing increased expression of HLA-A2 and reactivity to ligands of TLRs typically engaged by BCG. In a context of immune surveillance activated after BCG therapy, immunoselection and elimination of tumor cells with increased HLA class I is a likely event. However, this might also allow further outgrowth of cancer cells with low levels of HLA, as it has been suggested for BCG therapy in bladder cancer (79). Although additional studies are required, this provides a potential explanation for why some BCG-injected melanoma lesions do not regress.

Health-care costs of managing melanoma are set to expand quickly, fueled by aging demographics, health price inflation, more expensive health services and new technologies (80). For example, a new oncolytic viral therapy (talimogene laherparepvec, or T-VEC) was recently approved in the USA for local treatment of unresectable cutaneous, subcutaneous and nodal melanoma lesions. T-VEC is a genetically modified, live, attenuated, herpes simplex virus type 1 that selectively replicates within tumors and produce GM-CSF to enhance systemic antitumor immune responses (81). However, this costly therapy has not yet been shown to improve overall survival or to have an effect on visceral metastases (82), unlike intralesional BCG (83). The BCG effects observed in different settings shed light on mechanisms consistent with intralesional BCG-induced modifications of melanoma microenvironment and promotion of antitumor T cell responses. Additional contributing mechanisms might involve other cell types such as dendritic cells, neutrophils and γδ T cells (44, 84, 85). A better understanding of the mechanisms and final effector pathways involved in intralesional BCG therapy may suggest novel strategies for improved, less expensive therapies. Some of them might include recombinant BCG secreting functional cytokines, as it has been tested for murine models of bladder cancer (86–88) and melanoma (89).
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FIGURE S1 | Intralesional BCG therapy on melanoma patients. Tumors treated with intralesional BCG go through macroscopic changes like inflammation, flattening, and eventual regression over time.

FIGURE S2 | Bacillus Calmette–Guérin (BCG)-induced functional changes on in vitro-polarized macrophages. (A) In vitro polarizing scheme used to study BCG effect on M2-MΦs. (B) BCG infection decreased IL10 production on M2-MΦ upon LPS stimulation. (C) BCG infection increased IL12p40 secretion stimulated by LPS.

FIGURE S3 | Melanoma cell line treatment with bacillus Calmette–Guérin (BCG) or toll-like receptor (TLR) ligands enhance interferon gamma (IFN-γ) production on autologous TILs. Aliquots of melanoma cell line (Mel9) were treated overnight with the following conditions: culture media only; BCG (MOI 0.18); heat-killed BCG (bacteria for 30′ at 75°C, amount equivalent to MOI 0.18); 19 kDa (TLR2 ligand, 10 µg/ml), LPS (TLR4 ligand, 0.1 µg/ml), CpG (TLR9 ligand, 1 µg/ml). The following day, Mel9 cells were harvested, washed, and tested in IFN-γ enzyme-linked immunoSpot assay with autologous CD8+ Til9 as described in the Section “Materials and Methods.” BCG, dead BCG, TLR2lig, and TLR9lig treatments enhanced IFN-γ production on autologous TILs compared to untreated Mel9 (*p < 0.05, paired t test).

Abbreviations

BCG, bacillus Calmette–Guérin; CMM, cutaneous metastatic melanoma; ELISPOT, enzyme-linked immunoSpot; FCS, fetal calf serum; GO, Gene Ontology; GrB, granzyme B; IFN-γ, interferon gamma; IL, interleukin; IPA, Ingenuity Pathway Analysis; M1, classically activated Mϕs; M2, alternatively activated Mϕs; Mϕs, macrophages; PCA, principal component analysis; REVIGO, REduce and VIsualize Gene Ontology web server; RPKM, reads per kilobase per million mapped reads; TILs, tumor-infiltrating lymphocytes; TLR, toll-like receptor.

REFERENCES

1. American Cancer Society. Cancer Facts & Figures 2017. Atlanta: American Cancer Society (2017). p. 1–9.

2. Pawlik TM, Ross MI, Johnson MM, Schacherer CW, McClain DM, Mansfield PF, et al. Predictors and natural history of in-transit melanoma after sentinel lymphadenectomy. Ann Surg Oncol (2005) 12:587–96. doi:10.1245/ASO.2005.05.025

3. Wong JH, Cagle LA, Kopald KH, Swisher SG, Morton DL. Natural history and selective management of in transit melanoma. J Surg Oncol (1990) 44:146–50. doi:10.1002/jso.2930440305

4. Barth A, Wanek LA, Morton DL. Prognostic factors in 1,521 melanoma patients with distant metastases. J Am Coll Surg (1995) 181:193–201.

5. Triozzi PL, Tuthill RJ, Borden E. Re-inventing intratumoral immunotherapy for melanoma. Immunotherapy (2011) 3:653–71. doi:10.2217/imt.11.46

6. Fields RC, Fleming MD, Gastman B, Gonzalez R, Johnson D, Joseph RW, et al. Melanoma, version 1.2017, NCCN clinical practice guidelines in oncology. Natl Compr Cancer Netw (2017). Available from: https://www.nccn.org/professionals/physician_gls/pdf/melanoma.pdf

7. Nathanson L. Regression of intradermal malignant melanoma after intralesional injection of Mycobacterium bovis strain BCG. Cancer Chemother Rep (1972) 56:659–65.

8. Pinsky CM, Hirshaut Y, Oettgen HF. Treatment of malignant melanoma by intratumoral injection of BCG. Natl Cancer Inst Monogr (1973) 39:225–8.

9. Morton DL, Eilber FR, Holmes EC, Hunt JS, Ketcham AS, Silverstein MJ, et al. BCG immunotherapy of malignant melanoma: summary of a seven-year experience. Ann Surg (1974) 180:635–43. doi:10.1097/00000658-197410000-00029

10. Lieberman R, Wybran J, Epstein W. The immunologic and histopathologic changes of BCG-mediated tumor regression in patients with malignant melanoma. Cancer (1975) 35:756–77. doi:10.1002/1097-0142(197503)35:3<756::AID-CNCR2820350331>3.0.CO;2-Z

11. Morton DL, Barth A. Intralesional therapy. In: DeVita VT, Hellmann S, Rosenberg SA, editors. Biologic Therapy of Cancer. 2nd ed. Philadelphia: Lippincott (1995). p. 691–704.

12. Kresowik TP, Griffith TS. Bacillus Calmette-Guerin immunotherapy for urothelial carcinoma of the bladder. Immunotherapy (2009) 1:281–8. doi:10.2217/1750743X.1.2.281

13. Yuan S, Shi C, Liu L, Han W. MUC1-based recombinant bacillus Calmette–Guerin vaccines as candidates for breast cancer immunotherapy. Expert Opin Biol Ther (2010) 10:1037–48. doi:10.1517/14712598.2010.485185

14. Schiavoni G, Gabriele L, Mattei F. The tumor microenvironment: a pitch for multiple players. Front Oncol (2013) 3:90. doi:10.3389/fonc.2013.00090

15. Lardone RD, Plaisier SB, Navarrete MS, Shamonki JM, Jalas JR, Sieling PA, et al. Cross-platform comparison of independent datasets identifies an immune signature associated with improved survival in metastatic melanoma. Oncotarget (2016) 7:14415–28. doi:10.18632/oncotarget.7361

16. Azimi F, Scolyer RA, Rumcheva P, Moncrieff M, Murali R, McCarthy SW, et al. Tumor-infiltrating lymphocyte grade is an independent predictor of sentinel lymph node status and survival in patients with cutaneous melanoma. J Clin Oncol (2012) 30:2678–83. doi:10.1200/JCO.2011.37.8539

17. Schadler KL, Crosby EJ, Zhou AY, Bhang DH, Braunstein L, Baek KH, et al. Immunosurveillance by antiangiogenesis: tumor growth arrest by T cell-derived thrombospondin-1. Cancer Res (2014) 74:2171–81. doi:10.1158/0008-5472.CAN-13-0094

18. Kim H-J, Cantor H. CD4 T-cell subsets and tumor immunity: the helpful and the not-so-helpful. Cancer Immunol Res (2014) 2:91–8. doi:10.1158/2326-6066.CIR-13-0216

19. Mantovani A, Sica A, Allavena P, Garlanda C, Locati M. Tumor-associated macrophages and the related myeloid-derived suppressor cells as a paradigm of the diversity of macrophage activation. Hum Immunol (2009) 70:325–30. doi:10.1016/j.humimm.2009.02.008

20. Stein M, Keshav S. The versatility of macrophages. Clin Exp Allergy (1992) 22:19–27. doi:10.1111/j.1365-2222.1992.tb00110.x

21. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and the Th1/Th2 paradigm. J Immunol (2000) 164:6166–73. doi:10.4049/jimmunol.164.12.6166

22. Sica A, Saccani A, Bottazzi B, Polentarutti N, Vecchi A, van Damme J, et al. Autocrine production of IL-10 mediates defective IL-12 production and NF-kappa B activation in tumor-associated macrophages. J Immunol (2000) 164:762–7. doi:10.4049/jimmunol.164.2.762

23. Cursiefen C, Chen L, Borges LP, Jackson D, Cao J, Radziejewski C, et al. VEGF-A stimulates lymphangiogenesis and hemangiogenesis in inflammatory neovascularization via macrophage recruitment. J Clin Invest (2004) 113:1040–50. doi:10.1172/JCI200420465

24. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the immune system. Nat Rev Immunol (2009) 9:162–74. doi:10.1038/nri2506

25. Jensen TO, Schmidt H, Møller HJ, Høyer M, Maniecki MB, Sjoegren P, et al. Macrophage markers in serum and tumor have prognostic impact in American joint committee on cancer stage I/II melanoma. J Clin Oncol (2009) 27:3330–7. doi:10.1200/JCO.2008.19.9919

26. Falleni M, Savi F, Tosi D, Agape E, Cerri A, Moneghini L, et al. M1 and M2 macrophages’ clinicopathological significance in cutaneous melanoma. Melanoma Res (2017) 27:1. doi:10.1097/CMR.0000000000000352

27. Kristiansen M, Graversen JH, Jacobsen C, Sonne O, Hoffman HJ, Law SK, et al. Identification of the haemoglobin scavenger receptor. Nature (2001) 409:198–201. doi:10.1038/35051594

28. Van Gorp H, Delputte PL, Nauwynck HJ. Scavenger receptor CD163, a Jack-of-all-trades and potential target for cell-directed therapy. Mol Immunol (2010) 47:1650–60. doi:10.1016/j.molimm.2010.02.008

29. Sica A, Saccani A, Mantovani A. Tumor-associated macrophages: a molecular perspective. Int Immunopharmacol (2002) 2:1045–54. doi:10.1016/S1567-5769(02)00064-4

30. Georgoudaki AM, Prokopec KE, Boura VF, Hellqvist E, Sohn S, Östling J, et al. Reprogramming tumor-associated macrophages by antibody targeting inhibits cancer progression and metastasis. Cell Rep (2016) 15:2000–11. doi:10.1016/j.celrep.2016.04.084

31. Gül N, Babes L, Siegmund K, Korthouwer R, Bögels M, Braster R, et al. Macrophages eliminate circulating tumor cells after monoclonal antibody therapy. J Clin Invest (2014) 124:812–23. doi:10.1172/JCI66776

32. Oelkrug C, Ramage JM. Enhancement of T cell recruitment and infiltration into tumours. Clin Exp Immunol (2014) 178:1–8. doi:10.1111/cei.12382

33. Arina A, Corrales L, Bronte V. Enhancing T cell therapy by overcoming the immunosuppressive tumor microenvironment. Semin Immunol (2016) 28:54–63. doi:10.1016/j.smim.2016.01.002

34. Ratliff TL, Gillen D, Catalona WJ. Requirement of a thymus dependent immune response for BCG-mediated antitumor activity. J Urol (1987) 137:155–8. doi:10.1016/S0022-5347(17)43909-7

35. Prescott S, Jackson AM, Hawkyard SJ, Alexandroff AB, James K. Mechanisms of action of intravesical bacille Calmette-Guérin: local immune mechanisms. Clin Infect Dis (2000) 31(Suppl 3):S91–3. doi:10.1086/314066

36. Schlesinger LS. Entry of Mycobacterium tuberculosis into mononuclear phagocytes. Curr Top Microbiol Immunol (1996) 215:71–96.

37. Mantovani A, Sica A. Macrophages, innate immunity and cancer: balance, tolerance, and diversity. Curr Opin Immunol (2010) 22:231–7. doi:10.1016/j.coi.2010.01.009

38. Velmurugan R, Challa DK, Ram S, Ober RJ, Ward ES. Macrophage-mediated trogocytosis leads to death of antibody-opsonized tumor cells. Mol Cancer Ther (2016) 15:1879–89. doi:10.1158/1535-7163.MCT-15-0335

39. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte subsets: cancer as a paradigm. Nat Immunol (2010) 11:889–96. doi:10.1038/ni.1937

40. Zhang W, Zhang Y, Zheng H, Pan Y, Liu H, Du P, et al. Genome sequencing and analysis of BCG vaccine strains. PLoS One (2013) 8:e71243. doi:10.1371/journal.pone.0071243

41. Zhang L, Ru H, Chen F, Jin C, Sun R, Fan X, et al. Variable virulence and efficacy of BCG vaccine strains in mice and correlation with genome polymorphisms. Mol Ther (2016) 24:398–405. doi:10.1038/mt.2015.216

42. van der Does AM, Beekhuizen H, Ravensbergen B, Vos T, Ottenhoff THM, van Dissel JT, et al. LL-37 directs macrophage differentiation toward macrophages with a proinflammatory signature. J Immunol (2010) 185:1442–9. doi:10.4049/jimmunol.1000376

43. Nguyen LT, Yen PH, Nie J, Liadis N, Ghazarian D, Al-Habeeb A, et al. Expansion and characterization of human melanoma tumor-infiltrating lymphocytes (TILs). PLoS One (2010) 5:e13940. doi:10.1371/journal.pone.0013940

44. Yang J, Jones MS, Ramos RI, Chan AA, Lee AF, Foshag LJ, et al. Insights into local tumor microenvironment immune factors associated with regression of cutaneous melanoma metastases by Mycobacterium bovis bacille Calmette–Guérin. Front Oncol (2017) 7:61. doi:10.3389/fonc.2017.00061

45. Edgar R, Domrachev M, Lash AE. Gene expression omnibus: NCBI gene expression and hybridization array data repository. Nucleic Acids Res (2002) 30:207–10. doi:10.1093/nar/30.1.207

46. Leinonen R, Sugawara H, Shumway M. International nucleotide sequence database collaboration. The sequence read archive. Nucleic Acids Res (2011) 39:D19–21. doi:10.1093/nar/gkq1019

47. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat Genet (2000) 25:25–9. doi:10.1038/75556

48. Supek F, Bošnjak M, Škunca N, Šmuc T. REVIGO summarizes and visualizes long lists of gene ontology terms. PLoS One (2011) 6:e21800. doi:10.1371/journal.pone.0021800

49. Tsuji S, Matsumoto M, Takeuchi O, Akira S, Azuma I, Hayashi A, et al. Maturation of human dendritic cells by cell wall skeleton of Mycobacterium bovis Bacillus Calmette-Guérin: involvement of toll-like receptors. Infect Immun (2000) 68:6883–90. doi:10.1128/IAI.68.12.6883-6890.2000

50. Cheadle EJ, Selby PJ, Jackson AM. Mycobacterium bovis bacillus Calmette-Guérin-infected dendritic cells potently activate autologous T cells via a B7 and interleukin-12-dependent mechanism. Immunology (2003) 108:79–88. doi:10.1046/j.1365-2567.2003.01543.x

51. Schoenborn JR, Wilson CB. Regulation of Interferon-γ during innate and adaptive immune responses. Adv Immunol (2007) 96:41–101. doi:10.1016/S0065-2776(07)96002-2

52. Coley WB. The treatment of malignant tumors by repeated inoculations of erysipelas: with a report of ten original cases. Am J Med Sci (1893) 105:487–510. doi:10.1097/00000441-189305000-00001

53. McKhann CF, Hendrickson CG, Spitler LE, Gunnarsson A, Banerjee D, Nelson WR. Immunotherapy of melanoma with BCG: two fatalities following intralesional injection. Cancer (1975) 35:514–20. doi:10.1002/1097-0142(197502)35:2<514:AID-CNCR2820350233>3.0.CO;2-F

54. Sparks FC, Silverstein MJ, Hunt JS, Haskell CM, Pilch YH, Morton DL. Complications of BCG immunotherapy in patients with cancer. N Engl J Med (1973) 289:827–30. doi:10.1056/NEJM197310182891603

55. Kidner TB, Morton DL, Lee DJ, Hoban M, Foshag LJ, Turner RR, et al. Combined intralesional bacille Calmette-Guérin (BCG) and topical imiquimod for in-transit melanoma. J Immunother (2013) 35:716–20. doi:10.1097/CJI.0b013e31827457bd

56. Kibbi N, Ariyan S, Faries M, Choi JN. Treatment of in-transit melanoma with intralesional bacillus Calmette-Guérin (BCG) and topical imiquimod 5% cream: a report of 3 cases. J Immunother (2015) 38:371–5. doi:10.1097/CJI.0000000000000098

57. Flanagan KL, Van Crevel R, Curtis N, Shann F, Levy O. Heterologous (“nonspecific”) and sex-differential effects of vaccines: epidemiology, clinical trials, and emerging immunologic mechanisms. Clin Infect Dis (2013) 57:283–9. doi:10.1093/cid/cit209

58. Aaby P, Roth A, Ravn H, Napirna BM, Rodrigues A, Lisse IM, et al. Randomized trial of BCG vaccination at birth to low-birth-weight children: beneficial nonspecific effects in the neonatal period? J Infect Dis (2011) 204:245–52. doi:10.1093/infdis/jir240

59. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LAB, Ifrim DC, Saeed S, et al. Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad Sci U S A (2012) 109:17537–42. doi:10.1073/pnas.1202870109

60. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000Prime Rep (2014) 6:13. doi:10.12703/P6-13

61. Bianchi ME, Manfredi AA. High-mobility group box 1 (HMGB1) protein at the crossroads between innate and adaptive immunity. Immunol Rev (2007) 220:35–46. doi:10.1111/j.1600-065X.2007.00574.x

62. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini J-L, et al. Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat Med (2007) 13:54–61. doi:10.1038/nm1523

63. Fidler IJ, Schroit AJ, Connor J, Bucana CD, Fidler IJ. Elevated expression of phosphatidylserine in the outer membrane leaflet of human tumor cells and recognition by activated human blood monocytes. Cancer Res (1991) 51:3062–6.

64. Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A, Walk SF, et al. Nucleotides released by apoptotic cells act as a find-me signal to promote phagocytic clearance. Nature (2009) 461:282–6. doi:10.1038/nature08296

65. Green DR, Ferguson T, Zitvogel L, Kroemer G. Immunogenic and tolerogenic cell death. Nat Rev Immunol (2009) 9:353–63. doi:10.1038/nri2545

66. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in cancer therapy. Annu Rev Immunol (2013) 31:51–72. doi:10.1146/annurev-immunol-032712-100008

67. See WA, Zhang G, Chen F, Cao Y, Langenstroer P, Sandlow J. Bacille-Calmette Guerin induces caspase-independent cell death in urothelial carcinoma cells together with release of the necrosis-associated chemokine high molecular group box protein 1. BJU Int (2009) 103:1714–20. doi:10.1111/j.1464-410X.2008.08274.x

68. Begum NA, Ishii K, Kurita-Taniguchi M, Tanabe M, Kobayashi M, Moriwaki Y, et al. Mycobacterium bovis BCG cell wall-specific differentially expressed genes identified by differential display and cDNA subtraction in human macrophages. Infect Immun (2004) 72:937–48. doi:10.1128/IAI.72.2.937-948.2004

69. Arts RJW, Joosten LAB, Dinarello CA, Kullberg BJ, van der Meer JWM, Netea MG. TREM-1 interaction with the LPS/TLR4 receptor complex. Eur Cytokine Netw (2011) 22:11–4. doi:10.1684/ecn.2011.0274

70. Tomlinson GS, Cashmore TJ, Elkington PTG, Yates J, Lehloenya RJ, Tsang J, et al. Transcriptional profiling of innate and adaptive human immune responses to mycobacteria in the tuberculin skin test. Eur J Immunol (2011) 41:3253–60. doi:10.1002/eji.201141841

71. Ben-Sasson SZ, Hogg A, Hu-Li J, Wingfield P, Chen X, Crank M, et al. IL-1 enhances expansion, effector function, tissue localization, and memory response of antigen-specific CD8 T cells. J Exp Med (2013) 210:491–502. doi:10.1084/jem.20122006

72. Ben-Sasson SZ, Caucheteux S, Crank M, Hu-Li J, Paul WE. IL-1 acts on T cells to enhance the magnitude of in vivo immune responses. Cytokine (2011) 56:122–5. doi:10.1016/j.cyto.2011.07.006

73. Okada M, Kitahara M, Kishimoto S, Matsuda T, Hirano T, Kishimoto T. IL-6/BSF-2 functions as a killer helper factor in the in vitro induction of cytotoxic T cells. J Immunol (1988) 141:1543–9. doi:10.1016/0192-0561(88)90486-9

74. Al-Batran S-E, Rafiyan M-R, Atmaca A, Neumann A, Karbach J, Bender A, et al. Intratumoral T-cell infiltrates and MHC class I expression in patients with stage IV melanoma. Cancer Res (2005) 65:3937–41. doi:10.1158/0008-5472.CAN-04-4621

75. Van Houdt IS, Sluijter BJR, Moesbergen LM, Vos WM, De Gruijl TD, Molenkamp BG, et al. Favorable outcome in clinically stage II melanoma patients is associated with the presence of activated tumor infiltrating T-lymphocytes and preserved MHC class I antigen expression. Int J Cancer (2008) 123:609–15. doi:10.1002/ijc.23543

76. Carretero R, Wang E, Rodriguez AI, Reinboth J, Ascierto ML, Engle AM, et al. Regression of melanoma metastases after immunotherapy is associated with activation of antigen presentation and interferon-mediated rejection genes. Int J Cancer (2012) 131:387–95. doi:10.1002/ijc.26471

77. Lattime EC, Gomella LG, McCue PA. Murine bladder carcinoma cells present antigen to BCG-specific CD4+ T-cells. Cancer Res (1992) 52:4286–90.

78. Redelman-Sidi G, Iyer G, Solit DB, Glickman MS. Oncogenic activation of Pak1-dependent pathway of macropinocytosis determines BCG entry into bladder cancer cells. Cancer Res (2013) 73:1156–67. doi:10.1158/0008-5472.CAN-12-1882

79. Carretero R, Cabrera T, Gil H, Saenz-Lopez P, Maleno I, Aptsiauri N, et al. Bacillus Calmette-Guerin immunotherapy of bladder cancer induces selection of human leukocyte antigen class I-deficient tumor cells. Int J Cancer (2011) 129:839–46. doi:10.1002/ijc.25733

80. Gordon LG, Rowell D. Health system costs of skin cancer and cost-effectiveness of skin cancer prevention and screening: a systematic review. Eur J Cancer Prev (2015) 24:141–9. doi:10.1097/CEJ.0000000000000056

81. Andtbacka RHI, Kaufman HL, Collichio F, Amatruda T, Senzer N, Chesney J, et al. Talimogene laherparepvec improves durable response rate in patients with advanced melanoma. J Clin Oncol (2015) 33:2780–8. doi:10.1200/JCO.2014.58.3377

82. Greig SL. Talimogene laherparepvec: first global approval. Drugs (2016) 76:147–54. doi:10.1007/s40265-015-0522-7

83. Stewart JH, Levine EA. Role of bacillus Calmette-Guérin in the treatment of advanced melanoma. Expert Rev Anticancer Ther (2011) 11:1671–6. doi:10.1586/era.11.163

84. Hoft DF, Brown RM, Roodman ST. Bacille Calmette-Guérin vaccination enhances human gamma delta T cell responsiveness to mycobacteria suggestive of a memory-like phenotype. J Immunol (1998) 161:1045–54.

85. Morel C, Badell E, Abadie V, Robledo M, Setterblad N, Gluckman JC, et al. Mycobacterium bovis BCG-infected neutrophils and dendritic cells cooperate to induce specific T cell responses in humans and mice. Eur J Immunol (2008) 38:437–47. doi:10.1002/eji.200737905

86. Arnold J, de Boer EC, O’Donnell MA, Böhle A, Brandau S. Immunotherapy of experimental bladder cancer with recombinant BCG expressing interferon-gamma. J Immunother (2004) 27:116–23. doi:10.1097/00002371-200403000-00005

87. Luo Y, Yamada H, Chen X, Ryan AA, Evanoff DP, Triccas JA, et al. Recombinant Mycobacterium bovis bacillus Calmette-Guérin (BCG) expressing mouse IL-18 augments Th1 immunity and macrophage cytotoxicity. Clin Exp Immunol (2004) 137:24–34. doi:10.1111/j.1365-2249.2004.02522.x

88. Yamada H, Matsumoto S, Matsumoto T, Yamada T, Yamashita U. Murine IL-2 secreting recombinant bacillus Calmette-Guerin augments macrophage-mediated cytotoxicity against murine bladder cancer MBT-2. J Urol (2000) 164:526–31. doi:10.1016/S0022-5347(05)67417-4

89. Duda RB, Yang H, Dooley DD, Abu-Jawdeh G. Recombinant BCG therapy suppresses melanoma tumor growth. Ann Surg Oncol (1995) 2:542–9. doi:10.1007/BF02307089

Conflict of Interest Statement: The authors state that research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer, EL, and handling editor declared their shared affiliation, and the handling editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2017 Lardone, Chan, Lee, Foshag, Faries, Sieling and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



1http://pathology.ucla.edu/tcgb.

2http://ingenuity.com.

OPS/images/fimmu-08-00965-g005.jpg
1 s T Actvation Pathy|
1CO84COSL Sagnaing T Hoper Cal|
™ Pathe|

Anigen resenaton pathusy|
Prosphotpase C Signaing
Sumoyaion Py

D2 Sineing T Her Calls

Deatn Recator Signain

"2 pamus)

ol RecaiorSignaing|

0- F o2 a
ok 20-
5 €0 H
- - 3 g
* 100. L
U MegTILO I sausmie

aE/ N\

mem,
|3
F—

>
e o
Femsy, <6 - ¢ o

J G

P T B A





OPS/images/fimmu-08-00965-g003.jpg
A 0g,) palue

WS o, 10 20 m w0 s e

REM

S antercs
W
wes
™

e

@D predicted acivation @ Predicted inibiton (D Predicted inhibition less confidence) —— Leads 0 actvation
B P I U D oot





OPS/images/fimmu-08-00965-g004.jpg
A B [ D E
CD4+ T cells NonVaccin Vaccinated CD4+ Tcells NonVaccin Vaccinated
~———— PBMCs 500 500 500 500 500 500

- A d 400 mx 400 wx 4004 » 4004 wx 400 400
GM-CSE, M-CSF sy 2 2z m, m 2 [} z
3 8 8 3
H £
2anr [\ 2anc  2anr /\ 24nr § g0 £200 0 g 300 g 300 M9
Media/ \BCG_ Media/ \BCG_ & [ & &
o= =3 2 2 2 2
> X & 200 %200 200 %200 %200 200
> > > >
g £ g 4
100 100 100 100 100 100
M M1-BCG M2 M2-BCG T ocells
sl
l 0 0 0 0 0 0
BCG - + - + BCG- + BCG- + BCG - + - +  BCG - + BCG - +
CD4+ T cell activation ~ TefTox - - + + TefTox - - + +
(IFN-y ELISPOT) (B-E)
F G Ti7.cDB+Tcells  TiO-CDB+ T cells H  Ti7.cD8+ Tcells  Tilg-CDB* T cells
450 _wx 900 e 450 wxx 900m _wx
~———— PBMCs — (] ] —
400 800 400 800
Monocytes % T 2 )
2350 2700 2350 2700
6d 6d 8 8 8 8
GM-CSE, M-CSF é 300: é 600 'g 300 :c_>600
= =1 =} =)
2anr [\ 2ahr  24hr [\ 2400 TiLs (from i 'J %900 g 250 2500
Media/ \BCG.. Media/ \BCG_ melanoma) @ 200 @400 @ 200 ©400
< < €150 €300 £ 150 €300
1] 1] K] 1]
§100 8200 8100 §200
MI  MI-BCG M2 M2-BCG \Tumoroslls, 20 100 £0 ./. ™
0 0 0 0
Culture sups T cell cytotoxicity M2 M2/BCG M2 M2/BCG M1 M1/BCG M1 M1/BCG

(soluble mediators)  (GrB ELISPOT) (G-H) supernatants supernatants supernatants supernatants





OPS/images/cover.jpg
? frontiers

in Immunology

Mycobacterium bovis Bacillus
Calmette-Guérin Alters
Melanoma Microenvironment
Favoring Antitumor T Cell
Responses and Improving M2
Macrophage Function





OPS/images/fimmu-08-00965-g001.jpg
B | —
poncs
Morooyes
o o
amclt ose
2 2 /\ 20
v i/ NS
wz806
i soaton Cot sutaca
Asen oed) phanapeie)
wzace
o 1000
00
§ e
2
=
o
€ E
s 1750, -
150,
“
_ s
£® £ oo
8, 8 o
8 o
e 2501
A o
o

M1 M2 M2BCG






OPS/images/fimmu-08-00965-g002.jpg
A
B ~(log,,) p-value

positive 580, co > E
regulation | "égulation 5552 fresponse 558|225 cel | S g 0 .2 4 6 8 10 12
92 57" Iresponse| S238 (RS 5208|2058 | commus| B Diff
resanse | biological tostress| SE8 | external 3£ 28| 5338 nication E|8 o ifferential Regulation of
o process 2838 | Qe 254895581 "“cel| 3| 2 yiokine Production in M® and
stimulus 2a 517> comithe g  Cells by IL-17Aand IL-17F
3 4 ranulocyte
positive | SEIUIAN keqyatior P Adhesion and D\apedgsis
réquiation response! S of ™4 inflam- 255 requla-
ofeellular | 10 olShylal, matory |defense| SEE locali- (fE9U3 Differential Regulation of
process. | ordanie [Tincion responsel esponsg 208 zafion 505" Cytokine Production in Intest
. e o2 | ofcelll o0y Epith Cells by IL-17A and IL-17F
re . -
Qulation Sag_[egulatio ] 59 HMGB1 Signaling
commant- | requiation | =328 oreel mm develop| =&
cation”_| orcelluiar | 528 | Tsten SyS| - S ianalii
Process. £8| ration proc process| T O. IL-8 Signaling:
24| vl
S |response/5igeis - Agranulocyte Adhesion
reguigtion s e [ 8 and Diapedesis
signaling | response Shm organss- g Me d‘afi{r?g\e Col Cytokines in
organic g biological 3 ommunication
S o ;f\g;:rr‘uﬁf:ﬁm eSaien | pocess | 8 between Immune Cells,
imetaboli IL-10 Si
regulation I L ignaling
Psignal | requiation | & 2 Ioqjagon ettt 0L )
oLaRe! | oibodh | S5 (oot [ Role of Tissue Factor in Cancer|
niaton | § § | catalytil o
2 | activity ] IL-6 Signaling






OPS/images/logo.jpg
Ghesk for

i@





